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This work proposes a wave-entity perspective of the electron spin qubit, treating the electron as a continuous physical wave rather than

a point-like particle. In this theoretical framework, each spin qubit corresponds to a distinct current density configuration, offering a

resolution to the paradox of a particle appearing to spin both up and down simultaneously. We further predict the existence of a

persistent, azimuthally asymmetric magnetic field associated with the wave-spin qubit, an effect not anticipated by the conventional

particle-spin model. Notably, the qubit’s relative phase governs the orientation of both the current and the magnetic field, suggesting a

mechanism for direct, local interactions between qubits. This phase-dependent coupling could form the basis for inherently parallel

quantum computing architectures, in contrast to the sequential operations of gate-based logic. While this framework is grounded in

theoretical analysis, it yields testable predictions—particularly regarding the magnetic field structure—that invite experimental

verification. By treating the electron wave as the fundamental physical entity, rather than a probabilistic abstraction, we explore the

possibility of a quantum model that is deterministic, local, causal, and fully consistent with special relativity.
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I. Introduction

The electron, a cornerstone of modern physics and technology, remains an enigmatic entity. Conventionally modeled as a point-like particle

carrying charge  , its electromagnetic behavior is fully described by the Lorentz-covariant four-current  ,

where    and    denote the charge and current densities  [1]. This four-current governs both the generation of, and

interaction with, the electromagnetic field  , where   and   are the scaler and vector potentials, respectively: 

where   is the d’Alembertian operator and   is the interaction Lagrangian.

However, electrons also exhibit wave-like behavior, as demonstrated by double-slit interference  [2][3][4]  and electron diffraction

phenomena [5][6]. This necessitates a quantum mechanical description, wherein the four-current is expressed in terms of the wavefunction 

: 

The wavefunction evolves according to the Dirac equation [7][8]: 

where   is the electron mass,   is the speed of light, and   is the reduced Planck constant.   and   are Dirac-matrices. As a relativistic

wave equation, the Dirac formalism allows the quantum four-current to encompass both wave dynamics and spin characteristics in a

Lorentz-covariant manner.

For an energy eigenstate satisfying  , we can derive from the Dirac equation: 
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where   is the spin operator. The first term represents a circulating spin-associated component, while the second corresponds

to translational motion via the momentum operator  . This expression shows that the electron wave inherently carries spin, even in

the absence of an external magnetic field.

The observed spin value    arises from interactions with external fields  [9][10], confirming that spin is a spatially structured, intrinsic

property of the wave—termed wave-spin—rather than an abstract attribute of a point-like particle. Clearly, the wave here represents more

than just a probability distribution.

We therefore propose that the electron wave be treated as the sole physical entity, inherently carrying both charge and spin in a Lorentz-

covariant manner. This stands in contrast to the conventional quantum mechanical interpretation  [11], characterized by wave-particle

duality, in which the wave is viewed as a probabilistic abstraction governing the behavior of a point-like particle.

In our framework, the particle with a defined size and shape does not exist. Apparent particle-like behaviors, such as those observed in

cathode ray tubes or electron beam lithography, are instead attributed to the small collision cross-section of the electron wave, analogous to

that of electromagnetic waves.

Importantly, the wave-entity is proposed as a real, physical object, distinct from the wavefunction, which is a mathematical vector in

Hilbert space that calculates observable quantities and evolves deterministically according to the Dirac equation. In this interpretation, the

apparent collapse of the wavefunction reflects a natural physical transition of the wave-entity from one state to another, rather than the

disappearance of a real object. This view departs from the probabilistic framework of quantum mechanics: well-defined quantum objects

behave deterministically, and computational machines based on quantum processes produce definite outcomes.

Identifying the fundamental nature of a physical entity is essential for accurate interpretation of physical phenomena. By treating the wave

as the sole physical entity, we propose a framework that may help resolve some paradoxes inherent in particle-based and probabilistic

framework of quantum mechanics. In this view, the electron does not transition instantaneously or randomly between locations—a

concept incompatible with special relativity and causality. In Einstein-Podolsky-Rosen (EPR)–type entanglement, the electron wave

distributes spin spatially and can diffuse rapidly in free space [10]. This extended attribute of the wave-entity enables broader connectivity

than a point-like particle, eliminating the need for nonlocality or faster-than-light communication. A full discussion of entanglement

within this wave-based framework is reserved for future work.

