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Electron Interference in a Double-Dopant Potential Structure

Josef Weinbub,* Mauro Ballicchia, and Mihail Nedjalkoy

Herein, an analysis of interference effects as a result of the electron evolution
within a coherent transport medium is presented, offering a double-dopant
Coulomb potential structure. Injection of coherent electron states into the
structure is used to investigate the effects on the current transport behavior
within the quantum Wigner phase space picture. Quantum effects are
outlined by using classical simulation results as a reference frame. The
utilized signed particle approach inherently provides a seamless transition
between the classical and quantum domain. Based on this the occurring
quantum effects caused by the non-locality of the action of the quantum
potential, leading to spatial resonance, can be indentified. The resulting
interference patterns enable novel applications in the area of entangletronics.

Introduction: Correctly describing and predicting quantum
effects in nanoelectronic devices remains a key challenge. An
attractive way to do so is to compare quantum with classical
effects, enabling to identify quantumness in the generated
results. However, the transition from quantum to classical
transport requires a principal change in the physical description.

In contrast to classical processes comprised by elementary
events associated with probabilities, the interplay of phases and
amplitudes gives rise to interference effects which cannot be
described as a cumulative sum of probabilities. A given quantum
transport problem does not allow for a decomposition into
separate sub-tasks as suggested by the Matthiessen rule of classical
transport, and needs to be treated in its entirety."! Therefore, the
interplay of seemingly simple processes, as for example electron
evolution with Coulomb potentials, fundamentally differs when
using a classical or a quantum description.
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A convenient approach to implement a
seamless transition between classical and
quantum descriptions is offered by the
Wigner transport model, based on the
Wigner function” and implemented by a
signed particle approach®: The Wigner
approach can be reduced to the Boltzmann
transport model, when the quantum rules
for particle evolution are replaced by
classical ones. In the classical case the
evolution is governed by the local force (the
first derivative of the potential). However,
in the quantum case all derivatives of the
potential control the evolution, as can be
seen on the right-hand side of the expan-
sion of the ballistic Wigner equation!®:
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This approach gives rise to non-local and tunneling effects
which both can be conveniently studied by means of simulation.
As a consequence, it naturally enables switching between
classical and quantum transport in a flexible and straightforward
manner using the same modeling and simulation backend.
Based on this, the role of physical conditions can be investigated
in detail, such as investigating the electron evolution within a
specific transport medium.

It has been demonstrated that the concepts of coherence and
entanglement are quantitatively equivalent.’! Entanglement is
the term of choice for nanoelectronic problems, where a
system called device is open to its environment through a
system called contacts. In this work the term entanglement is
thus understood to represent the complicated coupling
between device and contact states. It further covers the term
entangletronics, short for entangled electronics, and extends it
over a much broader class of problems beyond the strict
meaning of quantum entanglement. Therefore, entangletronics
is understood to rely on mechanisms which maintain coherence,
while the environment strives to destroy it.

In a previous communication we showed that the Wigner
formalism provides a legitimate theoretical framework for
presenting the basic notions of the quantification theory of
coherence in phase space terms.!®! Based on the resulting criteria
for coherence in phase space in conjunction with a Wigner
signed particle approach, we demonstrated that a quantum state
can be split and controlled by an electrostatic lense and how the
environment kills the coherence.

Here we report a new advancement, also paving the way for
building novel entangletronic devices. Based on ViennaWD'")
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and its Wigner signed particle approach, recently supporting
switching between quantum and classical transport, we analyze
the current transport behavior with two attractive, that is,
pulling, dopants (modeled via Coulomb potentials) in a transport
medium.

The motivation behind investigating the effects of dopants in
a transport medium is that they can be introduced on purpose in
a controlled manner by fabrication processes. This enables to
specifically design the current transport path down to the
nanometer regime.®?!

