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ABSTRACT
Affecting the current through a molecular or nanoscale junction is
usually done by a combination of bias and gate voltages. Magnetic
fields are less studied because nanodevices can capture only low
values of the magnetic flux. We review recent work done with the
aim of finding the conditions for magnetic fields to significantly
affect the conductance of such junctions. The basic idea is to create
narrow tunneling resonances through a molecular ring-like structure that are highly sensitive to the magnetic field. We describe a
computational method that allows us to examine atomistic models
of such systems and discuss several specific examples of plausible
systems, such as the quantum corral, carbon nanotubes, and
polycyclic aromatic hydrocarbon molecules. A unique property of
the magnetic field, namely, its ability to split degenerate levels on
the ring, is shown to allow prototypes of interesting new nanoscale
devices, such as the three-terminal parallel logic gate.

Introduction
Single-molecule electronics1-12 is a rapidly growing scientific field, although the seeds were planted more than
30 years ago.13 In recent years, a number of experimental
techniques have been developed to synthesize molecular
junctions and measure their conductance.14-25 These
systems are often controlled by a gate potential designed
to shift conductance peaks into the low-bias regime.15,26-32
The referred questions are of fundamental nature, leading
to the understanding of current-voltage relations.
Due to their small flux, magnetic fields have been rarely
used in conjunction with molecular electronics (an exception is the Kondo effect in single-molecule transistors16,18).
This is in contrast to a related field, electronic transport
through mesoscopic devices, where considerable activity
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FIGURE 1. An illustration of the Continuum AB interferometer model.
A conducting ring is coupled to two conducting wires and placed
in a perpendicular magnetic field.
with magnetic fields has led to the discovery of the
quantum hall effect33 and a rich description of transport
in such conductors.34-38 The scarcity of experimental
activity is due to the belief that significant magnetic
response is obtained only when the magnetic flux is on
the order of the quantum flux, φ0 ) h/qe (where qe is the
electron charge and h is Planck’s constant) and attaining
such a flux for molecular and nanoscale devices (of typical
cross sectional area of square nanometers) requires
unrealistically huge magnetic fields. Nevertheless, several
interesting experimental studies of the effect of magnetic
fields in nanodevices have been published recently.39-42
Reference 41 showed that an axial magnetic field of a few
teslas can affect the conductance along the axis of a 2-5
nm diameter carbon nanotube. This effect was attributed
to a 20-40 meV splitting of degenerate rotational angular
momentum states around the nanotube axis. Similar
findings were reported in ref 40.
Here, we review recent theoretical work43-45 regarding
the essential physical requirements necessary for the
construction of nanometer scale magnetoresistance molecular devices. The basic idea is to weakly couple a
molecular ring to conducting leads, creating a resonance
tunneling junction. The resonant state is tuned by a gate
potential to attain maximal conductance in the absence
of a magnetic field. The application of a relatively small
magnetic field shifts the state out of resonance, and
conductance is strongly suppressed. The combination of
a gate potential and a magnetic field reveals new features
and provides additional conductivity control.

Basic Principles
The primary question to be answered is how to set up a
nanoscale device so that the magnetic field can control
the current flowing through it. To discuss the basic
physical principles involved, let us first regard a simple
analytical model. Consider a one-dimensional AharonovBohm46 (AB) interferometer. It consists of a conducting
ring of radius r coupled to two conducting wires placed
in a perpendicular uniform magnetic field B as shown in
Figure 1.
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the left (right) wire. This flux will depend sensitively on
the phases, causing an interference pattern on the ring.
The total transmittance is the sum of all the flux contributions on the right wire. This transmittance determines the
current through the junction.
Using a method due to Gefen, Imry, and Azbel,47 one
can obtain an analytic expression for the transmittance
probability through the ring. This expression depends
solely on three parameters: the coupling of the ring to
the wires 2, the electron wavenumber k through θk ) kr,
and the dimensionless flux through cos(2πmφ). In Figure
2 (upper panel), we present the transmittance vs mφ for
several 2 values at θk ) 0.5. It is seen that the coupling 2
controls the width of the transmittance peaks: as it is
reduced from its maximum 2 ) 1/2, the transmittance
peaks narrow (when 2 f 0 each peak becomes a δ-function). Figure 2 (lower panel) shows transmittance when
θk is changed while 2 is fixed. Note how θk controls the
position of the transmittance peaks, enabling a shift
toward the low-flux regime.
In the weak coupling limit (2 ≈ 0), the electron
scattering wave function on the ring is a linear combination of ψm(θ) ) exp(imθ), where m ) 0, (1, (2, etc.
corresponding to a wavenumber km:

rkm ) m

FIGURE 2. Transmittance probability as a function of the magnetic
flux and its dependence on the coupling strength 2 (top) and on
the spatial phase kr (bottom). Notice that while 2 controls the width
of the peaks, kr controls their position along the AB period.
The relevant Hamiltonian is of an electron in an
electromagnetic field:

(p - eA)2
+ V(r)
Ĥ )
2µ

(1)

where A(r) is the vector potential, B ) ∇ × A, V(r) is the
electrostatic potential on the ring, r is the electron
position. We assume B is a homogeneous field orthogonal
to the ring. Consider an electron moving on the left wire
as it approaches the left junction. The reflectance probability is 1 - 22, where  is the probability amplitude to
mount either the upper (U) or lower (D) branch of the
ring (henceforth “the coupling”). The ensuing dynamics
is described as follows: the part of the wave function that
is transmitted into the ring will repeatedly scatter off the
right and left junctions. Between each scattering event,
the wave function shifts phase. This phase shift is composed of two contributions: the spatial phase shift kr,
which is the product of the conducting electron wavenumber k and the radius r of the ring, and the magnetic
phase shift mφ ) Bπr2/φ0, the dimensionless magnetic flux.
The latter contribution is sign sensitive to direction
(clockwise or counterclockwise). The wave function bifurcates, so each part of it scatters in a different way and
thus gains a different phase. At each scattering event on
the left (right) junction, some probability flux will leak to
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(2)

Resonance tunneling occurs when the ring energy level,
Em ) p2(m - mφ)2/(2µr2) (µ is the electron effective mass)
equals the kinetic energy of the electron on the wire, p2k2/
(2µ):
2
2
p2k2 p (m - mφ)
)
2µ
2µr2

(3)

To form a resonance at zero magnetic field, one requires
that k ) km. Then application of the magnetic field, even
if the flux is small, disrupts this resonance condition and
reduces the transmittance considerably. For different
values of the wavenumber k, the resonance condition in
eq 3 will be obtained at different values of the magnetic
flux.
While the magnetic fields needed for a full AB period
are extremely high, we find that by careful tuning of the
conducting wavenumber and coupling between the leads
it is possible to have a magnetic field dramatically affecting
transmittance and therefore conductance.

Considerations for a Molecular Device
We now discuss the application of the above ideas to more
realistic molecular conductors. In molecular junctions, the
conductance is mainly affected by electrons near the
Fermi level of the leads (assuming both left and right leads
are identical and a very small bias is applied). Thus in a
realistic system, we have no way of controlling k of the
incoming electron: it is equal to kF. On the other hand,
the wavenumber of an electron on a ring is quantized,
determined solely by ring radius and excitation number
(eq 2). Since kF is constant, we use a gate field on the ring
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FIGURE 3. A schematic three-terminal device. An electron coming
from the input channel I mounts the device with coupling strength
. The magnetic flux controls its specific exit channel, either O1 or
O2.
to accelerate (or decelerate) the electron as it mounts the
ring. The gate potential thus modifies the resonance
condition of eq 3 to
2
2
p2k2 p (m - mφ)
)
+ Vg
2µ
2µr2

(4)

Once a gate potential shifts a ring level into resonance
with the Fermi energy, the effect of the magnetic field can
be understood as follows. At zero magnetic field, the ring
level is doubly degenerate (m is positive or negative). The
magnetic flux removes this degeneracy and causes each
level to split: one level has its energy raised and the other
lowered. This shifts the levels out of resonance causing
reduction of current. As long as resonance is sharp, even
a small magnetic flux (mφ , 1) can affect the transmittance, and positive magnetoresistance is achieved. The
resonance width is determined by the lead-ring coupling,
which can be controlled by the chemical nature of the
molecular junction or by physical manipulation of the
separation between the leads and the molecular ring.

