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We propose that spin current rectification in molecular junctions can take two different forms consistent with
thermodynamic considerations: A weak form in which the spin current reverses direction when the bias applied
to the junction is reversed and a strong form in which the direction of the spin current is unchanged upon
reversal of the bias. We present calculations of spin-dependent transport in several molecular junctions bridging ferromagnetic 共Fe or Ni兲 and nonmagnetic 共Au or Pd兲 contacts and identify specific systems that should
exhibit spin current rectification of each type in appropriate ranges of the applied bias voltage. Our results
indicate that molecular junctions displaying both spin-current and charge-current rectification should be possible, and may find practical application in nanoscale devices that combine logic and memory functions.
DOI: 10.1103/PhysRevB.73.235436

PACS number共s兲: 73.40.Ei, 85.65.⫹h, 85.75.⫺d, 73.63.⫺b

I. INTRODUCTION

Rectification of electric current in molecular electronic
devices 关I共−V兲 ⫽ −I共V兲兴 is generally attributed to spatial
asymmetries that manifest as asymmetries in the electronic
characteristics of the device. Positive or negative bias voltages applied across the two terminals of the asymmetric device give rise to electronic eigenstates that contribute differently to the current causing the asymmetry under bias
inversion. Such spatial asymmetry, and therefore rectification, may result from the use of spatially asymmetric molecules, different materials for source and drain electrodes,
asymmetric molecule-lead binding, or a combination of all
three.1–10
Utilization of magnetic materials as source and/or drain
electrodes opens up the possibility of spin injection into a
nonmagnetic or magnetic electrode through a molecular
bridge.11 As with the electronic 共charge兲 current, spatial
asymmetry in such a device may result in the net spin current, IS, being asymmetric under bias inversion. However,
although there have been several theoretical studies of spin
transport through molecular junctions11–16 the possibility of
spin-current rectification in such systems has not been explored. We take up this topic in the present paper.
While thermodynamics requires the electronic current to
reverse direction when the bias is reversed, there is no such
requirement for the spin-current. Therefore we propose that
spin-current rectification of two kinds should be possible in
principle in spatially asymmetric systems:
共1兲 Weak spin-current rectification where the direction of
the spin current reverses and the magnitude of the spin current changes when the applied bias is reversed; this is the
spin analog of charge-current rectification.
共2兲 Strong spin-current rectification where the direction
of the spin-current remains unchanged when the applied bias
is reversed. This effect has no charge-current analog.
In the remainder of this paper we explore the possibility
of spin-current rectification occurring in specific asymmetric
molecular junctions theoretically and predict that both weak
and strong spin-current rectification should be realized in
practice, depending on the details of the system and the magnitude of the applied bias voltage.
As with charge-current rectification, spin-current rectifi1098-0121/2006/73共23兲/235436共7兲

cation is a nonlinear transport phenomenon; at infinitesimal
bias 共in the linear response regime兲 no rectification is possible. Weak spin-current rectification becomes possible in
asymmetric magnetic junctions as the system exits the linear
regime with increasing bias, and we predict strong spincurrent rectification to be attainable in some systems at still
higher bias. Therefore the above predictions regarding the
nature of spin-current rectification are relevant to asymmetric
junctions that can sustain a significant bias, such as molecular and nanoscale atomic junctions and metal/insulator/metal
thin film systems.17
Because weak spin rectification is closely tied to current
rectification, our findings demonstrate that it should be
possible to design molecular electronic devices that simultaneously function as current rectifiers and spin rectifiers,
thereby providing such molecular devices with dual functionality based on the transport of both charge and spin. Such
functionality may ultimately allow both logic and memory to
be implemented with a single device, and the design of such
a device based on molecules may allow for its construction
using the smallest possible circuit elements.
This paper is organized as follows: In Sec. II we describe
our model of the geometries and electronic structures of the
molecular junctions, and also briefly summarize the formalism used in our transport calculations. In Sec. III A our formalism and analysis are applied to asymmetric junctions
where a single octane-thiolate 共OT兲 or octane-dithiolate
共OdT兲 molecule bridges the gap between Au or Pd and ferromagnetic Fe electrodes. We predict these molecular junctions to function as a current and spin-current rectifiers, and
to exhibit both weak and strong spin-current rectification,
depending on the value of the applied bias. In Sec. III B we
consider a junction in which an OT molecule bridges Au and
Ni electrodes. We predict less pronounced charge and spincurrent rectification effects in this system than in the corresponding one with an Fe contact. Our conclusions are summarized in Sec. IV. Finally, in the Appendix we briefly
discuss charging and electronic correlation effects within the
molecule in relation to transport in these systems.
II. THEORY