In this paper, we focus on the superposition of spin states forming a spin qubit, which is a foundational element in quantum computing [12].

Much like a Schrödinger’s cat  [13], the qubit invites conceptual paradox: how can an electron simultaneously be both spin-up and spin-

down? We resolve this by explicitly deriving the four-current for an electron confined in a three-dimensional cavity. Our results show that

the qubit corresponds to a well-defined current density configuration, thereby removing the paradox. Furthermore, the relative phase

between qubit states that is essential for quantum computation [12]manifests as a real-space orientation of the current density, providing a

concrete physical interpretation.

Finally, we investigate the magnetic fields generated by the qubit via  , leading to testable predictions that distinguish the wave-

entity interpretation from the traditional wave-particle paradigm. This theoretical and exploratory work is intended to stimulate scientific

discussion, invite peer feedback, and encourage experimental efforts that could help clarify foundational entities, resolve conceptual

paradoxes, and ultimately advance our understanding of quantum phenomena.

II. Electron Wave-Spin in a Cavity

In this section, we derive the analytical wavefunctions and current densities of an electron confined in a finite cylindrical quantum dot,

modeled as a three-dimensional cavity with partial radial confinement and complete axial confinement. Our analysis reveals that the

confined Dirac electron exhibits a toroidal wave-spin topology, which fundamentally differs from the conventional particle-based
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interpretation of spin. This provides a concrete demonstration of spin as an extended spatial structure rather than an intrinsic point-like

attribute.

We begin with the Dirac equation in the presence of a cylindrically symmetric potential: 

 where   models the quantum dot confinement [14][15]: 

The Dirac momentum operator in cylindrical coordinates   is expressed as: 

with the cylindrical-coordinate commutation and anticommutation relations: 

The electron is fully confined along the  -axis but only partially confined radially, giving rise to an evanescent wave outside the cavity

previously discussed [16]. While the Schrödinger solution for this geometry has been discussed for planar systems [17], we solve here the full

Dirac equation to expose the relativistic wave-spin structure.

We assume a stationary solution of the form: 

where   is the eigenenergy. We solve for the wavefunction   in Regions I and II, with the wavefunction vanishing in Region III due

to the infinite potential. As established in [16], the simplified treatment inside the cavity remains valid, despite the presence of evanescent

components near the boundary.

By separation of variables, we obtain eigenfunctions for spin-up    and spin-down    states labeled by quantum

numbers:
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where    represents the azimuthal wavefunction with quantum number  .    represents the  -axis standing wave,

where   for quantum number  .   and   are the radial wavefunctions in terms of Bessel functions of

the first and second kinds, where   and   are the radial wave vectors defined in relationship to the eigenenergy   by: 

The eigenenergy   and matching coefficient   are determined via boundary conditions at  : 

 where the quantum number   is implicitly contained in the boundary conditions.

The geometric factors   and   are: 

which are also quantum state specific, converging in the non-relativistic limit to: 

For the ground state ( ,  ,  ), we simplify notation by writing  ,  ,  , and  . The spin-up and

spin-down wavefunctions become:

;

These states are degenerate and can be superposed without energy splitting, enabling qubit constructions without oscillatory interference.

The eigenenergy   and matching coefficient   satisfy the boundary conditions: 

and the wavefunction is normalized such that the total charge equals that of a single electron: 

eilϕ l = 0, 1, 2... cos( z)km z

=km
mπ

2d
m = 1, 3, 5... ( ρ)Jl ζnlm ( ρ)Kl ξnlm

ζnlm ξnlm Enlm

ζ2
nlm

ξ2
nlm

=

=

;
− −E

2
nlm m2

ec
4 ℏ 2c2k2

m

ℏ 2c2

.
( − U − −Enlm )2 m2

ec
4 ℏ 2c2k2

m

ℏ 2c2

(12)

Enlm κnlm ρ = R

( R)Jl ζnlm

{i [ ( R) − ( R)] − i ( R)}ηI
1

2
ζnlm Jl−1 ζnlm Jl+1 ζnlm

l

R
Jl ζnlm

= ( R);κnlmKl ξnlm

= {i [− ( R) − ( R)] − i ( R)},κnlmηII
1

2
ξnlm Kl−1 ξnlm Kl+1 ξnlm

l

R
Kl ξnlm

(13)

n = 1, 2, 3...