Why Use Magnetic Fields?
At this point, the reader may wonder why it is important
to use a magnetic field to control the conductance. After
all, resonance tunneling is sensitive to other external
perturbations, in particular, the gate voltage itself. This is
of course true, yet the magnetic field has important
properties not shared by gate potentials. For example, it
can be used to control the electron’s phase, which cannot
be altered by a gate potential.
To illustrate this point, consider a three-terminal
device, shown in Figure 3, composed of a ring coupled to
an input channel I and two output channels O1 and O2.
Notice the reflection symmetry with respect to the plane
passing through wire I, perpendicular to the plane of the
ring. Before we describe the exact analytical result for the
transmittance probability, let us examine the weak coupling limit. In this limit, the junctions do not affect the
wave function on the ring. Thus each output channel can
be treated separately. Under proper gating, the magnetic
field B can shift the conducting state into full resonance,
thus increasing the current through O1. Reversing the

FIGURE 4. The I f O1 transmittance in the three-terminal device
illustrated in Figure 3: upper panel, strong coupling limit (2 ) 0.49);
lower panel, weak coupling limit (2 ) 0.1). The I f O2 results are
the mirror image of the ones presented here.
polarity of B will shift the conducting level away from
resonance, thus reducing the current. What happens at
the other output channel, O2? We answer this using a
reflection transformation through the symmetry plane.
The Hamiltonian of the system is not invariant under such
a reflection because of the magnetic field. However, if the
reflection is followed by reversal of the direction of the
magnetic field, that is, B f -B, then the Hamiltonian is
invariant. Under such a composite transformation O1 f
O2, and we can use our previous analysis for O1 with one
difference: we must reverse the sign of B. Thus, opposite
to the O1 output, the application of a positive magnetic
field will diminish the conductance through O2, while a
negative magnetic field will enhance it.
In Figure 4, we present the transmittance probability48,49
I f O1 for strong (upper panel) and weak (lower panel)
coupling between the ring and the leads. As in the twoterminal case, when the coupling is strong, the transmittance is broad over a wide range of magnetic fields, and
the maxima can be shifted along the magnetic field axis
by a change in the conducting electron wavenumber. For
low coupling, the transmittance peaks narrow considerably and their position depends on k and mφ linearly.
When kr ) 0.5, the transmittance (T1(kr,mφ)) is small but
nonnegligible for mφ ) 0, thus we are near resonance. As
the magnetic flux is raised above zero (keeping kr ) 0.5),
the transmittance increases rapidly reaching a narrow
sharp peak when full resonance is achieved. When mφ is
VOL. 39, NO. 2, 2006 / ACCOUNTS OF CHEMICAL RESEARCH 111
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lowered below zero, the transmittance decreases rapidly
to zero. Due to the reflection symmetry discussed above,
the result for the I f O2 terminal is the mirror image of I
f O1, namely, T2(kr,-mφ) ) T1(kr,mφ). Thus, as the flux
mφ becomes positive, the conductance T2 will decrease,
while as it becomes negative T2 increases.
In summary, magnetic fields offer unique controllability
of nanometer scale interferometer conductance. Their
polarity can be used to selectively switch between conducting channels. Such control is more difficult to achieve
with scalar potentials lacking the required symmetrybreaking features.

Atomistic Simulation
For realistic molecular conductors, atomistic models are
required. The principal tool for this is a magnetic extended
Hückel theory (MEHT). Within this approach, we assume
a homogeneous magnetic field B and add appropriate
terms to the extended Hückel Hamiltonian ĤEH based on
eq 1 (atomic units are used):

ĤMEH ) ĤEH + V̂G - µBL̂‚B̂ +

B2 2
r
8 ⊥

(5)

Here, V̂G is the gate potential, raising or lowering the
energy of atomic orbitals centered on atoms belonging
to the ring (molecular bridge), µB is the Bohr magneton,
L̂ ) r̂ × p̂ is an angular momentum operator, and r⊥ is
the projection of r ) (x,y,z) onto the ring plane perpendicular to B. We neglect the spin magnetic moment. Next,
Slater type orbitals |STO〉R used in the extended Hückel
method are brought to gauge invariant (GI) form,50
|GISTO〉R ) |STO〉R e-i(AR‚r). Here AR ) 1/2(BR × RR) is the
magnetic vector potential at position RR, the center of the
atomic orbital. As customarily done in the extended
Hückel approximation, the basis overlap elements are
used to evaluate the matrix elements of the Hamiltonian.
Under the London approximation,51 the overlap and
Hamiltonian matrix elements are given by

