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1. Introduction to atom electronics

The study of atom electronics relates to the final scale of electronics, and
relies on understanding the behavior of individual atoms or small numbers
of them [1]. In 1959, Feynman gave a lecture on the idea of manipulating
a single atom as a unit of information, as a means of storing the entire
Encyclopaedia Britannica [2]. In the 1980s, the invention of the Scanning
Tunneling Microscope (STM) made it possible for humans to see and
manipulate individual atoms for the first time [3]. Following decades of
development, the field of atom electronics is now widely studied, and is
expected to extend beyond CMOS electronics in the near future. [1,4-18]
In the 1990s, there were reports of some phenomena related to
unpredictable single-atom access in devices as induced by a single
donor or trap distributed randomly in an active electronic component
[11,12]. Some progress has since been made on the construction of
single-atom electronic devices in a more controlled fashion [4,7,8].
The STM technique is probably the most accurate way to manipulate
and/or measure a single atom. For example, Fuechsle et al. showed that
it was possible to seed individual phosphorus dopant atoms precisely in
a silicon substrate using a STM technique [4]. Wyrick et al. at the
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National Institute of Standards and Technology (NIST), in collaboration
with researchers at the University of Maryland, developed a STM litho-
graphy method to produce atomic-scale devices [7]. Intriguingly,
a single-atom gate was also implemented using the STM technique.
The localized charge state of an atom can modulate the charge trans-
port, and even the multi-state of a single molecule [19,20]. Aside from
this notable success with the STM technique, Xie et al. developed an
alternative way of building a single-atom transistor via the controlled
and reversible relocation of one single atom within a metallic quantum
point of contact [5,6,9].

Here, we focus on atom electronics in single-molecule transistors
(SMTs). We present some basic concepts and key characteristics, before
providing some strategies for creating atom electronic devices. Taking
atomic storage as a mature example, we describe research efforts ran-
ging from molecular design to atom access and manipulation, and
ultimately to the implementation of an atom electronic device. We
finish with a brief summary, and provide some perspectives on fabrica-
tion, detection, integration, and other potential atomic devices.

2. Atom electronics in single-molecule transistors (SMTs)
2.1 Basic concepts and characteristics

Following early theoretical designs and experimental measurements on
molecular devices [21], SMTs have been subject to rapid development in
terms of the miniaturization of transistors [22-24]. The ultimate goal of
single molecule electronics (SMEs) is the use of molecules as active elements
in electronic devices. Over more than half a century of development, SMEs
have passed through their novelty phase, and the technology has matured
considerably [25-36].

In recent times, SMTs have enabled the establishment of a new platform
for the investigation of atom electronics, due to the implementation of
single-atom access and manipulation in a molecule, and have opened the
way for more complex cascaded molecule circuits in future. One particularly
enlightening experimental result is the realization of single-atom transistors
by Park et al. at Cornell University, due to access to and successful manip-
ulation of a magnetic atom in a SMT [14].

Comparing atom electronics in SMTs with SMEs, the most significant
difference is that atom electronics in SMTs use specific atoms in molecules,
rather than the molecules themselves, as active electronic elements.
Naturally, a molecule consists of a few atoms. In some cases, a specific
single atom plays a key role in a SMT. Here, we define molecules of this type
as A(atom)@M (molecule), sometimes with an egg-like structure (Figure 1
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Figure 1. The characteristics of atom electronics in SMTs. (a) Structure graphs of A@M molecule,
whose structure is like an egg. (b, ¢) Two characteristics of the realization of atom electronics in
SMTs. The first is that the energy levels of a specific atom can be accessed among a range of
molecular energy levels. The second is that the position of a specific atom can be manipulated
in a molecule. (d) A SMT structure that could detect electronic signals induced by specific atoms
with a high electrical controllability.

(a)). There are at least two characteristics are expected in A@M prior to the
implementation of atom electronics in SMTs. The first is that the energy
levels of A can be accessed among a range of molecular energy levels
(Figure 1(b)), and the second is the position of A can be manipulated in
the molecule (Figure 1(c)). These two characteristics could be used to
generate atom electronic signals in SMTs with a high degree of electrical
control (Figure 1(d)).

2.2 Atomic transistors via SMTs

It is generally desirable for the energy levels of a specific atom to be accessed
among a range of molecular energy levels, and one practical and feasible way
of achieving this is by ensuring that the occupying molecular orbital of the
atom is in the frontier orbital, in which the electrons are the most available
for chemical reaction. This outcome can be realized by incorporating
a magnetic metal atom into a molecule, which can induce a spin-related
phenomenon. For example, a single magnetic metal atom might dominate
the Kondo effect in a SMT, which originates from an antiferromagnetic
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coupling between the local magnetic moment of magnetic impurities and
conduction electrons.