ηI ηII

ηI

ηII

=

=

;
ℏc

+Enlm mec2

,
ℏc

− U +Enlm mec2

(14)

≈ ≈ η = .ηI ηII
ℏ

2 cme

(15)

n = 1 l = 0 m = 1 = k =k1
π

2d
= ζζ101 = ξξ101 = κκ101

= (ρ,ϕ, z) = {ψ↑ ψ101↑

N ,

⎛

⎝

⎜⎜⎜⎜

(ζρ) cos(kz)J0

0

−iηk (ζρ) sin(kz)J0

−iη ζ (ζρ) cos(kz)eiϕ J1

⎞

⎠

⎟⎟⎟⎟

κN ,

⎛

⎝

⎜⎜⎜⎜

(ξρ) cos(kz)K0

0

−iηk (ξρ) sin(kz)K0

−iη ξ (ξρ) cos(kz)eiϕ K1

⎞

⎠

⎟⎟⎟⎟

I

II

(16)

= (ρ,ϕ, z) = {ψ↓ ψ101↓

N ,

⎛

⎝

⎜⎜⎜⎜

0

(ζρ) cos(kz)J0

−iη ζ (ζρ) cos(kz)e−iϕ J1

iηk (ζρ) sin(kz)J0

⎞

⎠

⎟⎟⎟⎟

κN ,

⎛

⎝

⎜⎜⎜⎜

0

(ξρ) cos(kz)K0

−iη ξ (ξρ) cos(kz)e−iϕ K1

iηk (ξρ) sin(kz)K0

⎞

⎠

⎟⎟⎟⎟

I

II

(17)

E κ

(ζR)J0

ζ (ζR)J1

=

=

κ (ξR);K0

κξ (ξR),K1
(18)

= .N 2 1

2πd [ ( ρ ρdρ + ( ρ ρdρ]∫ R

0
J0 ζn01 )2 κ2 ∫ ∞

R
K0 ξn01 )2

(19)

qeios.com doi.org/10.32388/M4X95C 4

https://www.qeios.com/
https://doi.org/10.32388/M4X95C


Finally, we derive the explicit form of the current density in the spin-up ground state: 

The azimuthal current density underscores the wave-spin nature of the electron, revealing a toroidal topology that is absent in the particle-

spin model. The current density extends beyond the cavity confinement, confirming the presence of an evanescent wave-spin.

For a cavity characterized by  ,    and  , we begin by calculating the eigenenergies and corresponding wave

vectors using Eq. 18. These serve as the base for determining all wave-spin parameters via Eqs. 12, 14, and 19. This procedure enables us to

compute and visualize the current density topology in a three-dimensional contour plot, as shown in Fig. 1. For contrast, the conventional

spinning-ball model of the electron is also depicted, highlighting the differences between the two models.

These findings reinforce the view that the electron wave is a spatially extended physical entity that cannot be reduced to a mathematical

point without disrupting continuity and losing information, as seen in discussions such as those involving black holes [18]. Its topological

structure encodes intrinsic information that is persistent and irreducible, resisting loss through mathematical abstraction or simplifying

assumptions.

The resilience of these topological features to environmental disturbances opens new possibilities for more stable and fault-tolerant qubit

designs in quantum information technologies. The fundamental toroidal structure of the ground state, along with the emergence of multi-

toroidal configurations in excited states, lays the groundwork for a new class of quantum computing architectures rooted in the tangible,

topological nature of the electron wave-spin.
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Figure 1. Figure (a) illustrates the conventional particle-spin

model, depicting the electron as a rotating corpuscular ball. In

contrast, Figure (b) presents a three-dimensional contour plot

of the current density for the ground state   electron,

confined in a cylindrical cavity with radius  , height 

, and potential energy  . The contour is

drawn at two-thirds of the peak current density, revealing a

toroidal topology circulating around the  -axis. The

corresponding eigenenergy is  .