SRβ ) R〈STO|STO〉β eiΦRβ
and

1
HRβ ) {R〈STO|ĤMEH|STO〉β eiΦRβ +
2
iΦβR
}
β〈STO|ĤMEH|STO〉R e
where ΦRβ ) 1/2(AR - Aβ)(RR + Rβ) is the gauge factor
evaluated at the midpoint between the two atoms. Once
the Hamiltonian matrix is set up, the electronic energy
levels are extracted by solving the generalized eigenvalue
problem Ĥc ) EŜc. The conductance is calculated using
the Landauer formalism,52 in which the junction conductance g is determined by the Fermi level transmittance
T(F), g ) g0T(F), where g0 ) 2qe2/h. The transmittance is
evaluated using the trace formula: T(E) ) tr[GrΓLGaΓR].
This formula is employed using two approaches: the first
approach is the non-equilibrium Green’s function (NEGF)
formalism,53 where Gr (Ga) is the retarded (advanced)
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FIGURE 5. An illustration of an atomic corral junction composed
of 40 copper atoms. The inset describes the coupling of the atomic
wire to the corral. Reproduced with permission from ref 43. Copyright
2004 American Chemical Society.
Green’s function and ΓL (ΓR) is the imaginary part of the
self-energy of the left (right) lead, computed using an
iterative procedure.54 The second approach is similar, but
the Γ are negative imaginary potentials55 added to the left
(right) leads. The parameters for these are chosen so that
electrons with kinetic energies in a wide band around
kF2/2 (where kF is the Fermi momentum in the metal) are
effectively absorbed.56
Utilizing these computational tools, we next report
results for a selection of nanoscale molecular systems for
which pronounced magnetoresistance phenomena are
predicted at feasible magnetic fields.

Magnetic Switching in a Quantum Corral
A detailed study of the magnetoresistance of an atomic
corral, illustrated in Figure 5, is given in ref 43. Here we
review the main results. We consider a corral of copper
atoms on a metal oxide surface. Atoms are placed with
bond distance of 2.35 Å; experimental realization of this
setup can be achieved using scanning tunneling microscopy (STM) techniques.57-59
All copper atoms are treated explicitly; each contributes
one s-electron and 10 d-electrons. The valence 4s, 4p, and
3d atomic orbitals are explicitly considered in the Hamiltonian. The Cu s conduction band is half-filled, so the
Fermi wavelength equals four bond lengths. Thus symmetric loops can be classified into two groups, those
containing 4N and 4N + 2 atoms.
In Figure 6, we plot the conductance through the Cu
corral as a function of the magnetic field B and the gate
potential Vg for the two prototype corrals with N ) 10.
The full AB period for the two prototypes is, respectively,
600 and 540 T. For a given magnetic flux intensity, there
are two conductance peaks, corresponding to the split of
two degenerate electronic levels as discussed above.
Change of the gate potential shifts the conductance
maxima, similar to the effect of changing the wavenumber
in the continuum model. By adjustment of the gate
potential, it is possible to tune the resonance such that
the transmittance is maximal at zero magnetic flux.
To illustrate switching, we need to control the width
of the conductance resonances. In the continuum model,
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FIGURE 6. Conductance as a function of magnetic field and gate
voltage at T ) 1 K for a ring of 40 (top) and 42 (bottom) Cu atoms
(∼3 nm diameter). The image uses a rainbow color code: red
corresponds to g ) g0 and purple to g ) 0. Reproduced with
permission from ref 43. Copyright 2004 American Chemical Society.
this was done by reducing the coupling 2. In the molecular system, this is achieved by increasing the distance
between the atomic corral and the molecular wires, Rc.
Alternatively, one can introduce an impurity atom at the
junctions between the wires and the ring by doping the
contacts.42 For quantum corrals, the former approach
seems more realistic.
In Figure 7, the conductance as a function of the
magnetic field is depicted for several values of Rc for the
two generic system sizes. For each system, a proper gate
potential is chosen to ensure maximal conductance at zero
magnetic field. As Rc is increased, the sensitivity of the
conductance to the magnetic field increases. At the highest
leads-ring separation studied, we achieve switching
capability of with ∼1 T, a feasible magnetic field.

