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Generalized Franck-Condon principle for resonant photoemission
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A generalized Franck-ConddiGFC) principle for resonant x-ray Raman scattering and for resonant pho-
toemission in particular is derived and numerically investigated. The GFC amplitudes differ from ordinary FC
amplitudes by the presence of photon and photoelectron phase factors which describe the coupling—or
interference—of the x-ray photons or Auger electrons with the nuclear motion. With the GFC amplitudes, a
Kramers-Heisenberg relation is obtained for vibronic transitions that corrects the so-called lifetime-vibrational
interference formula. For resonant photoemission in the soft-x-ray region involving typical bound potential
surfaces, the generalization gives a contribution to the FC factors that can amount to 20%. For core excitation
above the dissociation threshold, the GFC principle relates to Doppler effects on the ejected photoelectron both
for the so-called “molecular” and “atomic” bands. The role of the GFC principle in direct photoionization is
briefly discussed.S1050-294{9)08809-5

PACS numbds): 33.60.Fy, 33.20:t

[. INTRODUCTION finds that this Doppler effect is hidden in generalized Franck-
Condon(GFC) amplitudes of the typ§20]
High-resolution dispersive and detector techniques have
made it possible to analyze vibrational fine structure in x-ray . Kpn' R
and Auger emission for almost three decaftesg]. It was (mim)—(mle'“[my), @=*ax k-R D
early realized that, contrary to the optical region where the

emission bands can be arranged in simple progression tablggereq is connected with the reduced mass of the molecule.
(Deslanders tablef9]), the vibrationally resolved x-ray or These photon- or electron-nuclear couplings originate in the
Auger spectra require in general an account of interferencghoton and electron wave functions through the phase fac-
between the emitting levels due to the short lifetime of coreiors exp{y) that depend on the internuclear radius vedor
ionized state§10-17. This is described by the so-called and on the momenta of the x-ray photdgy,, or the photo-
lifetime-vibrational interference formulaLVIl), which is  electronk. The GFC problem was only touched upon in Ref.
nothing but the Kramers-Heisenberg dispersion relation ag20] in connection with the special problem of computing the
suming the Born-Oppenheimer and Condon approximationso-called atomiclike profile. In fact, as we show here, the
for the transition elements, and which has formed the comGFC factors can significantly modify the whole RXS profile,
mon computational tool in the analysis of the spectra. thus also profiles for discrete vibrational transitions involv-
The possibility to resonantly excite x-ray and Auger emis-ing fully bound potentials, and also profiles for ordinary
sion[x-ray Raman scatterindRXS) spectra has further pro-  photoionization.
moted interest in the analysis of vibrational structure and The aim of this paper is to present a general analysis of
nuclear dynamics in the x-ray region. New effectsthe role of the GFC amplitudes and factors in resonant x-ray-
[5,18,6,19,8relating the formation of the RXS spectral pro- scattering spectra, especially for resonant photoemission
file to the nuclear degrees of freedom have been discoveredihere the photoelectron phase factors reflect the interference
Several of these refer to cases when dissociative states awé electronic and nuclear motions and which leads to both
involved and when both compound molecular and fragmenimportant numerical corrections and additional spectral fea-
signatures are identified in the spectra. Among several ofures. The GFC factors are shown to influence the RXS pro-
these phenomena, for the purpose of the present work it ifflle involving vibrational levels above and below the disso-
most relevant to mention a Doppler effect on ejected Augetiation thresholds, that is, bound-bound transitions below or
electrons for core excitation above the dissociation thresholdcontinuum-continuum transitions above the thresholds, or
The atomiclike resonance can be strongly influenced by sucbombinations thereof—continuum-bound and bound-
a Doppler effect as theoretically predictE2D] and experi-  continuum transitions. We show that the electron-vibrational
mentally confirmed21] recently. On a closer inspection one profile of ordinary(direc) photoionization is also influenced
by the GFC factors. The new spectral features caused by the
GFC factors are expected to be the rule rather than the ex-
*Permanent address: Institute of Automation and Electrometryception both in molecular photoionization and resonant pho-
630090 Novosibirsk, Russia. toemission.
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o5 [ 1 phase factopscan be extracted from the scattering amplitude
\/ Ie (2). The evaluation of the RXS amplitud®) is then reduced

