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Single-molecule electron sources of fullerenes driven via constant electric fields, approximately 1 nm in
size, produce peculiar emission patterns, such as a cross or a two-leaf pattern. By illuminating the electron
sources with femtosecond light pulses, we discovered that largely modulated emission patterns appeared
from single molecules. Our simulations revealed that emission patterns, which have been an intractable
question for over seven decades, represent single-molecule molecular orbitals. Furthermore, the observed
modulations originated from variations of single-molecule molecular orbitals, practically achieving the
subnanometric optical modulation of an electron source.
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Computers consist of an enormous number of switches,
namely, transistors. Accelerating and integrating these
fundamental devices further are the key for fabricating a
next-generation computer. Vacuum nanoelectronics, con-
sisting of a nanoscale object with a counterelectrode as
schematically shown in Fig. 1(a), is expected to create
electronics faster than modern solid devices [1]. In vacuum
electronics, the electron emission from a given object
carries the signal. By irradiating such a device with
femtosecond light pulses, optical fields localized at the
geometrical inhomogeneities of the object, such as a sharp
tip, generate ultrafast electron emissions on a timescale of
femtoseconds (10715 s) [2—6] or even attoseconds (10713 s)
[7-9]. This situation is practically equivalent to a switch
with an optically controlled gate, as shown in the lower
panel of Fig. 1(a). Thus, ultrafast switches with unprec-
edented operating speed have been realized. The integra-
tion of such a switch in an object then becomes possible.
The spatial distribution of the local optical fields can be
modulated via plasmonic effects by varying the optical
parameters of the laser pulses [4-6,10,11]. Using this
method, for instance, the A or B emission sites at the
apexes of multiple tips on an object could be selected [5], as
in Fig. 1(b). This situation is equivalent to two switches,
whose gates can be independently controlled, being inte-
grated into one object. Hence, miniaturizing the optically
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modulable electron source is key to the further integration
of ultrafast vacuum nanoelectronics.

Currently, two emission sites about 10 nm apart can be
selected by modulating the local-field distribution [6,12].
Theoretically, it has been predicted that the locations of
optical field hotspots can be selected between two atomistic
tips a few nanometers apart on a single nano-object [13].
However, as the size of a nano-object approaches 1 nm, it
becomes increasingly technically challenging to create
multiple tips on an object in a controlled manner [14].
Here, instead of pursuing the optical modulation of local-
field distribution, we introduced a new method based on
quantum effects that does not require multiple tips, showing
that it is possible to miniaturize the optical modulation of an
electron source further down to a subnanometric scale.

Our idea was to utilize a resonant electron emission
from a solid to a vacuum through a single Cg, molecule
deposited on a solid surface. Upon the resonant emission,
the electron transmission rate from the solid to the vacuum
is modulated by the local density of the electronic states
(LDOS) of the molecule, p, namely, the square of a wave
function or molecular orbital (MO) at a certain energy level.
The electron transmission will be high at a point with a high
p value [15]. For example, as conceptually depicted in
Fig. 1(c), p values of the s-type MO in case A are at their
maximum at the center of the MO, and thus electron
emissions from the center will be prevalent. In contrast,
p values of the p-type MO in case B reach their highest
points at both lobes; thus, the p-type MO provides two
emission sites away from the center. These emission sites
are located approximately within 1 nm x 1 nm in the case
of Cgy. Supposing one could optically change the MOs
through which the emitted electrons pass, e.g., from case A
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Conceptual diagram of ultrafast electron emissions from a nano-object by irradiating a light pulse (a) and optical control of

emission sites (b). Red solid circles indicate localized optical fields. (c) Conceptual diagram of spatial modulation of an electron source
using resonance electron emissions through a molecule. Blue lines indicate the LDOS of the corresponding molecular orbitals, p.
(d) Schematic of electron emissions from single Cg, protrusions situated on a molecular layer formed on a sharp metallic tip.
(e) Potential energy diagram of possible electron emission mechanisms from a single molecule due to dc electric fields and laser pulse
irradiation. In (d) and (e), the green (red) arrows indicate the paths of electrons induced by dc electric fields (laser pulse irradiation) in

real space and a potential configuration.

to B. In such a case, one could practically achieve the
optical modulation of electron sources on a subnanomet-
ric scale.