Concerning transport properties, we assume ballistic
transport, which in terms of wave mechanics relates to
coherent transport: In the used quantum transport model
(used for simulating nanoelectronic devices), coherence is
destroyed by any process which influences the free movement
of the signed particles, for example, phonon scattering.
Although the theory and the simulation framework support
phonon scattering,'® here our focus is on clearly highlighting
the manifesting quantum effects. This requires a maximum
resolution of the results, in turn requiring that all phonon
scattering effects are suppressed. To enable coherent evolution,
the injected electrons must be coherent in the first place.
Therefore, we continuously inject coherent minimum uncer-
tainty wave packets and let them collide with the dopants. The
observed spatial resonance behavior is particularly attractive
for applications in entangletronics.

The findings provide valuable insights into the yet not fully
understood physics of the transition from quantum to classical
behavior. Even more so, a direct comparison between the
classical and the quantum simulation results enables to clearly
identify the quantum effects occurring in quantum dynamics
experiments with dopants.

The contributions of this work are primarily twofold: 1) We
investigate the impact of an attractive double-dopant setup on
electron evolution, and 2) we highlight the current transport
inherent quantum effects by comparing classical with quantum
transport simulations.

Experimental Setup: The simulation domain has the extent of
40 x 60 nm?, with absorbing boundary conditions. The attrac-
tive dopants are modeled via Coulomb potentials (peak potential
0.365eV) and are placed at y=30nm and x =14nm and
x = 26 nm, respectively. In the quantum case the identical
injected states are Wigner functions corresponding to minimum
uncertainty wave packets™”! (representing electrons), which are
described by Wigner pure states:

Fo (1) = Nep{—l7 = 7ol/@ot) b esp{-[f - ol 207} (2)

The initial Gaussian-shaped envelope of plane waves
(Gaussian function in both position and momentum) has thus
the ability to form interference patterns. These electron states are
injected at 7y, =20nm, 75, =0nm (period 1 fs, direction +y,
initial kinetic energy 0.141eV, 5 - 10° signed particles per state),
using a spatial standard deviation of o, = 0, = 0 = 16 nm for the
Gaussian, corresponding to the equilibrium distribution around
kox = 0,ko, = 16Ak with the effective mass m* = 0.19Mgjectron
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at a temperature of T =300K. The square mesh in the
momentum space (Ak = x/L;) is determined by the coherence
length L., = 60 nm. The coherence length has been set to the
largest extension of the simulation domain, that is 60nm, in
order to have coherent transport inside the simulation domain,
and corresponds to an energy of K*Ak?/(2m* ) = 0.55 meV. To
enable a coherent evolution, the Wigner pure states must be
injected with a constant o: Injection of mixed states, for example,
according to Fermi-Dirac or Maxwell-Boltzmann distributions,
already introduces decoherence in ballistic devices."" Thus, in
the case of coherent injection, ¢ does not vary according to a
given distribution, but is kept constant.

The quantum states can be interpreted as distributions of
classical electrons, so that apart from normalization problems
we can safely ensure equivalent injecting conditions for both, the
classical and the quantum experiments. Classical and incoherent
perceptions become synonyms; a loss of coherence is equivalent
to a transition to classical behavior. In coherent problems, the
classical and the quantum experiment differ in the treatment of
the dopant potentials. In the classical case, the first derivatives of
the potential give rise to a force and acceleration along
Newtonian trajectories, while in the quantum case higher order
derivatives are taken into account via the Wigner potential, cf.
right-hand side of (1). The latter enables describing quantum
effects, e.g., non-locality.

Analysis: Figure 1 and Figure 2 show the electron density at
200 fs for all absorbing boundary conditions in the classical and
in the quantum case, respectively. Steady-state is reached after
160fs. The green isolines indicate the potential energy of the
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Figure 1. Classical electron density ([a.u.]) after 200fs of the initial
minimum uncertainty condition. The green circles are isolines at 0.175 eV
of the Coulomb potentials modeling the dopants.
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Figure 2. Quantum electron density ([a.u.]) after 200fs of the initial
minimum uncertainty condition. The green circles are isolines at 0.175 eV
of the Coulomb potentials modeling the dopants.

dopants at 0.175 eV, which is approximately half of the peak
energy level of the dopants.

