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Controlling single-electron states becomes increasingly important due to the wide-ranging advances in
electron quantum optics. Single-electron control enables coherent manipulation of individual electrons
and the ability to exploit the wave nature of electrons, which offers various opportunities for quantum
information processing, sensing, and metrology. Here we explore non-uniform magnetic fields, which
offer unique mechanisms for single-electron control. Considering the modeling perspective, convention-
al electron quantum transport theories are commonly based on gauge-dependent electromagnetic
potentials. A direct formulation in terms of intuitive electromagnetic fields is thus not possible. In an effort
to rectify this, a gauge-invariant formulation of the Wigner equation for general electromagnetic fields
has been proposed [M. Nedjalkov et al., Phys. Rev. B, 2019, 99, 014423]. However, the complexity of this
equation requires the derivation of a more convenient formulation for linear electromagnetic fields [M.
Nedjalkov et al., Phys. Rev. A, 2022, 106, 052213]. This formulation directly includes the classical formu-
lation of the Lorentz force and higher-order terms, depending on the magnetic field gradient, that are
negligible for small variations of the magnetic field. In this work, we generalize this equation in order to
include a general, non-uniform electric field and a linear, non-uniform magnetic field. The thus obtained
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formulation has been applied to investigate the capabilities of a linear, non-uniform magnetic field to
control single-electron states in terms of trajectory, interference patterns, and dispersion. This has led to
the exploration of a new type of transport inside electronic waveguides based on snake trajectories and

rsc.li/nanoscale the possibility of splitting wavepackets to realize edge states.

the scalar potential, respectively. The inclusion of the magnetic
field, however, introduces additional terms, which depend on

1 Introduction

(cc)

The field of electron quantum optics studies and applies electro-
magnetic (EM) field-controlled phenomena for manipulating
electron states in solid-state quantum systems.'” Ideally, trans-
port theories should describe both processes governing electron
trajectories and wave phenomena such as interference and diffr-
action in multiple dimensions. Theories based on EM potentials
rely on formal mathematical apparatus related to the choice of
scalar and vector potentials, which, however, obscures the physi-
cal aspects and thus the heuristic understanding of electron
evolution. This is also true for the Wigner theory which among
the alternative formulations of quantum mechanics utilizes clas-
sical concepts of a phase space and a quasi-distribution func-
tion. Indeed, the underlying Wigner quantum mechanics is for-
mulated in electrostatic terms under the choice of zero vector
potential.® The central quantities in the derived evolution (trans-
port) equation are the Wigner function f, and the Wigner poten-
tial V,,, defined by the Weyl transform of the density matrix and
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the choice of the gauge.”"” Six decades ago, Stratonovich'® gen-
eralized the Weyl transform to replace the canonical momentum
as a phase space coordinate with the kinetic momentum. The
latter, being a physical quantity, is gauge invariant, and so is the
transport equation for f, derived by the Weyl-Stratonovich trans-
form. Details can be found, e.g., in ref. 19-21 and the references
therein. The potentials are completely removed from the theory,
which offers the advantage of depending only on physical
factors, such as the EM fields E and B. The equation is math-
ematically challenging as it depends on multi-dimensional inte-
grals of f,, with the terms

H(B;r,p,7) = ste’%"s [s X B(r + ET)]

