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CONSPECTUS
With the advance
of nanotechnol-

ogy, a variety of mole-
ailes, from single atoms
to large-scale structures
such as graphene or
carbon nanotubes, have
been investigated for
possible use as molecu-
lar devices. Molecular
orbitals (MOs) are a key
ingredient in deter-
mining the transport
properties of molecules,
because they contain all the quantum mechanical information of molecular electronic structures and offer spatial conduction channels for
electron transport. Therefore, the delicate modulation of the MOs enables us to tune the performance of electron transport through the
molecule. Electric and magnetic fields are powerful and readily accessible means for that purpose. In this Account, we describe the effects
of external fields on molecular electronic and spintronic devices.

Quantum transport through a molecule that connects source and drain electrodes depends strongly on the alignment of molecular
energy levels with respect to the chemical potentials at both electrodes. This dependence results from the energy levels being exploited
in resonant tunneling processes when the molecule is weakly coupled to the electrodes in the molecular junction. Molecular energy lev-
els an be shifted by the Stark effect of an external electric field. For a molecule with no permanent dipole moment, the polarizability is
the primary factor determining the energy shift of each MO, according to the second-order Stark effect; more polarizable MOs undergo
a larger energy shift. Interestingly, even a small shift may lead to a completely nontrivial result. For example, we show a magnetic on—off
switching phenomenon of a moleaule controlled by an electric field. If a molecule has a nonmagnetic ground state but a highly polariz-
able magnetic excited state with an energy slightly above the ground state, the magnetic excited state can have lower energy than the
ground state under a suffidently strong eledric field.

A magnetic field is normally used to control spin orientation in a ferromagnetic system. Here we show that the mag-
netic field can also be used to control MOs. A graphene nanoribbon with zig-zag-shaped edges (ZGNR) has a ferromag-
netic spin ordering along the edges, and the spin states have unique orbital symmetries. Both spin polarizations and orbital
symmetries can simultaneously be controlled by means of an external magnetic field. The ZGNR spin-valve devices incor-
porating this effect are predicted to show an extreme enhancement (compared with conventional devices) of magnetore-
sistance due to the double spin-filtering process. In such a system, spins are filtered not only by spin matching—mismatching
between both electrodes as in normal spin-valve devices, but also by the orbital symmetry matching—mismatching. Thus,
a new type of magnetoresistance, and with extremely large values, so-called super-magnetoresistance (distinct from the con-
ventional tunneling or giant magnetoresistance), is available with this method.

MOs are at the heart of understanding and tuning transport properties in molecular systems. Therefore, investigating
the effects of external fields on MOs is important not only for understanding fundamental quantum phenomena in molec-
ular devices but also for practical applications in the development of interactive devices.
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Introduction

The fancy idea of utilizing single molecules as an individual
electronic device' is no longer an unreachable task with the
advent of modern nanotechnology. For the past decade, much
effort has been devoted to devising experimental methods to
fabricate reliable molecular devices®* > and to developing the-
oretical tools to understand quantum phenomena observed in
the devices.® 8 As a result, molecular electronics and spin-
tronics have firmly settled down as a new active field in chem-
istry, physics, and materials science.®~'2 However, there are
still many issues to be resolved to take a leap toward the ulti-
mate aim of the new field to complement or replace conven-
tional electronics. One of the issues would be the design of
interactive devices whose transport characteristics can be
manipulated by an external means.

In molecular devices, the role of molecular orbitals (MOs)
is crucial in determining their quantum mechanical transport
properties, since the MOs contain all quantum mechanical
information on the electronic structure of the molecule and
further provide a spatial region where traversing electrons
pass through and interact with each other. Hence, external
manipulation of MOs must be a direct way to tune transport
properties of a molecule. Questions arising at this point would
be “what is a useful means to control MOs?” and “how does
it work?”. The answers for these questions would depend on
the purpose or function of a device. Figure 1 shows exem-
plary molecular devices controlled by an external means. Elec-
tric or magnetic fields are typical means to change the energy
levels of MOs by controlling their charges or spins, respec-
tively. An optical field could also be used to manipulate
MOs.'2 These external fields enable us to design a molecu-
lar switching device where “ON” and “OFF” are controlled by
an external field, as shown in Figure 1. It is particularly inter-
esting to note that the MOs of a host molecule are sensitively
influenced in their shapes and energies when the host mole-
cule is contacted through either covalent or noncovalent bond-
ing by a guest atom or molecule.? This effect can be used to
design an ultrasensitive sensor to be able to detect even a sin-
gle atom or molecule.