III. Electron wave-spin qubit

The electron spin qubit is represented as a superposition of the spin-up and spin-down states, expressed by Eq. 16 and 17: 

where    and    uniquely define the qubit’s state. The parameter    controls the amplitude distribution between the

spin-up and spin-down components, satisfying the normalization condition  . The relative phase    governs the

quantum interference between the two states. Together,    and    determine the qubit’s position on the Bloch sphere[19], with logical

operations represented as rotations on this sphere [12].
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The relative phase    plays a central role in quantum computing. In the Quantum Fourier Transform (QFT)[20][21], relative phases

accumulate and encode periodicity in the amplitudes, enabling efficient solutions to problems like factoring in Shor’s algorithm[22]. In

Grover’s search algorithm  [23], constructive and destructive interference driven by phase inversion amplifies the correct solution. More

generally, quantum phase manipulation is central to algorithms in quantum information science  [24]  such as Deutsch–Jozsa  [25]. In our

framework, this significance is made manifest through the current density and its corresponding magnetic field, both of which directly

link to the relative phase   of the spin qubit.

The full wavefunction of the spin qubit follows directly from combining Eqs. 16,17, and Eq. 21:

from which we can compute the current densities in each coordinate:

In the special case where  , corresponding to an equal superposition of spin-up and spin-down states, the current density simplifies

to:

Notably, the current density depends on the difference between the relative phase   and the azimuthal angle. This means that the relative

phase, an abstract parameter on the Bloch sphere, manifests physically in real space through the observable current densities. Specifically,

the components of the current density,    and  , are proportional to the vector    in cylindrical coordinate. As a

result, the current density in the   plane points in the direction perpendicular to  . Thus, the relative phase   directly determines

the orientation of the current density, and together with the parameter  , determines the overall configuration of the current density.

This real-space manifestation of the qubit is visualized through a three-dimensional contour plot of the current density, shown in Fig.2(b).

The current circulates around an axis aligned with the direction  , making the physical influence of the relative phase explicit. From

the wave-entity perspective, the superposition of the spin states does not produce a "Schrödinger’s cat"-like paradox, as illustrated in

Fig.2(a), but instead results in a coherent and well-defined configuration of current density.

The wave-spin model further reveals that the qubit extends beyond the cavity as an evanescent wave, indicating that quantum information

is not entirely confined within the physical boundary. In the following section, we show that the magnetic field generated by the qubit also

penetrates into the surrounding space. This spatial extension of both the electron wave and its associated fields highlights the inherent
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connectivity among quantum systems. Crucially, this interdependence arises naturally from the wave dynamics, without requiring

"nonlocal" phenomena to explain quantum correlations or information transfer.

Figure 2. Figure (a) illustrates the particle-spin interpretation of a qubit, represented as a corpuscular ball spinning simultaneously up and down. In

contrast, Figure (b) shows three-dimensional contour plots of the current density for the wave-spin qubit,  , with 

. The contours are drawn at two-thirds of the peak current density, revealing toroidal topologies circulating around   ( -axis,red)

and   ( -axis, green). These configurations demonstrate distinct phase-dependent nature of the wave-spin qubit. The electron is

confined within a cylindrical cavity of radius  , height  , and potential energy  . The spin-up and spin-down

components are degenerate at the ground state  , with eigenenergy  .

IV. Magnetic field generated by wave-spin qubit

We demonstrate that a spin qubit can be characterized directly in physical space through its associated current density, rather than merely

as a point on the abstract Bloch sphere. Each spin state corresponds to a unique, spatially extended current distribution, which, in principle,

can be probed electromagnetically via interactions of the form  . With appropriately engineered vector potentials ( ), these current

profiles can be interrogated without collapsing the qubit into a particular quantum state, in a manner analogous to perturbative light–

matter interactions.

More significantly, this current density generates a real magnetic field, deterministically and in accordance with Ampère’s law. While a full

quantum-field treatment falls under the scope of Quantum Electrodynamics (QED), it is well justified, especially in mesoscopic systems, to
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calculate electromagnetic fields using Eq.  I or the Biot–Savart law[26], treating the quantum current as the source  [27][28][29]. In this

framework, quantum mechanics and classical electrodynamics intersect directly: electromagnetic fields emerge from the quantum current

just as they do from classical sources. This is grounded in our interpretation of the electron wave as a spatially extended, real entity that

intrinsically carries charge and current.

