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Vibrationally resolved valence-shell photoionization spectra of
H,, N, and CO have been measured in the photon energy range
20-300 eV using third-generation synchrotron radiation. Young’s
double-slit interferences lead to oscillations in the corresponding
vibrational ratios, showing that the molecules behave as two-cen-
ter electron-wave emitters and that the associated interferences
leave their trace in the angle-integrated photoionization cross
section. In contrast to previous work, the oscillations are directly
observable in the experiment, thereby removing any possible
ambiguity related to the introduction of external parameters or
fitting functions. A straightforward extension of an original idea
proposed by Cohen and Fano [Cohen HD, Fano U (1966) Phys Rev
150:30] confirms this interpretation and shows that it is also valid
for diatomic heteronuclear molecules. Results of accurate theoreti-
cal calculations are in excellent agreement with the experimental
findings.
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he recognition of wave-particle duality, resolving centuries of

scientific debate, is nowadays considered as a milestone in the
development of Quantum Mechanics. This revolutionary concept
has been repeatedly demonstrated in variations of Young’s dou-
ble-slit experiment, where a beam of massive particles, from elec-
trons (1) to fullerenes (2), with momentum p,, passing through
two slits separated by a distance comparable to their associated
de Broglie wavelength (4, = //p,) displays temporal and spatial
coherence evidenced through interferogram fringes (3). In the
1960’s, Cohen and Fano (4) conjectured the possibility to realize
the double-slit experiment on the microscopic length scale by
photoionizing a diatomic molecule, where the source of free
electrons is delocalized over two atomic centers. A sketch of
the interference expected from the coherent emission of the two
centers is shown in Fig. 1.

Coherence is observable when the electron-wave length 4, is of
the order of R,, or equivalently, when the photon energy /v is of
the order of I, + h*/(2m,R?), where R, is the internuclear dis-
tance at equilibrium, m, is the electron mass, and I, is the vertical
ionization potential. These energies correspond to incoming
photons of a few hundred eV, i.e., to vacuum or extreme ultra-
violet radiation. Fingerprints of this coherent emission can be
found in the total photoionization cross section, which in the case
of a homonuclear diatomic molecule is approximately given by
the formula

sin(k.R,)

where o is an atomic photoionization cross section (for an effec-
tive charge Z.) and k, = 2z /4, is the electron-wave vector. The
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Fig. 1. Sketch of the two-center interference effect resulting from the
photoionization of a diatomic molecule with a bond length R, on a detector
placed at a distance D. The difference in length, R, sin 6, between the paths
followed by the electron waves on their way to the detector in the 0
direction leads to interferences similar to those observed in Young's
double-slit experiment. Maxima appear for 6 = arcsin(nie/Re) and minima
for 6 = arcsin(ni./2R.).

oscillatory term within brackets quantifies the interference effect
(hereafter called Cohen-Fano, CF interference). The beauty of
such a simple expression is that it is proportional to the very gen-
eral intensity pattern produced by two dipole antennas separated
by a distance R, that radiate coherently (5).

Eq. 1 is obtained by assuming that the ionized molecular
orbital y can be expressed by a linear combination of atomic
orbitals (LCAO):

1
W—\/—E

where 1s, and lsp are identical 1s atomic orbitals centered on
atoms A and B of the molecule. Generalization to the heteronuc-
lear case is straightforward (see, e.g., ref. 6 and Results and
Discussion below). Another approximation introduced in deriving
Eq. 1 is that the internuclear separation is fixed. However, the
nuclei actually move under the influence of the Born-Oppenhei-
mer electronic potential and, consequently, the excess photon
energy AE = hv — I, can be partitioned between electrons and
nuclei. Although the extent of this effect is partially alleviated
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by the Franck-Condon principle, which restricts the effective
ionization transitions to a limited range of electron energies,
small changes in &, can induce large changes in the cross section,
especially towards the low energy region where it varies rapidly.
Furthermore, as a consequence of vibration, the internuclear
distance, R, evolves from the inner to the outer classical turning
point of that vibration, so that it is not unambiguously defined
and some intrinsic uncertainty exists as to which value must be
used in (1).

Over the last few years, a substantial experimental effort has
been devoted to investigate these two-center interferences in the
simplest diatomic molecules, mainly in the context of photoioni-
zation [see, e.g., (7-17)], but also in ionizing collisions with fast
ions (18-21) and electrons (22-24). However, due to the rapid
decrease of o, with photoelectron energy, i.e., with ,, the oscilla-
tions are usually hidden and must be uncovered through dividing
the total cross section by an independent but arbitrary estimate of
o0¢, leading to equivocal interpretations (18, 19). This difficulty
has been so far circumvented by considering the ratio of two
rapidly decreasing cross sections associated with different mole-
cular ionization channels [e.g., the g/u ratio resulting from K-shell
photoionization of N, (11, 25)].

