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Nonadiabatic effects in photoelectron spectra of HCl and DCl. I. Experiment
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The HCl 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 DCl
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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I. INTRODUCTION

Interference is a phenomenon arising from the superp
tion of two wave functions at the same final state. Spa
coherence is required, thus the spatial source extension
be small compared to the wavelength. Temporal coherenc
also required in order to allow an interference pattern to
observed. The archetypal example of interference in ato
and molecular physics is the interference between a disc
autoionizing electronic state and a continuum seen in abs
tion spectra, as described by Fano in 1961@1#. Fano profiles
are found not only in absorption, but are also seen in
electronic decay spectra of, for example, rare-gas c
excited states@2#. Lifetime-vibrational interference, i.e., in
terference between discrete states, are well documente
core-excited systems in x-ray and Auger emission spe
@3#. A third case, quantum interference between continu
states in core-excited HCl and DCl has recently been
ported@4#.

Predissociation is an indirect bond-breaking proce
which occurs when a molecule is excited to a state embed
in a weakly coupled continuum. Interference between dir
and indirect photodissociation of the FNO molecule is
case, which has raised a great deal of interest@5,6#. The wave
packet describing the predissociation of FNO bifurcates i
two parts, one part leaving the inner region potential ene
surface very rapidly while a second part remains tempora
trapped. The direct dissociative part gives rise to a bro
unstructured background in the absorption spectrum, w
the ‘‘resonant’’ contribution results in the relatively narro
vibrational structure from the N-O stretching progression
cited within the quasibound complex. A related interferen
phenomenon is presented in this paper for photoionizatio
HCl and the deuterated equivalent DCl. In the photoelect
spectrum, the broad direct dissociative channel is supe
posed on the narrow vibrational progression from the re
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nant contribution of the predissociative state. The relat
intensities and phases of these two channels are influe
primarily by the dynamics of the predissociation process

One way to investigate the dynamics of molecular s
tems explicitly, is with laser pump-and-probe techniques@7#,
as, e.g., demonstrated in the case of NaI@8#. The molecular
system is pumped to a predissociative state weakly cou
to a continuum. The probability for the system to be in o
of the states was probed for different time intervals after
pump pulse. It was found that the continuum state increa
in intensity while the predissociative state decreased acc
ing to the lifetime of the predissociative state.

HCl is well suited for detailed investigations of dynamic
molecular processes. The electronic states have been e
sively studied, and many dissociative states appearing in
inner valence region of the photoelectron spectrum are w
documented in the literature@9#. The molecule is theoreti-
cally tractable even with respect to strong many-electron
fects in the inner valence regime, and the interpretation
the experimental spectrum is facilitated by comparativ
sparse photoelectron bands, which reduces the overla
bands in the spectrum. An additional advantage is the p
ence of only one single vibrational mode of relatively hig
energy. The identical electronic structure but different
duced masses for HCl and DCl can be exploited spec
scopically in several ways. Hitherto mostly trivial differenc
between isotopic spectra have been reported in photoelec
spectroscopy, e.g., energy differences in the vibrations
bound states. Deuteration has been used to illuminate
intricate details of dynamics in small molecular syste
@10–13#.

The ground state configuration of the valence electro
states of HCl is (4s)2(5s)2(2p)4. The two outermost band
corresponding to ionization of the 2p and 5s orbitals are
easily discernible, whereas the inner-valence region is m
complex due to the strong influence of multielectron p
cesses@11,14#. A 2p vacancy leads to spin-orbit split2P
ionic states, whereas 5s and 4s vacancies lead to states o
2S1 symmetry. The inclusion of two-hole–one-partic
~2h1p! configurations give additional states, some of whi
©2001 The American Physical Society04-1
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have the right symmetry to interact with the single-ho
states. Since these many-electron states thus acquire
single hole character, they become observable in photoe
tron spectra. The present study focuses on the band at 2
binding energy, which is primarily related to the 4s single-
hole state, and additional states appearing in the same en
range.

Assignments of the different bands have been made u
Green’s function calculations, and anab initio MO CI
method@15,9#. More recently, detailed spectra of HCl an
DCl in the inner-valence region have been obtained us
threshold photoelectron spectroscopy@16,17#, and photoelec-
tron spectroscopy@18#. The resolution was sufficient to re
solve vibrational structure in several bands. Rotationally
solved PES has been performed on the outer-valence re
in HCl, where the bound A state was shown to be wea
coupled to a continuum@19#.

According to the Born-Oppenheimer approximation, t
nuclear motion of the molecule may be neglected in calcu
tions of the electronic structure and analysis of electron sp
tra, since the velocity of electrons is much higher than tha
the nuclei. Normally, this is a good approximation but the
are cases where it does not hold. Second-order perturba
theory dictates that two electronic states with identical sy
metry cannot be degenerate at any internuclear dista
They tend to repel each other, and the potential curves a
ciated with these electronic states will not intersect. This
usually referred to as the ‘‘avoided-crossing rule.’’ The st
of the system will follow the adiabatic potential from on
electronic configuration to the other, that is, it always follo
the lowest potential curve that exists in that symmetry. B
since this framework is based upon an approximation th
will be phenomena that cannot be explained using
model. A nonavoided crossing behavior has been reporte
photoelectron spectra of O2 @20#. In this paper, we will
present the nonavoided crossing behavior in photoelec
spectroscopy, depending on the different dissociation tim
for HCl and DCl. A similar effect has been discussed
connection with H2 and D2 production by electron impac
@21,22#. The observed differences can be attributed to lim
tations of the Born-Oppenheimer approximation and
adiabatic framework. A time-dependent picture of the pho
ionized system including the nuclear dynamics provide
framework for qualitative understanding@23,24#.