For the demonstration of our proposed idea, we used a
single-molecule electron source. By applying strong direct-
current (dc) electric fields to Cgy molecules deposited on a
tip with a radius curvature of a few hundred nanometers, we
identified that some single-molecule-terminated protru-
sions appeared on a molecular layer formed on the tip,
as depicted in Fig. 1(d) [16]. In this case, the electric fields
became stronger at the protrusions, and the strong fields
drove electron emissions from these individual molecules.
The emitted electrons radially propagated from the apex
and magnified nanoscopic information [17]. Then, the
observation of the emission patterns projected on a
phosphor screen can serve as a form of electron micros-
copy, known as field emission microscopy (FEM). Notably,
the electrons emitted from single molecules show peculiar
patterns, such as a cross or a two-leaf pattern, as shown in
Fig. 1(d). These patterns sometimes change over time—for
example, from a two-leaf pattern to a cross pattern. These
peculiar patterns and their variations were first observed
around 70 years ago [18]. However, no satisfactory
theoretical model has yet been developed to explain the
formation mechanism of the patterns, mainly because of the
lack of information on molecular arrangements on a
metallic needle [17-23].

Our previous work showed that a protrusion molecule
sticks out from a large vacant space in the monolayer and
there is no molecule beneath the protrusion molecule, as
schematically drawn in Fig. 1(d) [16,24]. In such a
configuration, we expect resonant electron emissions
where the emitted electrons originate from the substrate
metal and pass through only the protrusion molecules

before emission, as depicted by the green arrows in
Fig. 1(d) [25]. A potential emission mechanism corre-
sponding to the proposed emission process is shown in
Fig. 1(e). In this figure, the surface barrier (gray area) is
bent by a strong dc electric field at the tip apex, allowing
electrons to leak from the Fermi level of the substrate metal
via tunneling. After passing through an unoccupied
molecular level, the electrons are emitted into a vacuum
and move up to a screen, as indicated by the green
arrow [17]. Here, the electron transmission rate from the
substrate to the vacuum would be modulated via the LDOS
of the MO through which the electron passes [15]. As a
result, the emission patterns would reflect the shapes of the
molecular orbitals. For example, in the case of a p-type
orbital, as shown in Fig. 1(d), the emission pattern would
resemble a two-leaf pattern.

By illuminating the single-molecule electron source and
inducing the photoexcited electron emissions [28], we
expect to realize the MO change, as outlined in Fig. 1(c).
The previous study showed that laser-induced electrons are
emitted mainly via the two-photon photoexcitation (2PPE)
level at around the threshold tip voltage when dc-field
emission can begin to be observed, as depicted by the red
arrows in Fig. 1(e) [29-31]. In this case, the photoexcited
electron should be resonantly emitted through the MO at
the 2PPE level. Because the symmetry of MOs drastically
changes with their discrete energy levels [40], a drastic
change in emission patterns would be expected with respect
to the patterns induced by dc electric fields, the signature
of achieving the subnanometric optical modulation of
electron emissions.

To demonstrate our idea, we performed FEM and laser-
induced FEM (LFEM) experiments. We used the same
experimental setup as in our previous work [16]. A tungsten
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tip oriented toward the [011] direction was installed in the
ultrahigh vacuum chamber (1 x 107!° mbar). The fullerene
molecules were evaporated by resistively heating the boat
and then deposited onto the tip apex. In the FEM experi-
ments, the emission patterns projected onto a phosphor
screen were recorded using a CCD camera. In front of the
screen (tip side), a metallic mesh was installed. The
phosphor screen and the mesh were grounded, and a tip
was negatively biased to perform the FEM experiments. In
the LFEM experiments, a chevron-type microchannel plate
was installed between the phosphor screen and the metallic
mesh. Laser pulses were generated by an oscillator (center
wavelength: 830 nm; repetition rate: 80 MHz; and pulse
duration: sub-10fs, linear polarization) and introduced into a
vacuum chamber. A spherical mirror with a focal length of
30 mm in the chamber focused the laser to approximately
10.1 pm diameter (1/e? radius) onto the tip apex. The laser
fluence was around 0.35-0.4 mJ/cm? [41].