Generally, the Kondo effect has an odd-even character. When there is an
odd number of electrons in a SMT, there is a conductive state at the fermi
level of the electrodes, which results in a differential conductance peak at
a zero-bias voltage. Upon addition of an electron, the conductive channel
disappears, which results in an off state. Using this principle, it is possible to
construct an atomic transistor. Park et al. at Cornell University investigated
a single molecule including a Co ion by SMTs [14]. They found that SMTs
with longer ligands showed a Coulomb Blockade diamond, while the shorter
displayed Kondo peaks referred to a spin 1/2 ground state (Figures 2(a, b)).
The Kondo effect is demonstrated by a peak in I/0V seen at a bias voltage
V = 0 mV with a logarithmic temperature dependence and split under
a magnetic field (Figure 2(b)). This phenomenon was attributed to the
change in the coupling strength between the Co ion and the electrodes. In
this case, the single Co atom plays an important part in the transistor while
the ligands act as tunneling barriers between the Co atom and the gold
electrodes. Park et al. therefore referred to these as single-atom transistors,
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Figure 2. Atom electronics in SMTs [14,15]. (a, b) Molecules containing a Co atom with long and
short linkers used in transistors and the Kondo effect [14]. (c, d) Molecules containing two
V atoms in transistors and the Kondo effect [15]. When there is an odd number of electrons in
a SMT, there is a conductive state at the Fermi level of the electrodes, which results in
a differential conductance peak at a zero-bias voltage.
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indicating successful access to and manipulation of a magnetic atom using
SMTs.

Liang et al. also reported Kondo resonance in SMTs using molecules that
contained two vanadium (V) atoms (Figures 2(c, d)) [15]. In Figure 2(d), it
is possible to see a clear line at V = 0 mV from the mapping diagram. This is
one of the hallmarks of Kondo resonance.

2.3 Atomic storage via SMTs

2.3.1 Molecular design strategies for atomic electrical storage

Endohedral metallofullerenes (EMFs) are a kind of A@M molecule, in
which the migration of the atoms inside the carbon sphere has been
demonstrated both theoretically and experimentally [37-42]. In 1994, Li
and Tominek found that the inner Li atom is confined within a nearly
spherical potential well, and exhibits low frequency rotation and high
frequency vibrational modes [37]. Bernshtein and Oref further showed
that the Li atom is not static but moves around along the walls of the carbon
sphere [38]. Through their calculations, they revealed that the Li atom can
hop from one ring to another via minimum-energy paths.

Experiments have also been conducted to describe the dynamic behavior
of atoms inside fullerenes by X-ray absorption fine structure (XANES) and
terahertz (THz) spectroscopy techniques [39-42]. Suzuki et al. observed two
peaks in a THz absorption spectrum (Figure 3) [41]; a broad peak at about 1
THz was assigned to the rotation of the Li atom in the carbon sphere, and
another sharp peak at about 2.3 THz was assigned to a vibrational mode.
The temperature dependence of the two peaks shows that the vibrational
mode dominates at low temperatures (Figure 3).

Aoyagi et al. provided a schematic of the motion of a Li atom inside
a carbon sphere by dielectric measurements of [Li@Cg,](PFs) single crystals
(Figure 4) [43]. Figure 4(a) shows the temperature dependence of the real
and imaginary parts of the dielectric permittivity. For the imaginary part, as
the frequency decreases, the peak position shifts to the low temperature side,
which is consistent with previous research [44]. At high temperatures
(T > 100 K), the Li atom shows both hopping and tunneling motions
(Figure 4(b)). While the hopping motion of the Li atom is suppressed
when the temperature drops below 100 K, it can still tunnel between two
energy minima. The local electric dipole moments can switch as a result of
the tunneling motion, a phenomenon proposed for use as qubits in
a quantum computer. A phase transition is indicated by a sharp decrease
in the real part at 24 K, meaning that at very low temperatures the tunneling
motion of the Li atom is also suppressed (Figure 4(b)). Therefore, the Li
atom may assume either position below 24 K.
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Figure 3. Rotational and vibrational mode demonstrated using THz absorption spectroscopy
[41]. A broad peak at about 1 THz was assigned to the rotation of the Li atom in the carbon
sphere, and another sharp peak at about 2.3 THz was assigned to a vibrational mode. The peak
at about 1 THz disappears gradually as the temperature is reduced, demonstrating that only the
vibrational mode dominates at low temperatures.
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Figure 4. Dielectric measurements on a single-molecule dipole[43]. (a) Temperature depen-
dence of the dielectric permittivity of [Li@Csol(PFe) Single crystals. (b) Schematic of the motion
of the Li atom. At T > 100 K, both hopping and tunneling motion of the Li atom occur. At
T < 100 K, the hopping motion is suppressed. Below T¢, the tunneling motion is suppressed.
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To realize the characteristic that the position of a specific atom can be
manipulated in a molecule, the fact that the atom can move in the carbon
sphere is far from sufficient on its own. In fact, there are at least three other
factors at play. First, there is a transition energy barrier between two
metastable positions of the inner atom, and intuitively, the inner atom can
form two different molecular states. Second, the two different molecular
states are polarized, which could be useful for manipulating the position of
the atom using a gate voltage. We require the atoms to pass from one stable
location to another in a molecule by artificial means. Third, these different
molecular states can be distinguished using an electrical method.

