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Abstract

Control of conductance in molecular junctions is of key importance in the growing field of
molecular electronics. The current in these junctions is often controlled by an electric gate
designed to shift conductance peaks into the low bias regime. Magnetic fields, on the other
hand, have rarely been used due to the small magnetic flux captured by molecular conductors
(an exception is the Kondo effect in single-molecule transistors). This is in contrast to a related
field, electronic transport through mesoscopic devices, where considerable activity with
magnetic fields has led to a rich description of transport. The scarcity of experimental activity is
due to the belief that significant magnetic response is obtained only when the magnetic flux is
of the order of the quantum flux, while attaining such a flux for molecular and nanoscale
devices requires unrealistic magnetic fields.

Here we review recent theoretical work regarding the essential physical requirements
necessary for the construction of nanometer-scale magnetoresistance devices based on an
Aharonov—Bohm molecular interferometer. We show that control of the conductance properties
using small fractions of a magnetic flux can be achieved by carefully adjusting the lifetime of
the conducting electrons through a pre-selected single state that is well separated from other
states due to quantum confinement effects. Using a simple analytical model and more elaborate
atomistic calculations we demonstrate that magnetic fields which give rise to a magnetic flux
comparable to 10~ of the quantum flux can be used to switch a class of different molecular and
nanometer rings, ranging from quantum corrals, carbon nanotubes and even a molecular ring
composed of polyconjugated aromatic materials.

The unique characteristics of the magnetic field as a gate is further discussed and
demonstrated in two different directions. First, a three-terminal molecular router devices that
can function as a parallel logic gate, processing two logic operations simultaneously, is
presented. Second, the role of inelastic effects arising from electron—phonon couplings on the
magnetoresistance properties is analyzed. We show that a remarkable difference between
electric and magnetic gating is also revealed when inelastic effects become significant. The
inelastic broadening of response curves to electric gates is replaced by a narrowing of
magnetoconductance peaks, thereby enhancing the sensitivity of the device.

(Some figures in this article are in colour only in the electronic version)
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1. Introduction

In the past two decades molecular electronics has emerged as
one of the most active and intriguing research fields [1-23].
Scientifically, this field offers insights into fundamental issues
regarding the physics of low-dimensional and nanometer-scale
systems as well as their response to external perturbations
when embedded in complicated environments. From
a technological point of view, electronic functionality
at the molecular scale may revolutionize our current
conception of electronic devices and may lead to considerable
miniaturization of their dimensions [1, 13]. Interestingly, the
paradigm of molecular electronics was set by a theoretical
study long before the first experimental realization was
presented [24]. In their seminal work, Aviram and Ratner
suggested that a donor-bridge—acceptor type of molecule
could, in principle, act as a molecular rectifier. What designates
this study is the fact that for the first time a single molecule
was considered to act as an electronic component rather than
just being a charge transfer medium. Therefore, it could serve
as a potential building block for future nanoscale electronic
devices [6, 7, 13, 16, 22].

In recent years, a number of experimental techniques
have been developed for the synthesis and fabrication of
junctions that allow for the measurement of the electronic
transport through molecular-scale systems. These include
mechanically controllable break junctions [25-28], electro-
migration break junctions [29-32], electron beam lithogra-
phy [33, 34], feedback-controlled lithography [35], shadow

evaporation [36, 37], electrochemical deposition [38—40], mer-
cury droplet technologies [41-43], cross-wire tunnel junc-
tions [44], STM [45, 46] and conducting AFM [47] tip mea-
surements, and more [48—50]. In typical molecular electronics
experiments, a molecule (or a group of molecules) is trapped
within a gap between the electrodes while chemically or phys-
ically attaching to the conducting leads. Once the molecular
junction is obtained, a bias voltage is applied and the cur-
rent/voltage characteristics are recorded and analyzed. Certain
techniques can also utilize an electrical or chemical gate elec-
trode in order to control the response of the molecule to the
applied bias [51-58, 34, 59-68]. A simplified picture of the
effect of the gate voltage can be viewed as a shift in the energy
of the molecular states of the device with respect to the Fermi
energy of the conducting leads, allowing for fine tuning of the
conductance through pre-selected molecular energy states.

Unlike the common use of electrical gates as control
knobs for the transport characteristics of molecular junctions,
magnetic fields have rarely been used in conjunction with
molecular electronics.  This is in contrast to a related
field, electronic transport through mesoscopic systems, where
considerable activity with magnetic fields has led to the
discovery of the quantum Hall effect [69] and to a rich
description of Aharonov—Bohm [70-87] magneto-transport
phenomena in such conductors [88—100].

The scarcity of experimental activity involving magnetic
fields in molecular electronic set-ups is due to the belief
that a significant magnetic response is obtained only when
the magnetic flux is of the order of the quantum flux,
¢o = h/qe (g. being the electron charge and A Planck’s
constant) and attaining such a flux for molecular and
nanoscale devices requires unrealistically huge magnetic fields.
Nevertheless, several interesting experimental studies on the
effect of magnetic fields in nanoscale systems have been
published recently. The major part of these regard Zeeman
splitting of spin states in quantum dots [101] and in carbon
nanotubes [48, 102, 103], the Kondo effect measured for
mesoscale quantum dots [104, 105], fullerenes [106—109], and
single molecules [30, 34], and the quantum Hall effect in
graphene nanoribbons [110].

In this review we discuss recent theoretical work utilizing
magnetic fields as gates in molecular Aharonov-Bohm
interferometers [111-115]. We show how the combination of
electric and magnetic fields provide additional control over the
electrical current. The unique symmetry breaking nature of the
magnetic field allows for the design of novel logical devices
such as multi-terminal electron routers [113] which are not
feasible when electrical gating is applied alone. We also show
that, when inelastic scattering effects are taken into account, a
remarkable difference between electric and magnetic gating is
revealed [114]. The inelastic broadening of response curves to
electric gates is replaced by narrowing of magnetoconductance
peaks, thereby enhancing the sensitivity of the device.

This review starts with a brief introduction to the
Aharonov—Bohm (AB) effect and its feasibility in nanoscale
systems (section 2). The basic concepts are described in
section 3 for two- and three-terminal devices. The analysis
of these AB interferometers is based on adopting a simple
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continuum model. Next, in section 4 we described detailed
atomistic calculations motivated by the results of the simple
continuum approach. ~ We illustrate that molecular AB
interferometers based on a variety of systems can be used as
switching devices at relatively low magnetic fields. We also
illustrate a parallel molecular logic gate based on a three-
terminal device. Finally, we describe the effect of inelastic
scattering on the behavior of the molecular AB interferometers
in section 5. Conclusions and a brief summary are given in
section 6.

2. Defining open questions

2.1. Aharonov—Bohm interferometry

In classical mechanics the force exerted on a charged particle
traversing a region in space which incorporates an electric
and/or a magnetic field is given by the Lorentz force law
F = g(E 4+ v x B), where ¢ is the charge of the particle, E
is the electric field, v is the particle’s velocity and B is the
magnetic field [116]. It can be seen that the electric field
operates on a particle whether static or not and contributes a
force parallel to its direction and proportional to its magnitude,
while the magnetic field operates only on moving particles and
contributes a force acting perpendicular to its direction and
to the direction of the particle’s movement. When solving
Newton’s equation of motion F = %, the resulting trajectories
for a classical charged particle entering a region of a uniform
magnetic field will thus be circular. One can define scalar and
vectorial potentials using the following definitions: E(r, 1) =
-VV — W and B(r, ) = V X A(r, 1), respectively. When
defining the following Lagrangian L = %mv2 —qV(r)+qv-A,
and deriving the canonical momentum using the relation P; =
% one can, in principle, solve the Euler-Lagrange or Hamilton
equations of motion. This procedure, even though easier to
solve for some physical problems, is absolutely equivalent to
solving Newton’s equations of motion and will produce the
exact same trajectories.

The influence of electric and magnetic fields on the
dynamics of quantum charged particles was investigated by
Aharonov and Bohm in a seminal work from 1959 [71],
revealing one of the fundamental differences between the
classical and the quantum description of nature. According
to Aharonov and Bohm, while in classical mechanics the
transition from using electric and magnetic fields to using
scalar and vectorial potentials is ‘cosmetic’ and may be
regarded as a mathematical pathway for solving equivalent
problems, in quantum mechanics the fundamental quantities
are the potentials themselves.

In order to demonstrate this principle consider a double-
slit experiment applied to electrons. The experimental set-
up consists of a source emitting coherent electrons which are
diffracted through two slits embedded in a screen. The electron
intensity is measured in a detector placed on the opposite side
of the screen. In the absence of a magnetic field the intensity
measured by the detector when placed directly opposite to
the source will be maximal due to the positive interference
between the two electron pathways which are of equal length.

Detector

Figure 1. An Aharonov—Bohm ring-shaped interferometer
connecting a coherent electron source and a detector.

When applying a point magnetic field perpendicular to the
interference plane, the interference intensity is altered. Unlike
the classical prediction, this change in the interference pattern
is expected even if the magnetic field is excluded from both
electron pathways. This can be traced back to the fact that,
even though the magnetic field is zero along these pathways,
the corresponding vector potential does not necessarily vanish
at these regions.

A more quantitative description of this phenomenon can
be obtained by considering an analogous model consisting of
a ring-shaped ballistic conductor forcing the bound electrons
to move in a circular motion connecting the source and the
detector as shown in figure 1. The Hamiltonian of the electrons
under the influence of electric and magnetic potentials is given
by

N R
H:%[P—qA(r)] T+ V@), (1)

Field quantization is disregarded in the entire treatment and we
assume that the potentials are time-independent. In the above,
m is the mass of the particle, P = —inV is the canonical
momentum operator and / is Planck’s constant divided by 2.
In the absence of electrostatic interactions, the Hamiltonian
reduces to the free particle Hamiltonian with the appropriate

kinetic momentum operator P=P— gA(T).

In the set-up shown in figure 1 the wavefunction splits into
two distinct parts, one traveling through the upper arm and the
other through the lower arm of the ring. Since the magnetic
field is excluded from these paths (V x A = 0) and both are
simply connected in space, it is possible to write a solution to
the stationary Schrodinger equation with this Hamiltonian at
each path as follows:

Y/d — i fya k= f A )

where Kk is the wavevector of the charged particle and the
integration is taken along its pathway, with u/d standing for
the upper (up) and lower (down) pathways, respectively. Due
to the circular symmetry of the system, the spatial phase factors
accumulated along the upper or the lower branches of the ring
can be easily calculated in the following manner:

0
CDk:/ k -dl = 7 Rk. (3)
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Here k is taken to be along the ring and k = |k| is the
wavenumber of the electron. When a uniform* magnetic
field is applied perpendicular to the cross section of the ring,
B = (0,0, B;), the vector potential may be written as A =
—irxB=1B.(-y, x,0) = £ (—sin(9), cos(9), 0). Thus,
the magnetic phase accumulated by the electron while traveling
from the source to the detector in a clockwise manner through
the upper path is given by

0
c1>51=—1/ Adl=n? (4)
h T 0

Here, ¢ = B.S is the magnetic flux threading the ring, ¢ = s

is the flux quantum and § = 7 R? is the cross-sectional area
of the ring. For an electron traveling through the lower path in
a counterclockwise manner the magnetic phase has the same
magnitude with an opposite sign:

2w
<1>fn=—%/ A«il:—n% )
b4 0

The electron intensity measured at the detector is
proportional to the square absolute value of the sum of the
upper and lower wavefunction contributions:

1 oc w1 wif = |or(mess) y grlme)[

¢
=211 20— ) |. 6
|: +cos(7t¢0>j| (6)

The intensity measured at the detector is, therefore, a periodic
function of the magnetic flux threading the ring’s cross section.
As mentioned before, this general and important result holds
also when the magnetic field is not applied uniformly and
measurable intensity changes may be observed at the detector
even if the applied magnetic field is excluded from the
circumference of the ring to which the electrons are bound.

2.2. Length scales

The model described above presents an idealized system for
which the charge carrying particles travel from the source to
the detector without losing either momentum or phase. When
considering the issue of measuring the AB effect in a realistic
system, a delicate balance between three important length
scales is needed: (a) the Fermi wavelength, (b) the mean free
path and (c) the coherence length scale. In what follows, we
shall give a brief description of each of these length scales and
their importance for transport.

4 The calculation given here assumes a uniform magnetic field even though
it was claimed that equation (2) holds only in regions in space where B = 0.
Nevertheless, due to the fact that the electrons are confined to move on the one-
dimensional ring, there is no essential difference between the case of a singular
magnetic field and a homogeneous magnetic field. Therefore, the usage of the
phases calculated here in equation (6) is valid. Furthermore, it should be noted
that, due to Stokes’ law, the line integration of A over a closed loop will always
give the magnetic flux threading the ring whether the field is uniform, singular
or of any other form.

2.2.1.  Fermi wavelength. As in the optical double-
slit experiment, the wavelength of the conducting electrons
determines the interference intensity measured at the detector.
At low temperatures and bias voltages the net current is carried
by electrons in the vicinity of the Fermi energy and thus
by controlling their wavelength one can determine whether
positive or negative interference will be measured at the
detector in the absence of a magnetic field.