Nanotube Magnetic Switch
A simpler geometry of a nanometric magnetic switch is
based on a single-walled carbon nanotube (SWCNT). The
magnetic field is oriented along the axis of the tube, and
we discuss the circumferential conductance. Two experimental configurations are considered. The first consists
of a nanotube placed on an insulating substrate between
two thin conducting contacts (see Figure 8a), and a bias
potential is applied between the contacts. Similar setups

FIGURE 7. The conductance of 40 (upper panel) and 42 (lower
panel) Cu atom corrals at T ) 1 K as a function of the magnetic
field and the contact bond length Rc. The gate potential is 0 V (upper
panel) and -0.13 V (lower panel). Reproduced with permission from
ref 43. Copyright 2004 American Chemical Society.
have been recently demonstrated experimentally.18,60,61 In
the second configuration, a nanotube is placed on a
conducting substrate coupled to a STM tip from above
as described schematically in Figure 8b. The bias potential
is applied between the STM tip and the underlying
surface.62,63 Related calculations on similar setups were
published recently.64,65 Using the magnetic extended
Hückel approach described above, we calculate the resulting conductance between the leads for both configurations. In the calculation, all carbon atoms of the tube are
treated explicitly; each carbon atom contributes two 2selectrons and two 2p-electrons. For configuration a, both
leads are modeled by atomic conducting wires, while for
configuration b, the STM tip is modeled by a semi-infinite
one-dimensional atomic conducting gold wire and the
substrate by a semi-infinite slab of atomic gold crystal.
The calculations were conducted for a tube containing
four unit cells, using minimum image periodic boundary
conditions for the passivation of the edge atoms. Tests
on longer tubes reveal the same qualitative picture.
In the upper panel of Figure 9, the conductance g
through a (24,0) nanotube, calculated for configuration
a, is plotted against the magnetic field B for several values
of the bias potential Vb. For Vb ) 0, the conductance
increases as B is increased (negative magnetoresistance),
peaks near B ) 10 T, and subsequently decreases, vanishing at B g 30 T. The maximum conductance is g/g0 ) 2.
VOL. 39, NO. 2, 2006 / ACCOUNTS OF CHEMICAL RESEARCH 113
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FIGURE 8. The experimental configurations for cross-sectional magnetoresistance of a nanotube: (a) the SWCNT is placed on an insulating
surface between two narrow metallic contacts; (b) the SWCNT is placed on a conducting substrate and approached from above by an STM
tip. Reproduced with permission from from ref 45. Copyright 2005 American Institute of Physics.
As in the corral example, to achieve switching capability
at magnetic fields smaller than 1 T, it is necessary to move
the conductance peak to zero magnetic field and at the
same time reduce its width. When a small bias is applied
to the sample, the conductance peak splits into a doublet.
This split corresponds to our assumption that the bias
potential drops sharply and equally at both ends of the
molecule.66 The position of the corresponding peaks
depends on the value of Vb, and as seen in the figure, it is
possible to shift one of the conductance peaks toward low
values of B such that g is maximal at when B ) 0. The
shift in the conductance peak can be attributed to the
change in the energy level through which conductance
occurs. As a result of this change, the electron momentum
changes as in the case of the atomic corral.
In the lower panel of Figure 9, the effect of changing
the tube-contact separation at constant bias potential is
studied. As the separation increases, the tube-contact

FIGURE 9. Conductance versus the magnetic field for a (24,0)
nanotube as computed for configuration a in Figure 8: upper panel,
the effect of bias potential on position of conductance peaks at
constant tube-contacts separation of 2.4 Å; lower panel, the effect
of decreasing the tube-contact coupling at constant bias potential
Vg ) 6.8 mV. Adapted from ref 45.
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coupling decreases reducing the width of the resonance.
Thus, conductance becomes sensitive to the applied
magnetic field, and small variations in the field shift the
relevant energy level out of resonance, as discussed above.
In the magnetoresistance spectrum, this is translated to
a narrowing of the transmittance peaks. At the highest
separation studied (3.2 Å), the width of the conductance
peak is comparable to 1 T.
A similar picture arises when one considers configuration b of Figure 8. In Figure 10, we plot the conductance
for a (6,0) SWCNT placed between a sharp STM tip and a
conducting surface for two bias voltages. The separation
between the nanotube and the conducting leads used in
this calculation is 4.1 Å. As can be seen, when a bias
voltage of Vb ≈ 0.224 V is applied the conductance peaks
at B ≈ 14 T. When the bias is changed to Vb ≈ 0.225 V,
the conductance peak shifts toward B ) 0. Under these
conditions, switching occurs at a magnetic field of ∼5 T.
The higher value of the magnetic field needed to switch
this device is a result of the small diameter of the present
tube.
The study of axial conductance in carbon nanotubes
and the effects of magnetic fields on the conductance has
recently received considerable attention.40-42 In addition
to these studies, we propose to utilize the circumferential

