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Molecular-Orbital Electron

Sources

The molecular orbitals of a single C¢y molecule on a tungsten tip can be

used to shape the emission pattern of electrons.

By Alireza Nojeh

he ultimate miniature electronic device may be one that

manipulates individual electrons with subnanometer

and subfemtosecond precision. The past few decades
have seen immense progress in the control of ultrafast
electronic processes, including in the context of vacuum
nanoelectronics, where electrons travel from a nanoscale
emitter to a target electrode through a vacuum. Now Hirofumi
Yanagisawa at the Japan Science and Technology Agency and
colleagues have taken an important step toward optimal spatial
control by using the orbitals of a single molecule to shape its
electron emission (Fig. 1) [1]. The approach offers the prospect
of building highly controllable electron emitters, but also of
furthering our understanding of the role of molecular orbitals in
the electronic structure of solids.

Figure 1: Artist’s impression of electron emission via a Cgo
molecule’s orbitals.
Credit: JST PRESTO

Fundamental to achieving extreme control over electron
emission is defining the spot from which electrons are ejected
from the emitter. One approach is to physically shape the
material of the emitter into the desired spot pattern. Doing that
at the subnanometer scale would entail significant material-
and fabrication-related challenges, however. Instead,
Yanagisawa and colleagues have demonstrated the clever idea
of using the inherent electronic structure of a molecule to route
the electrons for emission. In essence, the molecular orbitals
are used as a spatial filter to control the emission pattern.

The team’s work grows out of two broad areas of investigation
that have progressed significantly over the past few decades.
One of these involves the study of femto- and attosecond
electron dynamics and the creation of ultrafast electron
sources, exemplified by the 2006 demonstration of tight spatial
control over femtosecond electron pulses through emission
from a nanoscale metallic tip [2-8]. The second is the study of
electron emission patterns originating from molecular
structures and nanostructures. Examples include patterns
corresponding to the tip structures of nanotubes and
nanowires, which change as the tip evolves during nanotube
growth [9-11]. It is by combining the techniques of ultrafast
emission and emission microscopy that Yanagisawa and
colleagues have demonstrated that the emission patterns can
be directly linked to specific molecular orbitals.

The researchers created a layer of Cgg molecules (“buckyballs”)
on a tungsten tip. Under a strong electric field, individual Cg
molecules protruded from the layer and emitted electrons,
which originated in the underlying tungsten reservoir.
Projected onto a phosphor screen, the emission pattern
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showed structures—for example, a spot, a ring, a cross, or a
“two-leaf” pattern—closely reflecting the spatial symmetries of
the unoccupied molecular orbitals of Cgo, which the electrons
passed through on their route to emission. The researchers
reproduced these patterns based on density-functional-theory
(DFT) calculations.

After observing the emission patterns under a large electric
field, Yanagisawa and colleagues then reduced the field
strength slightly to avoid field-induced emission, and instead
induced two-photon photoelectron emission by illuminating
the tip with laser pulses. Whereas under field-induced emission
the electrons passed through an unoccupied Cg orbital close to
the Fermi level of the tungsten reservoir, under photoelectron
emission the electrons were boosted above the Fermi level by
the two-photon excitation energy. As a result of this boost, the
electrons passed through a different, higher-energy unoccupied
molecular orbital. By switching between field emission and
photoemission, the researchers found that the emission pattern
switched back and forth correspondingly. These results thus
present compelling evidence that the electrons are routed
through specific molecular orbitals of the Cgg molecule, as
dictated by the excitation energy, before being emitted.
Consistent with this result, they additionally showed that even
spontaneous changes of the emission pattern during pure field
emission are attributable to different molecular orbitals
becoming available as emission pathways due to small
displacements of the molecule caused by thermal energy.

This demonstration of subnanometer spatial control of electron
emission using the inherent electronic structure of a molecule
opens an exciting avenue for engineering electron sources with
well-defined and desirable emission properties. Having helped
establish the electronics industry in the first half of the 20th
century, vacuum devices are still critical in high-speed and
high-power applications because electrons travel unhindered in
avacuum. As miniaturization of solid-state technologies
becomes more challenging, nanoscale vacuum electronic
devices become more appealing. It will be interesting to see
how the present work will be developed. Will routing through
specific molecular orbitals have implications for the timing of
emission and for the noise in the emission current? What will
the consequences be for electron-optical properties? Will other
molecular structures—carbon nanotubes naturally come to
mind—produce similar results? Application possibilities are
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vast, ranging from vacuum transistors to electron-emitter arrays
with high coherence to tabletop accelerators [12-14] to name
only a few.

Regardless of these possible future applications, the work is
also exciting from a fundamental point of view. We know that
electrons interact strongly with each other. The foundation for
proper description of a system—be it a molecule, a nanoscale
object, or macroscopic bulk—is the many-body wave function.
In DFT, molecular orbitals, which are one-electron functions,
provide mathematical convenience and ease of interpretation,
but their validity is approximate. That DFT and even basic
one-electron models have proven so successful in describing
many material systems is fortunate, but is not to be taken for
granted—for example, strongly correlated materials sometimes
demand more elaborate treatments or at least corrections to
one-electron model results. The work of Yanagisawa and
colleagues gives us a direct visual access to DFT orbitalsin a
molecule, adding further empirical legitimacy to the concept of
one-electron wave functions—and that’s a remarkable result.
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