In order to achieve positive interference, an integer
number of Fermi wavelengths should fit into half the
circumference of the ring [117, 115] (figure 1): L = nAg.
Here, n is an integer, L = m R is half of the circumference
of the ring and Ap is the Fermi electron’s wavelength given by
the well-known de Broglie relation Ap = %F = i—:, where P is
the momentum of the Fermi electrons and kg is the associated
wavenumber. For such a condition to be experimentally
accessible, the Fermi wavelength should be approximately
of the order of magnitude of the device dimensions. Too
short wavelengths will give rise to extreme sensitivity of the
interference pattern on the Fermi wavenumber, while too long
wavelengths will show very low sensitivity. We shall return to
the importance of controlling the wavelength of the conducting
electrons in realistic systems measurements in sections 3.1
and 4.5.

2.2.2. Momentum relaxation length—static scatterers. An
electron traveling in a perfect crystal can be viewed as a free
particle with a renormalized mass [118]. This mass, which
is usually referred to as the effective mass of the electrons in
the crystal, incorporates the net effect of the periodic nuclei
array on the conducting electrons. When impurities or defects
exist in the crystalline structure the electrons may scatter
on them. Such scattering implies a random change in the
electron’s momentum and thus destroys the ballistic nature of
the conductance [119, 120]. The mean free path for momentum
relaxation, Ly, is the average distance an electron travels
before its momentum is randomized due to a collision with
an impurity. It is typically connected to the momentum of
the conducting electrons (%kp), their effective mass m™* and the
collision time (t, which is connected to the imaginary part of
the self-energy of the quasiparticle): Ly, = %Fr.

If the scattering taking place at the impurities sites
is elastic, such that the energy of the electron and the
magnitude of its momentum are conserved and only the
direction of the momentum is randomized, then for a given
trajectory a stationary interference pattern will be observed.
However, different electron trajectories will give rise to
different interference intensities and the overall interference
pattern will not be stationary and thus will be averaged to
zero [119].

2.2.3. Phase relaxation length—fluctuating scatterers.
Inelastic scattering may occur when the impurities have
internal degrees of freedom, which may exchange energy
with the scattered electrons. Such scattering events alter
the phase of the conducting electron. AB interferometry
requires that a constant phase difference exists between the
trajectories of electrons moving in the upper and the lower



J. Phys.: Condens. Matter 20 (2008) 383201

Topical Review

arms of the interferometer ring. Thus, for stationary inelastic
scatterers which shift the phase of the electrons in a persistent
manner, a constant interference pattern will be measured at the
detector. Although the intensity at zero magnetic field will not
necessarily be at its maximal value, AB oscillations will be
observed [119]. When the scatterers are not stationary, and
the phase shifts they induce are not correlated between the two
arms of the ring, the coherent nature of the conductance is
destroyed and the AB interference pattern is diminished [119].
A length scale, Ly, is assigned to this process and its
physical meaning is that length electrons travel before they lose
their phase. Apart from impurities, inelastic scattering may
occur due to electron—phonon processes and electron—electron
interactions. The latter conserve the total energy but allow
energy exchange and thus phase randomization.

2.2.4. Regimes of transport. There are several different
regimes for transport, depending on the values of the above
length scales. If we denote the length of molecular device by
L, then the ballistic regime is achieved when L < Ly, Lg.
When L, <« L <« L4 the transport is diffusive and is
reduced relative to the ballistic regime. Localization occurs
when L, < Ly < L and when the device is larger than both
L., and Ly the system is considered to be classical with ohmic
resistance.

2.3. Open questions

The design of a realistic AB interferometer requires a careful
consideration of the typical length scales of the conducting
electrons. In order to measure a significant AB periodicity
it is necessary to reduce the dimensions of the interferometer
below the momentum and phase relaxation lengths, and make
it comparable to the de Broglie wavelength.

As an example, consider a ring made of GaAs/AlGaAs-
based two-dimensional electron gas. The typical de Broglie
wavelength is of the order of ~30 nm, the mean free
path (momentum relaxation length scale) is three orders of
magnitude larger (~30 um) and the phase relaxation length is
~1 pum [119]. Thus, one can expect to observe AB oscillations
in the conductivity in loops with dimensions that are smaller
than ~1 um with an AB period in the range of millitesla:
WhRZ ~1x 1073 T[117].

For molecular rings these scales are quite different. The
typical de Broglie wavelength is of the order of several
chemical bonds (sub-nanometer) [111], while the mean free
path of electrons and phase relaxation length are considerably
larger than the dimensions of the ring. Thus, molecular
AB interferometers at the nanometer scale are expected to
show many AB oscillations, as long as the temperature is
low enough so that inelastic effects arising from electron—
phonon couplings are suppressed. However, in addition to the
engineering challenge of fabricating such small and accurate
devices, another substantial physical limitation becomes a
major obstacle. When considering a nanometer-sized AB loop
the period of the magnetic interference oscillations increases
considerably and becomes comparable to # ~1x10°T.
Magnetic fields of these orders of magnitude are, by far, not

accessible experimentally and thus AB interferometry is not
expected to be measured for systems of small dimensions, at
the nanometer scale.

In view of the above, several open questions arise:

(i) Can nanometric electronic devices based on an AB
interferometer be made despite the large magnetic field
required to complete a full AB period?

(i) If such devices can be made, what are their physical
properties? At what range of parameters (temperature,
contact coupling, dimensions, etc) will they be able to
operate?

(iil)) What are the advantages/disadvantages of such magneti-
cally gated devices over conventional electric gating?

In the remainder of this review we attempt to provide
answers to the above problems. Despite the fact that the
treatment described herein is theoretical, we believe that future
technology will enable the development of realistic devices
based on the concepts present below.

3. Basic concepts

In this section we describe the basic concepts of Aharonov—
Bohm interferometry at the nanometer molecular scale. We
consider two- and three-terminal devices.  Transport is
modeled within a simple continuum model that has been
considered in mesoscopic physics for a two-terminal device
only [89, 121,90-92, 95, 122, 119, 123]. An exact solution for
the conduction in both cases and analysis of the role of different
model parameters is described. The two-terminal device is
used to establish the necessary condition for switching a
molecular Aharonov—Bohm interferometer at reasonably small
magnetic fields, while the three-terminal device is used to
demonstrate one of the advantages of magnetic gating in
molecular AB interferometers.

3.1. Two-terminal devices

Consider a simple continuum model of an AB interferometer
[89,121,90-92,95, 122,119, 123, 124]. The model consists of
a one-dimensional (1D) single-mode conducting ring coupled
to two 1D single-mode conducting leads as depicted in figure 2.
The transport is considered to be ballistic along the conducting
lines. Elastic scattering occurs at the two junctions only. Even
though this model disregards the detailed electronic structure
of the molecular device and neglects important effects, such as
electron—electron interactions and electron—phonon coupling,
it succeeds in capturing the important physical features needed
to control the profile of the AB period.

The main feature differing the current arrangement from
the one shown in figure 1 is that an ‘outgoing’ lead replaces the
absorbing detector. Hence, the interference intensity measured
at the detector is replaced by a measurement of the conductance
between the two leads through the ring. Although it might
seem insignificant, this difference is actually the heart of the
approach developed to control the shape of the AB period.
In the original setting, an electron arriving at the detector is
immediately absorbed and therefore the intensity measured is
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‘Incoming’ lead ‘outgoing’ lead

Figure 2. An illustration of a 1D coherent transport continuum
model of an AB interferometer.

the outcome of the interference of the two distinct pathways
the electron can travel. For the set-up considered in figure 2
an electron approaching each of the junctions can be either
transmitted into the corresponding lead or be reflected back
into one of the arms of the ring. Consequently, the conductance
through the device is a result of the interference of an infinite
series of pathways resulting from multiple scattering events of
the electron at the junctions. It is obvious that the behavior
predicted by equation (6) has to be modified to account for the
interference between all pathways.

A scattering matrix approach [121, 92, 122, 119,
123, 125, 126] can now be used in order to give a quantitative
description of the present model. Within this approach one
labels each part of the wavefunction on every conducting
wire with a different amplitude which designates its traveling
direction. Here, we use the following notation (as can be
seen in the left panel of figure 3): L; designates the right-
going amplitude of the wavefunction on the left lead while L,
is the left-going amplitude on the same lead. Similarly, R;
and R; stand for the right-and left-going wave amplitudes on
the right lead, respectively. For the upper arm of the ring U,
and U, represent the clockwise and counterclockwise traveling
amplitudes, respectively, whereas D, and D, are the clockwise
and counterclockwise traveling amplitudes on the lower arm.

Each junction is also assigned with appropriate scattering
amplitudes. In what follows we assume that the junctions
are identical and are characterized by scattering amplitudes
as shown in the right panel of figure 3. a is the probability
amplitude for an electron approaching the junction from one
of the arms of the ring to be reflected back into the same arm,

b is the probability amplitude to be transmitted from one arm
of the ring to the other upon scattering at the junction and ¢
is the probability amplitude for an electron approaching the
junction from the lead to be reflected back into the lead. /e is
the probability amplitude to be transmitted to (or out of) either
arms of the ring.

For each junction it is now possible to formulate
a scattering matrix equation relating the outgoing wave
amplitudes to the incoming wave amplitudes. For the left
junction one gets

L2 C \/E \/E L]
<U1>=<\/E a b )<U26i¢1>. (7)
D, Je boa Dye!®

Here ®; = &, — ®,, is the phase accumulated by an electron
traveling from the right junction to the left junction through the
upper arm of the ring, and &, = &, + P,, is the corresponding
phase accumulated along the lower arm of the ring. @; and
®,, = @} are defined in equations (3) and (4), respectively.
An analogous equation can be written down for the right

junction:
R] C \/E \/E R2
<U2>=(ﬁ a b )(Ule‘q’2>. ®)
D, Je b a De'®

In order to ensure current conservation during each scattering
event at the junctions one has to enforce the scattering matrix
to be unitary. This condition produces the following relations
between the junction scattering amplitudes: a = %(1 —0),
b= —1(1+c¢)and c = +/T—2¢. It can be seen that the
entire effect of the elastic scattering occurring at the junctions
can be represented by a single parameter e—the junction
transmittance probability.

Solving these equations and setting the right incoming
wave amplitude R, equal to zero, one gets a relation between
the outgoing wave amplitude R; and the incoming wave
amplitude L;. Using this relation it is possible to calculate
the transmittance probability through the ring which is given
by [127, 111, 115]

2 B A[l + cosen)]
1+ PcosQey) + Qcos?(2py)’

R,
T =|—
L,

(€))

Figure 3. An illustration of the amplitudes of the different parts of the wavefunction (left panel) and the junction scattering amplitudes (right

panel) in the 1D continuum model.
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where the coefficients are functions of the spatial phase and the
junction transmittance probability, and are given by [111]

_ 16€%[1 — cos(2®y)]

A
R
p_ 2= DX+ 1)’ =4+ Dic+ 1)’ cos2Py)
B R
G {10
O="%

R=(c—D*+4c* +4 -4+ D(c — D?*cos(2dy)
+ 8¢?cos(4dy).

The numerator of equation (9) resembles the result obtained
for the interference of two distinct electron pathways (given by
equation (6)). The correction for the case where the electrons
are not absorbed at the detector is given by the denominator
expression. An alternative approach to obtain the result given
by equation (9) is based on a summation of all the paths of
the electron entering the ring and completing n + % loops
before exiting, where 7 is the winding number. For n = 0 one
recovers the simplified result of equation (6). The contribution
of all higher-order terms (n > 0) is given by the denominator
of equation (9).

From equations (9) and (10) it can be seen that two
important independent parameters control the shape of the
magneto-transmittance spectrum: the junction transmittance
probability € and the conducting electron wavenumber k
appearing in the spatial phase ®; = mRk. In figure 4
we present the transmittance probability (7°) through the ring
as a function of the normalized magnetic flux threading it,
for a given value of the spatial phase and several junction
transmittance probabilities.

It can be seen that, for high values of the junction
transmittance probability, the magneto-transmittance behavior
is similar to that predicted by equation (6), i.e. a cosine
function. As € is reduced from its maximal value of % the width
of the transmittance peaks is narrowed. At large values of €
the lifetime of the electron on the ring is short and therefore
the energy levels characterizing the ring are significantly
broadened. Short lifetime also means that the electron traveling
through the ring completes only very few cycles around it.
In a path integral language, this implies that the interference
pattern is governed by paths with low winding numbers. The
application of a magnetic field will change the position of these
energy levels: however, they will stay in partial resonance
with the energy of the incoming electrons for a wide range of
magnetic fields. Mathematically, the transmission through the
ring when the electron exits the ring after it passes only along
one of the arms can be reduced to the case where the detector
is placed at the exit channel, and thus one would expect a
cosine function describing the transmission as a function of
magnetic field. When reducing the coupling (low values of €)
the doubly degenerate energy levels of the ring sharpen. If one
assumes that at zero magnetic flux two such energy levels are
in resonance with the incoming electrons, then upon applying
a finite magnetic field the degeneracy is removed such that one
level has its energy raised and the other lowered. This splitting
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Figure 4. AB transmittance probability, calculated using

equations (9) and (10), as a function of the magnetic flux for different
junction transmittance probabilities and kR = % For high values of
€ (dashed—dotted line) the transmittance probability is similar to that
predicted by equation (6). As € is decreased the transmittance peaks
narrow (dashed line). For very small values of € the peaks become
extremely narrow (solid line).

causes both sharp energy levels to shift out of resonance and
thus reduces the transmittance probability through the ring
dramatically. This, however, is not the case shown in figure 4,
where the narrow transmittance peaks are located around the
center of the AB period. Therefore, one needs to find a way
to shift the transmittance resonances towards the low magnetic
field region.