In the classical case, Figure 1, no interference pattern can be
recognized beyond the dopants (y > 30 nm) as the action of the
electric force is local. Thus, for y < 30 nm, the density, after
reaching the steady-state, is similar to the case of a freely evolving
initial condition (i.e., the injected states). The effect of the two
potentials is, however, noticeable behind the dopants. Right behind
each dopant, the symmetry of the density distribution reflects the
symmetry of the Coulomb force. Until approximately y = 40 nm,
correlation effects in the density are observed, caused by the
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Figure 3. Classical screens show the cumulative density ([a.u.]) recorded
at three different y positions.
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Figure 4. Quantum screens show the cumulative density ([a.u.]) recorded
at three different y positions.

accumulation of electrons due to the modification of the trajectories
which are in turn caused by the force. This manifests in the three
peaks at the 40 nm screen shown in Figure 3. For y > 40 nm, the
correlation rapidly fades away within a 10 nm distance.

In the quantum case, Figure 2, the non-locality action of the
quantum potential of the dopants affects the injected electrons
right after injection’. For y < 30nm, the density follows the
symmetry of the individual Coulomb potentials. The situation
changes dramatically in the upper half (y > 30 nm), showing a
complicated picture of spatial resonances. These do not fade
away as in the classical case, but maintain the peak pattern which
evolves with the distance (Figure 4). The simple quantum effect
of non-locality already significantly influences the physical
behavior of the electron. The sensitivity of the effect is
manifested in the change of the pattern with the distance from
the dopants. Therefore, even a small change of the potential of
one of the dopants (e.g., peak energy, profile) will cause a
dramatic change in the pattern. All in all, the spatial resonance as
well as their correlation with the dopant potentials enable to
selectively manipulate the electron evolution, which, as already
indicated, is attractive for future applications in entangletronics.

However, it is important to note that the evolving peaks cannot
be considered as individual electrons which advance in the phase
space in an eventually entangled way. The pure state evolution is
time reversible so that if one of the peaks is evolved backwards to
the time origin, it will become a subset of the original minimum
uncertainty wave packet (2). Therefore, a single evolving peak
cannot be the result of a single electron.

The results bear a resemblance to the diffraction patterns
manifesting over time in double-slit experiments.'*™* How-
ever, there is a fundamental difference: With the double-slit
experiments, the classical behavior is a reflection at the barrier,
where in the quantum case, tunneling effects occur. In our case,
only non-locality effects are experienced as the dopants do not act
as a barrier. Therefore, no tunneling effects appear.

Another interesting advantage of our simulation approach is
the fact, that we are able to use an arbitrary number of screens
behind each other within a single experiment. The screens are

2This is already expected in the case of a single dopant.
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not physical detectors: There is no physical interaction with the
system. Therefore, we do not loose the coherence of the wave
function upon recording the position of the signed numerical
particles. On the contrary, conventional screen experiments (for
instance used in double-slit experiments) suffer from a loss of
coherence (the wave-function collapses) upon measuring the
position.

Summary. We reported the quantum simulation of interference
effects of a double-dopant Coulomb potential structure. The
utilized Wigner signed particle approach provides a convenient
and natural way of seamlessly switching between the classical and
quantum domain. We discussed the impact of the dopant setup on
the electron evolution, highlighted the quantum effects, com-
pared to classical simulations, and underlined the method’s
unique ability to place multiple detection screens. In conclusion,
we stress that the discussed effects occur at small scales, so that
even small changes of the physical conditions can effect them. The
study of the arising quantum effects is important on a
fundamental level for gaining insights into the not-well-explored
area of quantum transport phenomena for developing novel
principles of device operation within the scope of entangletronics.
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