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Nonadiabatic effects in photoelectron spectra of HCI and DCI. I. Experiment
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The HCI inner-valence photoelectron band at 26 eV binding energy has been recorded at high resolution.
Discrete peaks arising from at least two separate vibrational progressions are superimposed on the broad
continuum. Fano profiles are visible in one of the progressions. This indicates interference between superim-
posed electronic states, where weak avoided crossing allows two adiabatic states to couple. In the isotopic DCI
molecular spectrum, the discrete lines are less pronounced, due to slower dissociation and therefore less
coupling between the continuum and the bound state.
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[. INTRODUCTION nant contribution of the predissociative state. The relative
intensities and phases of these two channels are influenced
Interference is a phenomenon arising from the superposprimarily by the dynamics of the predissociation process.
tion of two wave functions at the same final state. Spatial One way to investigate the dynamics of molecular sys-
coherence is required, thus the spatial source extension mustims explicitly, is with laser pump-and-probe technigLiéds
be small compared to the wavelength. Temporal coherence &s, e.g., demonstrated in the case of [l The molecular
also required in order to allow an interference pattern to beystem is pumped to a predissociative state weakly coupled
observed. The archetypal example of interference in atomito a continuum. The probability for the system to be in one
and molecular physics is the interference between a discretsf the states was probed for different time intervals after the
autoionizing electronic state and a continuum seen in absorgump pulse. It was found that the continuum state increased
tion spectra, as described by Fano in 196]L Fano profiles in intensity while the predissociative state decreased accord-
are found not only in absorption, but are also seen in théng to the lifetime of the predissociative state.
electronic decay spectra of, for example, rare-gas core- HClis well suited for detailed investigations of dynamical
excited state$2]. Lifetime-vibrational interference, i.e., in- molecular processes. The electronic states have been exten-
terference between discrete states, are well documented #ively studied, and many dissociative states appearing in the
core-excited systems in x-ray and Auger emission spectranner valence region of the photoelectron spectrum are well
[3]. A third case, quantum interference between continuundocumented in the literatur®]. The molecule is theoreti-
states in core-excited HCI and DCI has recently been reeally tractable even with respect to strong many-electron ef-
ported[4]. fects in the inner valence regime, and the interpretation of
Predissociation is an indirect bond-breaking processthe experimental spectrum is facilitated by comparatively
which occurs when a molecule is excited to a state embeddegparse photoelectron bands, which reduces the overlap of
in a weakly coupled continuum. Interference between direcbands in the spectrum. An additional advantage is the pres-
and indirect photodissociation of the FNO molecule is aence of only one single vibrational mode of relatively high
case, which has raised a great deal of intdf/&${. The wave energy. The identical electronic structure but different re-
packet describing the predissociation of FNO bifurcates intaluced masses for HCI and DCI can be exploited spectro-
two parts, one part leaving the inner region potential energypcopically in several ways. Hitherto mostly trivial differences
surface very rapidly while a second part remains temporarilypetween isotopic spectra have been reported in photoelectron
trapped. The direct dissociative part gives rise to a broadspectroscopy, e.g., energy differences in the vibrations for
unstructured background in the absorption spectrum, whildound states. Deuteration has been used to illuminate the
the “resonant” contribution results in the relatively narrow intricate details of dynamics in small molecular systems
vibrational structure from the N-O stretching progression ex{10-13.
cited within the quasibound complex. A related interference The ground state configuration of the valence electronic
phenomenon is presented in this paper for photoionization oftates of HCl is (4)(5¢)%(2#)*. The two outermost bands
HCI and the deuterated equivalent DCI. In the photoelectrorcorresponding to ionization of them2and 5 orbitals are
spectrum, the broad direct dissociative channel is superineasily discernible, whereas the inner-valence region is more
posed on the narrow vibrational progression from the resoeomplex due to the strong influence of multielectron pro-
cesseq11,14. A 27 vacancy leads to spin-orbit splfll
ionic states, whereasoband 4o vacancies lead to states of
*Corresponding author. FAX:46-18 471 3524. Email address: 23" symmetry. The inclusion of two-hole—one-particle
florian.burmeister@fysik.uu.se (2h1p configurations give additional states, some of which
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have the right symmetry to interact with the single-hole
states. Since these many-electron states thus acquire some
single hole character, they become observable in photoelec- POt
tron spectra. The present study focuses on the band at 26 eV B3210v| | | s

