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Probing the time-dependent decay of molecular core-excited states:
The Auger resonant Raman effect for Q
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We use our recently developed explicitly time-dependent theory for one-step resonant excitation-
deexcitation processes of core-excited states in diatomic molecules to investigate thedde-hole decay
electron spectra of £ Looking at the changes of the spectra as the exciting radiation frequency is tuned to and
away from the excitation resonance allows us to follow the time evolution of the nuclear degrees of freedom
of the molecule in the short-living core-excited state. We explicitly demonstrate that here, in contrast to other
diatomic molecules such as,r CO investigated earlier, the relative softness of the intramolecular bond in
the core-excited state allows us to interpret changes in some gross features of the decay spectra with varying
photon energy in terms of the classical time evolution in the excited state. In particular, the low-energy tail of
the electron spectra, due to the fraction of the core-excited state molecules surviving longest, gets visibly
suppressed if the exciting radiation is detuned away from the x-ray-absorption resonance.
[S1050-294{@8)06211-9

PACS numbe(s): 33.80.Eh, 34.106r%, 34.50.Gb

When a core electron of an atom or a molecule is pro{with their widths limited by the final state lifetimgi.e., the
moted by external radiation to an unoccupied orbital, thdines are in fact narrower than the corresponding normal Au-
resulting core-excited state decays via emission of a photoger lines(“line narrowing”). (iii ) The decay spectra lines are
or of an Auger electron within times which, for molecules, often asymmetric and can even exhibit a double-peak struc-
may be shorter than the oscillation period of the molecule irture (“Stokes doubling™. (iv) For molecules an additional
the core-excited state. With the advent of third-generatiodactor influencing the appearance of the spectra is the pres-
synchrotron radiation sources with high brightness combineénce of effects related to the lifetime-broadened vibrational
with monochromators with high-resolving power, it is now structure of the core-excited state and of the vibrational
possible to initiate the core-hole decay processes using structure of the molecule after decélifetime-vibrational
bandwidth of the exciting radiation which is narrower thaninterference’) [5—8]. Electron or x-ray decay studies under
the core-level lifetime width[1]. Under such conditions, nearly or truly resonant Raman conditions are now vigor-
termed the resonant x-ray Raman scattering conditiors  ously pursued for small diatomic molecules such as[69
photon detectionor the radiationless resonant Raman scat-11], adsorbed CQ12], N, [6,13], O, [6,14,19, HCI[16,17),
tering or Auger resonant Raman scatterfdRRE) condi-  and others.
tions (for electron detection the excitation-decay sequence  Recently, we have developed an explicitly time-
has to be treated as a single process. The decay spectra thdgpendent theory for one-step resonant excitation-
exhibit interesting features: tuning the narrow excitation linedeexcitation processes of core-electron states in diatomic
across and away from the excitation resonances leads to distolecules[18] and have presented detailed discussions of
tinct qualitative changes of the spectra, including changes ithe decay electron spectra obtained under ARRE conditions
the number and shapes of their peaks, as follpivs4]: (i) (subsequently abbreviated as ARRE spediva several de-
The decay spectra energies as the incoming radiation is tunegy modes of Bl and CO. In particular, special attention has
across the excitation resonafsgeare generally expected to been paid to the influence which the time evolution in the
shift linearly (“linear dispersion”), because of energy con- core-excited state has on the appearance of the spectra. The
servation for the overall process: the decay products, ele@xplicitly time-dependent approach is particularly well suited
trons or photons, must accommodate the surplus energy ¢6r this purposg19,20. Apart from self-evident information
the incoming photons. The shift can, however, be in factabout the vibrational structure of the final molecular ion, a
nonlinear for nonideally monochromatic radiatiorii) Al- great deal can be learned about the forces between the con-
though the magnitude of the cross section follows the resostituents of the molecule in the short-living core-excited
nance profilg“resonance enhancementthe linewidths of  state, when the time spans during which the decay spectrum
the decay spectra are not affected by the short lifetime of thes formed by the molecule evolving in the excited state can
core-excited state and are narrower than the lifetime widttbe externally controlled. This is possible under the ARRE