To gain such control we realize that the situation described
above for the low coupling regime is, in fact, resonant
tunneling occurring through the slightly broadened (due to
the coupling to the leads) energy levels of a particle on
a ring. Here, the free particle time-independent scattering
wavefunction on the wires, 1 (z) = €%, has the same form of
the wavefunction of a particle on a ring ¥, (9) = ¢ where

m = 0,=%1,£2,.... Upon mounting the ring, the electron’s
wavenumber, k,,, is quantized according to the following
relation: Rk, = m. The value of m for which resonant

tunneling takes place is determined by the condition that the
kinetic energy of the free electron on the wire equals a sharp
energy eigenvalue of the ring [117, 128]:

2 b2
nk _ hm =)
2m* 2m*R?

(11

In order to achieve resonance one has to require that
k = (m — %) /R. A slight change in the magnetic flux
disrupts this resonance condition and reduces the transmittance
considerably. For different values of the wavenumber on the
leads the resonance condition in equation (11) will be obtained
at different values of the magnetic flux.

This effect is depicted in figure 5 where the transmittance
probability is plotted against the normalized magnetic flux
threading the ring, for a given value of € and several spatial
phase factors. Changing the spatial phase results in a shift of
the location of the transmittance peaks along the AB period.
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Figure 5. AB transmittance probability as a function of the magnetic
flux for different spatial phases and € = 0.25. By changing the value
of kR from ~n (dashed—dotted line) to ~n + % (solid line), where n
is an integer, it is possible to shift the transmittance peaks from the
center of the AB period to its edges.

This is analogous to the change in the position of the intensity
peaks of the interference pattern observed in the optical double-
slit experiment when varying the wavelength of the photons.
For kR values of ~0, 1, 2, ..., the peaks are located near the
center of the AB period, while for values of ~1, 11,21, ...
the peaks are shifted toward the period’s lower and higher
edges. In a realistic system such control can be achieved
by the application of an electric gate field that serves to
accelerate (or decelerate) the electron as it mounts the ring.
The gate potential, V,, thus modifies the resonance condition
of equation (11) to

2 b2
nk?  h(m =50

2m*  2m*R2

+ V. (12)

Equation (12) implies that a change in the gate potential
influences the magnetic flux at which resonance is attained.
Therefore, the transmittance resonance’s position along the AB
period can be varied as shown in figure 5.

Considering the original goal of measuring a significant
magnetoresistance effect in nanometer scale AB interferome-
ters, it is clearly evident that, even though the full AB period
is out of experimental reach, a delicate combination of an ap-
propriate wavenumber of the conducting electrons and weak
leads—ring coupling (so-called ‘bad contact’) enables us to shift
the transmittance peak toward the low magnetic fields regime
while at the same time dramatically increasing the sensitivity to
the external magnetic field. The combined effect is discussed
in figure 6, where magnetic switching for a 1 nm radius ring is
obtained at a magnetic field of ~1 T while the full AB period
(see the inset of the figure) is achieved at magnetic fields orders
of magnitude larger.

This result resembles the change in the interference in-
tensity measured by the optical Mach—Zehnder interferome-
ter [129, 130] upon altering the phase of the photons on one
of the interferometric paths. The plausibility of applying these

T T T

051 B

0 | .
1500 |

Transmittance probability
(=)
(9]
T

0 . | . | . | .
0 0.25 0.5 0.75 1

Magnetic field (Tesla)

Figure 6. Low field magnetoresistance switching of a 1 nm ring
weakly coupled to two conducting wires as calculated using the
continuum model. The parameters chosen in this calculation are:
€ = 0.005 and kR =~ 1. Inset showing the full AB period of
~1300 T.

principles to realistic molecular systems is the subject of sec-
tion 4. But first, an important question, which considers the
uniqueness of using magnetic fields, has to be answered.

3.2. Three-terminal devices

A legitimate question that may be raised at this point is: why
use magnetic fields to switch the conductance? Switching
devices based on other external perturbations, such as field
effect transistors (FETs), already exist and operate even at the
molecular scale [51, 131, 52, 132, 55, 34, 59, 133, 60-68].

One simple answer is that magnetic fields can provide an
additional control and perhaps for certain cases will enable
control at small length scales where electrical fields are
extremely hard to manipulate. However, as will become clear
below, there are two additional motivations to employ magnetic
fields as gates. One will be discussed shortly and the other
involves inelastic effects which are described at the end of this
review.

Consider an extension of the two-terminal continuum
model described in section 3.1 to the case of three terminals.
In a mesoscopic system or in the absence of magnetic
fields, such devices have been considered by several groups
(see [134—144]). An illustration of the three-terminal set-up
is given in figure 7. The scattering matrix approach may be
used in a similar manner to that described for the two-terminal
set-up. An illustration of the three-terminal set-up parameters
designation is given in figure 8. We denote (panel (a)) by o, B
and y = 2w — o — B the angles between the three conducting
leads. Similar to the two-terminal model, we label the wave
amplitudes on each ballistic conductor of the system as shown
in panel (b) of figure 8.

The scattering amplitudes characterizing the junctions
are given in figure 3 and obey the scattering matrix unitary
condition: ¢ = /1 —2¢,a = %(l —c)and b = —%(1 + ¢).
For simplicity, in what follows we assume that all the junctions
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‘Incoming’ lead

Figure 7. An illustration of a 1D coherent transport continuum
model of a three-terminal AB interferometer.

are identical. This assumption can be easily corrected to the
case of non-identical junctions.

Using these notations it is again possible to write
scattering matrix relations between the incoming and outgoing
wave amplitudes at each junction:

L2 C \/E \/E L1
(Ul)z(ﬁ . b) U
Je b a Dyel®”

NGEvG Ry
) (Mzeid’T) (13)

U] ei(bg

a b
b a
I NGENG 4]
(Dz> = (ﬁ a b ) Dyl
\/E b a Mleid)g

Here @ ~""" = ARk — AL and @3 "7 = ARk + A L.
Eliminating the equations for the wave amplitudes on the
ring (U} 2, D12, M), similar to the two-terminal continuum
model treatment, and plugging the solution into the equations
for the outgoing amplitudes, I, and R;, one finds a relation

between the incoming amplitude on the left lead L; and both
outgoing amplitudes. The probability to transmit through

the upper (lower) outgoing lead is given by T* = |1Li:|2

(T" = |£—‘||2). The exact expressions for these transmittance
probabilities, even when setting the incoming wave amplitudes
R, and I, to zero, are somewhat tedious to obtain [145]. Thus,
we provide the final results for completeness.

The denominator of the transmittance probability for both
output channels is given by the following expression:
Taenominator = 15 (¢ + 1) (19 — 12¢ +2¢* — 12¢” 4 19¢*)

+ 3263 cos(@mkr) + 2(c — 1)*e{cos[4mkr(1 — 2a)]

+ cos[dmkr(1 —2B8)] + cos[4mkr(1 — 2y)]}

—8(c — D%c(c? + D{cos[dmkr (e — 1)]

+ cos[4mkr(B — 1)] 4 cos[d4mkr(y — 1)]}

—4(c—1D*Q2 = c+2c2 = +2¢M[cos(dkra)

+ cos(4mkrp) + cos(4mwkry)]

+2(c — D*(c? + 1){cos[4mkr(a — B)]

+ cos[4mkr(o — y)] + cos[dmkr(B — y)]}

—0.125(c + 1)* x {—4[1 + c(c — 1)] cos(2mkr)

+ (¢ — l)z[cos[anr(l —2a)] + cos[2wkr (1 — 28)]

+ cos[2mkr(1 — 2y)]]} cos <2n§)
0

1 6 cos? (272
+ 16(c+1) cos (2n¢0).

(14)

The numerator of the transmittance probability through the
upper output channel is given by

Tnuumerator = _%62{_4(1 + 02) + 2(C — 1)2 COS(47TkrOl)

+ (¢ + 1)? cos(4mkrB) + 2(c — 1)* cos(4mkry)
+ 4c cos[4mkr (a+y)] — (c—1)? cos[4mkr (a—y)]

— 2c(c + 1) cos [2n <£ — kr):|
®o

—2(c+ 1) cos [Zn(i + kr j|
%o

Figure 8. Parameter designations in the three-terminal continuum model. Panel (a): the angular separations between the three terminals.

Panel (b): the amplitudes of different parts of the wavefunction.
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Figure 9. The transmittance of a three-terminal device as a function of the magnetic flux and the wavenumber of the conducting electron as
calculated using the continuum model. Left panel: high coupling (¢ = 0.495), right panel: low coupling (¢ = 0.095). Color code: deep

blue—no transmittance (7' = 0), deep red—full transmittance (7 = 1).
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The numerator of the transmittance probability through the
lower output channel is given by

5)

numerator

T! = _%62{—4(1 + 3 + (¢ + 1)? cos(4mkra)

+ 2(c — 1)? cos(drkrp) + 2(c — 1)* cos(drkry)
+ 4ccos[drkr(B+y)] — (c=1)? cos[4mkr(B—y)]

— 2c(c + 1) cos |:27'r<£ + kr)i|
®o
()]
—2(c+1)cos |2 — — kr
%o

+ 2c(c + 1) cos |:27r<q;£ + (1 — 2a)kr)i|
0

:27'[((% — (1 - 2a)kr>:

0

+ 2(c + 1) cos

+ (c? — 1) cos 2n(f +(1— 2,3)kr)
L ®o i

— (> = 1) cos 2n(f —(1- 2,8)kr)
L oo J

10

+ (¢* — 1) cos [271(2 +(1— 2y)kr)]
$o

— (c* = 1) cos [2n(f —(1- 2y)kr)“.
$o

The back-scattering probability is the complementary part of
the sum of the transmittance probability through both the upper
and lower leads.

The resulting transmittance probability through one of the
outgoing leads, for the symmetric case where o B =
y = 27” is presented in figure 9 as a function of the
magnetic flux threading the ring and the wavenumber of the
conducting electron. In the high coupling limit (left panel
of figure 9) the system is characterized by a wide range
of high transmittance which can be shifted along the AB
period by changing the electron’s wavenumber. Magnetic
switching of the transmittance at a given wavenumber value
for this coupling regime requires high magnetic fields, since
the transmittance peaks are quite broad.

As the coupling is decreased from its maximal value of
€ = % to very low values (right panel of figure 9), a resonant
tunneling junction is formed and the transmittance probability
becomes very sensitive to the magnetic flux. Similar to the two-
terminal case, this is translated into sharper peaks that develop
in the magneto-transmittance curve. For the parameters shown
in the right panel of figure 9 there is negligible transmittance
for all values of k at zero magnetic field. Note that the position
of the first maximum in the transmittance depends linearly on
the value of ¢ and k. Fine tuning the wavenumber to a value
that satisfies kR = % results in the appearance of the sharp
transmittance peak at finite, relatively low, magnetic flux and
thus allows the switching of the device at feasible magnetic
fields.

A careful examination of the transmittance probability
spectrum for kR = % at the low magnetic flux regime reveals
that the appearance of the transmittance peak is sensitive to
the polarity of the magnetic flux. While at a positive magnetic
flux a pronounced peak is observed, at the negative magnetic

(16)
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flux counterpart this peak is absent. This magnetic rectification
phenomena is, allegedly, in contrast to the Onsager symmetry
relation [146—-148, 127], obeyed in the two-terminal case which
states that g(¢) = g(—¢) where g is the conductance.

This contradiction is resolved by considering the
transmittance probability through the other output channel,
which can be obtained by applying a reflection transformation
with respect to a plain passing through the incoming lead and
perpendicular to the cross section of the ring. The Hamiltonian
of the system is invariant to such a transformation only if
accompanied by a reversal of the direction of the magnetic
field. It follows that the transmittance probability through one
outgoing lead is the mirror image of the transmittance through
the other. Thus, one finds that for the second output channel
(not shown) the peak is observed at a negative magnetic flux
rather than at a positive one. Onsager’s condition is, therefore,
regained for the sum of the transmittance probabilities through
both output channels.

The above analysis implies that at zero magnetic field both
output channels are closed and the electron is totally reflected.
The application of a relatively small positive magnetic field
opens only one output channel and forces the electrons to
transverse the ring through this channel alone. Reversing the
polarity of the magnetic field causes the output channels to
interchange roles and forces the electrons to pass through the
ring via the other lead.

To summarize this section, magnetic fields offer unique
controllability over the conductance of nanometer-scale
interferometers. For example, their polarity can be used to
selectively switch different conducting channels. While non-
uniform scalar potentials have been used in mesoscopic physics
to obtain a similar effect [ 149], such control cannot be obtained
via the application of uniform scalar potentials, which are
commonly used to control molecular-scale devices. This is
due to the fact that such scalar potentials lack the symmetry
breaking nature of magnetic vector potentials.