As seen from Fig. 1, it is clear that CF interferences should
also appear in electron angular distributions from fixed-in-space
diatomic molecules, because the variation of the photoionization
cross section with emission angle, 6, should reflect the sequence
of alternate intensity maxima and minima. However, measuring
such differential cross sections is not an easy task because the
relevant events have low statistics. Furthermore, the visibility
of two-center interferences critically depends on the orientation
of the molecule with respect to the polarization axis (5, 26).

As a consequence of the limitations mentioned above, there is
still no direct experimental report of CF interferences in the
photoionization cross section of the simplest molecule H,, which
is the benchmark used to derive Eq. 1 and for which most of the
theoretical calculations have been performed (5, 26-28). A simi-
lar lack of evidence exists for photoionization of heteronuclear
diatomic molecules. In the latter case, coherent emission of the
electron wave from the two centers is possible provided that the
ionized molecular orbital is sufficiently delocalized over the two
nuclei. However, because the two centers are not identical, the
interferences should be different from those expected in homo-
nuclear molecules (e.g., as in a Young’s experiment performed
with two different slits).

With the advent of high-brilliance third-generation light
sources and the significant progress in electron detection techni-
ques, it has become possible to obtain vibrationally resolved
spectra deep in the continuum. In this work, we report vibration-
ally resolved valence-shell photoionization spectra of H,, N,, and
CO, and show that, in all cases, CF interferences are readily
observable in the corresponding vibrational ratios (hereafter
called v-ratios). Thus, no external parameter or “atomic” cross
section o, is needed to uncover the CF interferences, and, in con-
trast to previous investigations, the information is retrieved from
a single ionization channel, which largely simplifies the analysis.
The interpretation is confirmed by results of state-of-the-art the-
oretical calculations. Some general implications of these findings
are discussed in the conclusion.

Results and Discussion

Figs. 2, 3, and 4 present the measured and calculated v-ratios as
functions of photon energy for the valence-shell ionization pro-
cesses in Hy, N,, and CO, respectively, H, — Hj (1o, ') (Fig. 2),
N, = N3 (36;'V') and N, —» N (1z;'') (Fig. 3), and CO —
CO*(5671') and CO — CO* (127! V') (Fig. 4). For each mole-
cule, the v-ratios have been extracted by normalizing the
vibrationally resolved cross sections to that of the dominant
v-channel. It should be noted that the reported ratios vary from
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Fig. 2. Ratios of the vibrationally resolved photoionization spectra to the
v/ =2 cross section as a function of photon energy for the H, molecule.
Circles with error bars: experimental results; the different colors indicate
different runs. Full black curve: theoretical results. Dashed-dotted line:
Franck-Condon value.

~1 down to ~1072 for the three molecules and that the measure-
ments obtained from different runs lead to very similar results.
For H,, the agreement between theory and experiment is excel-
lent, except at very low photon energies where narrow features
associated with the H, autoionizing states cannot be described
by the present implementation of the theory (see Materials and
Methods). Good agreement, although not as perfect as for H,,
is also obtained for N, and CO, apart from deviations for the
largest v-values and photon energies, for which the vibrationally
resolved cross sections are very small.

The sharp structures observed in the v-ratios of CO and N, at
low photon energies are not so well reproduced by theory, parti-
cularly for N,(1z;!'), because they result from shape resonances
in the ionization continua (25, 29). Nevertheless the strong fea-
ture in the N,(30;") channel is correctly located. As expected,
oscillations are less visible for CO than for N,, due to the fact
that CO has two different centers (see below). In this respect,
it is worth stressing that two-center interferences have been pre-
dicted even for the very asymmetric molecule HeH* in ionizing
collisions with highly charged atomic projectiles (6, 30), but have
never been actually observed for any heteronuclear molecule.

A feature common to all the v-ratios of the three diatomic
molecules investigated is the presence of pronounced oscillations
around the value predicted by the Franck-Condon (FC) approx-
imation, commonly defined as the squared overlap between the
initial and final vibrational wave functions and, consequently,
independent of photon energy. The departures from the FC value
are as large as 20% or even more in the case of H,. In pioneering
work on N, 263! photoionization (29), a breakdown of the FC
approximation was reported in the observed v-ratios and was
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Fig. 3. Same as Fig. 2 but for N, photoionization from the 1z, (top) and 30,
(bottom) valence orbitals and referred to v/ = 0.