Foroutan-Nejad et al. proposed two different molecular states in
DM@C;o, [45] and an energy barrier between the two states can clearly be
seen in Figure 5(a). The red arrow refers to the direction of the single-
molecule dipole. Figure 5(b) illustrates how we can switch the direction of
the dipole by applying an external electric field. The two polarized states are
distinguishable via spectroscopic methods, as infrared radiation (IR) and
Raman spectra (Figures 5(c, d)).

As well as spectroscopic methods, electron transport studies could also be
used to demonstrate different molecular states using single-molecule junc-
tions. This phenomenon was previously shown in STM studies of Sc,@Cg,4
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Figure 5. Two different polarized molecular states in DM@Cyq. [45] (a) The existence of
a transition barrier between the two states of the inner DM. (b) Schematic representation of
the modulation of the direction of the dipole moment by an external electric field. (c, d) IR and
Raman spectra of the two states of DM@C5,. The two polarized states are distinguishable via
spectroscopic methods.
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molecules [46]. By considering rotational symmetry, Chandler et al. recently
demonstrated 14 molecular states in Li@Cgo using the STM technique (5
molecular states demonstrated in dI/dV spectra by experimental means)
[47]. They found five kinds of STM images corresponding to precisely five
molecular states in Li@Cyg, (Figures 6(a, ¢)). They also demonstrated differ-
ences in dI/dV spectra corresponding to the five different states
(Figure 6(b)).

2.3.2 Single-atom access and manipulation by voltage

Okamura et al. observed hysteresis in I-V curves together with a change in
the Coulomb stability diagram for Ce@Cg, SMTs (Figures 7(a-d)) [48].
These results could be related to the reconstruction of the device configura-
tion due to the effect on its electric dipole moment under an external electric
tield (Figures 7(e, f)). Researchers in our own group, in collaboration with
others, choose the Gd@Cg, molecule, and found two sets of Coulomb
oscillation patterns in Gd@Cg, SMTs (Figure 8(a))[31]. Initial analysis
suggests that the two kinds of patterns originate from two stable molecular
states. We plotted the law of switching between the two states at different
gate voltages and concluded that there was a ferroelectricity-like hysteresis
loop (Figures 8(b, ¢)).

By combining theory with experimental results, the existence of a single-
molecule electret has been shown, as discussed in other similar molecular
systems [49,50]. From the DFT calculation results in Figure 8(d), a field not
only could switch relative stability, but could also reduce the transition energy
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Figure 6. 14 molecular states in a single molecule Li@Cq. [47] (a) Five kinds of STM images
corresponding to five levels (level 1, 2, 3/4, 5, 6) at —2.5V (0.1 nA). (b) dI/dV curves of the
corresponding five levels. (c) Ball-and-stick model and a deconstructed diagram of Li@Cep.
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a Ce@Cg, SMT and a Cg4 SMT, respectively. (c-f) Coulomb stability diagrams of a Ce@Cg, SMT
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Figure 8. A Gd@Cg, single-molecule electret[31]. (a) Coulomb oscillation patterns in a SMT. (b-c)
Schematic of the switching process between the two states. There was a ferroelectricity-like
hysteresis loop. (d) The effect on the transition energy barrier between configurations Gd-l and
Gd-IV and their stability under gate voltages. (e) The flipping of its electric dipole under gate
voltages.

barrier to zero. Switching of the two states was achieved experimentally by
applying a gate voltage of ~10 V, which is close to theoretical expectations.
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The role of the gate electric field is to control the dipole flip, which is
essentially a position switch for the Gd atom (Figure 8(e)). In the same set of
experiments, the device was shown to be successful in adjusting the direc-
tion of a single-molecule electric dipole by controlling the position of the Gd
atom, allowing the creation of a single-molecule electret. This further
allowed successful simulation of a two-resistance-state operation, and
a new means of miniaturizing storage devices.