excitation conditions, i.e., when the exciting x-ray radiation

with a bandwidth below the lifetime widths of the excited
*Electronic address: gortel@gortel.phys.ualberta.ca state is swept across the absorption resonances and detuned
TElectronic address: menzel@e20.physik.tu-muenchen.de away from them. In this paper we will apply the theory de-
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veloped in Ref[18] to O 1s— 17 excitation and its Auger ray excilations
decay to the lowest-energy final state in theriblecule. We +286qy
will gain insight into the time evolution of the system in the +231e
excited state by following the evolution of the spectra with
varied tuning conditions of the exciting radiation. The results
are complementary to those in R¢20], where similar in-
sights were obtained by following the formation of the spec- .
tra in time. What distinguishes the,@olecule from N and ey
CO is the degree to which the internuclear forces get modi- widths (eV)
fied upon core-hole excitation: the relative increase in the =0
equilibrium bond length and decrease of the oscillation fre- o}
guency are very small in CO~2% and ~4%, respec-
tively), somewhat larger for N(~6% and~20%, respec-
tively), but quite large for @ (~12% and ~31%,
respectively. Consequently, the resonant excitation places
O, higher on the repulsive side of the potential of the core-
excited state than it does for the other two molecules. As we
shall see in what follows, this permits us to understand quali-
tatively certain gross features of the, @RRE spectra in -6 |
terms of the classical time evolution of the system in the
excited state. This does not imply, of course, that classical
mechanics can be used to calculate the ARRE spectra with
all their rich details. -8 r
The microscopic processes involved in ARRE are visual-
ized in Fig. 1 for the @ molecule. The molecules in their
electronic ground stat® 22; , in which the internuclear po- initial wave packet .
tential isVy(r), are continuously pumped by the x-ray radia- o5 1 15 2 25
tion, promoting the O & electron to the half-filled valence r(A)
molecular orbital Iry. In a quantum-mechanical picture of
the process, the initial wave functigthe ground-state wave FIG. 1. Potentials used for the,@olecule(vertically displaced
function of V), which describes the relative motion of the to fit the scale of the graphvibrational levels for the core-excited
nuclei, is placed on the core-excited state potential curve’ﬂ,‘nd ionic state, and the initial wave packet. Eight x-ray excitations,
V4(r), along which it then evolves according to the time- used to calculate the spectra in the eight horizontal panel§ of Figs. 2
dependent Schidinger equation. The excitation process con-and 3, are represented b)_/ a_dotted vergcal arrow and horizontal bars
tinues while previously excited wave packets move awa)}abt_alec_i by the actual exutatpn er]er@ylth respect to the resonant
from their initial position and the packets promoted at differ- €XCitation energy to the =0 vibrational level oiVg). X-ray band-

. . ) . widths and lifetime widthgvertical bar$, time evolution(horizon-
ent instants mutually interfef@0]. The core-excited state of tal dotted arrow, Auger decay(fine-dotted vertical arrows and

the molecule is unstable against the autoionizing deca o g . )
hich Its i f lect bei itted. | ina behi [flectron emission are also indicated. Inset: Calculated absorption
which results in a Iree electron being emitted, leaving behin pectrum for the actual core-hole lifetimisolid line) and for a

a molecule in a f'nf”‘l 'Qn'c configuration in which the in- hypothetical five times longer lifetimédotted curve Six out of
tramolecular potential is/¢(r) (shown here for the & eight x-ray excitations used are denoted by vertical arrows.
ground state, i.e., the result of the decay to the final state of

lowest energy

Although the above description might suggest that the en-
tire process is a sequence of three independent events\q (more than %10~ s), which makes the lifetime width
excitation, evolution, and decay—it must, nevertheless, bé& =27/7=0.18 eV [6] comparable with the vibrational
treated as one coherent quantum-mechanical process lievel spacing in this potentigtf. Fig. 1). Consequently, the
which an x-ray photon is absorbed and an electron is emittedtraightforward x-ray-absorption spectrum is broad and
One of the consequences is that, while energy conservatistructureless, enveloping over a dozen vibrational peaks that
for the overall process requires the exact partitioning of thevould only be separable if the lifetime were longer. This is
energy of the absorbed photon into the kinetic energy of theseen in the inset in Fig. 1, in which the calculated absorption
released electron and the energy remaining within the molspectra(for ideally monochromatic radiation and ideal elec-
ecule(shared between its electronic and vibrational degreeson detector resolutionare shown for the actual and for a
of freedon), no restriction is imposed on the energy of the hypothetical lifetime, corresponding t6=0.036 eV, five
photon which may initiate the process—apart from the factimes longer than the actual one.
that the electron yield is enhanced when the radiation is in The dimensionless expression for the kinetic energy dis-
resonance with transitions to particular vibrational states ofribution of Auger electrons emitted by a diatomic molecule
the core-excited molecul@gesonance enhancemgnt core-excited by x-ray radiation centered around the nominal