20 | to the calculation of the generalized FC amplitudes

. Ie (FQIIXi|DI0)=(f|ar(R)e ™" el
ol | 7\%— X(ille dg(R) e ®e(0). ()
| / equal gradients

Now |0), |i), and|f) denote vibrational states of the ground,

0 , , core-excited, and final electronic states, respectively. The de-

U(R)-U(R) pendence ofy;;(R) andd;o(R) on the nuclear coordinates

362.0 can be important in general. For example, this is the case for

b) € 1mp general. or pie, this IS
381.0 L— . transitions between highly excited or dissociative nuclear
2 3 . 4 | 5d_ . 6 7 & 9 states with a large size of the nuclear wave funcfi2i 23).
nemuciear distance (a.u.) Another example is given by transitions near an avoided

FIG. 1. Model interatomic potentials of the groufto(R)] crossing of the potential surfaces where the electronic tran-

core-excited U;(R)], and final[U(R)] states. The potentials of Sition matrix elements depend strongly éh due to the

core-excited and final states are shifted;(R)—385eV, U;(R)  Strong dependence of mixing of the different electronic states

—12eV. AU(R):UI(R)—Uf(R) The parameters of the poten_ onR [24,23,25 HOWeVer, very often the dependence of the

=]

(]

Potentials (eV)

[o]

\ a)

tials are collected in Table I. electronic transition matrix elements éhcan be neglected
[26]. Both g¢;(R) and d;g(R) are assumed to be constant
Il. PHYSICAL MODEL [26] in the following, and we focus on the role of the photon

id ina b lecules. i and photoelectron phase factors in E4), the new element
We consider resonant x-ray scattering by molecules, 1.et the theory. As mentioned above, it is of importance to

scattering targets with nuclear degrees of freedom. The Rxfeep only the photoelectron phase factor in the soft-x-ray

process and energy scheme are illustrated in Fig. 1: The mo egion. This allows us to formulate the model
ecule in the ground stat®) first absorbs a photon of fre-
quency w and transits to the core excited states These
decay to the final staté$) by emission of the Auger electron
with energyE [if not otherwise stated, the notation refers to

nonradiative(Augen scattering, although the theory is iden- Wheree-d, with d=d/d, is the polarization factor. One can

Q—ekRe D(ed), (5)

tical for radiative x-ray scatterifg interpret the appearance of the photoelectron phase term
A coherent picture is obtained by considering the€XP(~Ik-Ra) in the GFC amplitude1) as the interference
Kramers-Heisenberg scattering amplity@é] of the photoelectron with the nuclear motion.

We see that the profile of resonant photoemission in the
(f|QliXi|D|0) R soft-x-ray region is defined by the GFC amplitu¢igQ|i)
F=Z TE—w-tiT Q=qe™ ", for the Auger decay step and by the ordinary FC amplitude
! . (i]0) for the photoabsorption step. We recall that the con-
(2) ventional theory of electron-vibrational bands in resonant

—(a. 1Kpp R
D= (e-d)eTen™. photoemission is based on the assumptnal.

Here R=R,—Rg is the internuclear distancey=u/may, _ _
u=mamg/(ma+mg) is a reduced mass of the molecule; A. Time-dependent representation

wji=E;—E; is the resonant frequency of the electrovibra- 1o perform numerical simulations, we follow the time-
tional transitioni — j; eis the polarization vector of incident gependent technique outlined in RéR7]. The previous
photon with the frequencw; d is the electronic transition  stdies[8] demonstrate that the temporal language allows a
dipole moment andj is the operator of the Auger decay in geeper insight into the physics of x-ray scattering, and the
atomA; kp, andk are momenta of the x-ray photon and the time-dependent techniques are also advantageous from the
photoelectron, respectively. Atomic units are used throughzomputational point of view. The RXS cross sectiofE, »)

out the paper. ApparenthQ=D'" in the case of radiative can then be evaluated for arbitrary spectral distributions of
RXS (the emission of the final photon is marked by a piime incoming radiation®(w— w;,y) as the convolutior28—

We pay attention in this paper mainly to the soft-x-ray re-3p 27

gime; exp{kpn Ra)=1.