4. Atomistic calculations

The models presented in section 3 are based on a simplified
description where the AB interferometers were modeled
within a continuum approach. In order to capture the
more complex nature of the electronic structure of realistic
nanoscale AB interferometers we consider a model which
was developed for the calculation of magnetoconductance
through molecular set-ups [112]. The approach is based on
an extension of a tight binding extended Hiickel approach
which incorporates the influence of external magnetic fields.
This approach is combined with a nonequilibrium Green’s
function (NEGF) [150, 151] formalism to calculate the
conduction [152, 119, 153-155]. In the case of pure
elastic scattering, this reduces to the Landauer formalism,
which relates the conductance to the transmittance probability
through the system [153]. The resulting magnetoconductance
spectrum can then be studied for different molecular set-ups
and conditions, as described below.

11

4.1. Conductance

We are interested in calculating the conductance through a
molecular device coupled to two macroscopic conducting
leads in the presence of an external magnetic field. For
completeness, we provide the details of the approach adopted
for the present study. For more details on the theory of
molecular conduction, see [119, 5, 8, 12, 156].

The starting point is the current formula obtained within
the NEGF framework [153]:

2e dE

h

o Tr S5 (E)GJ (E) — £[ ) G3 (E)].
a7

Here Iy is the net current measured at the left (right)
molecule-lead junction, G5 (E) and G (E) are the lesser and
greater device Green’s functions, respectively, and X, and
Y[ (r) are the left (right) lesser and greater self-energy terms,
respectively. The first term in the trace in equation (17) can
be identified with the rate of in-scattering of electrons into
the device from the left (right) lead. Similarly, the second
term represents the out-scattering rate of electrons into the
left (right) lead. The difference between these two terms
gives the net, energy-dependent, flow rate of electrons through
the device. When integrated over the energy and multiplied
by twice (to account for spin states) the electron’s charge,
this results in the net current flowing through the left (right)
junction. It can be shown [157] that I;, = —Ir in analogy to
Kirchhoff’s law, and therefore equation (17) represents the full
current through the device.

The lesser and greater GFs appearing in equation (17)
are related to the retarded (G'(E)) and advanced (G*(E))
GFs, which will be discussed later, through the Keldysh
equation [150]:

Lg =

G;(E) = GY(E)L=(E)GL\(E)

1

Gi(E) = G{(E)Z™ (E)Gy(E), e

‘We now limit our discussion to the pure elastic case within

a single-electron picture, where, as pointed out above, the

NEGF approach reduces to the Landauer formalism [153].

We retain the description within the NEGF to provide a

complete description needed below when inelastic effects will

be considered. In the pure elastic scattering case one assumes

that the lesser (greater) self-energies have contributions arising
from the coupling to the left and right leads only:

E<
E>

=3+ = 19
=%+ 5.

Furthermore, the lesser and greater self-energy terms in
equations (17) and (19) are related to the retarded (Ei(R)(E )
and advanced (Eﬁ(R)(E )) self-energies, which will also be
discussed later, in the following manner:

ZE(R)(E) = _fL(R)(Ev ,U«L(R)) [Zi(R)(E) - ZE(R)(E)]
i (E) = [1 = fiw (E, iw) ] [Biw) (E) = Zi gy ()],
(20
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where fir)(E, uLwr)) = [1 + ePE-m®)]~1 is the Fermi—
Dirac occupation distribution in the left (right) lead, i)
is the electrochemical potential of the left (right) lead
and B kBLT, where kg is Boltzmann’s constant and
T is the temperature.  Upon plugging equations (18)
and (20) into (17), one obtains the following result for the

current:

=2 [ e ) - (B )]
=7 b LU, UL R{L, UR
x Tr[TL(E)Gy(E)TR(E)G(E)], 2D
where the level broadening matrix I'L ) is given by
LR (E) =i[Z] g (E) — T g (E)]. (22)

It is now possible to identify T'(E) = Tr[I'L(E)G4(E)R(E)
Gi(E)] as the electron transmission probability through the
molecule and the difference in the Fermi—Dirac distribution
functions as the net, energy-dependent, density of current car-
rying particles from the left (right) lead to the right (left)
lead, due to the difference in their electrochemical poten-
tials [120]. The current is obtained by integration over the en-
ergy.

For calculating the conductance (g) one can define the
differential conductance as the derivative of the current with
respect to the applied bias voltage (V4):

al 2¢ 0 dE
= — = — —_— E’ — E’
ove ~ n vy ) o [fL(E, L) — fr(E. ur)]

x Tr [TL(E)GL(E)TR(E)GY(E)] .

§
(23)

If one assumes that the bias voltage applied does not alter
considerably the energetic structure of the device, the only
contribution of the bias in equation (21) appears in the Fermi—
Dirac distribution functions. Therefore, it is possible to directly
conduct the differentiation in equation (23) to get the following
relation:

al

_ 9l 2 [dED [A(E, 1) = fr(E, ur)]
SV, k) 2m Vs

x Tr [TL(E)GL(E)TR(E)GY(E)] .

§
(24)

It should be noted that for finite bias voltages the above
equation is valid only in the so-called wide band limit (WBL)
or in the single-electron limit [257].

If one further assumes that the bias potential drops sharply
and equally at both junctions [158], the electrochemical
potentials are given by upr) = EfL ® 4 (—)%eVb, where EfL ®)
is the Fermi energy of the left (right) lead. Thus, the derivative
with respect to the bias voltage appearing in equation (24) is

given by
O [fL(E. L) — fR(E. ur)]
AN
ep e BlE— e BIE—ir]
= — 5 + 5 (- (25)
2 [1+ e PlE-ml] [1+ e PIE-mel]

If both Fermi energies of the leads are aligned with the
Fermi energy of the device, and the electrochemical potential
difference arises from the bias voltage alone, then at the
limit of zero temperature and zero bias conductance the

12

expression appearing in equation (25) approaches a sharp §
function located at the Fermi energy of the molecule and
equation (23), in turn, reduces to the well established Landauer
formula [119, 159], which directly relates the conductance
to the transmittance probability of the current carrying entity
through the relevant device:

g = goT, (26)

22

where go = =~ is the conductance quantum.

Considering the full expression given by equation (24)
it can be seen that, for the calculation of the conductance,
or more specifically of the transmittance probability, it
is necessary to obtain the retarded and advanced GFs of
the device and the retarded and advanced self-energies of
the leads. Obtaining these is the subject of the next
section.

4.2. Retarded and advanced Green’s functions and
self-energies

Following the lines of NEGF theory [153], the GF associated
with a Hamiltonian H evaluated in a non-orthogonal basis set
must satisfy the following relation in energy space [160]:

(ES— H)G(E) =1, 27)
where FE is the energy, S is the overlap matrix, G(E ) is the GF
and / a unit matrix of the appropriate dimensions.

As suggested above, in molecular conductance cal-
culations it is customary to divide the system into the
‘device’, which is the conducting molecule®, and the
‘leads’, which are the macroscopic conducting contacts
through which electrons are injected into and taken out
of the ‘device’. In a two-terminal set-up this is trans-
lated into the following sub-matrices division of equa-
tion (27) [160, 161]:

€S — H.  €Sq— Vig 0
eSa — Va eAS“d—I-:Id GS‘SR_‘ZdR
0 €Sra — Vra €Sk — HR
Gi(e) Gig© G gle) P00
x| G Gyo G [=|0 @ 0
Glo(6) Giyle)  Gile) 0 0 i
(28)

Here, I:IL(R) and I:Id are the left (right) semi-infinite lead and
the device Hamiltonians, respectively, S‘L(R) and S‘d are the
left (right) lead and the device overlap matrices, respectively,
VL(R)d are the coupling matrices between the left (right) lead
and the device and S‘L(R)d are the overlap matrices between
the left (right) lead and the device. Since the Hamiltonian
is Hermitian one finds that VdL(R) = \A/LT(R)d, and the same

requirement applies for the overlap matrices S‘dL(R) = S‘E(R)d
(see section 4.4). All the terms discussed above are calculated

5 Usually one defines an ’extended molecule’ which is the molecule itself
accompanied with a limited portion of the leads which is influenced by the
proximity to the molecule.
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Figure 10. Division of the semi-infinite bulk lead into a set of
nearest-neighbors interacting layers.

using a formalism which will be presented in section 4.4. A
complex energy € = lim,_o{E + in} has been introduced
in order to shift the poles of the Green’s function from
the real axis and allow for the convergence of both an
analytical and a numerical evaluation of the integrals over
the GFs. This softens the sharp singularities of the GF into
a smoother Lorentzian shape which in the limit of n —
0 restores the § function characteristics of the imaginary
part.

Solving equation (28) for the middle column of the GF
matrix results in the following expression for the retarded
device GF (which appears in equation (24)) (A;fj(e), when
coupled to the two leads:

N _ A N -1
Gye =) - S@-e] . @

where g(e) = [eSg — Hql™" is the retarded GF of the bare
device and EAJE(R) (e) is the retarded self-energy of the left
(right) lead given by

2AJL(R)(G) = (GSdL(R) - ﬁdL(R)) 8Lwr)(€)

X (6 Sty — I:IL(R)d) . (30)

Here, §£(R) () = [e S‘L(R) — I-AIL(R)]’1 is the retarded GF of the
bare left (right) lead. The advanced device GF is the Hermitian
conjugate of its retarded counterpart Gg(e) = [(A;fj(e)]T.

The self-energy terms appearing in equations (29) and (30)
represent the effect of the coupling to the leads on the
GF of the device. The calculation of these terms requires
the GF of the bare lead §£(R)(e). This is not a simple
task since the leads are macroscopic sources of electrons
whose GFs are impossible to calculate directly. A way to
overcome this obstacle is to represent the leads as periodic bulk
structures of a semi-infinite nature. Using common solid state
physics techniques the periodicity of the bulk can considerably
reduce the dimensionality of the problem and thus enables
the calculation of the electronic structure of the leads.
this, one can use an efficient iterative procedure developed by
Lépez Sancho et al [162—164]. Within this approach the semi-
infinite bulk is divided into a set of identical principal layers,
as shown in figure 10, in such a manner that only adjacent
layers overlap and interact. Using equation (27) the resulting
GF can be represented as the inverse of a nearest-neighbors

For
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block-tridiagonal matrix of the form

Goole) Goi(e) Gm(e) Gosle)
Giole) Gule) Gnle) Gisle)
Ga(e) Gale) Gule) Gale)
Gyle) Gaile) Gale) Gule)
€S0 — Hoo  €So1 — Vo 0
6310 - ‘710 6300 - I:Ioo 63'()1 - ‘701
= 0 €810 — Vio €S0 — Hoo
0 0 6§]0 — ‘710
: . 3
0
6501 - ‘201
€Soo — Hoo
(€29)
Here, S'U = sn,n = sm,m = ... = §‘00 is therverlap
rpatrix of the principal layer with itself, S;p = Spm =
Smrv = = S(n is the overlap matrix between two ad]acent
layers and, as before, S1o = [So17. Hyy = Hun = Hum =

Hoo is the Hamiltonian matrix of the principal layer,
VI o= VH It VHLIV = . Vm is the coupling matrix
between two adjacent layers and 1710 = [Vou]".
Equation (31) is a matrix representation of a set of
equations for the semi-infinite bulk GF matrix elements (A;i‘,- (€)
which can be solved iteratively to get a compact expression:

G(e) = [(63'00 — Hyo) + (€So1 — Ho)T (€)
. e el
+ (€8 — AT @ | (32)

The transfer matrices 7 and T are given by converging series
of the form

T(e) =t + foty + lolity + - -+ + lolita - - - 1y
_ . . . . (33)
T(€) =1y + toty + tot1ty + -+ + lolila - -~ Iy,
where #; and #; are defined by the recursion relations:
~ ~ —1
ti = (I — tisafioy — Gioytioy) o
y (34)
i = (1 —ti—1li-1 — tifltifl) .,
with the following initial conditions:
~ ~ -1 t
o= (6500 - Hoo) Voi
(35)

fo = (6300 - ﬁoo) Vor.

After calculating the semi-infinite bulk GF given in
equation (32), the left and right lead self-energies can
be determined using equation (30) and the f‘L(R) matrices
appearing in the conductance expression (equation (24)) can be
calculated using equation (22) with EL(R) () = [EL(R) 1.
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4.3. An alternative—absorbing imaginary potentials

A second methodology for the calculation of the transmit-
tance probability involves the application of absorbing poten-
tials [166, 167]. Within this approach the I'yr) matrix appear-
ing in equation (24) is a negative imaginary potential placed
deep within the left (right) lead. The purpose of this poten-
tial is to absorb an electron traveling in the lead away from
the molecular device before it reaches the ‘edge’ of the lead.
This ensures that the effect of reflections from the distant lead
edge is suppressed to a desired accuracy and thus enables us to
truncate the lead representation to a computable size.