In our calculations the molecular system is partitioned
into semi-infinite ideal source and drain leads and an ex-
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tended molecular junction consisting of the molecule and
clusters of nearby metal atoms. Each metallic cluster of the
extended molecule is built from 5 ⫻ 5 , 4 ⫻ 4 , 3 ⫻ 3 , 2 ⫻ 2
共100兲-oriented layers 共54 atoms total兲 of atoms in the bulk
geometry of the metal. The molecular and molecule-metal
binding geometries are estimated with ab initio relaxations.18
The electronic structure of the metal clusters is described
by a tight-binding Hamiltonian and nonorthogonal s , p , d basis. The tight-binding parameters are based on fits to ab initio
band structures of the metal crystals;19 spin-up and spindown electrons are treated independently for ferromagnetic
materials in Ref. 19. Parameters taken from Ref. 19 have
been successfully employed to study transport in magnetic
nanocontacts,20,21 and ferromagnetic Ni11 and Fe16 molecular
junctions. When used to describe Fe nanoclusters,21 this
model yielded magnetic moments for surface and interior
atoms in very close agreement with ab initio calculations.22
Similarly, for larger Fe structures with surfaces,21 this model
yields spin-resolved surface densities of states and enhanced
surface magnetic moments similar to those of ab initio surface calculations.23 Thus our model incorporates both the
bulk and surface electronic properties of the metals which
together influence the spin-dependent transport through a
nanoscale junction of bulk metal leads bridged with molecules.
The molecular electronic parameters as well as the electronic parameters describing the molecular coupling to the
metal electrodes are described by a tight-binding formalism
based on extended-Hückel 共EH兲 theory.24 This approach has
been used successfully to explain the experimental currentvoltage characteristics of molecular nanowires connecting
Au electrodes.25–27 The EH parameters are based on atomic
ionization energies while the electronic parameters from Ref.
19 describing the metal clusters are defined up to an arbitrary
additive constant. We adjust this constant to align the Fermi
energy of the contacts relative to the highest occupied molecular orbital 共HOMO兲 of the molecule, according to the
difference between the work function of the metal and the
HOMO energy of the isolated molecule obtained from density functional theory,18 a method that has been used previously to align the Fermi energy of gold28 and iron16 relative
to molecular HOMO levels.
When different metals are used for the two electrodes of
the molecular device their differing work functions give rise
to electrostatic fields between the electrodes even if no bias
is applied across the device. This contact potential-related
field29 is included approximately in our model. It is treated in
a similar way to that created by application of bias 共discussed below兲, but with the molecular atomic site energies
being shifted according to a linear potential profile.
Our transport calculations are based on Landauer theory30
and Lippmann-Schwinger and Green’s function techniques.
Landauer theory relates the current to the multichannel probability T for an electron to scatter from the source electrode
to the drain via the junction, according to
e
I共V兲 =
h

冕

dET共E,V兲关f共E, S兲 − f共E, D兲兴,

chemical potentials of the source 共S兲 and drain 共D兲 electrodes in terms of the common Fermi energy, EF. As the
spin-resolved transmission resonances that are responsible
for transport at moderate bias in the molecular wire systems
considered here differ in energy by over 1 eV, moderate temperatures 共such as room temperature兲 are expected to have a
relatively minor impact on our qualitative predictions. Thus
only zero temperature is considered here.
Spin-flip processes are not considered, consistent with
weak spin-orbit interaction in molecules and the high degree
of spin polarization retained in observations of spindependent transport in molecular junctions;31–33 for ferromagnetic electrodes the parameters describing spin-up and
spin-down electrons are separately applied and the transmissions and currents are calculated independently for spin-up
关I↑共V兲兴 and spin-down 关I↓共V兲兴 electrons. The total current
through the molecular device is given by the sum of the
currents for the separate spin channels I共V兲 = I↑共V兲 + I↓共V兲
while the net spin 共angular momentum兲 current is given by
IS共V兲 =