DF(E;r,p,7) = — ste‘%l’s (s . E(r +
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The dependence of the position and momentum variables r
and p is inherited from the spatial dependence of E(r) and B
(r), while p enters via the Fourier transform. Moreover, in con-
trast to the electrostatic counterpart, which has been analyzed
and applied for more than three decades to a plethora of
quantum transport processes,”>>* there is limited experience
with the properties of the gauge-invariant equation. It is thus
desirable to gain first-hand experience by reducing the com-
plexity of the equation. A first step in this direction is based on
the fact that for stationary EM conditions and a homogeneous
B, the IF-term can be neglected. Also, H® introduces the mag-
netic Lorentz force, while D" can be expressed via V,, for a
stationary E.*° As a homogeneous magnetic field can be associ-
ated with the zeroth-order term in the Taylor expansion of B(r),
as a next step, it is reasonable to take into account the next
(linear) term in the expansion. Therefore, in what follows, we
focus on the effects introduced by a magnetic field with spatial
linearity. Therefore, we consider the following physical set-
tings: the dimensionality of the problem is reduced to a two-
dimensional electron evolution in the r = (x, y)-plane. The
inhomogeneous magnetic field is normal to the plane in the
z-direction: B = (0, 0, B(y)). In this way, the Lorentz magnetic
force is in the plane. The y-coordinate is chosen along the line-
arity of B, so that B(y) = By + Byy. The electric field E(r) has a
general spatial dependence. Being stationary, the electric field
allows the reintroduction of the Wigner potential V,,(p, 1), a
quantity which has been physically well analyzed over the last
decades. In section 2, we formulate the corresponding mag-
netic field aware evolution equation for the Wigner function.
An analysis of the operators, which compose the equation, is
presented.

In section 3, certain physical effects incorporated into the
solution are identified in the case of weak non-linearity.
Interesting spatial correlations between the electric and mag-
netic fields are observed, which affect the process of
magnetotunneling.>**> They are observed in both density and
negativity distributions obtained from the Wigner solution,
suggesting the existence of both local and non-local interplays
of these fields and indicating effects, which can be used for
controlling electron evolution. In particular, different settings
of the non-linear magnetic field can be used to guide electron
trajectories to a desired region of space. Furthermore, it is
shown that certain evolution patterns such as snake trajec-
tories and edge states,>*®*” which are expected from classical
considerations, are maintained by quantum evolution. They
can be used to guide and manipulate an electron state by
restraining it in a desired region, splitting the density distri-
bution, or affecting its spreading.

2. Wigner equation for linear
magnetic fields

The equation has been initially formulated for the case of both
linear electric and magnetic fields (see eqn (25) in ref. 21). A
linear electric field can be accounted for either by an accelerat-
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ing (Newtonian) force or, equivalently, by the corresponding
Wigner potential term. This duality has been used to verify
certain quantum particle concepts used in the electrostatic
Wigner theory.”® For an electric field with a general spatial
shape, it is straightforward to reintroduce the Wigner potential
in the evolution equation (using eqn (44) and (45) from
ref. 20):

o p 0
o m

0
A e +F(B®y)) '8_p)fw(P7 r)

= JdP'Vw(P —p,0)fu(p’,1) (1)

Bt e (#0000
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e

The left-hand side contains the Liouville operator (Lo(B(y))),
where F is the magnetic Lorentz force F(B(y)) =

%p x B(r) = %(pyB(y), —pxB(y),0).f On the right-hand side is

the Wigner potential term, followed by a term, which involves
higher-order mixed derivatives. Without EM fields, the equation
reduces to Lo(0) = 0, which resembles the force-less Vlasov
equation. The equation involves Newtonian trajectories; however,
the quantum character of the evolution depends on the initial con-
dition:* the latter can contain, e.g., negative values in contrast to
the classical distribution function. An electric field is accounted for
by the Wigner potential term V), so that the equation takes the
well-known form Lo(0) = V,,. Lo(0) is associated with force-less
Newtonian trajectories; however, this does not challenge the
quantum character of the theory: Lo(0) together with V,, gives rise
to interference, non-locality, tunneling, negativity, and oscillatory
behavior of f,,. The evolution is fully coherent as the theory is fully
equivalent to wave mechanics.”*?° Next, if B, # 0, (1) becomes the
homogeneous magnetic field equation discussed in ref. 20 (eqn
(49)). The Liouville operator in eqn (1) involves Newtonian trajec-
tories driven by the inhomogeneous magnetic field B(y) = B, + Byy,
which affects the interplay with V,,. The last operator with the
higher-order derivatives is proportional to B,. This fact provides the
opportunity to discriminate the two operators by considering a
small B,. For large y, the magnitude of the linear component B,y
can become larger than B, so that if both have opposite signs, the
sign of the magnetic field B(y) is changed. Furthermore, an ana-
lysis of physically relevant settings shows that the higher-order
derivative operator can be a few orders of magnitude smaller than
the Wigner potential. The latter is characterized by the quantity y ~
10" s7'° characterizing the electric conditions in nano-
structures. This is a quantity equivalent to the total out-scattering
rate in Boltzmann transport models, which, for instance, for
phonons is 10"”™"% 57", These considerations suggest that the inter-
play of Lo(B(y)) and V,, can give rise to important physical effects
which dominate the transport for small B; values. Accordingly, we
neglect the last row in (1) and consider the equation
Lo(B(y)) = Vy. It resembles the standard Wigner equation, which