The RXS spectral properties are guided by the double _
differential cross section 0(E,0)= | dw104(E,0)P(0—wy1,7),
6
o(E,0)=|F]?®(E— w+ wig,7), (3) ©

1 oc _
. . . . oo(E,w)= —Ref droy(7)el@ E*EoT,
where ®({,y) is the spectral function of an incident radia- 7 Jo

tion. We restrict ourselves to the vibrational part of the prob-

lem and assume the Born-Oppenheirt®®) approximation  This reduces the problem to an evaluation of the RXS cross
and also the Condon approximation insofar that all electronisection for monochromatic excitation,(E, ), which can
transition matrix elements;;(R) and d;o(R) (but not the be found in terms of the autocorrelation functi@1,27]
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TABLE |. Parameters of the Morse potentiald(R) =D 1

—exp(—(R—Ry)/a)]?+E,y, for ground, core-excited, and final Oy ‘ ' 034
states used in Fig. 1. PN I Er
Vibrational §°:z 02{"
frequency, Anharmonicity, Sousl , Jod o oasd
State we (V) weXe (MeV) Re (A) Eo (V) é 0.1 £ o
&) .14
Ground (o) 0.292 1.776 1008 0 " ol
Core excited(i) 0.235 1.900 1.390 400.057 4°°410 z e = ;.
Final (f) 0.274 1.862 1.116  15.283 WIS a0 w0 W0 0 o
(V) E(eV} 383 o (eV)
ao(T)=(V(0)|W(7)). (7) FIG. 2. The RXS cross section vs excitation energy
without taking into account the photoelectron phase factor:
Here exp(—1k-Ra)—1. The high-energy part of the spectrum
(continuum-bound decaydollows to the Raman-Stokes law con-
|\p(7-)> = e*inT|xp(o)>, trary to the low-energy part of the spectrum. The latter fagion

near 380 eVis caused mainly by continuum-continuum decay tran-
0 sitions.I'=0.065 eV,I';=0.013 eV,mp=mg=14my . The case of
|\I'(0))=f dt (@B =TIQ| y(1)). (8)  monochromatic excitationwio(*) =U;(*) —E,=407.2eV. The
0 close-lying atomiclike resonance and molecular subband are de-
notedA and M, respectively.
The solution is obtained in two step$) the solution of the
Schralinger equation in the core-excited stafé/dt) 4;(t))  the “molecular” continuum-continuum peaM is formed
=Hi|yi(t)) for |¢i(t))=exp(—iHit)DJo) with the initial  mainly near poinR; where the slope oAU(R) is equal to
condition|;(0))="D|o), and(ii) the solution of the Schro  zero:
dinger equation fofW (7)) with the final-state Hamiltonian
H; and with the initial conditiof¥(0)). The physical mean-
ing of the wave packety;(t)) and|¥(7)) can be found in
Refs.[32,27).

P
“zAUR)=0. (10)

As in the dissociative region, and discussed eafkee Eq.

(23) in Ref.[31]], the decay transitions in the vicinity of this

point occur with conservation of the kinetical energy of the
We start from the examination of nonradiative RXS from relative nuclear motion. This results in a non-Raman disper-

the heteronuclear molecule with model potentidable ) sion relation for the peak position of the peak

shown in Fig. 1a). In order to clearly see the role of the GFC

amplitudes, we temporarily set aside the GFC effects and E=AU(R,). (13)

assumeQ=1 (5). This leads to the well-known LVI L . ) .

