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Vibrationally resolved core-photoelectron spectroscopy as an infinite-slit interferometry
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During a molecular vibration, an atom changes continuously its position. Just as the emitted photoelectron
waves, the electromagnetic waves absorbed by the atom in the different positions are strictly coherent and have
different well-defined phases. These phases depend on the relation between the instantaneous internuclear
distance and the photoelectron, respectively, photon wavelengths. We predict that the interference of these
coherent waves strongly influences the vibrational profile of the photoelectron spectra of core electrons in a
molecule. This effect increases with increasing x-ray photon frequency and results in a deformation and
broadening of the vibrational profile. In the case of surface adsorbed molecules, the vibrational profile depends
strongly on the direction of the photoelectron ejection and photon momentum, and the orientational sensitivity
of a vibrational profile can even be used as a tool to define the orientation of adsorbed molecules.
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Core-level x-ray photoelectron spectroscof¥PS) en- = R) of the core ionized atorm with respect to the center
ables us to observe directly the influence of the chemicabf mass of the molecule. Here,= u/mj is the ratio of the
surroundings due to the chemical shift]. The spectral reduced masg and the mass of atomy, m,. The origin of
shape of XPS gives additional chemical information becausghe phase factofl) may also be understood from Fig. 1.
different chemical states can change significantly the XP®uring nuclear vibrationsR, and, hence, the phase factor
vibrational fine structur¢2]. X-ray photoelectron spectros- (1) continuously vary because of changes of the internuclear
copy is also capable in resolving the vibrational fine structurgadius-vectoR. Therefore instead of a “2-slit” interference
in the core-level bands of adsorbaf8s4]. The conventional as shown for simplicity in Fig. 1, we have here an “infinite-
treatment of the vibrational fine structure is based on thejit interferometer” due to the continuous changeRof
Franck-CondortFC) principle: The intensity of a vibrational |t js not hard to see that the ordinary FC factor must be

line is proportional to the squared overlap integral betweeneplaced in the x-ray region by the GFC facfat
vibrational wave functions of core excited and ground states

(the FC factor:|(n|0)|?). According to this principle, the Fo(k—p)=|(n|eilk—pIRecost|gy |2, ()
XPS vibrational profile does not depend on the photon fre-

quency, except possibly for a narrow region in the vicinity of\when |k —p|cosé is large, the phase factdfl) produces a
the photoionization threshold, where post-collision interacstrong modulation of the integrand in the matrix elements at
tion is importan{5]. A further reason for a frequency depen- the right-hand side of E(2). That is what makes the XPS
dence may be the bond-length sensitivity of the electronigibrational profilew dependent. Another prediction obtained
transition moment near a shape resonance. It is now knowfiom the GFC principle(2) is the strong anisotropy of the
that the FC principle can break downnesonanispectra due  GEC factors: They depend on the anglbetweerk—p and

to a large momentum of the photoelectrenwith a site-  the molecular axis, as well as on the angle betweandp.
dependent phase of the photoelectron wave fundtte+].

We show in this paper that the generalized &F-C) prin-

ciple formulated in Ref[7] results in a qualitatively new
effect for ordinary “direct” x-ray photoelectron spectros-
copy, namely, strong frequency and angular dependences of
the XPS vibrational profile.

We consider, for simplicity, x-ray photoionization of the
1s core orbital in atomA in the diatomic molecul@B. Due
to the locality of the x-ray transition, the wave functions of /
the incident x-ray photon and photoelectron imply a phase o
factor in the electronic transition moment

Detector

core excited state

e PRy, (1)

ground state

which depends on the difference between the photoelectron
(k) and photon(p) momenta and on the coordinat®4

Internuclear distance

FIG. 1. Pictorial representation of absorption of electromagnetic
*Permanent address: Institute of Automation and Electrometrywaves and emission of electron waves by atoms in different inter-
630090 Novosibirsk, Russia. nuclear positions.
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This spectral feature is important for surface-adsorbed mol- a)
ecules where the molecules have a certain space orientatiol