By illuminating Cg, molecules on the tip, we succeeded
in inducing electron emissions from a single molecule and
observed large modulations in their patterns as we have
outlined above. We observed the emission patterns of round
spots without light irradiation, as shown in the upper panels
of Figs. 2(a) and 2(c). In contrast, the laser-induced
emission patterns showed drastic changes, and ring or
two-leaf patterns appeared, as shown in the lower panel of
each figure [44]. The laser-induced patterns could be
repeatedly observed by turning the light on and off. We
did not observe noticeable pattern changes before and after
the illumination. An example of the sequential changes
of patterns from another molecule is shown in Fig. 2(e).
The first and fourth images show dc-field-induced spot
patterns. The second and fifth represent laser-induced ring-
like patterns, where no dc-field-driven signals could be
observed due to the low tip voltage (see the third and sixth
images without illumination). These patterns did not
change during the two cycles. In the fifth ringlike pattern
of Fig. 2(e), we slightly increased the laser power by a
factor of 1.15 with respect to that of the second pattern. The
total laser-induced signal increased by a factor of 1.32 from
the second to the fifth patterns. This value was consistent
with the 2PPE process, as the signal should increase with
the square of the laser intensity, namely 1.15% = 1.32.

Based on the scenario described in Fig. 1(e), the present
study developed a simulation model for clarifying the
emission patterns from a single molecule. First, the MOs
and their energies in a single molecule were simulated
under an external dc electric field based on density
functional theory (DFT) using GAMESS software [45],
without a substrate or other molecules. In the simulations,
geometric optimizations were first performed using the
B3LYP-D3BJ/6-31G(d) as functional and basis set [46—
48]. Thereafter, single-point B3LYP/6-31 + G(d) [49]
calculations were performed to obtain MOs and
their MO energies. Using the visualization software

) Em=-0.51eV (d) Em=-0.84ev
§ aEm=3.03ev ¥ $ BEn=303ev
LFEM Em=2.52¢V Em=2.19¢V
‘ E 'MS
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2200V -1800V -1800 V 2200V -1800V 1800V
0 mJ/cm? 0.35 mJ/cm? 0 mJ/cm? 0 mJ/cm? 0.40 mJ/cm? 0 mJ/cm?
FIG. 2. (a),(c) Observed electron emission patterns from single

molecules without (upper panel) and with (lower panel) irradiation
of femtosecond light pulses. Tip voltages of the upper and lower
panels are (a) —800 and —600 V, and (b) —2800 and —2200 V. The
laser fluence was 0.35 mJ/cm?. (b) and (d) Simulations corre-
sponding to the observations in (a) and (c), respectively. They are
done under dc electric fields of 5.14 V/nm [17]. The front views
of the molecular orbitals of the main contributors to each emission
pattern are also shown in (b) and (d). The molecular energy levels
of orbitals M1, M2, M3, M4, and M5 are —0.912, —0.340, 2.571,
2.580, and 2.204 eV, respectively. (e) The sequential changes in
emission patterns with and without laser excitation. Tip voltage
and laser fluence are shown with each pattern. The polarization
vector was parallel to the tip axis in (a) and (c), but in (e), the vector
was rotated by 45° from the tip axis in a clockwise direction when
the laser beam propagated toward the tip apex.