共2兲

A detailed discussion of our theoretical formalism has been
presented elsewhere.16,21
Since rectification is attainable only under the application
of significant bias, finite bias effects must be included explicitly in our model. The potential profile of a molecular junction arising from the bias voltage applied between the two
electrodes is a complex nonequilibrium many-body property,
and therefore is difficult to calculate from first principles.
However, appropriate heuristic models for the profile can
yield accurate results for the current: It has been shown34 by
comparison with the results of ab initio calculations 共that
include the electronic correlation energies of molecular wires
and their electric field dependence in a mean field approximation兲 that the effects of screening and charging on transport in simple molecular wires can be modeled accurately by
employing appropriate phenomenological potential profiles
between the metal contacts. We adopt this approach here,35
and note that our qualitative predictions are not sensitive to
the precise details of the model profiles that we use. Most of
the molecular bridges considered in this work are monothiolates, and for these systems a substantial spatial gap is predicted at the interface between the metal contact and the
nonthiolated molecular end. In the numerical results presented here for these systems we assume for simplicity that
one-half of the applied bias drops at this interface and onehalf drops across the molecule.36 Our predictions regarding
the strong and weak spin-current rectification regimes do not
change qualitatively if other model potential profiles are
adopted.
III. RESULTS

共1兲

where E is the energy of the electron, f共E , 兲 is the equilibrium Fermi distribution and S,D = EF ± eV/ 2 are the electro-

ប
关I↓共V兲 − I↑共V兲兴.
2e

A. Au/OT/Fe, Au/OdT/Fe, and Pd/OT/Fe

The extended molecule for the Au/OT/Fe molecular junction is shown in the inset of Fig. 1共a兲. The sulfur atom is
estimated to sit 2 Å above the fourfold FCC Au hollow site,
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FIG. 1. 共Color online兲 共a兲 Transmission probabilities vs energy
at zero bias for spin-up 共u兲 and spin-down 共d兲 electrons for the
Au/OT/Fe molecular junction displayed in the inset. Fermi energy
= 0 eV. 共b兲 Transmission probablity for an Au/OdT/Au junction. 共c兲
Transmission probabilities for an Fe/octane/Fe junction. 共d兲 Calculated current vs voltage for the Au/OT/Fe junction in 共a兲. 共e兲 Calculated net spin-down current given by Eq. 共2兲 vs voltage.

while the BCC Fe electrode surface is estimated to be 4.1 Å
from the molecular carbon atom.18 Such molecular junction
geometries may be realized with STM or break junction systems where the Fe-C distance may vary. However, while the
magnitudes of the currents depend exponentially on the Fe-C
separation, the qualitative transmission features and ratios of
currents are insensitive to the separation for a wide range of
values. Our qualitative predictions are also not overly sensitive to the metal-S distance.
The calculated transmission probabilities at zero bias for
spin-up 共u兲 and spin-down 共d兲 electrons are displayed in Fig.
1共a兲 for the Au/OT/Fe junction; the common Fermi level of
the metal contacts is at 0 eV. The mechanisms that give rise
to the resonant transmission features that are visible near
−1 eV and 0.8 eV at zero bias in Fig. 1共a兲 control both the