FIn the Lorentz force, in eqn (1), and in the following, p refers to the kinetic
momentum instead of the canonical momentum.

This journal is © The Royal Society of Chemistry 2024
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is associated with a signed-particle model®.; The signed-particle
model represents an electron state by an ensemble of numerical
particles. The particles have special features that carry the
quantum information; however, they evolve in the phase space
over Newtonian trajectories dictated by Lo. Thus the left-hand side
of (1) determines the trajectories of the particles in the evolving
ensemble so that the effects of the classical Lorentz force (due to
the linear magnetic field) are incorporated also in the quantum
evolution. This is demonstrated by the existence of snake and edge
modes in the quantum evolution considered in the next section:
there, we consider the essential cases of magnetotunneling and
ways to manipulate the state evolution by choosing different set-
tings for B, and B,. Finally, it is important to highlight that such a
level of physical insight is a unique feature of the Wigner
formalism.

3 Magnetic field effects in the
quantum evolution

Simulations were performed with the open source stochastic
code ViennaWD*>** based on the signed particles. In general,
a magnetic field is able to control the trajectory of a classical
charged particle. However, the quantum case has a wave-like
nature which needs to be incorporated. This is possible by
using a signed-particle model which is a numerical model to
describe the evolution of a quantum electron state and, more-
over, the magnetic field effect in this evolution. In the follow-
ing sub-sections, we show and study the effect of applying a
non-uniform linear magnetic field to a selection of specific
quantum electron state evolution scenarios and we highlight
the use of magnetic fields for controlling the electron state.
Where possible, we compare to classical transport results, as
the Wigner signed-particle model we employ provides a seam-
less transition to the classical transport picture. A coherent
evolution (ballistic transport) is considered to outline the ana-
lyzed effects.

In Section 3.1, we analyze a magnetotunneling structure
where the electron state interacts with an “electric” potential
barrier and an external magnetic field orthogonal to the trajec-
tory. In Section 3.2, we analyze the evolution of a quantum elec-
tron state in an electronic waveguide with two opposite external
magnetic field configurations, resulting in a so-called snake tra-
jectory and the formation of an edge state, respectively.

3.1 Magnetotunneling

Magnetotunneling refers to the effects of a magnetic field on
tunneling processes of an electron state through a single-
barrier potential. It has been analyzed in the framework of the
Wigner formalism in ref. 34, showing how a coherence pattern
remains after a barrier, revealing a sort of the “two-peak” wave-
form. In other work, magnetotunneling has been investigated

{The inclusion of the higher-order derivative terms demands an advanced
quantum particle model, which is currently in development.**
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in ref. 20 with a comparison between the classical and
quantum behaviours in the presence of a uniform magnetic
field B(y) = Bo. The “classical” behaviour corresponds to treat-
ing the potential barrier as a classical electric force. In this
case, the particle, having a kinetic energy less than the barrier,
is completely reflected. In the quantum case, it was demon-
strated that there is tunneling, as was expected, e.g., from ref.
34, but in addition it was shown that the process of trans-
mission (including the interference effects) is clearly affected
by the magnetic field. In the following, we are going to deepen
this analysis, in particular, studying the case where a non-
uniform magnetic field is included in the Liouville operator,
i.e., where Lo(B(y)) includes a non-uniform magnetic field B(y)
= By, + Bj), and the barrier is quantum mechanically rep-
resented by the Wigner potential V.

