Matter-wave interference made clear

Interference patterns are generated when light from a point source passes through two parallel slits. Electrons emitted from dia-
tomic molecules produce analogous patterns, but these couldn’t be observed directly — until now.

UWE BECKER

Writing in the Proceedings of the National Academy
of Sciences,! Canton et al. report the direct observation
of interference patterns in the spectra of electrons pro-
duced when diatomic molecules are irradiated with
ultraviolet light. The patterns provide the first unambi-
guous proof that such molecules can behave as two-
centre emitters of electron waves.

The question of whether light consists of particles or
waves has been debated for centuries. Although Chris-
tiaan Huygens proposed in 1678 that light consists of
waves, the photon was generally considered to be a
particle until Thomas Young reported his classic double-
slit experiment in 1803. Young illuminated a panel con-
taining two parallel slits with a point source of light, and
observed that the light passing through the slits formed
an interference pattern — a series of light and dark
bands — on a screen behind the panel. This unambigu-
ously proved the wave character of light. Imagine the
confusion, then, when Arthur Compton also unambigu-
ously proved the particulate nature of light in 1923, in
studies of the scattering of
high-energy photons.

Young’s and Compton’s
contradictory results were
explained by light’'s particle- ‘
wave duality. This duality is at
the heart of quantum me-
chanics, and is one of the
prominent conceptual devia-
tions of the field from classical
physics. In fact, particle—wave
duality is not limited to photons
— it is a basic property of all
quantum objects, including
matter, as shown in 1961 by
double-slit experiments in-
volving electrons? rather than
photons.

In these experiments, an
interference pattern analogous
to that produced by light was
observed, proving that elec-
trons have wave properties.
Since then, double-slit experi-
ments have shown the wave
character of increasingly larger
quantum objects, including
fullerenes® (buckyballs) and
huge organic molecules*. Experiments to extend
double-slit diffraction to truly macroscopic structures,
including living organisms, are under way.

The basis of all double-slit experiments is the Hei-
senberg uncertainty principle, which constrains the
precision with which the position and momentum of
quantum objects can be measured. To obtain interfer-
ence patterns, the momentum must be so precisely
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Figure 1| A molecular double-slit. When irradiated with
ultraviolet light, diatomic molecules emit electrons (e-),
generating electron waves in a process known as photoelec-
tron emission. The waves are emitted from either one of the
two atoms in the molecule, and can be either in phase or
exactly out of phase with each other. An electron-wave
interference pattern is therefore generated, which could, in
principle, be observed with a suitable detector. However, the
interference patterns are masked by other effects and have
not been directly detected. Canton et al.1 have studied the
photoelectron spectra of diatomic molecules using a tech-
nique that accounts for the vibrations of the molecules, an
approach that allowed them to observe the interference
patterns directly. (Figure adapted from ref. 1.)

defined that the position of the quantum object is delo-
calized by more than the slit width; under these circum-
stances, the quantum objects are said to be coherent.
If this delocalization is lost, decoherence occurs and
the interference pattern disappears. Whether it is pos-
sible to determine through which slit an object passes
without losing interference patterns is a long- standing
question that continues to be the subject of research
and controversys>.

In addition to uncertainty-based coherence, another

mechanism can give rise to the same kind of phe-
nomenon: coherent superposition of quantum objects
emitted from spatially separated positions, often referred
to as ‘the molecular double-slit’ (Fig. 1). An example of
this occurs when homonuclear diatomic molecules,
such as nitrogen (N2), emit electrons in response to
irradiation with light® (a process known as photoelectron
emission). Electrons can be emitted coherently from
both of the atoms in these molecules in such a way that
the electron waves are either in phase or out of phase.
These systems should therefore exhibit interference
behaviour equivalent to that seen in regular double-slit
experiments, an analogy first
recognized” by Howard Cohen
and Ugo Fano in 1966. They
proposed a wavefunction to
describe coherent emission
from both atomic sites, and
which predicted oscillating par-
tial cross-sections of photoelec-
tron emission (the cross-section
is a measure of the probability
that photoelectric emission will
occur).
When Cohen and Fano pub-
lished their findings, little evi-
dence existed for the predicted
interference oscillations — al-
though their paper did include
two graphs that plot- ted ex-
perimentally obtained cross-
sections against the energy of
incident radiation for the va-
lence photoionization of N2 and
O:2 (valence photoionization is
photoelectron emission of an
atom’s outermost electrons).
The graphs revealed obvious
oscillations, which Cohen and
Fano interpreted as the first hint
of their predicted effect. It took another 35 years before
two-centre interference was unambiguously provens for
Hz, and longer still to find evidence® of it for N.

But these reports®:8 established the effect for the pho-
toionization of core electrons in homonuclear diatomic
molecules, rather than of valence electrons, as Cohen
and Fano had reported. Furthermore, they involved
techniques that did not allow direct observation of the
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interferences, necessitating a calibration of the data
that introduced uncertainty into the results. Two chal-
lenges therefore remained: finding a way to directly ob-
serve interference oscillations, and obtaining proof that
valence photoionization could produce interference be-
haviour.

Canton et al.! have achieved both of these aims. By
obtaining ‘vibrationally resolved’ photoionization spectra
of diatomic molecules, they eliminated the calibration
uncertainties that plagued the earlier core-ionization
experiments. Furthermore, their approach allowed
them to investigate valence photoionization for N2 and
Hz. The data for Hz are especially useful, because this
molecule is the benchmark system modelled in most
theoretical studies of photoionization.

The most unexpected result of Canton and col-
leagues’ study is their observation of Cohen—Fano oscil-
lations for heteronuclear diatomic molecules such as
carbon monoxide (CO). In these molecules, the inner-
most electrons are almost completely localized at either
of the two atoms, so that Cohen—Fano oscillations
cannot occur. Instead, scattering of the ejected electron
by the other atomic site gives rise to a different kind of
oscillation, the frequency of which is twice that of the
Cohen—Fano oscillation®.

But the valence orbitals of CO are naturally delocal-
ized; if this delocalization is sufficiently large to cover
both atoms in the molecule, then the emission of elec-
trons could become coherent. Canton and colleagues’
unusual observation of Cohen—Fano oscillations in CO
can thus be explained by coherent valence photoioniza-
tion. These findings reveal that delocalized orbitals can

function as a source of two-centre interference, analo-
gous to a Young’s double-slit experiment in which the
two slits have different widths.

Two-centre interference has also been observed in
high-harmonic generation'®' — a phenomenon in
which molecules exposed to intense laser fields emit
low-energy X-rays. Furthermore, fullerenes may be re-
garded as three-dimensional molecular double-slits2-14,
exhibiting photoemission behaviour similar to that of
one-dimensional diatomic molecules. Taking all of this
together, coherent two-centre emission is emerging as
an exciting subject of research with many unexpected
results still to be revealed, and great potential for future
applications such as quantum computing.
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