charge current I 关Fig. 1共d兲兴 and the spin current IS 关Fig. 1共e兲兴
at moderate bias. These mechanisms involve interactions of
the molecule with both metal interfaces; to understand them
it is helpful to examine the roles of the two different metalmolecule interfaces separately. We do this by considering a
pair of closely related symmetric molecular wire systems,
Au/octane-dithiolate/Au and Fe/octane/Fe. In the former system both metal-molecule interfaces are similar to the Au/
molecule interface of Au/OT/Fe while in the latter both are
similar to the Fe/molecule interface of Au/OT/Fe.37 The calculated zero bias transmission probabilities for these two
symmetric systems are plotted in Fig. 1共b兲 and Fig. 1共c兲,
respectively; for the Fe/octane/Fe system parallel magnetization of the two Fe electrodes is assumed and both the spin-up
and spin-down electron transmission probabilities are shown.
Since transmission features due to the interaction of the molecule with the source and drain interfaces are degenerate at
zero bias for symmetric junctions, the analysis of the transmission probabilities in Figs. 1共a兲–1共c兲 are more straightforward than of those in Fig. 1共a兲:
For the symmetric Au/OdT/Au junction, the weak transmission resonance near −1.5 eV in Fig. 1共b兲 is due to resonant conduction through the molecular HOMO. The conduction is weak because the HOMO is localized mainly at and
near the sulfur atoms and decays rapidly along the molecule’s carbon backbone. The transmission probability decreases towards the Fermi energy where it is due to offresonant conduction via the tail of the HOMO resonance.
The large transmission below the HOMO resonance is due to
molecular conducting states lower in energy, including
the HOMO-1. The lowest unoccupied molecular orbital
共LUMO兲 is located above the plotted energy range due to the
large molecular HOMO-LUMO gap 共OdT and OT are insulators兲 and does not contribute significantly to the current for
any of the results presented in this work. Due to the resonant
conduction through the HOMO and its off-resonant transmission near the Fermi energy, the transmission probability for
Au/OdT/Au is quite asymmetric about the Fermi energy
共EF = 0 eV兲. Nevertheless, for a spatially symmetric junction,
I共−V兲 = −I共V兲 and rectification is not possible. However, the
asymmetry of T共E兲 about EF for the Au/molecule contact can
result in strong rectification when this contact forms part of
an asymmetric molecular junction 共as for Au/OT/Fe兲 and the
total transmission at the second contact is symmetric about
E F.
Such is nearly the case for the Fe contact as is
displayed in Fig. 1共c兲 关while the total transmission
T共E兲 = T↑共E兲 + T↓共E兲 is asymmetric about the Fermi energy,
with the magnitudes of the u and d transmission peaks differing by roughly a factor of 2, it is much less so than T共E兲
in Fig. 1共b兲兴. As is the density of states for bulk Fe,19 the
features in the transmission in Fig. 1共c兲 are highly spin split:
The transmission features near 1 eV below EF for spin-up
and 0.8 eV above EF for spin-down in Fig. 1共c兲 are due to Fe
metal states. They are present even in the absence of molecules 关as reported in Fig. 共6a兲 in Ref. 21 for vacuum tunneling between Fe nanocontacts兴; since there is no strong
hybridization between the octane molecule and either Fe
contact, the main role of the octane is to effectively lower the
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barrier for conduction in the Fe/octane/Fe junction. Because
of this our qualitative predictions are insensitive to variations
in the C-Fe distance: While variations affect the strength of
the Fe metal state transmission resonances 共and thus scale
the magnitude of the current兲 the energy locations and relative strengths of these resonances are robust to such variations.
The origin and qualitative characteristics of the important
features in the transmission of the asymmetric Au/OT/Fe
molecular junction seen in Fig. 1共a兲 are now readily understood as manifestations of consecutive transmission of electrons through the Au/OT and OT/Fe interfaces: The prominent spin-up transmission feature in Fig. 1共a兲 around −1 eV
is due to the peak in the spin-up transmission between the Fe
and the molecule in this energy range 关Fig. 1共c兲兴 coinciding
with the molecular HOMO-mediated transmission at the
Au/OT interface 关Fig. 1共b兲兴. The much weaker spin-down
transmission feature around 0.8 eV in Fig. 1共a兲 is due to the
corresponding peak in the spin-down transmission between
the Fe and the molecule 关Fig. 1共c兲兴 occurring in an energy
range where there is no transmission resonance associated
with the Au/OT interface. The similarly weak spin-down
transmission around −1 eV in Fig. 1共a兲 is due to weak spindown transmission at the OT/Fe interface coinciding with the
共broad兲 molecular HOMO-mediated transmission resonance
associated with the Au/OT interface.
The total charge current, I共V兲 = I↑共V兲 + I↓共V兲, displayed in
Fig. 1共d兲 as a function of applied bias voltage V is calculated
according to the Landauer expression, Eq. 共1兲 from the biasdependent transmission probability T共E , V兲. The latter quantity differs from T共E , 0兲 that is plotted in Fig. 1共a兲 in that
T共E , V兲 includes the effects of the bias voltage on the energies of the electronic states within the metal contacts as well
as on the potential profile of the molecular junction as was
discussed in Sec. II. However, the behavior of the current can
still be understood qualitatively in terms of electron transmission through the two molecule-metal interfaces discussed
above if their bias dependence is taken into consideration:
With increasing positive bias 共applied to the Fe electrode兲 the
transmission features due to the molecular HOMO levels that
are associated with the Au/molecule interface 关Fig. 1共b兲兴
move to higher energies relative to the transmission features
due to the Fe/molecule interface 关Fig. 1共c兲兴. This results in an
overall enhancement of T共E , V兲 relative to T共E , 0兲 within the
window of conduction between the electro-chemical potentials of the source and drain electrodes, defined by Eq. 共1兲.
By contrast, for negative applied bias the transmission features due to the Au/molecule interface 关Fig. 1共b兲兴 move to
lower energies and remain outside the window of conduction, resulting in an overall weakening of T共E , V兲. Thus the
magnitude of the current I at positive bias is markedly larger
than that at negative bias, so that the Au/OT/Fe molecular
junction behaves as a charge-current rectifier as is evident in
Fig. 1共d兲.38
The net spin current given by Eq. 共2兲 is displayed in Fig.
1共e兲. As expected from general considerations 共see Sec. I兲
there is a linear response regime at low bias 共in this case for
兩V兩 below approximately 0.4 V兲 where there is no appreciable spin-current rectification, followed by 共for 兩V兩 below