To understand the transport properties, we have been
investigating the effects of electric and magnetic fields on MOs
using theoretical methods. Indeed, we note that the effects are
critical in the design of molecular devices. Moreover, under
certain conditions, such field effects often result in unusual
phenomena useful for exotic devices. The goal of this Account
is to offer insights into the role of MOs in quantum transport
through molecular devices, to explain the effects of external
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FIGURE 1. Schematics of a molecular switching device controlled
by external electric (E) or magnetic (B) fields.

FIGURE 2. Schematic energy level diagram of a molecule with
contacts. &, &5, and ¢3 denote molecular energy levels, and x, and
ur are the chemical potentials of the left and right electrodes. The
difference between two chemical potentials equals an applied bias
voltage (Vp), ur — ur = Vp.

fields on MOs, and to describe how to utilize such effects for
the design of novel molecular devices.

Quantum Transport in Molecular Devices

Let us consider a nanoelectronic device comprised of a mol-
ecule connected between two electrodes as shown in Figure
1. Electrical currents (/) are driven by a bias voltage (V) applied
to the molecular junction. For a short molecule, electron trans-
port occurs through the energy levels of the molecule in the
resonant tunneling regime when the molecule-lead coupling
is low. From the spatial point of view, MOs corresponding to
the energy levels are the conducting channels. Thus, it is
essential to understand the role of MOs for quantum trans-
port in molecular devices and furthermore to manipulate them
for designing novel devices. To facilitate our discussion, we
briefly describe qualitative and quantitative features for quan-
tum transport in molecular junctions with a schematic model
to provide a physical insight. The details of concrete descrip-
tion are available in more specialized literature.'*~27

Figure 2 shows possible occasions of electron transport,
which does not involve energy change due to electron—
phonon or electron—electron interactions in the tunneling pro-



cess. For the energy level ¢, electron tunneling is not allowed,
because there is no electron at the energy &; of the left
(source) electrode. For the energy level ¢;, transport is com-
pletely blocked due to the Pauli exclusion principle, because
all states of the right (drain) electrode at the energy &5 are fully
occupied. Therefore, only the energy level ¢, located between
the two chemical potentials (x. and ug) at both electrodes can
contribute to the electrical currents. Thus, the first factor in
determining currents is the relative alignment of MO energy
levels to the chemical potentials at both electrodes.

The second factor must be the extent of transmission for
each conducting channel. If a MO is spatially delocalized
around the molecular geometry and well coupled to the
incoming/outgoing states in the source/drain electrodes, the
transmission probability through the MO should be high. In
contrast, the transmission probability for a localized MO
should be low because this MO weakly couples with the
incoming/outgoing states of both electrodes. Strong
electron—electron and electron—phonon interactions cause
more complex scattering processes, but these factors are
important in the incoherent tunneling regime, which we do
not discuss here. Consequently, in most cases, (spin-depen-
dent) currents are obtained using the following equation:

=SS T e ) —fe—ulde (1

where T(e) is the transmission (probability) of an electron with
spin o as a function of energy ¢, e is the electron charge, h is
the Planck constant, and fie) is the Fermi distribution function.
The energy range where electron transport is allowed, the so-
called current window, is set up by the difference of two Fermi
functions in eq 1.

The spin-dependent transmission
Fisher—Lee relation:'*2*

T, =TIm(Y, | @)asem(Y. r, (€

where G%¢) and G'(¢) are the advanced and retarded Green's
function and X[(¢) and Xk(e) are the retarded self-energy for
the left and right contact. For the case of a usual collinear spin-
polarized system, one deals with two spin component mattri-
ces, for example, Hamiltonian (H, and Hg) or density matrix (o,
and pg). To describe molecular spintronic devices involving a
magnetic domain wall, however, one should deal with a spin
vector to represent an arbitrary direction. In this noncollinear
spin-polarized case, the Green'’s function matrix is given by the
four spin-component block matrices as follows:

is given by the

(2)
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where

are the overlap, Hamiltonian, and retarded self-energy matri-
ces, respectively. The block Hamiltonian matrix H, is obtained
by using the density functional theory with the four spin com-
ponent density matrix, which is obtained by

=——|mf G 4(e)f(e) (4)

The Green’s function in the integrand of eq 4 is calculated
from the Hamiltonian in eq 3. Thus, fully unconstrained non-
collinear spin calculation is achieved in a self-consistent man-
ner within density functional theory.