MacMolplt [50], three-dimensional grid data of the MOs
in the range of 30 for the X, Y, and Z with 128 data points
for each axis were extracted from the GAMESS output. From
the calculated MOs, we extracted the wave functions greater
than 1 nm from the center of a molecule. The wave functions
in this area were in a vacuum, namely, they were the emitted
electrons. The extracted wave functions were then propa-
gated onto a screen using the formula provided in Ref. [51].
The emission pattern is thus a map of the intensities of the
far-field wave function integrated along the perpendicular
axis to the screen. In these simulations, the distance between
the tip and the screen was 23 mm, and the voltage between
them was 3000 V. These parameters were in line with the
experimental conditions. The resulting emission patterns
were blurred by assuming a spatial resolution of 0.3 nm, as
predicted for single-molecule FEM patterns [19]. The
magnifications of the simulated emission patterns were
determined by assuming that the size of a pattern for the
lowest unoccupied MO represents the MOs around 1 nm.

In the resonant emission process, after the electrons in
the substrate have tunneled through the surface barrier, the
electrons should have an asymmetric energy distribution
with a peak situated at the Fermi level [29], as indicated by
the green lines in Fig. 1(e). Given the finite energy width
of the energy spectrum, emitted electrons pass through
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several MOs. Hence, the observed emission patterns are a
superposition of the emission patterns arising from the
MOs involved [52]. The weight of each MO contributing
to a given emission was determined by the asymmetric
energy distribution, for which we assumed a typical energy
spectrum observed after tunneling via dc electric fields
[29]. Note that the far-field wave functions were incoher-
ently superimposed, while coherent superposition did not
match our observations. In this simulation, because we
calculated only single-molecule MOs in the DFT simu-
lations, we did not know which molecular energy level was
situated around the Fermi level of the substrate. Therefore,
we simulated the emission patterns by gradually shifting
the entirety of the molecular levels with respect to the Fermi
level. Here, we defined the molecular energy, E,, as the
electron energy in a single molecule that was obtained
by GAMESS software and E,, as E, situated at the Fermi
level [53]. We investigated how the emission patterns
changed with varying E,, for different molecular geom-
etries and dc electric fields. The resulting images were
compared with our observations.

First, we applied our simulation model to clarify the
interpretation of the peculiar emission patterns generated
by dc electric fields and reveal the underlying physics of the
most mysterious behavior of emission patterns, specifically
the dramatic pattern changes that occur over time. The
upper panels of Figs. 3(a), 3(d) display some series of
pattern variations. These pattern variations were understood
as caused by a thermal fluctuation in molecular positions
because pattern variations were suppressed at approxi-
mately 80 K [20]. It is tempting to associate these patterns
with molecular or atomic configurations and to attribute the
changes to a reconfiguration of some molecules or to a
change in the bonding geometry of a single molecule from,
e.g., standing up to lying down [17,18,20-22]. However,
none of these ideas has provided a consistent explanation
[23,54]. In contrast, our simulation model consistently
reproduced those emission patterns, as shown in the lower
panels of Figs. 3(a)-3(d) [55]. In these simulations,
we employed the Cqy geometry shown in Fig. 3(e). The
different patterns can be obtained from the same Cg
geometry because the main contributing MOs in the
patterns change along with E,, values. Furthermore, we
discovered that the observed pattern variations could be
reproduced by emission patterns with nearby E,, values. As
shown in Figs. 3(a)-3(d), the E,, values were very close,
ranging from 0.04 to 0.35 eV. Based on such excellent
agreement, we concluded that thermal fluctuation drives the
shifts in their E,, values and the subsequent changes in
emission patterns.