The lifetime of the core-excited state=7.3x 10" s, is  frequencyw, and decaying to théth electronic configura-
shorter than the time needed for one vibrational oscillation irtion of an ion, as derived in Ref18], is
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TABLE I. Parameters used to construct the Morse potentials for

S(€)= w3, G(E!, +E—Epn—tw)lh] Vg, Vg, andV [6].
n/

© 2 we (€M) wXe (cm™Y) 1o (A)
% f dtellﬁ(En’+£)te_Ft/2ﬁ<Urf.l,|Ud(t)> ) (1)
0 Ox(X*%y) 1580.19 11.98 1.2074
* -1 3
Here,£ is the electron kinetic energG(w— w, ) is a Gauss- ©: Gl 1o, " 1mg] 1097.18 14.023 1.3540
: . . . 0, (X 2 )[17,] 1904.77 16.26 1.1162
ian with a full width at half maximumFWHM) (denoted 2 9 9

I'.) accounting for the spectral distribution of the radiation, 3,  modified from 10.75 cm! to reproduce the dissociation en-
Ein is the initial energy of the systefground-state energy of ergyD,=20915.35 cm?.

V), u;,(r) andEL, denote, respectively, the wave function

and the energy of the'th vibrational state ofVi, and  gtate {=180 meV). This lifetime width was used to calcu-
ug(r,t) is the time-dependent wave packet evolving alongjate the spectra in the panels at the right sides of both figures;
the core-excited state potentigl;. The actual differential  for comparison, spectra for a fictitious lifetime, five times
cross section is obtained by multiplyindS(&) by |onger than the actual ond" 36 meV), are shown at the
I'tw D% 2chi%w}, whereD is the transition dipole moment |eft sides. The independent variable is the relative kinetic
of the initial excitationw, is the frequency parameter gf; energy of emitted Auger electronsg™'= S—(ESZO
andI’; is the contribution to the tota_l lifetime widﬂ’i due .to _ E;/—O/)z“:_ 518.5 eV(if Eg—o—Ein=530-2 eV[6] and
:ir:; ?g?(te;edie(;:r?y to the particular final electronic conﬂgura-E;,:O_ E.—12.05 eV[22]; these values chosen from the
The time-dependent wave packegi(r,t) is a linear com-

. . . . . . . = =05eV =0. V I =05eV
bination of termsxexp(—iE%4) oscillating in time. Here, | et e
EY are the energies of vibrational levels in the core-excited
potentialVy. The largest contribution to the wave packet is 1400 1400

e o
due to several levels grouped aroure 4, as seen in Fig. 1. oo ————

Therefore, for nearly monochromatic radiatiire., narrow
G(w—w,)], the effective time interval during which the

time evolution of the wave packet contributes to the forma- 0
tion of the spectra in the integrand of E(.) is equal to

Teff— Zﬁ/Feﬁ [21] with

[oi/2= Q%+ (T/2)?, 2)

where in the present cask~f w — Eg=4 is the detuning of -
the radiation away from the most efficient resonant excita- 2,
tion. For resonant excitation the wave packets are promoted &
to the core-excited state potential at such instants at which
their phase agrees with the phase of the time-evolved wave
packets promoted earlier. They then interfere constructively

x7°°/k

x11 X7

w=0+12eV w=0+12eV

-0

W=0)+08 eV ®=0)+08 eV

x33

-0

©=0)+02eV

w=0)+02eV

and their residence time on the core-excited state surface i¢
limited solely by the core-hole lifetime=2#4/T". No such

phase correlation occurs for large detunings, which causes
destructive interference between packets promoted at differ-

x43

(w=0)-04 eV

x160

-

ent instants, and the effective time of the spectra formation

becomes considerably shorter than the core-hole lifetime. ‘A @=0-L16eV
The spectra are calculated from Ed) using Morse po-

tential representations fov, and V; resulting in analytic 0 X900 X900

expressions fougy(r,t=0) and for uL,(r) [18]. The time -4 -2 0 2 -4 -2 0 2

evolution of the wave packets is followed by numerically e (ev)

solving the time-dependent Schiinger equation. Any form
of V4 can be used but in this work we choose the Morse formfor
also for this potential. The parameté¢fd used in the calcu-
lations and to draw the potential curves and vibrational en
ergy levels in Fig. 1 are given in Table I.