2.3.3 New schema of atomic electrical storage

As a basic logical unit, storage is one of the most important elements of
the modern electronic industry. Any device with the ability to store, read
and write binary information has the potential to be used as storage.
Previous studies of atomic electrical storage were based on atomic
vacancies in solid-state systems. For example, Kalff et al. reported
a rewritable atomic storage using chlorine vacancies on a Cu substrate
[51]; another similar study was based on sulfur vacancies in a MoS,
nanosheet [52].

Here, we show two states that exhibited different Coulomb oscillation
patterns in Gd@Cg, SMTs (Figure 8(a)). At some gate voltage points, the
currents were significantly different, for one state shows a high current,
while another is a blockade. We tested a gate voltage of 7.472 V, and
achieved stable operation (Figures 9(a, b)) [31]. In the blockade state, the
current was just 2 nA, but after applying a switch gate of +11 V, the current
turned to 4 nA, defined as a ‘high’ state. These results are typical for a two-
state electret storage device. In this mode of operation, different currents
can be defined as different storage states, which could allow the realization
of a multi-state nonvolatile storage device if more test voltages are used.

This operation takes place in a single molecule, which could allow
replacement of present storage devices with much smaller counterparts in
future. As for the recent description of multiferroics proposed for storage
with an extremely high density of 10> Gbit per in [53,54], more physical
effects and ideal multiferroics may be expected based on the manipulation
of single atoms in a single molecule.

Significantly, the spatial position of the atom is the most critical factor in
inducing two different molecular states in the new schema of atomic
electrical storage. The barrier between the two molecular states is very
important. On the one hand, it should be sufficiently large to prevent
spontaneous switching of the initial state via thermal motion. On the
other hand, it must be overcome by artificial means.

In summary, it should be possible to design an atomic electrical storage to
operate at room temperature through careful design of the barrier. With the
arrival of other molecule systems of interest and the maturity of atomic
manipulation technology, there will be further interest in the development of
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Figure 9. Simulation of a two-state operation in a molecule[31]. (a) The current state switched
by applying voltages. The test voltage is 7.472 V. In the blockade state, the current was just 2
nA, but after applying a switch gate of +11 V, the current turned to 4 nA, defined as a ‘high’
state. These results are typical for a two-state electret storage device. (b) The switches of current
are stable after a long period of operation.

knowledge and understanding at the intersection of atom and molecule
electronics.

3. Conclusions and perspectives

In this review, we have briefly described the birth of atom electronics in
SMTs and discussed recent advances in single atom access and control in
SMTs. Combined with recent experimental work undertaken by our group
[28,31], we have highlighted some strategies for creating revolutionary atom
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electronic devices based on SMTs. These devices include atomic transistors
and atomic storage. We focused mainly on the manipulation of single atoms
in a single molecule and on the improvement of performance brought about
by adding or subtracting single atoms in a single molecule. Due to limita-
tions of space, we do not provide an exhaustive description of all related
work.

3.1 Perspectives on fabrication, detection, and integration

The related programme of research is in full swing, and important results
continue to emerge. However, a range of problems related to the technique
remain to be solved as a matter of urgency. For example, the method of
electromigration based on metal electrodes means that it is hard to operate
SMTs at room temperature, and graphene electrodes may be a more sensible
choice. The need for mass production of some special molecules is also
important for large-scale SMT research in the future.

We also note the difficulty of positioning a molecule precisely, efficiently,
and generally into the nanogap between source and drain. In 2008, Ray et al.
reported a method for the parallel fabrication of single-electron devices with
a vertical structure, which results in a single-electron device array that
operates at room temperature [55]. The interconnection between gold
nanoparticles and the oxide wall is realized by a powerful attraction between
negative and positive charges using self-assembled monolayers (SAMs)
[56,57]. Mirkin and other researchers in his group presented another
method for gathering specific metal nanoparticles at electrical junctions
via DNA-directed assembly [58]. They stressed that in a single chemical
step, this approach could involve assembly of multiple, different nanostruc-
tures onto the same chip. This approach has now been demonstrated for
positioning high-density carbon nanotube arrays precisely for high perfor-
mance carbon nanotube transistors [59,60]. In addition to the need to locate
a molecule precisely, novel detection and other technologies are also in need
of further development.

3.2 Perspectives on other potential atomic devices

3.2.1 Modification of thermoelectric performance of a molecular junction via
a single atom

The relationship for the Seebeck coefficient transmission function of
a molecular junction (Sj,ucrion) can be obtained as:

ki T Oln(7(E))
3e OE

|E = Ep

Sjunction = -
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oxygen side group. Addition of a side group beside the molecule backbone could induce an
additional Fano resonance. (c) Transmission function of the molecule with bipyridine side group
for different twist angles.