(lifetime-vibrational interferenodformula in the case of tran- APParently, this dispersion law is not strict due to the con-

sitions involving bound potentials. In the case of resonant’ibution to the resonancel from adjacent pointsR#R¢,

core excitation above the dissociation thresHdtiy. 1(a)], where the conditiori10) breaks down. The result highlights

the simulated RXS spectrum consists of three qualitativelﬁ‘evertheless a new spectral feature of the molecular bands of

different parts; see Fig. 2. The left-hand side of the spectruntXS SPectra, namely that one pgoeakA) of the molecular

shows the extended sequence of narrow resonances whi@gnds follows the Raman-Stokes law, while the position of

follow the Raman-Stokes dispersion law; this is the “mo-the other par(peakM) shows a very weak dependence on

lecular band” of continuum-bound transitions to the vibra- €xcitation frequency, Fig. 2.

tional states of the final states. The right edge of the spec-

trum shown in the left panel of Fig. 2 corresponds to lll. RXS SPECTRAL PROFILE WITH GFC AMPLITUDES

continuum-continuum transitions and is formed by two over-

lapping resonances; the broldand the narrovA peaks(see

also the right panel of Fig.)2 The peak position of reso-

nanceA does not depend on the excitation energy. The po- For the generalization of the Franck-Condon faCtorS, we

sition of peak'\/| deviates S||ght|y from the constant value. As reconsider first the case with core excitation above the dis-

Fig. 1(a) indicates, peald corresponds to the decay transi- Sociation threshold. Figure 3 displays the low-energy part of

tions in the dissociative region; it is the so-called atomiclikethe RXS profile(Fig. 2) for the system shown in Fig. 1 and

resonance fo”owing the non-Raman dispersion [3&3:[] calculated with the GFC amplitudeS. This part Corresponds to

the continuum-continuum decay transitions discussed above,

E=AU(x). (99 consisting of two peaks, the broad molecular psk&nd the
narrow atomiclike peald. Probably the most prominent new
To understand the origin of pedk, let us compare Fig.(d)  feature observed is the Doppler shift of the molecular peak
with the change,AU(R)=U;(R)—U((R), of the core- M, Fig. 3b); a Doppler shift of the atomiclike peak was
excited state potentials involvddFig. 1(b)]. It is clear that predicted[20] and observed?21] earlier. We remind the

B. RXS spectral profile with ordinary FC amplitudes

A. GFC amplitudes for continuum-continuum
and continuum-bound decay transitions. Doppler effects
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O FIG. 4. The RXS profile for the isolated atomiclike resonance
20 t averaged over molecular orientations. Core excitation in the unoc-
cupiedo orbital. The results of the simulations fér=0° and 90°
10 | are based on Eq(12). ¥ is the angle betweelk ande T
=0.09eV,D=0.4eV.
379 380 381 382 383 384 averaging is straightforward if we neglect the angular anisot-
Electron energy (eV) ropy of the Auger decay raf1],
FIG. 3. The role of the GFC amplitudes on the RXS profile. o-(E,w)zau(E,w)cosz 9+ 0, (E,w)sir? 9,

=5.32a.u. dglk. Core excitation to the unoccupied orbital. @

=408.8eV. (a) RXS from oriented molecules for different angles AE\?2
0 betweenk and molecular axiR. (b) The RXS cross section o(E,w)=01+ T) —1|0,,
averaged over molecular orientations. The orthogonal orientation of
k and molecular axis{=90°) correspond to the ordinary FC am- ) 5 (12)
plitudes withQ=1. Other parameters are the same as for Fig. 2. _ 1 D°-AE
O'J_(E,a))—i 1+—Fz— O2— 01|,

reader that the Doppler shifk-v, is large due to a large
velocity v of the dissociating atom and large momentum ofwhere
the Auger electron. Figure(8 shows that the red and blue S
Doppler shifts result in different RXS profiles because of the i A—Eln (AE-D)*+T
influence of the smooth molecular background from the D (AE+D)Z+T7?
high-energy side of thé andM peaks.

The gas-phase molecules are oriented randomly and the T AE+D
RXS cross section must be averaged over molecular orienta-  0,= Top arctarﬁ T
tions. To be specific, we consider here core excitation o a
unoccupied molecular orbitdMO). In such a case the pho-