In this review we show results that are based on a Gaussian

approximation to the imaginary absorbing potentials of the
_LR) 2
(=25 )

V()ﬁ‘f
o the potential width and ZIO‘ ® jts location along the left (right)
lead, assuming that the leads are located along the Z axis.
The generalization of the above expression to the case of an
arbitrary lead direction is straightforward. The parameters
of the potential are chosen such that electrons possessing a
kinetic energy in a wide band around the Fermi energy are
effectively absorbed [168]. As a rule of thumb, one can choose
the potential height to be the location of the Fermi energy,
Er, above the bottom of the calculated valence band, Ey,
Vo & Er— Ej. The width of the potential should be sufficiently
larger than the Fermi wavelength. For example, the width for a
carbon wire is taken to be o ~ 20a, where a is Bohr’s radius.
The origin of the potential zg(R) is chosen such that the region
of the lead close to the device where the effect of the potential
is negligible contains at least a few Fermi wavelengths such
that the metallic nature of the lead is appropriately captured.
This choice of parameters should serve as an initial try and a
convergence check should then be conducted. The Gaussian
absorbing potential is, of course, not a unique choice and other
forms of absorbing potential expressions can be used [169].

Within the absorbing potentials methodology the system
is not divided into sub-units and the dimensionality of all the
matrices appearing in equation (24) is the dimensionality of
the full system (device+truncated leads). The I'Lr) matrix
elements are calculated (usually numerically) as integrals of
the atomic basis functions over the imaginary potential Vi, ).
It should be noted that, similar to the WBL discussed above, the
I" matrices in the current methodology are energy-independent.
This fact considerably reduces the computational efforts
involved in the evaluation of the transmission probability.

The device GF in equation (24) is now replaced by the GF
of the whole system which, similar to equation (29), is given
by

2

form Vi) = 22 . Here, Vj is the potential height,

GH(E) = [ES S if‘R] b (36)
where S and H are the overlap and Hamiltonian matrices,
respectively, calculated for the whole system, and E is the
real energy. The advanced GF is, as before, the Hermitian
conjugate of the retarded counterpart G*(E) = [G"(E)] .

The last remaining task for the calculation of the
conductance is the calculation of the Hamiltonian, overlap and
coupling matrices appearing in equation (28). This calculation
is explained in the next section.
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4.4. Electronic structure—tight binding magnetic extended
Hiickel theory

The final task before performing the calculations of the
conductance is the appropriate representation of the electronic
structure of the system under the influence of the external
magnetic field. For this purpose, a tight binding magnetic
extended Hiickel theory (TB-MEHT) was developed. This
approach provides a description of the Hamilton matrix
elements as well as the corresponding basis set. Thus, it
can be used to include the effects of external perturbations
such as magnetic fields by simply incorporating these into the
Hamiltonian and evaluating the perturbation matrix elements
with the given basis.

Spin effects, which have been considered mainly
for mesoscopic AB interferometers utilizing spin—orbit
couplings [170-181, 142, 182], are ignored here. Since
molecular rings lack a Rashba/Dresselhaus [183, 184] field
leading to spin—orbit coupling, and since one is interested
in small magnetic fields where the Zeeman spin splitting
is negligible [145], it is safe to ignore the spin degree of
freedom for the present application. For a recent discussion
of molecular spintronic devices utilizing an AB interferometer,
see [145].

Consider the one-body electronic Hamiltonian of the form

= [13 - qA]2 + V). 37)

2m,
The notation used here is similar to that used for the
Hamiltonian presented in equation (1). Within the TB-MEHT
formalism the contribution at zero vector potential, H(A =
0) = ;—r;l + V(r), is represented by the tight binding extended

Hiickel (TB-EH) Hamiltonian A= [185], which approximates
the complex many-body problem using a mean-field, single-
particle, semi-empirical approach. The effect of applying a
vector potential is taken into account by simply adding the
appropriate magnetic terms to the EH Hamiltonian:

A A A qz
(P-A+A-P)+
2m

b q

2m,

. Z_A% (3%)
As before we assume that the magnetic field is uniform and
constant, B = (By, By, B;), and thus write down the related
vector potential as: A = —%r x B = —%(sz — 2By, 2B, —
xB;, x By — yBy). Putting this expression in equation (38) one

obtains the following electronic Hamiltonian [186]:

o N B2
H:HEH—%L-B+Lgm . (39)
e
H _ 4qh 2 _ 2 (B’
ere, Up = 3,- 18 the Bohr magneton, r{ =r- — 5 1s the

projection of ry: (x, y, z) onto the plane perpendicular to B
and L = r x P is the angular momentum operator.

For the sake of simplicity, and without limiting the
generality of the solution, we assume that the AB ring is placed
in the Y—Z plane and that the magnetic field is applied parallel
to the X axis. With this, the Hamiltonian in equation (39) is
reduced to

0 +
— =
dy

ZBZ
1 25 (y2 4+ 22). (40)
e

s 9
H = H" +iugB, (y—
8m

0z
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A Slater-type orbital (STO) [187, 188] basis set is used to
evaluate the Hamiltonian and overlap matrices. In the presence
of a magnetic field it is necessary to multiply each STO by
an appropriate gauge factor which compensates for the finite
size of the set. The resulting atomic orbitals are customarily
referred to as gauge-invariant [189, 190] Slater-type orbitals
(GISTOs) and are given by

- i ig Bx o
I, Lm)y = et T, [,m)y = e O |n 1 m),. (41)

Here |n, [, m), is an STO characterized by the set of quantum
numbers (n, [, m), and centered on the atomic site «. A,
is the value of the vector potential A at the nuclear position
R, = (x¢, Yu, 2¢) and |n, [, m) is the GISTO situated at .

The generalized eigenvalue problem Hy, = E,Sy
is solved to get the electronic energy levels (E,) and the
molecular orbitals (y,) characterizing the system. Here,

H and § are the Hamiltonian and overlap matrices with

elements given by Siu2p =a (11,11, m1|n2, [, my)g and

Hioop (n1, Ly, m\|H|ny, h, my)g.  The London
approximation [189, 190] is used to calculate the different
matrix elements. Within this approximation the gauge phase
appearing in equation (41) is taken outside the integral,
replacing r by %(Ra -+ Rg). The overlap integrals are then
given by

=

iLys

Sla,Zﬂ R S]a,Zﬂe (42)

Here, Sia2p =a (11,11, mi|ny, I, ma)g and Lop = 3 (Ap —

Ay) Ry +Rp) = qBs (ZaYp — Yuzp). The Hamiltonian matrix
elements are approximated as

2h

I:Ila,Z,B ~ % [ﬁla,zﬁeiL“" + I:Ilﬂ,gae"‘"“] , (43)
where I-Allmzﬂ =qolny, I, m |I:I|n2, [, my)g. This form guaran-
tees that the Hamiltonian matrix remains Hermitian under the
approximation.

All matrix elements in the formulation presented above are
calculated analytically. The EH Hamiltonian diagonal matrix
elements are set to be equal to the ionization potentials of the
appropriate atomic orbital, H e = 1.P.iy, while the off-
diagonal elements are given by an average of the corresponding
diagonal elements: I-Alll:;)fjlzl3 = kw gla,Zﬂ’ where k =
1.75 is a parameter chosen to give the best fit to experimental
data. The overlap matrix is calculated analytically for every set
of quantum numbers using a method developed by Guseinov
et al [191-195]. The matrix elements of the magnetic terms
appearing in the Hamiltonian can then be expressed as a linear
combination of overlap integrals and are thus also calculated
without the need to perform numerical integration. The
expansion of the magnetic integrals in terms of corresponding
overlap integrals is presented elsewhere [196].

Before continuing, it should be mentioned that, while the
current model does take into account the explicit geometry
of the system and also some of the details of the system’s
electronic structure, it remains an effective one-particle model
and neglects contributions from electron—electron correlations
and coupling to the vibrational degrees of freedom of the
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molecular device. Furthermore, since the bias potential is
assumed to drop sharply at the lead—device junctions and its
effect on the energy levels of the device is neglected, the
current model is valid only at the low bias regime.

4.5. Results for two-terminal devices

In the present section we study the magnetoresistance
behavior of two-terminal devices as a function of the relevant
physical control parameters identified in section 3.1. The
atomistic calculations are compared to those obtained using the
continuum model.

4.5.1. Atomic corral.  First, we consider a corral composed
of monovalent atoms placed on a semi-conducting surface and
coupled to two atomic wires. An experimental realization
of this set-up can be achieved using scanning tunneling
microscopy (STM) techniques [197-200]. The whole set-up
is then placed in a perpendicular homogeneous and constant
magnetic field and the conductance between the atomic wire
leads through the corral is measured, at the limit of zero bias
voltage, as a function of the threading magnetic field. Realizing
that the corral itself is also constructed of an atomic wire it
is important to understand some basic properties of such one-
dimensional structures.

Since each atomic site contributes a monovalent electron,
the number of atoms in the chain, N, must be even to get
a closed shell wire. The Fermi energy of the wire has a
principal quantum number of ¥, which is also the number of
nodes the Fermi electrons wavefunctions have. If the distance
between the atomic sites, d, is constant then the separation
between the nodes is given by ,{]V—/dz = 2d and thus the Fermi
wavelength is Ap = 2 x 2d = 4d. Therefore, one sees that,
for any regular atomic wire composed of monovalent atomic
sites, the conducting electrons’ wavelength is of the order of
four interatomic distances. This simple conjecture allows us
to divide the symmetric atomic corrals into two prototypes:
those having N = 4n and those having N = 4n + 2 atoms
on the circumference, where n is an integer number. For an
N 4n atomic corral the quantum number of the Fermi
wavefunction of a particle on a ring is an integer: mp

kgr i—’:% = % = % = n, and therefore the resonance
condition in equation (11) is obtained when the magnetic field
is off. However, when N 4n + 2, one obtains mg
n 4+ % and resonance is achieved only when % é where
I==+1,+£2,...

A similar picture arises when plotting the wavefunctions
of the Fermi electrons. The complex normalized wavefunc-
tions of a particle on a ring are given by: W.,,(6) = ﬁeiim".
A linear combination of each doubly degenerate functions hav-
ing the same quantum number m results in real wavefunctions
of the form ﬁ cos(m0) and ﬁ sin(m®). The cosine functions
are plotted in panels (a) and (b) of figure 11 for the two corral
prototypes having m = mg = 7.

As can be seen, for the 4n prototype a standing wave is
obtained for which both input and output leads are located at
non-stationary points. For the 4n + 2 corral at zero magnetic

flux the wavefunction is not stationary and the output lead
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(a)

(b)

(c)

Figure 11. An illustration of the Fermi wavefunctions of a particle on a ring-shaped corral. Panel (a): a cosine wavefunction for a 4n ring with
n = 5 creates a stationary solution. Panel (b): a cosine wavefunction of a 4n + 2 ring with the same n as before creates a destructive
interference between the clockwise (blue) and counterclockwise (red) electron pathways. Panel (c): a sine wave functions for N = 4n atoms

withn = 5.

is located exactly at a node of the interference between the
clockwise and counterclockwise traveling electrons. In fact,
the interference is destructive not only at the nodes but for
every point on the ring and thus this energy level does not exist.
It is interesting to note that the sine function, which is shifted
by 7 from the cosine counterpart, has both leads located at its
nodes, as can be seen in figure 11(c). Therefore, at a given
leads’ location and in the absence of a gate potential and a
magnetic field only one of the two degenerate energy levels
will conduct and the maximum zero bias conductance will be
the quantum conductance, gg.

An alternative explanation for this class division can be
given based upon the energetic structure of the ring. Due to
the symmetry of the ring, apart from the lowest energy level,
all energy levels of a particle on an uncoupled ring are doubly
degenerate. When considering a monovalent electron per site
corral the occupation of the energy levels of the 4n prototype
differs from that of the 4n 4+ 2 prototype.

This can be seen in figure 12 where the highest occupied
molecular orbital (HOMO) occupation is presented for both
prototypes. The HOMO occupation of the 4n prototype (left
panel) involves two vacancies and thus is suitable for electron
conduction when brought to resonance with the leads, while
the HOMO occupation of the 4n + 2 prototype (right panel) is
full and therefore does not conduct electrons.

After realizing these important features of one-dimensional
monovalent atomic wires, we turn to present atomistic calcu-
lations results obtained using the imaginary potentials method
within the TB-MEHT formalism as discussed above. In fig-
ure 13 the conductance through atomic corrals composed of 40
and 42 copper atoms is plotted [111]. All atoms on the cor-
ral are separated by a distance of 2.35 A. The effect of a gate
potential was simulated by changing the corral atomic orbital
energies by V.

As discussed above, at zero gate voltage the conductance
peak for the n = 40 corral is located at the low magnetic
field region while for the n = 42 corral it is located near the
middle of the AB period. Two common features are clearly
observed for the two corral prototypes: (a) a large magnetic
field (~500-600 T) is required to complete a full AB period
and (b) the conductance peaks (red spots) shift with the gate
voltage, V,. The latter effect is analogous to the shift of peaks
seen in figure 5 for the continuum model as the conducting
electron wavenumber is varied. Therefore, the application of
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—H-

4n prototype

—H-

4n + 2 prototype

Figure 12. The occupation of the energy levels of the corral for the
4n prototype (left panel) and for the 4n + 2 prototype (right panel).

a gate voltage allows control over the location of the peak
conductance. In particular, it can be used to shift the maximal
conductance to zero magnetic field for the N = 4n + 2 corral
prototype and to fine tune the location of the N = 4n peak if
slightly shifted from the magnetic field axis origin.