Where e is the charge of an electron, kg is the Boltzmann constant, T is the
ambient temperature, and 7(E) is the transmission function [61]. Therefore,
Sjunction 18 related to the slope of 7(E) near the Fermi energy, and any
molecular engineering that changes the shape of the line of 7(E) would
have a considerable impact on the thermopower.

The addition, subtraction, or alteration of an atom or group in a molecule
can affect the thermoelectric properties, as it could cause a very large slope
of 7(E), which means that there could be a significant increase in the
Seebeck coefficient. Papadopoulos et al. showed that for molecules with
side groups (Figure 10(a)) [62], the transmission coefficient could be
enhanced dramatically by Fano resonances near the Fermi energy, caused
by coupling between the side group and the backbone of the molecule.



ADVANCES IN PHYSICS: X 15

Addition of a side group (for both a single oxygen atom and a bipyridine
group) beside the molecule backbone could induce an additional Fano
resonance. This Fano transmission function denotes a sharp peak-valley
line shape near the Fermi energy, which implies an extremely large slope
(Figures 10(b, ¢)).

Achievement of a high thermopower via a Fano resonance has been
investigated and applied widely in different nanodevices [63-67]. The
thermoelectric performances of the bipyridine side group molecules
mentioned above (Figure 11(a)) were also studied by Finch et al [63].,
who showed that a large Seebeck coefficient occurs whenever the side
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Figure 11. Structure and thermopower of BPDT and CSW-479 molecules[63]. (a) Structure of
BPDT and CSW-479. (b, c) Contour plot of the Seebeck coefficient S in CSW-479 and BPDT,
respectively. Compared with the BPDT molecule, CSW-479 apparently exhibits a far more
outstanding thermoelectric capability.
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group exists, because the Fano resonance can increase the slope of
7(E) near E = Eg by a significant amount. The Seebeck coefficient as
a function of temperature and twist angle is shown in Figures 11(b, ¢).
Compared with the 1,4-biphenyldithiol (BPDT) molecule, CSW-479,
which possesses a side group (Figure 11(a)), apparently exhibits a far
more outstanding thermoelectric capability.

3.2.2 Quantum state control in SMTs

In nano-scaled quantum computational devices, the decisive quantum
information may rely on the electron or nuclear states of one single
atom, i.e. they are the ‘atomtronic qubit’. For example, in research
undertaken by Andrea Morello’s group on the qubit based on indivi-
dual phosphorus donors in silicon for decades [68-71], their three-
qubit donor quantum processor was recently reported to have a very
high fidelity (Figures 12(a, b)) [71].

As for SMT systems, a single atom also could be the quantum information
carrier, such as a single-molecule magnet (SMM) with a single metal atom
embedded by organics. Wolfgang Wernsdorfer’s group achieved the electrical
read-out and control of qubits in a single bis(phthalocyaninato)terbium (III)
molecular magnet, whose quantum information is determined by the electro-
nic and nuclear spin of an individual terbium (III) ion (74, 72,73,75,76]. The
organics shell forms a SMT, and the coupling between the SMT and the spin
of the terbium (III) ion influences the electron transport, allowing the elec-
trical and nondestructive detection of qubit information (Figures 12(c,
d)) [73].

Here, these single atoms or ions working as qubits are separated and
protected by the surrounding shell (silicon or organic molecule), there-
fore they show a relatively high decoherence time (~100 us) [73], which
is one of the most important aspects of the performance of a qubit. This
would be a significant advantage in future quantum computational com-
petition for atom electronics. Last year, Wolfgang Wernsdorfer’s group
chose a Tb,Pc; molecule containing two magnetic centres to construct
a Hilbert space with 16 dimensions, opening the way for more developed
quantum algorithms [76].

In conclusion, we have described some exciting progress on single
atom access and manipulation in SMTs, although it should be empha-
sized that the research is still in its early stages. More revolutionary
mechanisms and functions remain to be discovered, meaning that this
field of study could receive significant further research interest and
generate wider publicity.
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Figure 12. The SEM graph (a) and operation procedure (b) of quantum processor based on the
phosphorus donor in silicon[71]. The structure (c) and detection architecture (d) of bis-
(phthalocyaninato)terbium (Ill) SMM qubit. [73] The organics shell forms a SMT, and the
coupling between the SMT and the spin of the terbium (lll) ion influences the electron
transport, allowing the electrical and nondestructive detection of qubit information.
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