FIGURE 10. Conductance vs magnetic field through a (6,0) nanotube
as calculated for configuration b in Figure 8. Reproduced with
permission from from ref 45. Copyright 2005 American Institute of
Physics.
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nels O1 and O2. The following truth table (Table 1) can be
built on the basis of these definitions:
Table 1. Truth Table for the Parallel Molecular Logic
Gate

FIGURE 11. Conductance as a function of the magnetic field for
the three-terminal molecular switch. The inset shows the PAH
molecular ring coupled to three gold wires.
conductance, which we believe is more sensitive to
magnetic fields, since the relevant density of conducting
states is smaller. Carbon nanotubes can be used as
electromagnetic elements but also as magnetic sensors.
Furthermore, since the effects depend on the chirality of
the nanotubes, magnetic fields can be used to characterize
the structure of the nanotubes.42

Multiprocessing Logic Gate
An interesting case in which magnetic fields provide a
unique control over conductance is based on the threeterminal setup described above. Here, we study the effects
of magnetic field polarity on the selective switching of
molecular devices useful for parallel logic operations.44
Using the detailed atomistic MEHT approach, we study
a polycyclic aromatic hydrocarbon (PAH) hexagonal ring
composed of 48 conjugated benzene units, forming a
hexagonal ring of diameter ∼3 nm, coupled to three gold
atomic wires (see the inset in Figure 11). In Figure 11, we
plot the conductance of the molecular switch as a function
of the magnetic field intensity for both output channels
(black and red curves). A relatively large gate voltage, Vg
≈ 1.85 V, is needed to bring the system into resonance,
and the lead-molecule separation is taken to be ∼3 Å.
For B ) 0, both channels are semi-opened and the
conductance is 0.4g0 at the selected gate voltage. When a
field of ∼2.5 T is applied, one output channel opens while
the other closes. As the polarity of the field changes sign
these two channels interchange roles. This is similar to
the continuum model discussed above.
On the basis of these results, it is possible to design a
molecular logic gate that processes two different logic
operations in parallel. This can be achieved by choosing
one input signal as the bias voltage (Vb) and the other
input signal as the magnetic field (B). For the bias input
signal, Vb, we mark as 0 the case where Vb ) 0 and as 1
the case where a small bias is applied. For the magnetic
field input signal, we mark as 0 the case where B ≈ -2.5
T and as 1 the case where B ≈ 2.5 T. The output signals
are the currents measured through the two output chan-

Vb

B

O1

O2

0
0
1
1

0
1
0
1

0
0
0
1

0
0
1
0

One sees that the output O1 gives the logic operation I
h (the over-bar
AND B while O2 corresponds to I AND B
stands for NOT). The truth table holds for a wide range
of magnetic field intensities ((2-4) T and is thus suitable
for robust logic gate operations. Shifting the conductance
peaks via the change of the bias potential will give rise to
different logic operations of the same setup.

Summary and Perspectives
We have studied magnetic field effects on conductance
in nanometer molecular rings. We showed that by decreasing the coupling to the leads and adjusting a gate
voltage one can increase the sensitivity to magnetic fields
on the order of a few tesla. This result is remarkable since
a full AB period involves fluxes large by 2 orders of
magnitude. The magnetoresistance sensitivity increases
as the diameter of the circular device grows. The advantage of using magnetic fields was demonstrated through
the possibility to selectively switch different conducting
channels of a system, enabling the construction of logic
gate devices on the molecular scale.
Small devices are relatively insensitive to temperature
effects43 because of the large spacing of electronic states.
This is different from mesoscopic systems where experiments are performed on the subkelvin regime because of
the large density of electronic states and the relatively
small dephasing length scales at higher temperatures. The
temperature dependence in the smaller devices will be
due to electron-phonon coupling, which is stronger in
small systems, especially under resonant tunneling conditions. The extent to which this will affect our results is
now being studied in our groups.
It is conceivable that these ideas can also be used to
construct sensitive magnetic field nanoscale sensors. In
a sensor, one does not need full switching, so these devices
are sensitive to even smaller magnetic fields.
R.B. thanks Dr. Shahal Ilani for stimulating discussions. This
work was supported by the Israel Science Foundation.
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