The next step is to control the width of the conductance
resonances as a function of the magnetic field. In the
continuum model, this was done by reducing the transmission
amplitude, €. In the molecular system this can be achieved by
increasing the distance between the ring and the edge lead atom
closest to the ring. Alternatively, one can introduce an impurity
atom at the junctions between the lead and the ring. However,
for quantum corrals the former approach seems more realistic.

In figure 14 the conductance as a function of the magnetic
field is depicted for several values of the lead-ring separation.
For each generic corral prototype, an appropriate gate voltage
is applied to ensure maximal conductance at B 0T
As the lead-ring separation is increased, the lifetime of the
energy levels on the ring is increased and therefore their width
decreases. This is translated into a sharpening of the switching
response to the magnetic field in the magnetoconductance
spectrum. At the highest separation studied one achieves a
switching capability of the order of a single tesla, despite the
fact the AB period is comparable to 500—600 T.

Due to the dependence of the AB period on the magnetic
flux, the effects discussed above are scalable with the
dimension of the ring, as long as the simple physics holds.
For a given lead—corral coupling strength, doubling the cross
section of the corral will reduce the switching limit to half
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Figure 13. Conductance as a function of the magnetic field and the gate voltage for a 40 (left panel) and a 42 (right panel) atomic corral
composed of copper atoms at 7 = 1 K. Color code: red—g = go, purple—g = 0.
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Figure 14. Conductance as a function of the magnetic field and the contact bond length (R.) for a 40 (left panel) and a 42 (right panel) atomic
corral composed of copper atoms at 7 = 1 K. The gate potential is 0 V (left) and —0.132 V (right).

its original value for a given lead—device coupling at low
enough temperatures. This can be clearly seen in figure 15,
where the magnetoconductance of several corrals with inter-
site spacing of 1 A and at a temperature of 1 K is calculated
in the WBL with a coupling strength of 0.05 eV. For a corral
with a diameter of ~1.3 nm switching occurs at ~4 T (solid
curve in the figure). When doubling the diameter of the corral
(multiplying the cross section by 4) the switching threshold
reduces to ~1 T (dashed line in the figure), as expected. Upon a
further increase in the dimensions of the corral (dashed—dotted
line) the switching threshold reduces respectively.

4.5.2. Carbon nanotubes. ~ Another interesting (and
perhaps somewhat more accessible experimentally) sys-
tem is an AB interferometer based on a carbon nan-
otube (CNT) [201]. CNTs have been investigated in
the context of molecular electronics both experimen-
tally [48, 52, 53, 131, 202-205, 55, 206, 132, 133] and
theoretically [207-209]. The AB effect in single-walled
and multi-walled carbon nanotubes (SWCNT and MWCNT,
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respectively) has been addressed experimentally and theoreti-
cally as well [210-219] (for a recent review, see [220]). These
studies focus on the AB effect in CNTs, while in this review we
describe the conditions for which switching can be obtained at
magnetic fields that are much smaller than those corresponding
to a full AB period in CNTs [112].

Similar to the quantum corral set-up, when a magnetic
field is applied perpendicular to the cross section of the tube
(along its main axis), electron pathways traversing the circular
circumference in a clockwise and a counterclockwise manner
gain different magnetic phases, and thus AB interference
occurs. As the coupling between the CNT and the conducting
leads is decreased, a resonant tunneling junction forms. This
results in an increase of the electron’s lifetime on the CNT
and thus in a narrowing of the energy levels’ width. Using
a bias/gate potential it is possible to tune the resonance such
that the transmittance is high at zero magnetic field. The
application of low magnetic fields shifts the narrow energy
level out of resonance. Thus switching occurs at fields much
smaller than those required to achieve a full AB cycle.
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Figure 15. Magnetoconductance through an atomic corral as a
function of the corral dimensions. As the diameter of the corral is
doubled from ~1.3 nm (solid line) to ~2.6 nm (dashed line) the
switching threshold reduces by a factor of 4. For the largest corral
considered (dashed—dotted line) the switching threshold is ~0.5 T
for a coupling strength of 0.05 eV.

Two different experimental configurations are considered
for this purpose [112]. The first consists of an SWCNT
placed on an insulating substrate between two thin conducting
contacts (see figure 16(a)) and a bias potential is applied
between the contacts. Similar set-ups have been recently
demonstrated experimentally [30, 221-223]. In the second
configuration an SWCNT is placed on a conducting substrate
coupled to a scanning tunneling microscope (STM) tip from
above as described schematically in figure 16(b). The bias
potential is applied between the STM tip and the underlying
surface. For both configurations the resulting conductance
between the leads can be calculated using the TB-MEHT
approach described above, showing that high sensitivity to the
magnetic field can be achieved.

For configuration (a) (figure 16(a)) both leads are modeled
by atomic conducting wires and the calculations are done using
the imaginary potentials method (see section 4.3), while for

configuration (b) (figure 16(b)) the STM tip is modeled by
a semi-infinite one-dimensional atomic conducting gold wire
and the substrate is modeled by a semi-infinite slab of gold
crystal. The iterative procedure discussed in section 4.2 was
applied to obtain the semi-infinite bulk Green’s function. The
calculations were conducted for a tube four unit cells in length,
using minimum image periodic boundary conditions for the
passivation of the edge atoms. Such short CNTs have been
recently synthesized [224]. Tests on longer tubes reveal the
same qualitative picture described below.

The density of states on a 1.6 nm long (24, 0) SWCNT
segment is plotted in figure 17. A sketch of the short segment
of the SWCNT is shown in the inset of the figure. Two
doubly degenerate energy levels appear in near the Fermi
energy, which are separated from the rest of the spectrum
by approximately 100 meV. Resonant tunneling through these
states accompanied by degeneracy lifting due to the Aharonov—
Bohm effect allows for delicate control over the conductance
through the system.

In figure 18, the conductance through the cross section of
the (24,0) SWCNT segment, as calculated for configuration
(a), is plotted against the external axial magnetic field for
several bias potentials. The conductance at zero bias first
increases as one switches on the magnetic field (negative
magnetoresistance), peaks near B = 10 T and subsequently
decreases as the field grows, vanishing at fields above 30 T.
The maximum conductance observed, g/go = 2, is limited
by the number of open channels in the vicinity of the Fermi
energy of the SWCNT. In order to achieve switching capability
at magnetic fields smaller than 1 T, it is necessary to move the
conductance peak to zero magnetic fields and, at the same time,
reduce its width.

When a small bias is applied to the sample the
conductance peak splits into a doublet®. The position of the
corresponding peaks depends on the value of the bias and the
maximum conductance is reduced by 25%-50%. As can be

6 This is due to the specific way one may chose the bias potential drop at
the two lead—device junctions as described in section 4.1. For different bias
potential profiles the quantitative details of the calculations would change
however, the qualitative picture would remain the same.

Tip

Insulating substrate

b

Conducting substrate

Figure 16. An illustration of the experimental configurations suggested for measuring the cross-sectional magnetoresistance of a CNT. In
configuration (a) the SWCNT is placed on an insulating surface between two narrow metallic contacts, while in configuration (b) the SWCNT
is placed on a conducting substrate and approached from above by an STM tip.
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Figure 17. Density of states in the vicinity of the Fermi energy as
calculated by the TB-MEHT for a (24, 0) SWCNT segment. Lighter
coloured lines indicate the position of the energy levels. Gaussian
broadening of 0.08 eV was introduced for clarity. Inset: axial and
side views of the 1.6 nm long (24, 0) SWCNT segment.
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Figure 18. Conductance versus the magnetic field for several bias
potentials as calculated by the TB-MEHT for a (24, 0) SWCNT
placed as in configuration (a). The effect of the application of a bias
potential on the position of the conductance peaks is depicted at a
constant tube—contact separation of 2.4 A.

seen in the figure, by adjusting the bias potential it is possible
to shift one of the conductance peaks toward low values of
the magnetic field, such that the conductance is maximal at
B = 0 T and positive magnetoresistance is achieved. The
shift in the conductance peak can be attributed to the change
in the energy level through which conductance occurs when a
small bias is applied. As a result of this change, the electron
momentum is altered, resulting in the conductance peak shift
observed in the calculation.

In figure 19, the effect of changing the tube—contact
separation at constant bias potential is studied. As one
increases the separation between the tube and the contacts,
their coupling decreases, resulting in a reduction of the
width of the energy resonances of the SWCNT. Thus, the
conductance becomes very sensitive to an applied magnetic
field and small variations in the field shift the relevant
energy level out of resonance. In the magnetoresistance
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Figure 19. Conductance versus the magnetic field for several
tube—contact separations as calculated by the TB-MEHT for a (24, 0)
SWCNT placed as in configuration (a). The effect of an increase in
the tube—contact separation is depicted at a constant bias potential of
0.00679 V. Inset: the full AB period for a (24, 0) SWCNT at zero
bias potential and tube—contact separation of 2.4 A.

spectrum, this is translated to a narrowing of the transmittance
peaks, similar to the case of the atomic corral discussed in
section 4.5.1. For the smallest separation considered (2.4 A),
the conductance seems to be constant, on the logarithmic
scale, at the magnetic field range shown in the figure, while
at the highest separation studied (3.2 A), the width of the
conductance peak is comparable to 1 T. At higher magnetic
fields (not shown) the conductance of the 2.4 A case reduces
as well.

Similar to the corral case, the combined effect of the bias
potential and the tube—contact separation allows us to shift
the position of the conductance peak to small magnetic fields
while at the same time reducing its width. This is achieved
by carefully selecting the values of the bias potential and
tube—contact separation. Under proper conditions, one obtains
positive magnetoresistance with a sharp response occurring at
magnetic fields comparable to 1 T. This result is significant
since it implies that, despite the fact that the tube radius is
small (~1 nm) and the corresponding full AB period requires
unrealistically large magnetic fields of the order of 1500 T
(as shown in the inset of figure 19), it is possible to achieve
magnetic switching at relatively small magnetic fields.

A similar picture arises when considering configuration
(b). In figure 20 we show the conductance as calculated
for a (6,0) SWCNT placed between a sharp STM tip and a
conducting surface for two bias voltages. A smaller-diameter
CNT was used in these calculations in order to be able to
properly describe the bulky nature of the conducting substrate
with respect to the dimensions of the CNT.

As can be seen, when a bias voltage of ~0.224 V is
applied the conductance peaks at a magnetic field of ~14 T.
By changing the bias potential to ~0.225 V the conductance
peak shifts toward zero magnetic field. Under these conditions
switching occurs at a magnetic field of ~10 T while the full AB
period for this system is of the order of 2 x 10* T. The CNT-
lead separation required to achieve high magnetoresistance
sensitivity in this configuration is larger than the one needed



J. Phys.: Condens. Matter 20 (2008) 383201

Topical Review

0.5

N
~

e
W

et

Conductance (g/g,)
[\

\
15

10
Magnetic Field (Tesla)

Figure 20. Conductance as a function of the magnetic field through a
(6, 0) CNT as calculated for configuration (b) at different bias
voltages. The separation between the CNT and the conducting leads
used in this calculation is taken to be 4.1 A.

for configuration (a). This is due to the difference in the CNT
diameters and the different lead geometries. As the diameter
of the tube becomes smaller, the magnetic field needed to
gain a similar AB phase shift grows larger. Therefore,
the conductance peaks become wider so that larger CNT-
lead separations are required in order to narrow their width.
Furthermore, as the lead becomes more bulky its coupling to
the CNT needs to be decreased in order to achieve the same
magnetoresistance sensitivity.

To conclude the CNT AB interferometry part, it was
shown that SWCNTs can be used as magnetoresistance
switching devices based on the AB effect. As in the corral
set-up, the essential procedure involves the weak coupling of
the SWCNT to the conducting leads in order to narrow the
conducting resonances, while at the same time controlling
the position of the resonances by the application of a bias
potential. The control over the coupling between the SWCNT
and the conducting leads in configuration (a) of figure 16 can
be achieved via a fabrication of a set of leads with proper gaps.
In configuration (b) of the same figure one needs to control
the distance between the STM tip and the CNT and between
the substrate and the CNT. The former can be achieved by
piezoelectric control and the latter by covering the surface with
monolayer/s of an insulating material.

4.5.3. Operative limitations. The above calculations have
been performed assuming a low temperature of 1 K (apart
for the (6,0) CNT where a temperature of 0.1 K was used).
However, the effect will hold even at higher temperatures.
Recall that, within the Landauer formalism, the temperature
effect is taken into account only through the difference of the
leads’ Fermi—Dirac population distributions fir)(E, 1L(R))-
This difference sets the (temperature-dependent) width of the
energy band through which conductance occurs. Thus, this
width should be narrow enough (the temperature should be
low enough) in order to resolve the magnetic field splitting
of the, originally degenerate, energy levels of the ring.
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Figure 21. Magnetoconductance through an atomic corral composed
of 40 single-electron sites with 1 A spacing at different temperatures.
It can be seen that, as the temperature rises from 1 K (solid line) to
10 K (dashed line), the device response becomes less sensitive to the
magnetic field. At 25 K (dashed—dotted line) the conductivity is
almost insensitive to the magnetic field at the low magnetic field
region.