3.1.1 Simulation setup. The simulation domain is (x, y) =
(40 nm, 60 nm), as shown in Fig. 1-4. A 0.3 eV potential
barrier is placed at y = 30 nm. The barrier thickness is 1 nm
and is physically modeled by the Wigner potential V,, in all
shown experiments. The initial condition corresponds to a
minimum uncertainty Wigner state o, = 6, = 3 nm, which is
periodically injected into the simulation domain from the
bottom and evolves towards the barrier with a kinetic energy of
0.1 eV. The initial mean velocity is 0 in the x-direction, so
almost all the energy at ¢ = 0 fs is directed towards the poten-
tial barrier. We consider four cases of (ByB;):

Case 1 is (ByB;) = (0, 0) and represents a reference case for
the entire experiment since it allows to analyse quantum tun-
neling through the barrier without the influence of an external
magnetic field.

B(y) 60 0.001
50
0.0008
oT —
40
0.0006
€
0T — £ 30 |
>
0.0004
20
oT —
0.0002
10
oT — 0 0
0 10 20 30 40
X [nm]

Fig. 1 Case 1: the steady-state electron density, n(x, y), of a Wigner
state (electron) injected at the bottom, evolving towards the +y-direc-
tion. No magnetic field is applied (see B(y) indicators on the left). The
dashed line indicates the mean path of the state’s evolution. The green
lines indicate a 1 nm thick barrier of 0.3 eV. The density shows a fine
oscillatory structure above the barrier.
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Fig. 2 Case 2: the steady-state electron density, n(x, y), of a Wigner
state (electron) injected at the bottom under a constant magnetic field
(see B(y) indicators on the left), which bends the density and thus the
mean path, indicated by the dashed line. The oscillatory structure above
the barrier is strongly reduced by the magnetic field.
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Fig. 3 Case 3: the steady-state electron density, n(x, y), of a Wigner
state (electron) injected at the bottom under a linear magnetic that goes
from —6 T to 6 T (see B(y) indicators on the left) and thus the magnetic
field becomes zero at the barrier and switches the sign, giving rise to a
snake type of evolution. The density in the upper half of the domain
shows again a fine oscillatory structure.

Case 2 is (ByB;) = (—6 T, 0) and represents the effect of a uniform
magnetic field directed orthogonal to the simulation domain.

Case 3 is (BoB;) = (=6 T, 0.2 T nm™"). The magnetic field
changes its sign around the barrier; the magnetic field is thus
zero at the barrier.
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Fig. 4 Case 4: the steady-state electron density, n(x, y), of a Wigner
state (electron) injected at the bottom. The magnetic field is gradually
increased towards the +y-direction and is particularly large at and above
the barrier (see B(y) indicators on the left). The magnetic field sup-
presses the oscillations of the density, similar to case 2. The mean path
(white dashed line) is compared to the mean path of case 2 (orange dot-
dashed line): Although they differ, they both guide the state to the same
final position.

Case 4 is (BoB;) = (-2 T, —=0.2 T nm™"). The linear com-
ponent B,y increases the effect of the magnetic field B along y,
so that the magnitude of the magnetic field is non-zero in the
region of the barrier.

3.1.2 Density and negativity analysis. Fig. 1-4 show the
electron density for all the four cases. The steady-state electron
density, n(x, y), is obtained by the integration over p of the
steady-state Wigner function f(x, p). In accordance with the
Ehrenfest theorem, in all the four cases, the mean densities
follow the classical paths that are indicated by the dotted
lines.

In Fig. 1, which is related to B(y) = 0, the classical path is
the central line x = 20 nm, since no magnetic field bends the
trajectory. The density perfectly reflects the symmetry with
respect to the central dashed line and shows a fine oscillatory
structure above the barrier after the tunneling. The latter is
almost completely destroyed by the constant magnetic field, as
shown in Fig. 2. Therefore, the magnetic field bends the path,
guiding the electrons towards a specific position, where con-
sidering possible applications, an additional channel could be
envisioned, outlining a possible use-case for single-electron
control.