attributed to the existence of Cooper minima, originating from a
change in sign of the dipole matrix element due to radial nodes in
the initial orbital (as in the 26, one). In the present work, the
initial orbitals 1so, of H,, 1z, of N;, and 1z of CO do not have
radial nodes, so this effect can be ruled out. In order to prove that
the observed and calculated oscillations can be ascribed to CF
interferences, Eq. 1 was used to evaluate approximate vibration-
ally resolved cross sections according to the simple formula:

o ; , 172 2
/ vy (R) {1+Smk(k;;f)} 2 (R)R| . [3]
0 eV

o(V) =0y

where k,, is the electron-wave vector when the remaining
molecular ion is in the V' vibrational state, R is the internuclear
distance, y,s is the corresponding vibrational wave function, and
Xv, is the vibrational wave function of the initial state. The cor-
responding v-ratios have been calculated by further assuming that
the “atomic” cross sections o are identical for the two vibrational
channels involved in a particular ratio so that they cancel out. In
the case of a heteronuclear molecule, Eq. 1 has to be modified in
order to account for the different nature of the two centers.
Following the work of refs. 6, 30, the vibrationally resolved cross
sections can be given by:
2
o4p(V') = 0y ,

o in(k. ,R)]1/2
/ 2 (R) {] 2, sin( e )}
0

key’R y4% (R)dR

[4]

where ¢4 and cp are the mixing coefficients in the LCAO expan-
sion of the molecular orbital y
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Fig.4. Same as Fig. 2 but for CO photoionization from the 1z and 5¢ valence
orbitals.

v =cylsy +cplsg [5]

and ¢4 +c3 = 1. For the CO molecule, the values ¢} = 0.32
and ¢4 = 0.68 were chosen, because they correspond to the
normalized electron occupancy of the C and O valence orbitals,
respectively, resulting from a simple Hartree-Fock calculation
performed with a minimal basis of atomic orbitals. Although,
for this molecule, valence molecular orbitals result from the
mixing of more than two atomic orbitals, including the 2s and
2p ones, the present simplified model retains the assumption that
photoionization originates from the coherent emission of two
centers with spherical electron distributions as those used
in Eq. 5).

As can be seen in Fig. 5, the model reproduces almost perfectly
the oscillations in H, and in N, (30, '), apart from a global scaling
factor, which is likely due to the assumption of identical ¢, for
the two vibrational channels involved in the ratio and to the fact
that such a simple model does not include any electron correla-
tion or “molecular” distortion of the initial and final electronic
wave functions. A similar good agreement has been obtained
for the other v-ratios shown in Fig. 2. Comparison is slightly less
satisfactory for CO(567") due to the additional approximation
introduced when expressing the 5o orbital as a single combination
of 1s atomic orbitals in Eq. 5. For N,(1z;') and CO(1z7!), the
agreement with the model is only qualitative. Such an agreement
is not surprising because Eq. 1 was derived with a superposition of
1s orbitals centered on each nuclei, i.e., 16, ~ 154 + 1sp as initial
molecular orbital. However, the initial molecular orbitals in N,

Canton et al.
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Fig. 5. Comparison of the calculated v-ratios with those obtained from the
simple model described by (Eq. 3). Thick continuous curve: theoretical results
(see Figs. 2-4). Thin continuous curve: results of the model. Dashed-dotted
line: Franck-Condon value.

1z;' and CO 127! ionization are, at least, a superposition of
2p, (or 2p_;) orbitals, i.e., 1z ~2p, | 4 + 2p, p (in reality, they
involve even more atomic orbitals). In the original paper by
Cohen and Fano (4), it was suggested that photoionization
from a z orbital should exhibit twice as many maxima as from
o orbitals [i.e., the dependence should be sin(2k,R,) as opposed
to sin(k.R,) in Eq. 1]. Checking for this possibility leads to an
even poorer agreement, so it can be concluded that the original
model captures the essential features of the ratios. Interestingly,
the period of the oscillations is shorter for N, and CO than for
H,, which reflects the fact that N, and CO have an equilibrium
internuclear distance significantly larger than H, (2.07a, and
2.13a, compared to 1.4a,, respectively).

The oscillatory structures observed in the I(v;)/I(v;) ratios
stem from the fact that Eqgs. 3 and 4 probe regions of R that
are different for each v'. Indeed, by replacing in, e.g., Eq. 4 the
variable R by the characteristic value R, associated with the v/
vibrational state, then performing a first-order expansion of
I1(v;)/I(v,) in terms of 6R, =R, —R,,, and finally taking the
limit to large values of the electron momentum k,, one obtains

I(Vl,)) ‘ O(vo I)(VL > |2 5Rv’

—b2e=——— 2 |14 2ccg—="Lcos(k.R,)|. [6]

10~ T b [ 1200 R, el

The formula predicts that the I(v})/I(v,) ratio should approxi-
. 3 3

mately oscillate around the FC value |(r, [/ )[*/| (v, Lty ) with

a cos(k,R,, ) dependence and amplitude proportional to 6R,; /Ry,

A similar qualitative behavior is observed in all the ratios de-
picted in Figs. 2, 3, and 4 (notice that, when RV; is smaller than
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R,;, the ratio 5RV;) /R, is negative and, therefore, the oscillations
have opposite phase).