binding energy, which is primarily related to ther4ingle- g "\_
hole state, and additional states appearing in the same energy Lo 4 "\
range. ermetnfirr ™ s

Assignments of the different bands have been made using IHCI* A3 21 0w
Green’s function calculations, and amb initio MO CI
method[15,9]. More recently, detailed spectra of HCI and
DCI in the inner-valence region have been obtained using

threshold photoelectron spectroscdf$,17]), and photoelec- :
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tron spectroscopyl18]. The resolution was sufficient to re- g -

solve vibrational structure in several bands. Rotationally re- e .

solved PES has been performed on the outer-valence region 28 Bindi 27 26 v 25

in HCI, where the bound A state was shown to be weakly inding energy (eV)

coupled to a continuurfi.9]. FIG. 1. The “40” band, with continuum state CS between 25.4

ACCOfdi”Q to the Born-Oppenheimer approximf’:ltion, theand 27.5 eV, and vibrational progressions A and B for HCIl and DCI.
nuclear motion of the molecule may be neglected in calculaThe interference between the continuum and the vibrational pro-
tions of the electronic structure and analysis of electron speggression A is clear to see for HCI, but almost disappears for DCI.

tra, since the velocity of electrons is much higher than that ofrhe difference in vibrational progression intensities is due to the
the nuclei. Normally, this is a good approximation but theredifferent reduced masses and dissociation velocities.
are cases where it does not hold. Second-order perturbation
theory dictates that two electronic states with identical sym- . . .
metryy cannot be degenerate at any internuclear distgncMAx by reacting D50, with NaCl. The purity of both
They tend to repel each other, and the potential curves ass§adses was carefully c_hecked by on-line valence photoelec-
ciated with these electronic states will not intersect. This idr°" SPeCtroscopy during measurements.
usually referred to as the “avoided-crossing rule.” The state
of the system will follow the adiabatic potential from one
electronic configuration to the other, that is, it always follows
the lowest pOtential curve that exists in that Symmetry. But In F|g 1 the inner-valence band denotedd4is pre-
since this framework is based upon an approximation thergented in detail for the HCl and DCI molecules. The broad
will be phenomena that cannot be explained using thisyofile of the band is due to the steep behavior of the poten-
model. A nonavoided crossing behavior has been reported ifia| energy curve, in the Franck-Condon region. In this band,
photoelectron spectra of ;0[20]. In this paper, we will gt |east two vibrational progressions denoted A and B are
present the nonavoided crossing behavior in photoelectrogisible in Fig. 1, reflecting the existence of bound states in
spectroscopy, depending on the different dissociation timege region of the continuum state. Vibrational progression B
for HCI and DCI. A similar effect has been discussed inconsists of peaks that lie on the tail of the band, correspond-
connection with H and D™ production by electron impact ing to the continuum state. Vibrational progression A, on the
[21,22. The observed differences can be attributed to limi-other hand, exhibits a peculiar interference pattern in the HCI
tations of the Born-Oppenheimer approximation and thespectrum. The” =0 peak has a shoulder with a slight dip on
adiabatic framework. A time-dependent picture of the photothe high binding energy side. For thé=1 andv” =2 peaks
ionized system including the nuclear dynamics provides ahe distortion of the peak profile is more conspicuous, these
framework for qualitative understandirig3,24. “peaks” appear essentially as dips, i.e., window resonances.
For v"=3 the peak resembles a symmetric peak on top of
the continuum state. For DCI, vibrational progression B
shows a behavior similar to the HCI case, but with approxi-
The high-resolution spectra presented in this paper armately a factor 2 smaller energy difference between the
measured at the state-of-the-art undulator beam line | 41¢ibrational lines, as expected for the difference in reduced
[25] connected to the third-generation electron storage ringnass. In sharp contrast, vibrational progression A almost dis-
MAX 11, at the MAX laboratory in Lund, Sweden. The pho- appears for DCI. As will be shown, the comparison between
ton energy used wdsy=64 eV. The monochromator reso- the spectra for HCl and DCI strongly indicates that the dis-
lution was set to 10 meV FWHM, and the electron spectrom+ortion of the peaks in the vibrational progression A in HCI
eter resolution was 25 meV FWHM for all spectra. The mainarises from an interference between the bound and repulsive
axis of the spectrometer lens was set at the magic angleontinuum states. In Fig. 1, hints of further vibrational pro-
(54.7°) with respect to the plane of polarization of the un-gressions in the region of interest can be seen. There are
dulator radiation. HCI gas was obtained commercially frompeaks appearing around vibrational progression B, which are
Air Liquide with a purity of >99.99% and DCI gas of com- not being discussed here. By improving experimental resolu-
parable purity was produced in the chemistry laboratory ation, further intriguing details could be revealed.