In case 3, the magnetic field changes its sign around the
barrier, giving rise to a snake type of evolution,' as shown in
Fig. 3. Besides, the fine structure of the density above y =
30 nm is recovered, similar to the case shown in Fig. 1.
Observing that the magnetic field is zero at the barrier as in
Fig. 1, we associate this effect with the existence of a local

This journal is © The Royal Society of Chemistry 2024
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interplay with the EM fields. Indeed, in Fig. 4, when B(y)
around the barrier is particularly large (similar to case 2), the
oscillations are again suppressed.

In case 4, the electron density, shown in Fig. 4, is very
similar to the electron density of case 2, since the magnetic
field is negative in the entire simulation domain, but gradually
increases towards the +y-direction starting from —2 T until —15
T. The mean path (white dashed line) is compared to the
mean path of case 2 (orange dot-dashed line): although they
differ, they both guide the state to the same final position. An
important observation is that the magnetic field is particularly
large at and above the barrier in this case, and indeed it sup-
presses the oscillations of the density, similar to case 2
(Fig. 2).

Since the linear change of the magnetic field is along the y
axis and no significant asymmetries with respect to the classi-
cal trajectory are observed along the x axis, to better analyze
the four cases, the steady-state electron density n(x, y) has
been integrated over x, obtaining the density along y, i.e., n(y).
One of the advantages of the Wigner formalism and, in par-
ticular, of the signed-particle model is to have access to the
Wigner function and its negativity obtained by Negy(r, p) =
fwbB(—fw), where 6 is the Heaviside function. The Wigner func-
tion negativity indicates the quantum behavior of a state.>> We
thus also investigated the negativity along y, Neg,(y), integrat-
ing over the momentum p and over x.

From the comparison of n(y) shown in Fig. 5, it is possible
to notice that the oscillatory behaviour in case 1 is smaller
than in case 2 before the barrier. It is almost completely
destroyed by the magnetic field after the barrier in case 2; only
a small variation related to the first two peaks is slightly
visible, while in case 1 it is well visible. A further confirmation
of the action of the magnetic field on the oscillatory behaviour
is given by the fact that case 3, where the magnetic field is
almost zero around the potential barrier, behaves similar to
case 1, while in case 4, where the magnetic field is even stron-
ger than —6 T, the behaviour is very similar to case 2. This
observation strongly suggests the existence of a local effect of
the magnetic field on the process of tunneling.

The negativity, as shown in Fig. 6, demonstrates an oscil-
latory behaviour around the barrier, which is a manifestation
of quantum effects. The appearance of negative values after
the injection of the entirely positive initial state below the
barrier (y < 25 nm) demonstrates the non-local action of the
barrier already without a magnetic field. The oscillations of
the negativity are well visible after the barrier for cases 1 and
3, while they are drastically reduced for cases 2 and 4: only the
first two peaks are slightly visible as a change of the slope (gra-
dient). In any case, the negativity shows this behaviour more
evidently than the density. This observation provides a confir-
mation that the magnetic field tends to destroy the oscillatory
behaviour of tunneled electrons and also confirms the results
presented in ref. 34. It is also possible to observe that the nega-
tivity increases with the magnitude of the magnetic field
already far before the barrier, which can be seen in all the
cases where a magnetic field is different from zero, i.e., cases

This journal is © The Royal Society of Chemistry 2024
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Fig. 5 Density distribution along the y-direction n(y): cases 1 & 3 and 2
& 4 clearly group together, suggesting that the oscillations are sup-
pressed in the presence of a magnetic field in the region of the barrier,
further indicating that the EM fields interact locally.
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Fig. 6 Negativity along the y-direction Neg,(y). Negative values after
the injection (y < 25 nm) demonstrate the non-local action of the barrier
already without a magnetic field. The negativity increases with the
increase of B(y) in this region, which suggests again a non-local interplay
of the EM field. Oscillatory behavior is slightly visible for the first two
peaks in the presence of a strong magnetic field: cases 2 and 4.

2, 3, and 4. This suggests another non-local effect of the inter-
play of the EM fields.

3.2 Snake trajectory and edge state

In this section, we are going to explore the ability of a non-
uniform magnetic field to control the evolution of an electron
state not only in terms of trajectory and interference patterns,
as in the magnetotunneling application, but also in terms of
shape and dispersion of the wave packet. In particular, we are
identifying two opposite configurations of the linear magnetic
field where the first contributes to maintain the localization of

Nanoscale, 2024, 16, 10819-10826 | 10823
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the wavepacket, as it happens in the case of a snake trajectory,
and the second to de-localize, which gives rise to the creation
of an edge state.