II. EXPERIMENT

The high-resolution spectra presented in this paper
measured at the state-of-the-art undulator beam line I
@25# connected to the third-generation electron storage
MAX II, at the MAX laboratory in Lund, Sweden. The pho
ton energy used washn564 eV. The monochromator reso
lution was set to 10 meV FWHM, and the electron spectro
eter resolution was 25 meV FWHM for all spectra. The ma
axis of the spectrometer lens was set at the magic a
(54.7°) with respect to the plane of polarization of the u
dulator radiation. HCl gas was obtained commercially fro
Air Liquide with a purity of.99.99% and DCl gas of com
parable purity was produced in the chemistry laboratory
01270
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MAX by reacting D2SO4 with NaCl. The purity of both
gases was carefully checked by on-line valence photoe
tron spectroscopy during measurements.

III. RESULTS

In Fig. 1 the inner-valence band denoted ‘‘4s ’’ is pre-
sented in detail for the HCl and DCl molecules. The bro
profile of the band is due to the steep behavior of the pot
tial energy curve, in the Franck-Condon region. In this ba
at least two vibrational progressions denoted A and B
visible in Fig. 1, reflecting the existence of bound states
the region of the continuum state. Vibrational progression
consists of peaks that lie on the tail of the band, correspo
ing to the continuum state. Vibrational progression A, on
other hand, exhibits a peculiar interference pattern in the H
spectrum. Then950 peak has a shoulder with a slight dip o
the high binding energy side. For then951 andn952 peaks
the distortion of the peak profile is more conspicuous, th
‘‘peaks’’ appear essentially as dips, i.e., window resonanc
For n953 the peak resembles a symmetric peak on top
the continuum state. For DCl, vibrational progression
shows a behavior similar to the HCl case, but with appro
mately a factor 1/A2 smaller energy difference between th
vibrational lines, as expected for the difference in reduc
mass. In sharp contrast, vibrational progression A almost
appears for DCl. As will be shown, the comparison betwe
the spectra for HCl and DCl strongly indicates that the d
tortion of the peaks in the vibrational progression A in H
arises from an interference between the bound and repu
continuum states. In Fig. 1, hints of further vibrational pr
gressions in the region of interest can be seen. There
peaks appearing around vibrational progression B, which
not being discussed here. By improving experimental reso
tion, further intriguing details could be revealed.

FIG. 1. The ‘‘4s ’’ band, with continuum state CS between 25
and 27.5 eV, and vibrational progressions A and B for HCl and D
The interference between the continuum and the vibrational p
gression A is clear to see for HCl, but almost disappears for D
The difference in vibrational progression intensities is due to
different reduced masses and dissociation velocities.
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IV. DISCUSSION

In Fig. 2 two of the potential curves in the inner-valen
region of HCl are shown as solid lines with assignme
taken from @9#. They are associated with the 32S1 and
4 2S1 ionic states. For short H-Cl distances, the 32S1 is
dominated by the one hole ~1h! configuration
(4s)1(5s)2(2p)4(6s)0 and therefore, a large photoioniza
tion cross section is expected for this state. At larger bo
distances, however, this state is dominated by the two-h
one-particle, 2h1p, configuration (4s)2(5s)0(2p)4(6s)1

with an appreciable mixing of the 2h1p configuratio
(4s)2(5s)2(2p)2(6s)1. For 42S1 the configuration domi-
nance is reversed compared to 32S1. The solid lines in
Fig. 2 refer to adiabatic potential curves from@9#. The
dashed lines are the related diabatic potential cur
corresponding to 1h (4s)1(5s)2(2p)4(6s)0 and 2h1p
(4s)2(5s)0(2p)4(6s)1 configurations. These curves hav
been obtained in the present study by assuming a M
potential for the bound diabatic state, and a repulsive ex
nential function for the unbound state. Furthermore, vib
tional progression B is suggested to correspond
(4s)2(5s)2(2p)2(1d)1, i.e., a 2h1p state with two holes i
2p and one particle in ad Rydberg orbital@15,17#.