. ~ 2 .
toabsorption factor di)* (5) reads co%¢, where g is the spond toklle andk L e, respectively;9 is the angle between
angle betweerk and the molecular axis. Figurét8 shows o anqk Al unessential constants are collectedig. Figure
the_ smearing of _the RXS profile due to the Doppler brc_;a_d-4 shows, contrary tar, (E,®), thato(E,w) has two peaks
ening. To see directly the role of the GFC amplitude, it is, hich correspond to decay transitions in oppositely propa-

appropriate to compare Fig(t8 with Fig. 3@ (solid lin®  gating atoms with opposite Doppler shifts. The reason for
showing the calculation with ordinary FC amplitudes. Thes js 5 partial alignment of the core-excited molecules. In-

high-energy part of the RXS spectrufgontinuum-bound de-  yeaq molecules are oriented mainly parallel to éhesctor
cays, Fig. 2, is not shown in Fig. 3. We note that the effect, e core excitation to unoccupied MO's. This results

of the GFC amplitudes on the continuum-bound ded&8.  jymediately in the Doppler splitting of the RXS profile when
2) does not exceed 20%. klle [21] since in such a case the Auger electrons are ejected
preferentially along the molecular axis; see Fig. 4.
When the Auger electron is emitted perpendicular to the
Very often the spacing between the atomiclike pdand  molecular axiSwhich is oriented mainly along), the RXS
molecular peakM is large or pealM is absen{27]. In such  profile collapses to a single broadened pésse Fig. 4 since
a case one can examine the isolated atomiclike profile ofhe Doppler shift is equal to zero in this casé-v=0. One
RXS from oriented molecules: Co8[(AE—Dcosf)®>  important difference between Fig(t8 and Fig. 4 deserves a
+I'?]. Here AE=E—w,, w.,=AU(®)=U;(®)—U¢x») comment. The Doppler splitting is not seen in Fi¢h)3con-
represents the position of the atomiclike resonance,7and trary to Fig. 4. The reason for this is the two-peak structure
=Kkv is the Doppler shift. The final result of orientational of the RXS profile shown in Fig.(3).

01=09

AE-D
—arctarﬁ T ” (13

Here the RXS cross sections(E,w) and o, (E,w) corre-

Doppler splitting and broadening of the atomiclike resonance



2790 PAWEL SALEK et al. PRA 60

MO ¢;=ciaeatCigeg in a moleculeAB to a continuum
—_ state with the electron momentukn Here, ¢, and ¢g are
.*g 200 a) A atomic orbitals of atom# and B. The electronic transition
S moment of photoionization reads in the one-electron ap-
g proximation
5 i dip=Ciadpe ™' R4 cigdge' Pk R, (14)
$ 100 | ; . . o
@ where 8= u/mg andd, is the atomic transition dipole mo-
3 ! ment. One can check that this expression is valid for a rela-
@] . . . .
5 tively high photoelectron energ,kR=1. The photoioniza-
ARV tion cross section can be expressed through the GFC
0 amplitudes(i|D(R)|0), between vibrational wave functions
50l |0y and|i) of ground and core-excited states,
[2]
S a0t Ki|D(R)[0)?
£ Ui(E'w)m(E—w—li_Vio)2+F2'
8 10t
E ol D(R)=cipDpe 'R+ cigDge' PR, (15)
S Here Dpy=(e-d,), |; is the ionization potential of the MO
=30 ¢ . ' . . . leveli, andv;q is the difference of vibrational energies of the
269.0 2695 2700 2705 271.0 271.5 excited and ground states. Averaging over molecular orien-
Electron energy (eV) tation leads to a strong suppression of the interference term

etween different atomsx1/kR. Making use of this, we

FIG. 5. The role of the GFC amplitudes under the bound-boun mmediately obtain

transition. The parameters of the potentiéd$ the groundX's, ™,
core excited C § *#* 1, and final CO A 21 state$ for CO are oi(E, )
from Ref.[37]. The case of nonradiative RXS from the oriented ne
molecule CO.6=0° and 90°. The orthogonal orientation lofand . Ci2A|<i |DAe'°‘k'R|0>|2+ Ci2|3|<i |DBe'5k'R|0>|2
molecular axis §=90°) corresponds to the ordinary FC amplitudes oc J dR

2. 12
with Q=1. The lower pane(b) shows the differenca o (E, ) of (E-w=li=v)"+T

the RXS cross sections fdt=0° and §=90°. I'=0.0485eV,T’; (16)
=0.013eV. The case of monochromatic excitation to the vibra-

tional levelm=2 of the core-excited state. Apparently, the dependence of the GFC amplitudes on

nuclear coordinates becomes essential when the photoelec-
tron wavelength is comparable tor shorter thapthe effec-