In this context, one can easily find that delicate manipula-
tion of a molecular device would be realized by tuning MOs
(for example, spatial extension, symmetry, or energy), since
the change in shape or energy of MOs is directly related to the
transmission function [T(e)]. Electric and magnetic fields must
be powerful and easily realizable means to do so. In the fol-
lowing sections, we discuss the effects of such external fields
on MOs.

Effect of an Electric Field on Molecular
Orbitals

An electric field allows controlled and reversible changes of
electronic properties of a target system. For instance, in field-
effect transistors the electrical charge carrier density of a con-
ducting channel is controlled by an electric field.?®
Superconductivity of correlated oxide systems can be switched
by an external electric field.*° Recently, the electric field has
also been employed to modulate transport properties of novel
nanosystems such as quantum dots, carbon nanotubes, and
graphene nanoribbons.° Since electric fields are a primary
choice for an external means to control the electronic struc-
ture of a molecular device,®' 3 it is important to investigate
the electric field effect in molecular systems.
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FIGURE 3. Change of frontier orbital energies of the benzene
molecule as a function of an applied electric field. Inset shows the
direction of the applied field.>*

An external electric field causes the energy level shift (A¢)
of a molecular system:

Ae=—p-E (5)

where p is the dipole moment and E is the electric field. Such
an effect depends on characteristics of MOs. If MOs have even
symmetry along the direction of the applied electric field, that
is, no permanent dipole moment, the MO energy shift propor-
tional to the field due to the first-order (or linear) Stark effect
vanishes. Under a strong applied field, however, the MOs are
significantly distorted, and thereby their symmetries are bro-
ken, resulting in a finite induced dipole moment (#ing = oE,
where o is the polarizability). The second-order (or quadratic)
Stark effect could drastically change the energy levels of
highly polarizable molecules. Thus, the molecular system is
controlled by means of an external electric field.

Polarizability is a dominant factor in determining the
strength of the Stark effect for a molecule with no permanent
dipole moment. Interestingly, each MO in the same molecule
has different spatial distributions and thereby different polar-
izabilities, which means that the energy of a particular MO
with high polarizability can distinctively be tuned by an elec-
tric field. Figure 3 shows such an example. As a uniform elec-
tric field is applied to the benzene molecule, which has no
permanent dipole moment, the ¢* and 7, states so sensitively
respond that eventually they cross over the degenerate =*
states, which are the lowest unoccupied MOs (LUMOs) at zero
bias.3> In this way, one can tune the alignment of molecular
energy levels in the current window by applying an electric
field.

Molecular Magnetic Switching Using the
Electric Field Effect

Spins are normally controlled by magnetic fields, which are
cumbersome to deal with. Spin control can be achieved by an
electric field if a device involves energy-dependent (i.e., gate-
tunable) spin carriers or strong spin—orbit coupling.3%-36-38
The strong Stark effect that we have discussed above offers a
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new way to directly control spin states with an electric field for
molecular devices. Here we show an example to control mag-
netic on/off switching with electric fields.

A benzene molecule has 6 electrons, showing a stable
structure with resonance energy, so-called aromaticity. When
a metal atom is bound to the benzene ring, charge transfer
takes place, and the benzene becomes highly electron-rich. If
a benzene molecule is bound by two Ba atoms, the benzene
has 10 electrons (Figure 4a).3° The ground state of the ben-
zene complex is the singlet state, while the first and second
excited states are the triplet and quintet spin states,
respectively.

When an electric field is applied to this complex (either per-
pendicular or parallel to the benzene ring plane), the MO
energy levels are changed due to the second-order Stark
effect. The excited states have higher polarizability than the
singlet ground state. Then, above a certain threshold field, the
ground state changes to a triplet state due to the energy level
crossing between the ground state and excited states as
shown in Figure 4b. Thus, in a weak electric field, the ground
state of the complex is a nonmagnetic singlet state, whereas
above a certain threshold electric field, it becomes a magnetic
triplet state. That is, magnetic on/off switching is possible with
electric fields. This exotic phenomenon can be observed if a
molecule has a nonmagnetic ground state and a magnetic
excited state of high polarizability whose energy is only
slightly above the ground state energy.*°

Figure 4c shows a two-terminal device comprised of a mag-
netic switching molecule connected to two metal electrodes,
which can apply an electric bias across the device. In this
device, the bias voltage not only drives electrical currents
through the molecule but also changes the magnetic state of
the molecule as it increases over a certain threshold value,
which means that one does not need to employ a magnet as
the third gate to switch on the molecular magnetic state. This
would lead to high density devices.