We hypothesize that the thermal fluctuation causing
these energy shifts could be an extremely small displace-
ment of the molecule along the vertical axis of the surface.
This idea can be explained via the simplified potential
diagram shown in Fig. 3(f). Assuming that we have two
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FIG. 3. (a)—(d) Variations of observed electron emission pat-
terns from a variety of single molecules (upper panels) and
simulated results from a single fullerene molecule (lower panels)
via dc electric fields. Tip voltages are (a) —3000 V, (b) —2600 V,
(c) —=3000 V, and (d) —4200 V. In the observed images, the
shadow images from the metallic mesh, as can be seen in the
emission patterns in Fig. 1(d), were removed using a fast Fourier
transform filter. Simulations are done under dc electric fields of
6.17 V/nm for (a) and (c), and 5.14 V/nm for (b) and (d). (¢) The
geometry of C¢, used in the simulation together with the X and Y
vectors of the Cartesian coordinate axes. The vector of the z axis
is directed towards the readers (not shown). The electric fields
were applied along the z axis so that the electrons were emitted
toward the reader. (f) Conceptual diagram for a change of
molecular orbitals to be observed in emission patterns from a
single molecule.

levels in a molecule situated at position 1, with level 1 at the
same height as the Fermi level, we should see the MO in
level 1 in the FEM emission pattern. If the molecule moves
vertically to the surface and shifts to position 2, these levels
should move down following the dc electric potential. If
level 2 moves down to the Fermi level of the metal when the
molecule is at position 2, one should see the MO of level 2.
As a result, we should see a sudden change in emission
patterns. A quick estimation of the amount of vertical
displacement can be done by assuming dc fields of
5 V/nm, which was the typical value obtained in our
simulations [56]. Only 0.1 to 0.7 A were required to
experience a change from 0.04 to 0.35 eV [57].

Next, we applied our simulation model to the light-
induced emission patterns. As discussed above and shown
in Fig. 1(e), the light-induced emission should represent
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the MOs approximately 3 eV above the Fermi level, while
the pattern without light irradiation represented the MOs
around the Fermi level. Hence, in our simulations, we
searched for sets of two emission patterns that had a
molecular energy gap of about 3 eV and matched our
observations. We successfully found such combinations,
as shown in Figs. 2(b) and 2(d). These simulations
correspond to the observed images presented in Figs. 2(a)
and 2(c), respectively. For example, in Fig. 2(a), the emission
pattern without light is slightly oval, and the ring pattern in
the light-induced pattern is asymmetric. Even these details
were reproduced in the simulations [60]. Also, the main
characteristics of the emission patterns reflected the shapes
of the molecular orbitals of the main contributors, which are
shown beside the simulated emission patterns. For example,
the oval spot in Fig. 2(b) originated from the superposition
of s-type and p-type orbitals. The ring pattern originated
from flowerlike orbitals. In this case, the FEM spatial
resolution of 0.3 nm smeared out the detailed structures
of the petals, thus resulting in the ring pattern. Based on the
excellent agreement, we conclude that MOs at the 2PPE
level in a single Cqy molecule were observed. Because the
pattern changes were driven by the MO variation, we
practically achieved the subnanometric optical modulation
of an electron source, as depicted in Fig. 1(c).

In this Letter, we introduced a new concept to spatially
modulate a single-molecule electron source using quantum
effects and experimentally demonstrated the concept. This
concept would facilitate the creation of an electron source
with optically controlled emission sites on an atomic scale,
integrating ultrafast switches into a single molecule. In
addition, the electron emission from a single molecule on a
tip can be used as a microscope. Our simulations revealed
that FEM molecular images represent MOs in a single
molecule. Using FEM together with the simulations, the
molecular orientation and the energy levels of the observed
MOs could be identified, and thereby the physics of pattern
variations due to thermal fluctuation were revealed in this
study. Furthermore, we have shown that LFEM visualizes
single-molecule MOs at photoexcited levels at an unprec-
edented submolecular resolution [62]. Because the LFEM
employs femtosecond light pulses, using it to observe
ultrafast hot electron dynamics would be straightforward
[29]. The hot electron dynamics in a single molecule play a
significant role in molecular devices [63—67] and even
natural phenomena such as photosynthesis [68]. Hence,
LFEM would be useful for exploring microscopic electron
dynamics in these systems.
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