The Franck-Condon region between 1.16 and 1.39 Å
shown in Fig. 2. The spectrum expected from a considera
of the Franck-Condon factors for the adiabatic 32S1 and the
diabatic 1h states is a broad band between 25.4 and 27
binding energy related to the dissociative 32S1 state, and a
vibrational progression starting around 26 eV related to
bound 1h state. As can be seen in Fig. 1, this matches fa
well the experimental result. Such an assignment includ
the adiabatic 32S1 final-state potential as well as the diab
tic 1h potential in a discussion invoking the Franck-Cond
picture, is due to limitations of the adiabatic framework,
will be discussed more thoroughly below. The kinematics

FIG. 2. Potential curves for the electronic states of interest in
inner-valence region in HCl. The adiabatic and diabatic states
assignments are shown as solid and dashed lines, respectively
Franck-Condon region between 1.16 and 1.39 Å is shown.
avoided crossing influences the adiabatic states aroundr 0

51.54 Å.
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the process clearly plays a role in the curve-crossing mec
nism in conflict with the premises of the Born-Oppenheim
approximation. We therefore discuss the process both
time-dependent and in a time-independent picture.

In a time-independent framework the interference patt
between vibrational progression A and the continuum s
can qualitatively be described as follows. When two wa
functions related to different potential curves give the sa
internal energy, the Franck–Condon projection of the init
state wave function is made onto the sum of the two fi
state wave functions. The experimentally observed inte
ties are the square of the modulus of the sum of the am
tudes. This sum contains a term that depends upon the
tive phases of the superimposed waves; the interfere
term. This term may dominate the intensity and even re
in a negative, destructive total intensity.

The predissociative nature of the 1h state implies dis
ciation following 32S1 as the final state, which is the sam
as for the direct dissociation path. The kinetic energy of
outgoing electron will be the same independent of whet
the direct or predissociative path is followed. The criteria
interference between the channels are hereby fulfilled.

The use of the bound diabatic 1h state in the discuss
remains to be clarified. In pump-and-probe experimen
where the evolution of molecular systems with time can
probed explicitly, the probability of ‘‘hopping’’ from one
adiabatic curve to another has been found to be nonzer
some studied systems@8#. The crossing between adiabat
curves for a system is equivalent to remaining on the sa
diabatic curve. In our nontime-resolved experiment,
probability amplitudes for adiabatic and diabatic paths to
same final state are manifested as interference.

In the adiabatic description of the molecule potential s
faces never cross, but the electronic structure changes
the internuclear distance. For this to be valid the internucl
distancer is supposed to increase infinitely slowly~Born-
Oppenheimer approximation!, so that the electrons, whic
are very mobile, can follow ‘‘adiabatically’’ the motion o
the nuclei and change configuration with distance. In
present case, this means a change from 2h1p character
character for the upper 42S1 state, and from 1h to 2h1p
character for the lower 32S1 state with increasingr, as dis-
cussed in connection to Fig. 2. The molecule will then
main in one adiabatic state with zero probability for cross
the other one. But ifr changes with a finite rate, the electron
cannot completely follow adiabatically the motion of the n
clei and change configuration with distance. There will th
be a finite probability that the molecule will change from o
adiabatic curve to another as it passesr 5r 0, so that its final
electronic state can be represented by a linear combinatio
adiabatic states. There are the following two typical ca
representing different physical processes: the case of
same sign of slopes of diabatic potentials~Landau-Zener
case! @23,26# and the case of the opposite sign~nonadiabatic
tunneling case!, which is the case for our discussion. Rece
theoretical treatment of both cases can be found in the lit
ture @27–31# and references therein. Treating the linear co
bination time dependently, one can define the Massey par
eter @Wi(r )2Wj (r )#dR/\v, where @Wi2Wj # is the
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adiabatic energy difference atr 0 , dR is the characteristic
length, andv is the velocity of the system@24#. The Massey
parameter is a measure of the validity of the purely adiab
framework, where a large value (@1) justifies an adiabatic
description of the system. The difference between the
spectra in Fig. 1 can be explained as the difference betw
the reduced mass which implies different velocityv and
Massey parameter. For the HCl case,v is too large for an
adiabatic description of the system, and a linear combina
of the two diabatic states in Fig. 2 is required. Since one
the two diabatic potential curves is bound, we observe
vibrational progression A. For DClv is lower, the Massey
parameter is larger, and the adiabatic description is m
appropriate. The vibrational progression A almost vanish
However, the remaining part of the system in the bound s
couples less to the continuum, and the lifetime increases.
vibrational progression hereby inhibits a narrower energ
bandwidth. The resolution in our experimental setup is
low for resolving the vibrations properly for DCl. Furthe
more, the Franck-Condon overlap between the ground s
and the diabatic 1h state for DCl is smaller, due to sma
extension of wave functions in the ground state for the d
terated system. This velocity-dependent interference is s
for the first time in photoelectron spectroscopy. In a for
coming publication, a theoretical time-dependent calculat
m
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with respect to the HCl and DCl systems will be present
which will support our purely qualitative interpretation@32#.

V. CONCLUSIONS

In conclusion, the ‘‘4s ’’ inner-valence band in HCl has
been studied using photoelectron spectroscopy. Interfere
between a dissociative state and a predissociative diab
state has been observed. Two adiabatic states interfere
weak avoided crossing between the states allow curve cr
ing in HCl. In the isotope system DCl, coupling betwe
state is reduced due to slower dissociation velocity, and
vibrational progression is less pronounced.
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