Effect of a Magnetic Field on Molecular
Orbitals

An external magnetic field must be a useful means to manip-
ulate the magnetic structure of a molecular system. The inter-
action between a magnetic dipole moment (z) and applied
magnetic field (B) gives an additional energy term in the
Hamiltonian:

Ae=—p,*B (6)

This term leads to shift of energy levels according to their
spin dipole moments (g, = gusS, where g is the Landé g-fac-
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FIGURE 4. (a) An electron-rich form of benzene with 10z electrons. (b) Stark effect on the relative energies of the singlet (0), triplet (O), and
quintet () electronic spin states in high-electron-density benzene. () Electric field driven magnetic switching device.°
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FIGURE 5. Energy difference between ferromagnetic parallel (FMP), ferromagnetic antiparallel (FMA), and paramagnetic (PM) configurations
for various widths of the ZGNR: (a) relative energy per edge atom of the FMP/PM configurations with respect to the FMA configuration for
various widths; (b) power-law and (c) linear fittings of the energy difference between FMP and FMA for various widths. The exponent in the

power-law is —1.6.57

tor, ug is the Bohr magneton, and S is a vector of the spin
magnetic moment), which is called the Zeeman effect. Appli-
cation of very strong magnetic fields to the molecular sys-
tem induces noticeable modulations of conductance with
change of the electron’s phase due to the Aharonov—Bohm
effect.*'~*3 However, in this section, we introduce a more
exotic and intriguing role of a magnetic field in a hanode-
vice than the usual case.

A graphene nanoribbon (GNR) denotes a nanometer-
scale strip of a graphene that is a sheet of graphite.***>
This novel nanostructure has many intriguing properties to
be utilized in nanomaterial science.*®~>° Especially, many
efforts have been devoted to investigating the magnetic
structure of the GNR with zigzag-shape edges (ZGNR).>' ~>7
It has been known that the ZGNR has a ferromagnetic spin
ordering along both edges. The relative spin orientation
between both edges can be either parallel or antiparallel.
The parallel spin configuration (ferromagnetic parallel, FMP)

has slightly higher energy than the antiparallel spin config-
uration (ferromagnetic antiparallel, FMA). For example, a
ZGNR with ~4 nm width shows ~1 meV energy difference
based on density functional theory using the functional of
Perdew, Burke, and Ernzerhof (Figure 5).°8 Although the
energy difference slightly varies depending on the func-
tional employed,>® it shows a power law as a function of
the width of the ribbon, as depicted in Figure 5.7 In the
presence of an external magnetic field, however, the FMP
state should be the energetic-minimum structure, since spin
magnetic moments favor the parallel direction with the
applied magnetic field due to the energy gain shown in
eq 6.

Herein, we only focus on the FMP state, that is, the paral-
lel spin configuration between both edges. Figure 6 exhibits
the band structure of the 8-ZGNR (N-ZGNR denotes a ZGNR
with N zigzag chains) and its corresponding orbital symme-
tries. The occupied bands below the Fermi energy (E¢) have G,
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FIGURE 6. Orbital symmetries of the band structure of the 8-ZGNR.
The upper and lower panels on the right exhibit the orbitals (wave
functions) corresponding to the blue/cyan and red/pink bands on
the left panel, respectively. The upper panel shows ¢ symmetry
with respect to the middle horizontal line, while the lower panel
shows G, symmetry.>”
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FIGURE 7. Schematic representatlons of densmes of states (DOS)
for a usual ferromagnetic metal (a) and the ferromagnetic state of a
ZGNR (b). For the usual ferromagnetic metal, the spin symmetries in
the DOS are changed by the applied magnetic field, while for the
ZGNR, spin symmetries, as well as their orbital symmetries, in the
DOS are simultaneously switched.
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symmetry regardless of their spins, while the unoccupied
bands have “o” symmetry. Thus, both occupied and unoccu-
pied bands have orbital symmetries orthogonal to each other.
More interestingly, one can change the spin polarization of the
occupied bands by applying magnetic fields. As a result, for
the same spins, their orbital symmetries become orthogonal.
This is quite an unusual behavior, compared with the mag-
netic control of the spin polarization in usual ferromagnetic
materials. Figure 7 clearly shows their difference. Figure 7a
presents typical switching behavior of the spin polarization
due to the magnetic field in the density of states (DOS) of a
usual ferromagnetic metal, while Figure 7b exhibits switch-
ing behavior of both spin polarization and orbital symmetries
in the DOS of a ZGNR. Consequently, for ZGNRs, their orbital
symmetries as well as the spin symmetries can be manipu-
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lated by magnetic control. In the following section, we show
how this novel property of the ZGNR is exploited in
spintronics.