FIG. 2. 共Color online兲 共a兲 Calculated current-voltage characteristic for the Pd/OT/Fe junction. 共b兲 Net spin current 关Eq. 共2兲兴 vs
voltage.

approximately 0.6 V兲 the onset of appreciable nonlinearity
with an associated weak spin-current rectification regime
where IS共V兲 ⫽ −IS共−V兲 although IS共V兲 and IS共−V兲 have opposite signs. However at still larger bias our calculations predict a qualitative change in the nature of the spin-current
rectification: The net spin current is positive for both directions of applied bias voltage over a substantial voltage range
beginning near ±0.6 V, i.e., strong spin-current rectification
is predicted. This is due to the asymmetry about the Fe Fermi
level of the spin-up and spin-down transmission resonances
associated with the Fe/molecule interface that is evident also
in Fig. 1共c兲. For positive bias applied on the Fe contact the
transmission is dominated by the transport of spin-down
electrons through the molecule from the Au into unoccupied
states of the Fe contact that are predominantly spin down.
For similarly large negative bias, the transport is dominated
by spin-up electrons as the occupied states on the Fe contact
are predominantly spin up. Therefore, for either direction of
bias, the net spin-down electron flux is towards the Fe contact.
Our calculations for an Au/octane-dithiolate共OdT兲/Fe molecular junction predict that this system should also function
as a strong spin-current rectifier comparable to Au/OT/Fe.
The mechanisms involved are however somewhat different
for the two systems: Whereas the spin rectification in the
Au/OT/Fe system arises from spin-split Fe metallic states at
the unbonded Fe interface 关as in Fig. 1共c兲兴, both contacts are
thiol-bonded for Au/OdT/Fe. In this case, the low bias transmission on the Fe contact is dominated by interface states at
the sulfur-Fe interface 关see Fig. 1共a兲 in Ref. 16兴 that are also
spin-split and occur on opposite sides of the Fe Fermi energy.
Our calculations also predict similar spin rectification to
that in Fig. 1共e兲 if the Au electrode is replaced with Pd.39
Here, due to the strong hybridization that occurs between the
molecular sulfur atom and the d-electronic states of the Pd
contact, the moderate bias transmission on the Pd/molecule
contact is dominated by interface states that develop within
the HOMO-LUMO gap.10 They are located near the HOMO
共below the Fermi energy兲 and as a result the transmission at
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dicted to be significantly different than for Au/OT/Fe and
Pd/OT/Fe.
The total current I for Au/OT/Ni is displayed in Fig. 3共b兲.
The asymmetry in the magnitude of the current between
positive and negative bias voltage is not as strong in Fig.
3共b兲 as in Fig. 1共d兲 or 2共a兲. This is a result of the transmission resonances associated with the Ni contact being located
below the Fermi energy for both spin configurations: As they
are located similarly to the resonance for Au/OdT/Au in Fig.
1共b兲 共though they are smaller in magnitude兲, the effective
asymmetry between the source and drain contacts is reduced
relative to the molecule/Fe systems resulting also in a reduction of the strength of the charge current rectification. For the
same reason, as is evident from Fig. 3共c兲, spin-current rectification is predicted to be a much less pronounced phenomenon in the Au/OT/Ni molecular junction than for either Au/
OT/Fe or Pd/OT/Fe: Weak spin rectification is predicted to
extend over a wider bias range for the Au/OT/Ni molecular
junction than for the Fe junctions, and strong spin rectification is predicted to be largely or completely suppressed in the
Au/OT/Ni junction; while slightly positive, IS is very close to
zero around −1.75 V in Fig. 3共c兲.
FIG. 3. 共Color online兲 共a兲 Zero bias transmission probabilites for
spin-up 共u兲 and spin-down 共d兲 electrons for a Ni/octane/Ni molecular junction. 共b兲 Calculated current-voltage characteristic for the
Au/OT/Ni junction. 共c兲 Net spin current 关Eq. 共2兲兴 vs voltage.