3.2.1 Simulation setup. In the two following experiments,
we consider a portion of an electronic waveguide in the plane
x-y with a magnetic field, B(r), that is orthogonal to the plane
x-y and presents a linear dependence in the x-direction, which
is orthogonal to the electron evolution (electron state evolves
along y). The waveguide width is 600 nm along the x-direction.
The magnetic field is defined by B(r) = (0, 0, B(x)) with B(x) =
By + Byx. Eqn (1), which describes the electron state evolution,
keeps the same form except that y and x are exchanged. The
waveguide length for the snake trajectory and edge state experi-
ment is 2500 nm and 3000 nm, respectively. We evolved a
minimum uncertainty Wigner state with o, = 6, = 36 nm, Mg =
0.19m. and an initial energy of 0.045 eV along y. The electron
state is placed at y, = 300 nm and we used a Gaussian state
that is fully included in the simulation domain at ¢ = 0.

3.3 Snake trajectory

In the snake trajectory experiment, the value of the magnetic
field is defined by B, = =1 T and B; = 0.0033 T nm". This
means that the magnetic field starts at —1 T at x = 0 nm and
increases to 1 T at x = 600 nm and is constant along the
y-direction, as shown in the right part of Fig. 7. The initial
position of the Wigner state is (xo, o) = (370 nm, 300 nm) and
is placed 70 nm to the right of the waveguide center which is
at x = 300 nm, where B = 0 T, see Fig. 7.

The left part of Fig. 7 shows the evolution of the electron
state along the waveguide. Fig. 7 shows the density of the
quantum states in specific time instants ¢ = 0 ps, 1.6 ps, 3.2 ps,
5.0 ps, and 6.4 ps. The dashed white line represents the trajec-
tory of a classical “point-like” particle that evolves along the
wire starting from the middle of the quantum state with the
same mean velocity. Furthermore, the chosen magnetic field
affects the shape of the electron state, as shown by the distri-
bution of the electron density. At ¢ = 0, the state is perfectly cir-
cular. During the evolution, the width of the wavepacket is
affected by the magnetic field. In particular, along the x-direc-
tion the “width” of the wavepacket tends to decrease,
approaching the center (¢ = 1.6 ps), followed by an increase
again as it oscillates to the other side (¢ = 3.2 ps). This is due
to the non-uniform magnetic field along x that tends to con-
centrate the density along the B(x) = 0 line. Fig. 8 shows the
evolution of variances Ax and Ay of the spread of the packet in
the x and y directions, as compared to the variance of a freely
evolving wavepacket. Particularly interesting is the behavior of
Ax, which is kept bounded around the initial value by the
magnetic field. The different behaviour of Ax and Ay is due to
the different behaviour of the Lorentz force that causes the
wavepacket to oscillate along x and to move forward along y.

3.4. Edge state

In the edge state experiment, the magnetic force is opposite to
the one used in Section 3.3, as can be seen from the right part
of Fig. 9. Thus B, = 1 T and B; = —0.0033 T nm™", so the mag-
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Fig. 7 Snake trajectory: evolution of a minimum uncertainty Wigner
state along a waveguide under an orthogonal, non-uniform linear mag-
netic field B(x) = Bo + Byx with (BgBy) = (-1 T, 0.0033 T nm™Y). The right
part shows the magnetic field B(x) in tesla (T). The left part shows the
electron density at t = 0, 1.6 ps, 3.2 ps, 5 ps, and 6.4 ps. The electron
state follows a snake trajectory indicated by the white dashed line.
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Fig. 8 Evolution of variances Ax and Ay of the spread of the Gaussian
wavepacket in the x and y directions, as compared to the variance of a
freely evolving (uniform motion) wavepacket indicated by the dashed
line.