FIG. 2. Calculated decay electron spectra for thentlecule

all x-ray excitations shown in Fig. the panel labels give the

excitation energy with respect to tle=0 resonant excitatiorfor

the x-ray bandwidti’ =0.5 eV, i.e., broader than the actual life-

- Gt it time width of the core-excited state. The panels at right show the
The Calculateglkln%tlc energy distributions of Auger elec-gpecira for the actual lifetime widti'=0.18 eV) and in the left

trons for the (I, "17g) —(1mg) decay of the core-excited panels hypothetical spectra for the five times smaller lifetime width

O, are shown in Figs. 2 and 3, for the radiation bandwidthare shown for comparison. The electron resolution is always as-

broader =500 meV), and narrowed{{ =50 meV), re- sumed to be ideal. The spectra from the right panels are also repro-

spectively, than the actual lifetime width of the core-excitedduced by dotted lines in the left panels for comparison.
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I'=0036 eV I =005 oV =018 eV =005V core-hole lifetime. The lifetime independence of the ex-
1 tw=0)+286 eV (v=0)+2.386 eV . .

tremely detuned spectra is even more strikingly observed for
the narrow excitation bandwidth in Fig. 3, where the detailed
vibrational structure due to the final stdpmst Auger decay

[ esoeste  ffesoarey ion is identical in the short and long lifetime spectra even for
less extreme detuning than in Fig. 2. For such less extreme
0 bt i e detunings, such adw®=-0.4 eV, the broad excitation
! w=Orizey =z N spectra in Fig. 2 depend on the lifetime quite strongly, be-
“ h cause here a significant fraction of photons is present in the
A | RNRITYY 2 beam for which the detuning is rather small.

=008 eV wmrosey The lifetime independence of the spectra does not neces-
x5.75

-0

-0

sarily mean that the spectrum is not affected by the time
AN evolution in the core-excited state, but merely that the effec-
(0=0roz eV (v=0r0zey tive relevant time evolution determined By in Eq. (2) is
AMMAM much shorter than the actu@nd the hypothetically length-

i ened lifetime. For example, the relative heights of the final-

=0 v=e state vibrational peaks in the panels for less extreme detun-
M ing (hw!®=—0.4 eV and+2.31 eV) in Fig. 3 are different
ull TEay from their more extremely detuned counterparts

(w=0-04ev ©=0-04eY (—1.16 eV and+2.86 eV, respectively In the case of a
truly evolution-independent situation, these spectra would be
identical apart from a rigid displacement along the electron
©=0-lieey @=0-116 eV kinetic energy axis due to energy conservation. Even the
A x185 A x185

-0

S( 8re| )

-

-0

x50

-0

spectra for the most extreme detuning are visibly affected by
the time evolution, but only in the narrow excitation band-
-4 -2 0 2 -4 -2 0 2 width case in Fig. 3, where the relative heights of the peaks
e (ev) are somewhat different in the spectra fop!®'= —1.16 eV
FIG. 3. The same as in Fig. 2 but for the x-ray bandwilith from those in thet+2.86 eV spectra. This difference is lost
=0.05 eV, i.e., narrower than the actual lifetime width of the core-for the broad excitation case in Fig. 2: apart from the shift,
excited state. the spectra in the bottom panels are virtually identical to the
spectra at the top.

literature do not affect the shapes of the calculated spectra _AS the detunm_g decreases, the spectra become more com-
The panels in the horizontal rows correspond to eight differPlicated, and their appearance strongly depends on the life-