the Pd/molecule contact is even more asymmetric about the
zero bias Fermi energy than the transmission due to the Au/
molecule contact 关Fig. 1共c兲兴.
The calculated total current I for the Pd/OT/Fe molecular
junction is displayed in Fig. 2共a兲. Due to the large transmission asymmetry at the Pd/molecule contact, the current exhibits stronger charge current rectification 共the current is
more asymmetric under inversion of bias兲 than that displayed
in Fig. 1共d兲 for the Au/OT/Fe junction. Also, as is evident
from the calculated spin current IS plotted in Fig. 2共b兲, the
Pd/OT/Fe junction possesses significant weak spin rectification beginning for 兩V兩 above 0.2 V and extending to applied
biases of ±1 V. Since the transmission at the molecule/Fe
contact is unchanged, the strong spin-current rectification for
兩V兩 above 1 V in Fig. 2共b兲 is qualitatively similar to that in
Fig. 1共e兲.
B. Au/OT/Ni

Figure 3 shows the predicted transmissions and currents
for an Au/OT/Ni molecular junction 共the Ni-C separation is
the same as the Fe-C separation considered in Sec. III A兲. In
this case the transmission probabilities for Ni/octane/Ni displayed in Fig. 3共a兲 serve to clarify the nature of the transmission at the Ni/molecule interface; Fig. 1共b兲 relates to the
Au/molecule interface for the Au/OT/Ni system as well.
Since the Ni/molecule transmission resonances are located below the Fermi energy for both spin-up 共u兲 and spindown 共d兲 electrons in Fig. 3共a兲, in contrast to the Fe/
molecule transmission resonances in Fig. 1共c兲, the current
and spin-current rectification properties of Au/OT/Ni are pre-

IV. CONCLUSIONS

In summary, we have proposed that spin-current rectification in molecular junctions can take two different forms consistent with thermodynamic considerations: A weak form in
which the spin-current reverses direction when the bias applied to the junction is reversed and a strong form in which
the direction of the spin current is unchanged upon reversal
of the bias. We have presented calculations of spindependent transport in several molecular junctions in which
one metal contact is nonmagnetic and the other consists of
Fe or Ni. We have predicted both types of spin-current rectification to occur 共depending on the bias voltage兲 in the
junctions with Fe, and the weak form to occur for Ni contacts. Our results indicate that molecular junctions displaying
both spin-current and charge-current rectification should be
possible, and may find practical application as nanoscale devices that combine40 logic41,42 and memory43 functions. Experimental observation and further theoretical studies of the
phenomena that we have predicted here would be of interest.
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APPENDIX: DISCUSSION OF CHARGING
AND CORRELATION EFFECTS

Since we are considering insulating alkane-thiolate molecules that behave primarily as potential barriers that contain
no electronic trapping centers, neither charging of the molecules in response to applied bias nor any associated strong
electronic correlation effects originating within the molecules are expected to play an important role in transport
through these systems. In our calculations, the HOMO of
octane-thiolate comes close to the window between the
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chemical potentials of the source and drain at the highest
bias voltages we consider 共2V兲, for positive bias applied on
the iron contact. However, since the HOMO is filled, and the
molecule is strongly coupled to the source contact, the
HOMO is not expected to charge significantly. The HOMO
does not come close to the current window under reverse
bias for the moderate bias results presented here. The metallic states that dominate the current in the moderate bias regime are located mainly within the metal contacts and are
well separated in energy from the Fermi levels of their respective leads. They are strongly coupled to their respective
electrodes, whereas the calculated electron transmission
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