Super Magnetoresistance in ZGNR Spin-
Valve Devices

As an application of the magnetic property of a ZGNR, we
have investigated characteristics of a spin-valve device based
on ZGNRs.>” Figure 8 shows the proposed structure of the
spin-valve device. A ZGNR is placed between two ferromag-
netic (FM) electrodes whose magnetic fields control the spin
orientation of the ZGNR, analogous to the prototype of con-
ventional spin-valve devices (FM—spacer—FM). However, the
difference is that conventional spin-valve devices of giant or
tunneling magnetoresistance (GMR®°~°2 or TMR®3°%) usu-
ally employ a nonmagnetic metal (NM) or insulator (1) as a
spacer (FM—NM—FM or FM—I—FM), while in the present case
of super-magnetoresistance (SMR), the ferromagnetic ZGNR is
employed as a spacer (FM—FM—FM). This distinction eventu-
ally gives rise to an extreme enhancement in the spin-valve
effect compared with conventional devices, due to the novel
mechanism, which is completely different from the conven-
tional one.

In Figure 8, if the directions of magnetic fields at both FM
electrodes are parallel, the spin polarizations of a ZGNR will be
uniform, whereas if the directions are antiparallel, the spin
polarizations at both sides of the ZGNR will be antiparallel with
the formation of a magnetic domain wall between them. This
causes spin-dependent conductance or resistance through the
ZGNR device.

Figure 9 shows a conceptual mechanism of the spin-de-
pendent resistance for conventional and ZGNR spin-valve
devices. The mechanism of the spin-dependent resistance in
spin-valve devices depends on the type of the spacer material,
since it plays a role as a medium in the spin-transfer process
occurring between two FM electrodes. In the conventional
case, we have small resistance for the parallel spins due to the
large values of the up-spin DOS at both sides but large resis-
tance for antiparallel spins due to the small values of the DOS
at least at one side. Thus, the spin-dependent resistance is
mainly determined by matching of the spin-polarized DOS in
the two FM electrodes. By definition, the effectiveness of a
spin-valve device is given by the relative ratio (magnetoresis-
tance ratio, MR) between the resistances for parallel and anti-
parallel spin configurations (Rp and Rap, respectively):

Gp—Gpp _ Rap—Rp

MR = = (7)
Gap Re
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Antiparallel

FIGURE 8. Schematic ZGNR-based spin-valve device with parallel and antiparallel spin configurations and the corresponding spin-
magnetization density isosurfaces. The blue boxes represent ferromagnetic electrodes to control spin polarization of the ZGNR device, and
the red arrows indicate the directions of applied magnetic fields. In the isosurfaces, red/blue color denotes up/down spin and a ZGNR

skeleton is drawn in green color.>”

a Rsmaff Rf.;tgc

FIGURE 9. Spin-transfer paths from the left to right densities of
states of the ferromagnetic leads for (a) parallel and (b) antiparallel
spin configurations in a conventional spin-valve device and for ()
parallel and (d) antiparallel spin configurations in a ZGNR spin-valve
device.

where Gp and Gup are the conductance value for the parallel
and antiparallel spin configurations.

For a ZGNR spin-valve device, the DOS in each spin con-
figuration has additional labels denoting the orbital symme-
try of the spin state that is discussed in the previous section.
Therefore, spin-dependent resistance and thereby MR are
determined by not only the spin matching but also the orbital
symmetry matching in the DOS structures. As a result, spin
transfer for the antiparallel spin configuration is not allowed
due to mismatching between the orbital symmetries at both
sides, which could lead to an ideal spin valve with infinite MR
value in eq 7.