Conclusion

The present results unambiguously demonstrate the existence
of CF interferences in vibrationally resolved valence-shell photo-
ionization of homo- and heteronuclear diatomic molecules. The
CF interferences lead to marked oscillations in the ratios between
vibrationally resolved cross sections. Unlike detection schemes
relying on fixed-in-space molecules, the experimental method
is fast, applicable to any complex molecules, and does not require
the use of arbitrary parameters. The oscillations are well repro-
duced by a straightforward extension of the original Cohen-Fano
formula and by state-of-the-art calculations. Based on these
combined experimental and theoretical results, several aspects
of the CF interferences have been uncovered and clarified for
the first time.

During photoionization, two concurrent processes can lead to
interferences. One is the simultaneous emergence of the elec-
tron-wave from the two centers of the molecule. The other, not
discussed here, is the scattering of the electron by the other atomic
center (31, 32). The present work provides a simple way to identify
the latter in a heteronuclear molecule. For example, it can be
seen that, in the absence of electron delocalization, i.e., when
¢4 = 1 and cg = 0 (or the other way around), the interference term
in Eq. 5 vanishes and, consequently, coherent emission from the
two atomic centers is no longer possible. Thus, in K-shell photoio-
nization of CO, two-center coherent emission is not possible
because the inner 16 and 26 molecular orbitals are almost entirely
localized on the O and C atoms, respectively, and resemble the
corresponding ls atomic orbitals. Hence, in K-shell photoioniza-
tion of CO, the observed interferences can only arise from the scat-
tering of the ejected electron by the other atomic center (31, 32).

The presence of CF interferences due to two-center electron
emission implies that v-ratios do not tend to the FC value
expected from a vertical transition at the largest photon energies
considered in this work. However, deviations from the FC beha-
vior have also been observed in core photoionization of CO (33)
and more complicated molecules, like CH, (34). Such deviations
might be due to the scattering mechanism mentioned above and/
or to the recoil of the remaining molecular ion (34).

Understanding the detailed mechanisms leading to interfer-
ences in the continuum has become increasingly important
because many of the contemporary techniques that probe the
structure of matter on the atomic scale are based on the wave
nature of the free electron. Electron diffraction as well as trans-
mission and scanning electron microscopy rely on the fact that
long-range crystalline order acts as a diffraction grating for the
incoming electron wave. For spectroscopies utilizing energetic
radiation, the ionized atom is the actual source of electrons that
scatter coherently within the surrounding. The near edge X-ray
absorption fine structure (XANES) and extended X-ray absorp-
tion fine structure (EXAFS) fingerprints extracted from the
X-ray photoabsorption coefficients are extremely sensitive mar-
kers for local electronic structure and coordination geometries
(35, 36). Furthermore, as the time resolution of structural meth-
ods is rapidly reaching the pico-, femto-, and even attosecond
time scales (37, 38), the interplay between geometric and electro-
nic degrees of freedom must be taken into account to understand
the dynamical nature of these interferences. It has been estab-
lished that measuring Young’s double-slit interferences does
deliver unique information. For example, the R dependence of
the two-center interferences observed in the photoionization of
a diatomic molecule can track the variations of the electronic
structure as it vibrates (5, 16, 39). Just as the set of atomic posi-
tions is the starting point of any crystallographic refinement
or modeling of the XANES and EXAFS fingerprints, accurate
electronic state calculations will become an inherent part of the
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emerging ultrafast techniques, such as electron interferometry
and holography (40) or coherent control (41). In this respect,
the present work provides a robust frame in which theoretical
approximations, unavoidable for complex molecules, can be
checked, while capturing the essential dynamical aspects of inter-
ferences in the continuum.

Materials and Methods
The experiments were performed at the high-resolution AMO beamline
10.0.1 of the Advanced Light Source (ALS). Effusive molecular beams were
ionized by linearly polarized radiation. The photoelectron spectra were
measured using a Scienta SES-200 hemispherical analyzer (42) at 54.7° with
respect to the light polarization axis (eliminating angular effects), and were
corrected afterwards for spectrometer transmission. Owing to the high per-
formance of the analyzer, the vibrational lines v were kept resolved through-
out the photon energy range covered (20 to 300 eV). With negligible stray
background, reliable areas proportional to the cross sections were extracted
by summing the counts in a given kinetic energy window, avoiding systematic
uncertainties attached to baselines coming from overlapping peaks and
bypassing recourse to fitting with analytical line shapes. Such a procedure
was particularly important for these experiments because of the underlying
rotational structure, almost resolved for the low v and responsible for asym-
metric broadening for the high v.

The theoretical method to obtain the electronic and vibrational wave
functions of H, makes use of B-spline functions and has been successfully
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