netic field ranges from 1 T to —1 T along x and is constant
along the y-direction. The initial position of the Wigner state (¢
= 0 ps) is perfectly centered, i.e., (xo, ¥o) = (300 nm, 300 nm),
where B = 0 T, as can be seen in the left part of Fig. 9. In the
classical case, a particle evolving in the center and along the
line x = 300 nm (where the magnetic force is zero) will not be
affected by the action of the magnetic field. In the quantum
case, the electron state density is distributed in space, accord-
ing to Heisenberg’s uncertainty principle, and represented by
an ensemble of numerical particles, so that the evolution is

This journal is © The Royal Society of Chemistry 2024
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Fig. 9 Edge state: evolution of a minimum uncertainty Wigner package
along a waveguide under an orthogonal non-uniform linear magnetic
field B(x) = By + Byx with (BoBy) = (1 T, =0.0033 T nm™2). The right part
shows the magnetic field B(x) in tesla (T). The left part shows the elec-
tron density at t = 0, 2.5 ps, 5 ps, and 8 ps. At the end, the wavepacket
becomes a split edge state.

always affected by the action of the magnetic field. It is thus
clear that in the quantum case, the signed-particle model is
useful as it allows to describe and heuristically understand the
electron evolution. Parts of the electron density on the left of
the central line are pushed towards the left border of the wave-
guide, while other parts on the right are pushed towards the
right border. The boundary conditions reflect the parts of the
split state back towards the center. An analysis of the left part
of Fig. 9 shows the density of the quantum states at specific
times ¢ = 0 ps, 2.5 ps, 5.0 ps, and 8.0 ps. As we can see at ¢ =
2.5 ps, the electron density width increases along the x-direc-
tion during the evolution. This dispersion is driven by the
Lorenz force and provides a curvilinear shape along x to the
wavepacket, similar to an “arc”. When the electron state inter-
acts with the lateral borders of the waveguide, it is reflected
towards the center, this can be seen by the fact that the
bending of the curvilinear shape disappears near the borders.
At t = 5.0 ps, the electron state is completely reflected and the
density takes an almost “bimodal distribution” form along x.
It is almost separated in two parts, one on the left and one on
the right of the line x = 300 nm, where the magnetic field is
zero. Only a small portion of the density is still in the center of
the waveguide. The electron density at ¢ = 8.0 ps keeps the
bimodal distribution which is more defined and evolves along
the waveguide as two parallel parts of an edge state that travel
in the same direction, due to the opposite sign of the magnetic
field. This behaviour is further confirmed by the dispersion of

This journal is © The Royal Society of Chemistry 2024

View Article Online

Paper

the two parts along the direction of motion that is clearly
visible comparing to the density at ¢ = 5.0 ps with the density
at ¢ = 8.0 ps. This configuration of the magnetic field splits the
state and pushes its parts towards the boundaries which
reflect them back. This mechanism of electron splitting can be
an attractive option for research in electron quantum optics,
where “beam splitter” concepts are a vital building block.

4 Summary

Non-uniform magnetic fields offer unique capabilities to
control single electron states. Here, we investigated a generaliz-
ation of eqn (25) proposed in ref. 21 for non-linear electric
fields. The obtained equation involves the conventional
Wigner potential, the magnetic Lorentz force that also
includes linear magnetic fields, and higher-order terms that
depend on the linear coefficient of B. The higher-order terms
can be neglected for small magnitudes which allows us to
perform numerical calculations in terms of the well-developed
signed-particle model. Experiments on magnetotunneling
and, in particular, the capability of linear, non-uniform mag-
netic fields to control an electron state trajectory are shown.
Moreover, the possibility of changing the value of the magnetic
field allows us to specifically influence an interference pattern
or an oscillatory behaviour. We also show the capability of
linear, non-uniform magnetic fields to control the spatial dis-
persion of an electron state or to split the electron state. It
should be stressed that both cases of evolution have a classical
analog of evolving initial Gaussian distributions of an ensem-
ble of non-interacting electrons. Indeed, for the considered
physical setup, classical and quantum evolution rules are the
same. However, in the former, the initial condition can only be
non-negative, while in the latter, negative values are also poss-
ible, characterising the Wigner quasi-distribution function.
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