Using equation (11), one finds that this splitting is given

by sml(=lmel — 2 — (Imel — £)?] = 2Zme s
22:11(; % Therefore, the temperature should fulfill the following

condition in order for AB switching to be observed: kT <
2h%ks ¢
R g . . .

Considering an atomic corral with a diameter of ~1.3 nm
and interatomic distances of 1 A (40 atomic sites), the

normalized magnetic flux at 5 T is 2 1.5 x 1073 and

4 A, resulting in a Fermi

=

®o

~
~

the Fermi wavelength is Ap

wavenumber of kg i—’F’ o A Assuming an effective
mass of m* = 1 au one gets an upper limit of approximately
7K.

This can be seen in figure 21 where the magnetoconduc-
tance through such a corral is calculated using the WBL at dif-
ferent temperatures. The coupling to both leads is taken to be
0.05 eV such that switching occurs at ~5 T. As the temperature
rises from 1 K (solid curve in the figure) to 10 K (dashed line
in the figure) the device response becomes less sensitive to the
magnetic field even though an effect is still observable, as pre-
dicted. At a higher temperature of 25 K (dashed—dotted line)
the conductivity becomes almost insensitive to the magnetic
field at the magnetic field region considered.

4.6. Results for three-terminal devices

As discussed in section 3.2, an interesting case in which
magnetic fields provide unique control over the conductance
is based on the three-terminal set-up. Here, we describe
an example based on a polycyclic aromatic hydrocarbon
(PAH) [113]. A sketch of such a ring composed of
48 conjugated benzene units with a diameter of ~3 nm
is shown in figure 22.  Similar PAH molecules have
been synthesized by chemical means [225-227] and studied
theoretically [228-231]. This structure can also be viewed as
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Figure 22. A realization of a three-terminal molecular AB
interferometer based on a polycyclic aromatic hydrocarbon molecule
coupled to three atomic gold wires.

a closed form of a graphene nanoribbon [61, 64, 66, 110], a
class of materials that has attracted a great deal of theoretical
activity recently [232-237].

In figure 23 we show the zero bias conductance of the
molecular switch as a function of the magnetic field intensity
for both output channels. We focus on the region of realistic
magnetic fields (much smaller than the field required to
complete a full AB period which is ~470 T for a ring with a
cross-sectional area of about 8.75 nm?). A relatively large gate
voltage, V, = 1.85V, is needed in order to bring the system
into resonance, and the lead—molecule separation is taken to be
~3A.

For zero magnetic field, both channels are semi-opened
and the conductance assumes a value of 0.4g, at the selected
gate voltage. When a magnetic field of ~2.5 T is applied,
one finds that one output channel fully opens while the
other closes shut. As the polarity of the field changes sign
the two output channels interchange their role. Exactly the
same characteristics are captured by the continuum model
(e.g. dashed lines in figure 23). Therefore, it can be seen that
the magnetic field polarity serves as a distributor that streams
the electrons to the desired output channel.

Based on this magnetic rectification behavior, it is possible
to design a molecular logic gate, which processes two different
logic operations simultaneously. This can be achieved by
choosing one input signal as the bias voltage (V}) and the other
input signal as the magnetic field (B). For the bias input signal,
Vb, we mark as ‘0’ the case where V,, = 0 V and as ‘1’ the
case where a small bias is applied. For the magnetic field
input signal we mark as ‘O’ the case where B ~ —3 T and
as ‘1’ the case where B &~ 3 T. The output signals are the
currents measured at the two outgoing leads marked as I; and
I,. Using these definitions the truth table presented in table 1
can be constructed.

One sees that the output /; gives the logic operation
Vi, && B while the output O, gives the logic operation
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Figure 23. Magnetoconductance of the three-terminal molecular
device shown in figure 22. Solid lines correspond to the conductance
of the upper and lower outgoing terminals calculated by TB-MEHT
formalism. Dashed lines correspond to the conductance of the upper
and lower outgoing terminals calculated by the continuum model.

Table 1. Truth table for the parallel molecular logic gate.

Vo B I, b
0 0 0 0
0 1 0 0
1 0 0 1
1 1 1 0

Vi && B where the overbar stands for NOT. Even though the
conductance peaks are sharp relative to the full AB period, this
truth table holds for a wide range of the threading magnetic
field intensity =(2—4) T and is thus suitable for robust logic
gate operations. Shifting the conductance peaks via the change
of the gate potential will give rise to different logic operations
of the same set-up.

To summarize the current section, it can be seen that single
cyclic molecules are promising candidates for the fabrication
of magnetoresistance parallel switching and gating devices at
feasible magnetic fields. As in the previous discussion, careful
fine tuning of experimentally controllable physical parameters
allows the selective switching of a single pre-selected output
channel, thus allowing for the design of a molecular logic
gate, processing two logic operations in parallel. This is made
possible due to the unique symmetry breaking nature of the
magnetic gate.

5. Inelastic scattering effects in AB molecular
interferometers

Our discussion above neglects completely inelastic effects aris-
ing from electron—phonon couplings (EPCs). Such processes
have been considered in molecular junctions by several au-
thors utilizing different theoretical approaches [238-243, 165,
244-248]. In AB interferometers, EPC were considered in
mesoscopic rings, where EPC leads to a decay in the amplitude
of the AB oscillations [249] and more recently in the context of
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electron—electron interaction [250]. In this section we address
the issue of inelastic effects arising from EPCs for molecular
AB interferometers where we focus on the low magnetic flux
regime, as appropriate for such systems [114]. We show, as
expected, that the EPC broadens the conduction peak when
an electric gate is applied [244]. In contrast, dephasing pro-
cesses arising from EPC narrow the magnetoconductance re-
sponse and thus increase the sensitivity to the threading mag-
netic flux. This surprising result can be rationalized in terms of
a rapid loss of the phase of electrons at the exit channel aris-
ing from the coupling to the phonons, thus destroying the co-
herence which is essential for AB interferometry, as discussed
below. This important result emphasizes yet another major dif-
ference between electric and magnetic gauges.

5.1. Hamiltonian

We consider a tight binding model of an atomic-corral-based
interferometer. We describe the case of a single valence
electron per atomic site where the interaction between the
electrons and the vibrations occurs on site, namely an electron
located at site i will couple to the local vibration of the ith
atom. The Hamiltonian of the system is described by
H = Hy + Hyip + Hipg, (44)
where I:Iel is the electronic part of the Hamiltonian, ﬁvib is the
part of the Hamiltonian describing the vibrational modes of the
molecule and I-AIim represents the interaction of the electrons
with the vibrations of the molecule.
The electronic part of the Hamiltonian may be written as
a combination of two terms: Hy = H) + H™, where H) =
I-AIC‘}evice + I:Ielf“ds, I-AIC‘}evice being the electronic Hamiltonian of
the isolated corral (or any other device), H*% the electronic
Hamiltonian of the bare leads and I-AIe‘]nt is the lead—device
electronic interaction Hamiltonian. One may write these terms
using second quantization operators. For the non-interacting
electronic Hamiltonian

el—Zn,(B)e cit+ Y. em(B)ddy,

l,meL,R

(45)

where cj and c;, are creation and annihilation operators of
an electron on site i on the device, and d; and d; are the
creation and annihilation operators of an electron on site / on
the relevant lead. #; ;(B) is the hopping integral between site
i and site j on the device and €, (B) is the hopping integral
between site [ and site m on the relevant lead. As before, L and
R stand for left and right leads.
For the device—lead interaction part

Hi' =) Vii(B)d/ci +He., (46)

i

where H.c. stands for Hermitian conjugate. The matrix
elements of all these terms are evaluated using the TB-MEHT
approach presented in section 4.4. Thus, #; ;(B), €,,(B) and
V1.i(B) depend on the magnetic field B.

When considering the vibrational part of the Hamiltonian,
I-Alvib, the device atoms are allowed to vibrate around their
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equilibrium position such that one can describe their vibrations
using the harmonic approximation. For the sake of simplicity
the atoms are assumed to be confined to move along the
circumference such that one can map the problem onto a
one-dimensional (1D) chain of coupled harmonic oscillators
with periodic boundary conditions. For the case of a corral
composed of identical atoms, one has to define only the local
vibrational frequency €2 in order to obtain all normal vibrations
of the ring. In local modes, the vibrational Hamiltonian of the
system is described by a simple form given by

=

— 2 N—
Hyip = Tyip + Viip = k Z X1 — Xx)%. (47)
k=0

\S] |

k

Il
o

Here, N is the number of atoms, and p; and x; denote the
mass-weighted momentum operator and the mass-weighted
deviation from the equilibrium position of atom k along the
chain, respectively. Periodic boundary conditions are imposed
on the system such that xy = x¢. It is possible to define a
unitary transformation (given by a matrix U) that diagonalizes
the Hamiltonian (cf equation (47)) to obtain

=

N—
1
T3
k=

—_

()2
pkq

0

Hip = Tiip + Viip = (48)

2 2
W4y
0

1
2

»
Il

This Hamiltonian represents a set of N uncoupled harmonic
oscillators, each with frequency wy, of the collective normal
mode of vibration gy, where all frequencies are defined in terms
of  and the unitary transformation U. In terms of raising and
lowering boson operators one finally arrives at

N—1
A=Y hox (bbe +3).
k=0

The last term in the full Hamiltonian (equation (44)) is
the electron—vibration coupling term. To lowest order in the
electron—phonon coupling, this term is modeled by

(49)

,m—MZc ci(a; + ap). (50)

where M is the electron—phonon coupling strength, which is
taken to be identical to all atomic sites. Using this form, the
electron on site i, represented by the number operator N; =
cch[ , is coupled to the local vibration of atom i, represented by

a? + a;. Here a? and q; are the raising and lowering operators
of the local vibrational modes defined in terms of x; and pj
such that (a,j +a;) = ZhQ Xi. In terms of the normal modes
of the ring, the electron—phonon coupling Hamiltonian is given
by

Hin = MZC cila +a) = Z Mfclei(b] + by, (51)
i,k=0

where Mik =M,/ w% Uy; and Uy; are the matrix elements of the

transformation matrix U.
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Collecting all the terms appearing in equations (45), (46),
(49) and (51), the full Hamiltonian of the system is given by
the following expression:

FI:Z[[J(B)C}C,’"‘ Z El,m(B)ledm

iJ I.meL,R
N-1
+ (Z Vii(B)d, ¢; + H.c.) + Z Ay (b/tbk + %)
Li k=0
-1
+ Mikcjci(bz + by). (52)

i,k=0

As pointed out above, the only two free parameters in this
model are M—the electron—phonon coupling strength—and
2—the local vibrational frequency. The remaining hopping
terms are calculated from the TB-MEHT.

5.2. Conductance

The calculation of the conductance is described, as before,
within the framework of the nonequilibrium Green’s function
(NEGF) method [119]. In brief, the total current I = I +
Iine is recast as a sum of elastic (/) and inelastic (Zine)
contributions given by [165]

2 d
Iy = ;e i [f (e, ur) — f(€. )]
x Tr [TL(€)G () Tr ()G (e)] (53)
and
e = 2 [ L5 @6 @ @6
= [ B e OO
- 3 OG (OF5 6 @) (54)

respectively. The retarded (advanced) GFs satisfy the Dyson
equation:

6(e) = g @1 - 50 - S - S
(55)
where gh?(¢) is the uncoupled retarded (advanced) electronic
GF of the ring. In the above equations, the retarded
(advanced) self-energy arising from the coupling to the right
(left) lead is Ty (€) = (€ — VI (B))g;k(€)(e — V(B)), the
corresponding greater (lesser) self-energy is 25 r(€) = (0< —
S& pLr)IEL g(€) — Ei’R(e)], where 8§ equals O for < and
1 otherwise, f (e, u) = ﬁ and I'p g(€) = i[ErL,R(e) —
X7 r(€)]. To obtain these self-energies one requires as input
the lead-ring hopping matrix V(B) with elements Vinj(B)
and the retarded (advanced) uncoupled GF of the left or right
lead gz (€). The calculation of the current requires also the
self-energy arising from the interactions with the phonons,
which in the present study is calculated using the first Born
approximation (FBA), and is given by [165]

d
S =iy f oM (D] (@)g (e — )
k

+ Dj(0)g™ (€ — ») + Dj(w)g'(e — w)} M, (56)
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Figure 24. Conductance versus gate voltage for a single energy level
coupled to two electronic reservoirs in the absence (solid line) and
the presence (dashed line) of an interaction with a single vibrational
mode.

where the Hartree term has been omitted [244]. The lesser and
greater self-energies arising from the coupling to the phonons
are given by

S5 :iZ/ g—:MkD,f(w)gg(e — oM. (57)
k

. P <
In the above equations, D;* and D are the uncoupled

equilibrium retarded (advanced) and lesser (greater) GFs of
phonon mode k, respectively, g5(¢) is the lesser (greater)
uncoupled electronic GF of the ring and MF is the EPC matrix
of mode k (diagonal in the ¢; basis).

One should keep in mind that the first Born approximation
is a truncation of the self-consistent Born procedure which by
itself is an approximation to the solution of the real many-
body problem. Therefore, only the low electron—phonon
coupling regime can be considered within the framework of
this model [244, 156].