To quantitatively investigate the surprising phenomenon,
we have calculated transmission values and currents of the
ZGNR spin-valve device at the first-principles level. Figure 10
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FIGURE 10. Band structure for the left lead (left), transmission
curve (middle), and band structure for the right lead (right) for the
a-spin in the parallel (upper panel) and antiparallel (lower panel)
configurations of the 32-ZGNR at zero bias.>”
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FIGURE 11. /-V curves of the 32-ZGNR spin-valve device for the
parallel (P) configuration (black) and the antiparallel (AP)
configuration (blue) at 5 K.57

exhibits the transmission curves sandwiched by band struc-
tures at the left and right leads for the ZGNR (only for the case
of the up (o) spin to avoid complexity). The blue and red lines
represent the corresponding orbitals that have the C; and o
symmetries, respectively. For the parallel case, bands having
the same symmetry are aligned for all energy ranges, yield-
ing perfect transmission (upper panel in Figure 10). In con-
trast, for the antiparallel case, the transmission curve has
perfect reflection, resulting in zero transmission values within
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FIGURE 12. (a) The noncollinear spin orientations in a domain wall of the 8-ZGNR for the antiparallel case and (b) transmission curves
depending on the domain wall size. The black line is for the collinear spin configuration, while the others are for the noncollinear spin

configurations.>”

a particular energy range around the Er where the orbital sym-
metries are mismatching (lower panel in Figure 10).

Figure 11 shows the calculated /—V characteristics for the
32-ZGNR spin-valve device using eq 1. For the parallel spin
configuration, it shows a linear curve with a specific slope cor-
responding to the quantized conductance (2e2/h), as a conse-
quence of the perfect transmission values at the Er. In contrast,
for the antiparallel spin configuration, the current is sup-
pressed below a certain threshold voltage, resulting in huge
resistance. In this way, the MR value of the ZGNR device at
low temperature exceeds a million percent, which rapidly
approaches infinity as the temperature goes to zero. The tem-
perature effect is taken into account by the Fermi distribu-
tion function in eq 1. Indeed, double spin-filtering effect opens
a new way toward an ideal spin-valve device with a new type
of MR, so-called SMR.

Here, in the case of the antiparallel spin configuration, we
need to address the effect of a magnetic domain wall, which
is formed between two ferromagnetic leads in the ZGNR
devices as shown in Figure 12a. To this end, we have calcu-
lated the transmission function with various domain wall sizes
in the noncollinear spin-polarized mode.>” In Figure 12b,
transmissions for the noncollinear spin states result in reduced
sharpness of corners in the curves depending on the domain
wall size; the thicker the domain wall is, the more rounded the
curve is. However, the zero transmission regions leading to the
infinite resistance at a low bias are not affected by the domain
wall size. Consequently, the conclusion based on the collinear
spin state should be the same as that based on the noncol-
linear spin state.

Conclusions

Molecular orbitals (MOs) play a central role for quantum trans-
port in molecular electronic and spintronic devices. Thus,
manipulation of the MOs is a direct way to tune transport
properties of a molecule for the design of interactive devices.
An electric field is a powerful means to change energy and
shape of MOs. Owing to the quadratic Stark effect, a particu-
lar MO with high polarizability can be distinctively influenced
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by the field. We have shown that using this effect, one can
make an electric field-driven magnetic switching device with-
out a strong magnet as the third gate. On the other hand, an
external magnetic field changes not only spin polarization but
also orbital symmetry in the case of ferromagnetic graphene
nanoribbons. This unusual effect enables us to design a novel
spintronic device. For instance, a spin-valve device based on
graphene nanoribbons shows exotic super-magnetoresistance
with new mechanism: doubling the filtering effect through
orbital symmetry matching as well as spin matching. This
opens a new pathway toward an ideal spin-valve device.

To date, the MO theory has been used as a universal lan-
guage in quantum chemistry to explain chemical reactions,
molecular properties, structures, and so on. The language is
also useful to the new field exploring transport properties of
a molecule. Investigating the role of MOs is a starting point to
understand complicated quantum phenomena in molecular
electronics and spintronics. Its first step is a systematic study:
(1) change of conductance depending on the feature of MOs
including their shape and symmetry, (2) change of MOs by
substitution of functional groups, and (3) change of MOs due
to the metal-molecule junctions. The next step is to appro-
priately tune the MOs with external fields to control the con-
ductance of a molecular device on the basis of understanding
the influence of fields on MOs. We believe that such efforts
offer intuitive approaches to the design of novel molecular
electronic devices and eventually realize practical and inter-
active molecular devices.
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