) o tive size of the vibrational wave functiondR:
We examine vibrationally resolved bound-bound decay

transitions below a dissociation threshold using core-excited kAR~1. (17)

C1s '#* I and final CO AZII states of the CO mol-

ecule as illustration. The molecular orientation is assumed t¥vhen this region is reached, one can expect a significant
be along the Auger electron momentlmandv.L k. Figure 5 change of the vibrational profile with a further increase of
shows that the effect of the GFC amplitudes on the direcexcitation energy. It is worthwhile to mention that the GFC
bound-bound term in CO can be as large as 20%. This figuramplitude experienced by the photoelectron phase factors
shows also the qualitative distinction of decay transitions toan be important in the formation of rotational bands of pho-
bound final states from the above-considered continuumtoelectron spectra. Such resolution of the rotational structure
continuum decay transitions. One can see that the position éfas now become a reality, see, e.g., RE34,35. In some

the resonances in the case of the bound final states does rig@ses the amplitude of direct and resonant photoemission has
depend on the phase fact®, i.e., it does not experience a the same order of magnitude and can therefore interfere.
Doppler shift. It is not hard to understand that the role of theClearly, the interference of direct and resonance terms is also
GFC increases when the effective size of the vibrationainfluenced by the GFC amplitudes.

wave function increases. The interference of the photoelec-

tron with a nuclear motion is thus enhanced near the disso- V. SUMMARY

ciation threshold and for weakly bound “van der Waals” ) ) . .
molecules like the sodium dimer or rare-gas halide mol- With this paper we present the notion of a generalized
ecules. Franck-Condon principle for the formation of spectral pro-

files in resonant photoemission. The generalized amplitudes

differ from ordinary Franck-Condon amplitudes by the pho-

toelectron phase factor, ekpi1a(k-R)), in the integrand of

the Kramers-Heisenberg expression for the scattering ampli-
We study the role of the GFC principle for direct x-ray tude. The origin of the phase factor is the site selectivity of

photoionization by considering ionization from an occupiedx-ray scattering caused by the strong localization of core

B. GFC amplitudes for bound-bound decay transitions

IV. ROLE OF THE GFC AMPLITUDES
IN DIRECT PHOTOIONIZATION
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holes. The phase factor is changed during the molecular vihe continuum-bound, bound-continuum, and bound-bound

brations in a bound state or during the free molecular spreacksonances are not influenced by Doppler shifts of the

for excitation above the dissociation threshold. The variatiorejected electron.

of the phase factor results also in a numerical change of the The GFC amplitudes can be important also for photoelec-

FC amplitudes for vibrationally resolved bound-bound decaytron spectroscopy when the excitation energy exceeds the
transitions. For example, the RXS cross section with thecorresponding ionization threshold by several hundreds of

GFC amplitudes can differ from the cross section with theeV’s. In those cases one can expect a dependence of the
ordinary FC amplitudes up to approximately 20% for the COvibrational band shape on the excitation energy due to the

molecule. This effect is enhanced for weakly bound “van derenergy dependence of the GFC amplitudes.

Waals” molecules with a large amplitude of vibrations. The present work focuses on a generalization of the
The GFC amplitudes lead to qualitatively new spectralFranck-Condon principle; a further improvement of
features in the RXS spectra under core excitation above thexperimental-theoretical comparisons of resonant photoemis-
dissociation threshold, in particular to a Doppler effect forsion band profiles would be obtained by going beyond the
the ejected Auger electron associated to continuum€ondon approximation and considering the variation of the
continuum transitions near the atomiclike resonafleaegge  Auger decay moments with geometry. Such calculations are

internuclear distangg20]. This effect was recently observed now in progres$25,36.

in an experiment with @moleculeq§21]. Here we found that

the _Doppler effect can influence 'also. the continuum- ACKNOWLEDGMENT

continuummolecular band formed primarily due to decay

transitions near the equilibrium geometry of the molecule. In  This work was supported by the Swedish National Re-
contrast to the continuum-continuum band, the positions ofearch Counci(NFR).
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