5.3. Results

First, we discuss the influence of electron—vibration coupling
on the gate voltage dependence of the zero bias, zero
temperature conductance in the absence of a magnetic field.
For simplicity we start by considering a single energy level
coupled to a single vibrational mode. The results are shown
in figure 24. The vibrational frequency, €2, is taken to give
hQ 0.01 eV, the coupling to the leads is considered to
be symmetric such that 'L I'r 0.25AQ2 and T
I't + I'r = 0.5fiwy, and the width of the vibrational energy
levels due to their relaxation to an external thermal bath is taken
as n = 2 x 107* eV. We plot the conductance as a function
of the gate potential for the case of no vibrational coupling
(% = 0) and for the case where the coupling of the electron to
the nuclear vibrations of the device equals the coupling of the
device to the leads (% = 1), where M is the coupling strength
to the vibrational mode. The latter condition defines the upper
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limit for the relevance of the perturbative treatment discussed
in the last section [244].

The two most significant observations are the expected
broadening of the conduction when the EPC is turned on and
the value of the zero bias conduction (g/go = 1, where
go = 2¢%/h is the quantum conductance) in the presence of
EPC. To better understand these results we rewrite the current
for the case that I't (¢) = I'r(¢) = I'(¢)/2 in the following
way [251]: I = 2h—e fde(f(e —ur) — f(e — ur))7 (¢), where
T(e) = %TrI‘(e)(GI(e) — G%)). Note that 7 (¢) is the
transmission coefficient only when M = 0. In the wide band
limit, for the single resonant level model, 7 (¢) can be reduced

r F_zz;ah,im(é)
1 e Ty @P TSmO As a result of the fact that

E;h’im(O) = 0 at zero bias, the only inelastic contribution to
the conduction comes from the real part of the phonon self-
energy [244]. From this, it follows that, even in the presence of
EPC, the maximal conduction iS gmax/go = 1, as can clearly
be seen in figure 24. It also immediately implies that the main
contribution to the broadening of the resonant conduction peak
comes from the energy-dependent real part of the phonon self-
energy.

Next, we consider a similar situation in a molecular
AB interferometer composed of N 40 sites.  The
sites are identical and contribute a single electron which is
described by a single Slater s-like orbital. The coupling
between the ring and the leads is limited to the contact
region. For simplicity, the electronic self-energies arising from
this coupling are approximated within the wide band limit.
Specifically, we approximate I't g(e) with matrices that are
independent of energy, where the only non-vanishing elements
are the diagonal elements (I'r g) corresponding to the two sites
coupled to the left or right lead. The local phonon frequency
Q2 = 0.0125 eV is characteristic of a low frequency optical
phonon in molecular devices [252, 253]. Since our model
does not include a secondary phonon bath required to relax
the energy from the optical phonons, we include a phonon
energy level broadening n = 0.016 2. The coupling to
each of the leads is taken to be I', = I'k = 4 Q such that
the magnetoconductance switching in the absence of EPC is
obtained at ~5 T for an inter-site separation of L5 " where
& is the inverse correlation length of the Slater s-like orbital
(¢ = 1.3 in atomic units).

In figure 25 a similar plot is presented for the two
degenerate levels of the atomic corral. As can be seen, the
picture that arises in the corral case (figure 25) resembles that
obtained for a single level (figure 24). The difference in the
width of the lineshapes between the two cases results from the
fact that the coupling to the electronic reservoirs is different
and that the coupling strength of the molecular levels to the
vibrations in the corral case is not given by M itself but by
a set of transformations proportional to M, as described in
section 5.1.

We now turn to discuss the role of EPC on the
magnetoconduction when the gate voltage is fixed to zero,
such that at zero magnetic field the corral fully conducts. In
figure 26 we plot the magnetoconductance of the AB ring for
several values of the EPC (M) and for different temperatures
(T). We focus on the regime of low magnetic flux ¢ = AB,

to
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Figure 25. Conductance versus gate voltage for a 40-site atomic
corral coupled to two electronic reservoirs in the absence (solid line)
and the presence (dashed line) of electron—vibration interactions.

where A is the area of the ring and B is taken perpendicular to
the plane of the ring.

The case M = 0 was discussed in detail in sections 3
and 4. The solid curves in figure 26 present the coherent
magnetoconductance switching for different temperatures. As
expected, we find that, upon increasing the temperature, the
maximal value of g/go is decreased and the width of the
magnetoconductance peaks is increased linearly with 7. This
increase in the width with temperature is a result of the resonant
tunneling conditions and the broadening of the leads’ Fermi
distribution functions as 7 is varied.

Turning to discuss the case of M # 0, one of the major
questions is related to the effects of EPC on the switching
capability of small AB rings. Based on the discussion of
the results when the gate voltage was varied, one might
expect that an increase in M will lead to a broadening of the
magnetoconductance peaks, thereby increasing the value of the
magnetic field required to switch a nanometer AB ring, and
perhaps leads to unphysical values of B required to reduced
the conduction significantly. As can be seen in figure 26,
the numerical solution of the NEGF for M # 0 leads to a
reduction of the width of the magnetoconductance peaks, and
the switching of the AB ring is achieved at lower values of the
magnetic flux compared to the case where M = 0.

This surprising observation can be explained in simple
terms [114]. As discussed above, even in the presence of EPC,
the maximal conduction at zero bias and zero temperature is
gmax/8o = 1, as is clearly the case for the results shown in the
upper left panel of figure 26 for ¢ /¢y = 0. For the symmetric
ring of N 4n the resonance condition at ¢/¢py = 0 is
equivalent to the condition that electrons entering the ring from
the left interfere constructively when they exit the ring to the
right [254, 255]. This picture also holds when M # 0 and
the conduction takes a maximal value at ¢/¢q 0. The
application of a magnetic field leads to destructive interference
and increases the backscattering of electrons. This loss of
phase is even more pronounced when inelastic effects arising
from EPC are included. In the magnetoconductance this is
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Figure 26. Conductance as a function of magnetic flux for several values of the EPC strength M and for different temperatures. The results
are for a ring of N = 40 sites. Similar results were obtained for larger/smaller rings, signifying that the scaling behavior [254, 255] for the

phonon-free case also holds in the case of weak EPC.

translated to a more rapid loss of conduction as a function of
the magnetic field when M is increased. In the weak device—
lead coupling limit, the same physics also describes other
classes of rings [254, 255], likethe N =4n + 1, N =4n + 2
and N = 4n + 3. However, a gate voltage must be applied
to tune the resonance such that conduction is maximal at zero
magnetic field [111].

Mathematically, the rapid decay of the conduction with
the magnetic field as the EPC is increased can be explained
by analyzing the dependence of 7 (¢). In figure 27 we plot
Ta(€) = Tr[I'L(e)G"(e)I'r ()G (€)], which is the elastic (and
dominant) contribution to 7 (¢) as a function of energy for
several values of ¢/¢pg for M/T" = Qor M/T" = i. In the
lower panel we also plot the corresponding Fermi distribution
integration window. At ¢ /¢y = 0, Zg(€) ~ 1 near the Fermi
energy (¢€r), independent of M, and the conductionis g/go ~ 1.
The application of a small magnetic field results in a split
of 7 (€), where each peak corresponds to a different circular
state [256]. The separation between the two peaks in the elastic
limit A = (e, — €1) & ¢ /¢y is proportional to the magnetic
flux, where €, are the corresponding energies of the two
circular states. When inelastic terms are included, due to the
fact that the imaginary part of ZLh (e) is negligibly small, the
renormalized positions of the two peaks can be approximated
by efz =€2+ E;h’m(el,z) =€t E;h,re(ez)’ which implies
that the renormalized separation between the two peaks can
be approximated by A* (€5 —€]) = A +25 ().
Therefore, as M is increased A* is also increased, consistent
with the numerical results shown in figure 27.

To summarize this section, as expected, the gate voltage
dependence of the conductance broadens upon switching
on the electron—vibration coupling. Nevertheless, the
magnetoconductance peaks reduce both in size and in width
when the vibrational coupling is taken into account. This
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implies a higher sensitivity of the device to the application
of an external magnetic field than that predicted for the pure
coherent case.

6. Summary and prospects

Affecting the current through molecular or nanoscale junctions
is usually done by a combination of bias and gate voltages.
Magnetic fields are less studied because nanodevices can
capture only small fractions of a magnetic flux. In particular,
exploiting Aharonov—Bohm interferometers at the nanometer
scale was regarded as impossible due to the large magnetic field
required to complete a full Aharonov—Bohm period.

The present review summarizes an attempt to overcome
some of the limitations associated with utilizing magnetic
fields as gates in molecular junctions. We describe the physical
conditions at which magnetic fields significantly affect the
conductance in molecular Aharonov—Bohm interferometers.
Several examples were given to emphasize the major
differences between electric and magnetic gates.

Using a simple continuum model of an Aharonov—Bohm
interferometer ring that captures the essential physical features
of the problem, we have identified and isolated the important
parameters that allow control over the conductance through
a nanometric ring using fractions of a magnetic flux (in
terms of the quantum flux). In contrast to the strive to gain
better coupling between the leads and the molecule within a
molecular junction, magnetic control requires weak device—
lead couplings (bad contacts). This results in a resonant
tunneling junction in which the weakly coupled (and thus
extremely narrow) energy levels of the ring allow the transport
only at well-defined energy values. By the application of a gate
voltage it is possible to tune these resonances such that, in the
absence of a magnetic field, the device will conduct. Turning
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Figure 27. Plots of 7 (¢) as a function of energy for M/I" =0
(solid curves) and M/ I" = i (dashed curves) for different values of
the magnetic flux. The dotted curve at the lower panel shows
%Af(e — ) atT/Q = 0.007, where Af (e — ) is the difference
between the Fermi distributions of the left and right leads.

on a magnetic field will shift the narrow doubly degenerate
energy levels of the ring out of resonance with the leads and
thus will lower the conductance considerably. Considering the
combined effect of increasing the lifetime of the electron on the
ring (through the coupling) and controlling its energy (using a
gate voltage), it is possible to narrow the magnetoconductance
peaks in the Aharonov-Bohm spectrum while at the same
time shifting them toward the low magnetic field regime, such
that the device becomes extremely sensitive to small magnetic
fields. This is despite the fact that the full Aharonov—Bohm
period involves magnetic fields orders of magnitude higher.

In order to validate the basic principles revealed by the
continuum model we have presented results based on a tight
binding magnetic extended Hiickel theory, which allows for
atomistic calculation of the conductance through molecular
set-ups under the influence of an external magnetic field.
Similar to the conclusions drawn from the continuum model,
the results obtained from atomistic calculation indicate that
nanometric circular set-ups such as atomic corrals, the cross
section of carbon nanotubes or polycyclic aromatic rings, can
be used for Aharonov—Bohm interferometry. The conductance
through the device becomes very sensitive to the magnetic field
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when a delicate balance of coupling and gate/bias voltages is
reached. Such devices can be used as electromagnetic switches
or as miniature magnetic sensors.

Similar to the electric gate, the magnetic field provides
means to externally control the conductance of ring-shaped
molecular junctions. However, there are striking differences
in the properties of these two gauges. This was illustrated in
a multi-terminal device, where the polarity of the magnetic
field, which couples to the electronic angular momentum,
played a key role. In this device, the unique symmetry
breaking nature of the magnetic vector potential allows for
a selective control over the outgoing route of the electron.
The magnetic field polarity determines through which of
the two outgoing leads the electrons will transverse the
ring.  Another fundamental difference between electrical
and magnetic gauges was observed with respect to inelastic
effects. While the conductance as a function of the gate
voltage broadens upon coupling to phonons, it actually narrows
considerably in response to a magnetic field. This was
illustrated for a model system of an atomic corral, where
improved switching capability was observed as the electron—
phonon coupling strength was increased.

The design of molecular junctions is an extremely difficult
task. Moreover, introducing external electrical gates is quite
limited and the fabrication and application of gate electrodes at
the nanometer scale is still not feasible. In this context, the
development of molecular Aharonov—Bohm interferometers
sensitive to uniform magnetic fields provides yet another
advantage over electrical gating. Devices can be designed
utilizing different sizes/shapes of rings that function at different
magnetic fields, thus generating a multi-component structure.

Several issues still remain open. Most importantly
is the experimental realization of the proposed theoretical
scheme. We have suggested several realistic systems where
the effects discussed in this review can be measured. On
the theoretical side, several directions are not covered
here. First, a treatment of high electron—phonon coupling
is needed [247]. In this regime it is reasonable to
expect that the coherent nature of the transport would be
destroyed, diminishing the interference pattern. Therefore,
it is important to identify the physical conditions at which
such effects are expected to be found. Furthermore, the
treatment of strongly correlated systems where electron—
electron interactions become important is also an open subject
not addressed in the context of molecular Aharonov—Bohm
interferometers. Another interesting direction involves the
role of the spin of the current carrying particles. Since
opposite spins respond differently when entering a magnetic
field region, one would expect that their Aharonov—Bohm
interference patterns would be different [145]. Thus, such set-
ups can provide the grounds for the development of spintronic
devices based on molecular Aharonov—Bohm interferometers.
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