ent tuning conditions of the incident radiation which areliMe. Ignoring details, we see that for higher excitation en-
specified by the-ray excitationshown already in Fig. 1 and €rgies the spectra are generally broader, and for a longer
defined ashwrel fro, — (ES o—Eun), ie., ﬁwrel 0 corre- lifetime more slow eIectrcl)ns than fast ones are emitted. Tak-
sponds to radlatlon withi v, =530.2 eV [6] tuned reso- ing the left-hand sidé w[®=+1.2 eV panel in Fig. 2 as an
nantly to thev =0 vibrational level oV4. The most efficient €xample, we see that the emitted electrons may be grouped
resonant excitatior(to v=4), i.e., Q~0, corresponds to into a majority of slow ones and a minority of fast ones, their
hw®=+0.51 eV. This means that extreme detuning condiXinetic energies differing by some 4.5 eV, with almost no
tions are met for the panels in the two horizontal rows at theelectrons with intermediate kinetic energies. This is a classi-
top and the two at the bottom in Figs. 2 and 3, while the onesal effect already shown in Fig. 1: if we project the classical
in the two central rows effectively correspond to little detun-turning points inVy, which correspond to the-1.2 eV ex-
ing. citation, down ontd/;, we get the classical turning points of
The best insight into the properties of the spectra is gainethe latter separated by an energy of about 4.5 eV. Classi-
by discussing their various features for Figs. 2 and 3 simuleally, the molecule in the core-excited state is more likely to
taneously. While experimental spectra exi§{14] corre- decay near one of its classical turning points than anywhere
sponding to théia)rel —0.4+0.2+0.8,and+ 1.2 eV pan- in between, if only the lifetime is long enough to allow the
els at the right- hand side of Fig. 2, it is expected that spectranolecule to visit both of them repeatedly. This is, of course,
obtained with the x-ray bandwidths comparable to that inthe case for the long lifetime chosen in the left side panels.
Fig. 3 should be available soon. The above argument works even more beautifully for very
We start our discussion with the bottom panels in Fig. 2large positive detuning of-2.31 eV. Going down with the
For extreme detuning the spectrum consists of one essepxcitation energy, the low- and the high-energy groups get
tially symmetric broad peak. More importantly, for both life- closer to each othefas expected from the above classical
times the spectra arielentical Obviously, the wave-packet picture and start to overlap. For the actual short lifetime
time evolution along the core-excited state surface does plaffight panels in Fig. 2 the molecules do not have much
a minimal role in the formation of the spectrum. The samechance to perform even one oscillation before the decay
effect is observed for large positive detunings: the spectra itakes place, so the majority of emitted electrons have rela-
the top horizontal row are again almost independent of theively high kinetic energy with an extended low-energy tail
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due to those molecules which, against the odds, have bedPertainly, this type of information is not easy to extract for a
able to survive long enough to get close to the outer turningystem for which no other independent information is avail-
point of V4. To contrast the short and the long lifetime spec-able.

tra, we have inserted in the left panels of Fig. 2, in dotted In conclusion, we have applied a recently developed time-
lines, the curves from the right panels preserving now theiflependent approach to investigate the decay electron spectra
relative magnitudes. Ignoring vibrational structure detailsfor O, molecules for excitation bandwidths above and below
the gross features of the high-energy part of the spectra alt_@e _I|fet|me width of the core-excited state._A f|Ct|t|0u_s long
independent of the lifetime, while they are very different atlifetime has also been used to emphasize interpretational as-

the low-energy side. The buildup of the low-energy tail seerP€CtS Of the influence on the spectra due to the detuning of
in the right panels of Fig. 2 abw, progresses from-0.4 the incoming radiation away from the excitation resonances.

through +0.2 and+0.8 to +1.2 was indeed recently ob- The detuning behavior of the QARRE spectra distinctly

. X g differs from that for N and CO[18], because for @the
?ig’edra%ndaf’?ﬂ?égesg L:)Sf'?r?ealrgxtgigtrs S':c?;?{ict)?] ??r]ﬁitte 4’ntermediate state potential/y, is softer and has a larger
eIectrgonsuwals demonstrated in the rge)::ent explicitly time nternuclear equilibrium separation relative to both the
dependent approach to ARRE0] in which the formation of |n|t|alj and the final-state potentialg, andV;, respectively,

. . , than is the case for the other two molecules. Consequently,
the spectra over femtosecond time scégerimentally in-

. _ : in contrast to N or CO, certain gross features of the, O
accessiblewas followed by numerically solving the appro- ARREg spectra can be understood in terms of the classical
priate set of coupled Schilinger equations.

evolution of the system in the core-excited stéeg., in

The same general arguments can be used to interpret theg of its classical turning pointsthe understanding of
gross features of the narrow excitation F’ar?d spectra in Fig. %thers, as well as of all details, requires the full quantum
On its top, the spectra for the actual lifetinieght panel$ i aqtment.

contain detailed information about the vibrational structure

of the final-state potential/;. The central panels, corre- We thank Wilfried Wurth for helpful discussions and for
sponding to little or no detuning, exhibit a long tail of low providing many experimental and interpretational insights.
energy peaks formed by electrons emitted by molecule®Ve are grateful to A.M. Bradshaw for preprints of Refs.
which have survived for a relatively long time in the core-[13,15 prior to acceptance. Z.W.G. would like to thank his
excited state. For the hypothetically prolonged lifetime, thecolleagues at the Physik- Department of the Technical Uni-
low-energy peaks dominate the spectra. The double-peakersity of Munich for their hospitality during his visits there,
structures observed for some lines in the central left-handnd J.-P. de Villiers for writing the numerical code for the
panels of Fig. 3 are a feature often observed under ARREvave-packet propagation. This work has been supported by a
conditions[2,3]. The variations in the peak heights, the low- research grant from the Natural Sciences and Engineering
energy tail, etc., have encoded in them information about th®esearch CounciINSERQ of Canada, and by SFB 338 of
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