The resulting vector potential is given by: 

 and the associated magnetic field follows from the Biot-Savart law: 

Crucially, this formulation leads to a testable prediction: the magnetic field produced by a spin qubit is spatially asymmetric and explicitly

dependent on the quantum state’s relative phase  —a behavior absent in the particle-based model. We numerically evaluate this field for a

qubit in the state   and  , confined within the cylindrical geometry previously described. As shown in Fig.3, the magnetic field

is oriented along   and extends beyond the confinement region into free space. Its magnitude, on the order of microtesla, falls within

the sensitivity range of modern nanoscale magnetometers, such as nitrogen-vacancy (NV) centers in diamond[30][31] and high-sensitivity

Hall probes [32][33].

This magnetic field serves not only as a direct experimental signature of the wave-entity interpretation but also as a medium for long-

range, phased-mediated interactions between qubits. For example, a spatially arranged qubit array can exhibit global correlations: adjusting

the relative phase of a single qubit may induce collective responses across the network. This mechanism provides a natural foundation for

parallel quantum computing architectures, such as quantum cellular automata (QCA)[34][35] and neuromorphic quantum computing[36][37].

In contrast, the particle-based quantum mechanical framework treats the electron as a structureless point entity, endowed with angular

momentum   and an associated magnetic dipole moment: 

where   is the spin  -factor and   is the Bohr magneton. The resulting magnetic field is: 

which is azimuthally symmetric and independent of the phase parameter of the qubit. Significantly, a qubit in an equatorial state ( )

generates a negligible net magnetic field, as the dipole moment contributions cancel each other out.

Thus, the difference in the magnetic fields predicted by the wave-based and particle-based models offers a concrete test for distinguishing

between competing interpretations of quantum mechanics.

A(r) = ∫ ,A r
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4π
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|r − |r r′r′
d

3
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4π
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Figure 3. Vector plot of the magnetic field generated by the wave-spin qubit in the   plane, overlaid on the corresponding current density. The

qubit is in the state   with   and  . The electron is confined within a cylindrical cavity of radius 

 (outlined in green), height  , and potential energy  . The spin-up and spin-down components are degenerate at the

ground state  , with eigenenergy  . The magnetic field is concentrated around the azimuthal direction 

 ( -axis), with the magnitude represented by the color scale.

V. Conclusions and Limitations

In the framework where the electron is treated as a fundamental wave-entity, we propose that a spin qubit corresponds to a specific,

physically real configuration of current density. This interpretation addresses Schrödinger’s cat-like paradoxes of superposition, avoiding

the conceptual paradox of a particle spinning both up and down simultaneously.

We show that the relative phase between qubit basis states determines the orientation of the current density, thereby translating what is

traditionally considered an abstract quantum parameter into a concrete, physically meaningful quantity.

The magnetic field predicted to emerge from such a wave-spin qubit differs markedly from the dipole fields associated with particle-based

or probabilistic-wave interpretations. It is spatially asymmetric, strongly phase-dependent, and its field strength is predicted to reach the

microtesla range, which places it within the detection capabilities of current magnetometry and qubit–qubit coupling techniques. These

distinctive features provide clear avenues for experimental testing of the wave-entity model.

This phase-sensitive magnetic structure further suggests a mechanism for inherently parallel, phase-driven quantum computing

architectures, offering an alternative to conventional, sequential gate-based logic. Intriguingly, such dynamics may share structural

parallels with those observed in biological neural systems.
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By treating the electron wave as the sole physical entity, we outline a quantum mechanical framework that is deterministic, local, and

causal—reconciling the conceptual divide between quantum and classical physics.

As this model is theoretical and exploratory in nature, its conclusions remain provisional pending experimental validation. We encourage

experimental efforts to investigate the predictions presented here and to explore the broader implications of the wave-entity perspective.

This work is intended to initiate constructive scientific dialogue, attract critical peer feedback, and contribute to a deeper and more

coherent understanding of the quantum world.
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