The problem is now reduced to that of evaluating the
double differential cross section for tiephotoionization of
atomA:
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Here,d is the electronic transition moment of the photoion-
ization, k=k/k, e=w—E is the binding energye is the
vector of photon polarizatiorE =k?/2 is the photoelectron
energy, wno=€-— €9 where € and €Y are the vibrational
energies of the core excited and ground states, respectively
I' is the lifetime broadening of the core ionized state, bfyd 0
is the ionization potential of thes)k level. We use here
atomic units. The only difference with the conventional for- Binding energy (V)

. _ 2 .
mula is the GFC factofFno(k—p)|. To describe a real FIG. 2. OxygenK-level photoelectron spectra of CO for differ-

experimental situation, the cross sect(Gbll hgs to be convo- o photon energie&] | p. Left panels(a,b,0 show the spectra for
luted with the spectral function of the incident x-ray beamppgoelectrons ejected parallel to the molecular axis. The case of

that has a finite spectral width. One should note that(Bd.  randomly oriented molecules is shown in parfel®, . The unfilled
is true only for fast photoelectron&kR>1. Otherwise, the piots show the spectra calculated without phase factofiefip
transition dipole momerd becomesk dependent and it must —p).R] (their XPS intensities are reduced to have the same inten-
then also be included in the GFC faci@. sity of the low-energy peak as the shaded spgctiae shaded plots
Let us estimate the phase in Hd), ¢=(k—p)-Ra= ¢, are calculated making use of the GFC factors. The adiabatis O 1
+ ¢pn, Which consists of the electronige=kaAL., and ionization potential0-0 transition is equal to 542.1 eV.
photon,¢,,=paAL,y,, contributionssee Fig. 1. The phase
takes maximum valuep=(k+p)aAL.~ (k+p)aa, when The simulated profiles of Osland C 1s photoelectron
the photoelectron is ejected in opposite direction relatiie to spectra of oriented and randomly oriented CO molecules are
and #=0°. In this case, the path differences of the electronshown in Fig. 2 and Fig. 3, respectively. The calculations
and the photon are the same and they are of the order of thieere performed for a monochromatic x-ray beam. The GFC
size of the vibrational wave functiolL.=AL,,~a~0.1. and FC factors are calculated, making use of the spectro-
A typical value ofa is ~0.5. The electron and photon phasesscopic constants of the Morse potential-energy curves of
depend onw differently and have different critical energies ground and core ionized states of CO in gas pHasgQ).
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E. and w, The lifetime widthI" used in the simulations is 0.09 eV for
w—lq5 1 L a) I I 6=0°,1860 {1 td) ' I gas phasé
=\/—— E.= =5 keV, _ =
Pe E. c W 5 | w=2keV | | =2 keV
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One can see that the electron phase factor becomes importai‘;2 I
(¢e=1) for photoelectron energiem—1,;=5keV. The &
photon phase is close to unity for larger photon energies 3 0
=75keV. We will see, however, that the photon phase be-= '
219 2 ©=20 keV @=20 keV

gins to influence the XPS vibrational profile even for smaller
photon energiesd~ 10 keV).

To perform numerical simulations, we follow two tech-
niques. The first one is the direct implementation of the time-
independent Eq(3) where only bound-bound vibrational 0 296 297 208 296 297 298
transitions are included. The second one is the time-
dependent wave-packet method, taking into account both
bound-bound and bound-continuum transitions as outlined in  F|G. 3. CarborK-level photoelectron spectra of CO for differ-
Ref. [7]. Both these approaches led to the same results fagnt photon energie& | p. Other notations are the same as in Fig.
the CO molecule. This means that bound-continuum transi2. The adiabatic C 4 ionization potential0-0 transition is equal
tions are negligible in the studied energy range. t0 295.9 eV.