IIl. RESULTS

Il. EXPERIMENT
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I | the process clearly plays a role in the curve-crossing mecha-
40 1 - nism in conflict with the premises of the Born-Oppenheimer

] I approximation. We therefore discuss the process both in a
[ time-dependent and in a time-independent picture.

Avoided crossing C In a time-independent framework the interference pattern
between vibrational progression A and the continuum state
can qualitatively be described as follows. When two wave
functions related to different potential curves give the same
internal energy, the Franck—Condon projection of the initial
state wave function is made onto the sum of the two final
state wave functions. The experimentally observed intensi-
« . ties are the square of the modulus of the sum of the ampli-
IRegion [ tudes. This sum contains a term that depends upon the rela-
20 i e A AR, tive phases of the superimposed waves; the interference
2 3 4, term. This term may dominate the intensity and even result
Distance H-CI(A) in a negative, destructive total intensity.

The predissociative nature of the 1h state implies disso-
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FIG. 2. Potential curves for the electronic states of interest in the iation following 325 * as the final state. which is the same
inner-valence region in HCI. The adiabatic and diabatic states witt? g '

assignments are shown as solid and dashed lines, respectively. THE for_ the direct d|s§00|at|on path. The kinetic energy of the
Franck-Condon region between 1.16 and 1.39 A is shown. Thgutgqlng electror! will .be. the sarr_]e independent Of, Whether
avoided crossing influences the adiabatic states arotgd the direct or predissociative path is followed. The criteria for