Binding energy (eV)
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FIG. 5. CarborK-level photoelectron spectra of CO for differ-
0 ; : ent orientations of electron aﬁd photon momeRtal p andk| Tp.
285 286 Other data are the same as in Fig. 4.
Binding energy (eV)

takes place also for randomly oriented molecules. The sensi-
FIG. 4. CarborK-level photoelectron spectra of CO for differ- +jyity of the vibrational profile to the orientation & andp,

ent angles betweerk and the molecular axik | p. Inputdatafor  rejative to the axigor plang of molecular vibrations, can be
CO adsorbed in upright position on hollow site in te¢2v2 ;56 to determine the orientation, as well as the degree of
XV2)R45°CO/H/N(100) superstructurg4]. The adiabatic C 4 orientation of the adsorbed molecules.
ionization potential0-0 transition is equal to 282.5 eV. The observation of the discussed effects are certainly pos-
sible using the modern techniques of high-energy x-ray pho-
toelectron spectroscopy. As one can realize from Figs. 2 and
3, the increase of the photon energy leads to a broadening

the O 1s™1 25" state and 0.0485 eV for the Cs1! 23+
state[10]. The figures show that the GFC factors begin to

ggg;g;hehzzzcgigzzg?mﬂ{;v E:\r/a)z %h_es kﬁe\(s'e\/\f/g;r&é?e and shift of the center of gravity of the vibrational profile of
changes ?he spectra dI’an[!i)(;l” st roduceps both a shift of ththe order—0.5 eV. This means that the bandpass of the in-
9 b y- 1P Cident radiation and spectral resolution of the electron spec-

center of gravity and a broadening of the spectra. BothsO 1.trometer should go below 0.5 eV. This is feasible consider-

and C Is spectra show suppression of the strongest 0-0 V'Tng, for example, that x-rays wita 5 meV bandpass were

brational line whenw increases. The gas-phase molecules arg o _ .
. ; tained foro=13.84keV in Ref[11], and that XPS ex-
totally disordered so the XPS cross secti@ has to be periments using high-energy &3 radiation (5946.86 eV

averaged over all molecular orientatioiigver angle 6). . )
Comparison of spectra of oriented and disordered CO moI(—:an be conducted as reported in Raf]. Yet another re|

ecules(left and right columns in Figs. 2 and 8how that the ﬁlvag; e;ﬁg”én:(gtl}gir?uoﬁ E’_;ﬁi:nve:t'ggﬁ:’oqrgz 3réa dEia?ion
role of the GFC factors is larger for oriented molecules. This ! 9 hig gy sync
is explained by a suppression up to zero of the phase (13.6 keV) with the photoelectron energies near 2.5 keV

— alk—p|R cosf in Eq. (2) when §—90°. [13]. Using tunable high-flux monochromatized synchrotron

Surface adsorption gives a way to study the role of mo_radlatlon and a hemispherical electron analyzer, Geghed.

lecular orientation. To simulate the G k-ray photoelectron [14] studied Auger emissionE=3 keV) with the total-

spectra of adsorbed CO, we used the spectroscopic constanis &Y resolutionA E=0.8 eV and an x-ray beam bandwidth

from Ref.[4], which reports vibrationally resolved O¢1%) othO.S eV. Alternatively to electrostatic analyzers, electron

= . . time-of-flight spectrometergl5] can also be used for elec-
and_ _C(]s ) XPS spectra pf CO adsorbed in the up”ghttrons with kinetic energies up to 5 keV and with a resolving
position on a hollow site with the carbon end down in the

c(2v2Xv2)R45°CO/H/N(100)  superstructure at o power E/AE~10"

=700eV andw=320eV, respectively. Figure 4 shows the

sensitivity of the XPS profile to the orientation of the photo- ACKNOWLEDGMENTS

electron momentum relative to the molecular axis. When the

photon energy increases, the direction of the photon momen- We thank Professor J.-E. Rubensson for fruitful discus-
tum becomes important, Fig. 5. Apparently, the dependencsion of the experimental aspects of the high-energy XPS.
of the spectral profile on the mutual orientationskoindp  This work was supported by the Wenner-Gren foundation.
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