=154 A. interference between the channels are hereby fulfilled.
The use of the bound diabatic 1h state in the discussion
IV. DISCUSSION remains to be clarified. In pump-and-probe experiments,
where the evolution of molecular systems with time can be
In Fig. 2 two of the potential curves in the inner-valenceprobed explicitly, the probability of “hopping” from one
region of HCI are shown as solid lines with assignmentsadiabatic curve to another has been found to be nonzero in
taken from[9]. They are associated with the’S* and  some studied systeni8]. The crossing between adiabatic
423" jonic states. For short H-Cl distances, thé33" is  curves for a system is equivalent to remaining on the same
dominated by the one hole (1h) configuration diabatic curve. In our nontime-resolved experiment, the
(40)}(50)%(2m)*(60)° and therefore, a large photoioniza- probability amplitudes for adiabatic and diabatic paths to the
tion cross section is expected for this state. At larger bondame final state are manifested as interference.
distances, however, this state is dominated by the two-hole In the adiabatic description of the molecule potential sur-
one-particle, 2hlp, configuration ¢3%(50)°(2m)*(6a)!  faces never cross, but the electronic structure changes with
with an appreciable mixing of the 2hlp configuration the internuclear distance. For this to be valid the internuclear
(40)%(50)%(2m)?(60) . For 43" the configuration domi-  distancer is supposed to increase infinitely sloworn-
nance is reversed compared t&X3". The solid lines in  Oppenheimer approximatignso that the electrons, which
Fig. 2 refer to adiabatic potential curves frof]. The are very mobile, can follow “adiabatically” the motion of
dashed lines are the related diabatic potential curvethe nuclei and change configuration with distance. In the
corresponding to 1h @#)(50)%(2m)*60)° and 2hlp present case, this means a change from 2hlp character to 1h
(40)?(50)°(27)*(60)" configurations. These curves have character for the upper % " state, and from 1h to 2hilp
been obtained in the present study by assuming a Morseharacter for the lower 3. * state with increasing, as dis-
potential for the bound diabatic state, and a repulsive expoeussed in connection to Fig. 2. The molecule will then re-
nential function for the unbound state. Furthermore, vibraimain in one adiabatic state with zero probability for crossing
tional progression B is suggested to correspond tahe other one. But if changes with a finite rate, the electrons
(40)?(50)%(27)?(18)%, i.e., a 2hlp state with two holes in cannot completely follow adiabatically the motion of the nu-
27 and one particle in & Rydberg orbita[15,17. clei and change configuration with distance. There will then
The Franck-Condon region between 1.16 and 1.39 A ise a finite probability that the molecule will change from one
shown in Fig. 2. The spectrum expected from a consideratioadiabatic curve to another as it passes , so that its final
of the Franck-Condon factors for the adiabat®3" and the  electronic state can be represented by a linear combination of
diabatic 1h states is a broad band between 25.4 and 27 edtliabatic states. There are the following two typical cases
binding energy related to the dissociativé33" state, and a representing different physical processes: the case of the
vibrational progression starting around 26 eV related to thesame sign of slopes of diabatic potentidlsandau-Zener
bound 1h state. As can be seen in Fig. 1, this matches fairlgase [23,26] and the case of the opposite sigronadiabatic
well the experimental result. Such an assignment includingunneling casg which is the case for our discussion. Recent
the adiabatic 33" final-state potential as well as the diaba- theoretical treatment of both cases can be found in the litera-
tic 1h potential in a discussion invoking the Franck-Condonture[27—-31] and references therein. Treating the linear com-
picture, is due to limitations of the adiabatic framework, asbination time dependently, one can define the Massey param-
will be discussed more thoroughly below. The kinematics ofeter [W;(r)—W;(r)]6R/hv, where [W,—W;] is the
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adiabatic energy difference at, SR is the characteristic with respect to the HCI and DCI systems will be presented,
length, andv is the velocity of the systerf24]. The Massey ~ Which will support our purely qualitative interpretati¢82].
parameter is a measure of the validity of the purely adiabatic

framework, where a large value>(1) justifies an adiabatic

description of the system. The difference between the two

V. CONCLUSIONS

In conclusion, the “4” inner-valence band in HCI has

spectra in Fig. 1 can be explained as the difference betwedseen studied using photoelectron spectroscopy. Interference

the reduced mass which implies different velocityand
Massey parameter. For the HCI caseis too large for an

between a dissociative state and a predissociative diabatic
state has been observed. Two adiabatic states interfere, and

adiabatic description of the system, and a linear combinatiod/€ak avoided crossing between the states allow curve cross-

of the two diabatic states in Fig. 2 is required. Since one o

the two diabatic potential curves is bound, we observe th
vibrational progression A. For DGl is lower, the Massey

parameter is larger, and the adiabatic description is more

fng in HCL. In the isotope system DCI, coupling between
gtate is reduced due to slower dissociation velocity, and the
vibrational progression is less pronounced.
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