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Abstract

Spin–orbit interaction enables the generation and manipulation of spin currents without
external magnetic fields, providing opportunities for spin–orbitronic devices. Here, we
theoretically investigate a two-dimensional Rashba channel embedded in a Hall geometry
with ferromagnetic probes. We demonstrate that symmetry breaking in this configuration
leads to experimentally accessible electrical signals, such as open-circuit voltages and
short-circuit currents. By analyzing the mirror symmetry of the system, we identified the
FM magnetization configurations that maximize these signals. These signals arise from
two distinct mechanisms: the Edelstein spin density and spin interference generated by
multiple reflections at the Rashba–ferromagnet interfaces. Importantly, the interference
is governed solely by the spin-precessional phase, with orbital contributions canceled
out. By tuning the channel width, the interference produces Fabry–Perot resonances that
allow controllable enhancement of these electrical signals. The resulting Hall responses
is well within the range of experimentally reported spin Hall angles, confirming their
experimental feasibility. Our results highlight how coherent spin interference, combined
with the Edelstein effect, provides a controllable pathway for spin current engineering.

Keywords: Fabry–Perot; Rashba; Hall geometry; symmetry breaking; spin–orbit; spin
interference; Edelstein effect

1. Introduction
Spin–orbit interaction (SOI) has emerged as a central concept in modern condensed

matter physics and spintronics, providing a pathway to manipulate the spin degree of
freedom without external magnetic fields [1,2]. Among the various spintronic phenom-
ena, the spin current from spin–orbit coupled materials into ferromagnets (FMs) is of
particular importance for device applications such as spin–orbit torque memories [3] and
spin–logic devices [4]. Among these phenomena, Rashba SOI is a crucial element for
spin-based information devices, as it both contributes to spin–orbit torques in a normal
metal/ferromagnet (FM) bilayer [5,6] and serves as a writing scheme for energy-efficient
spintronic devices [7,8].

Conventional spin Hall effect arises from bulk transport processes [9]. While powerful,
this mechanism offers limited tunability at the device level, aside from material-specific
parameters such as doping or chemical substitution. The Edelstein effect [10,11], which
converts charge current into spin density, also contributes to the spin current into FMs,
but an appropriate controllable method has not been reported as well. Nevertheless,
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since the Edelstein effect interplays with other effects such as spin interference and spin
swapping [12,13], there is room for additional opportunities for device-level control.

Modern physics has focused on the wave interference of electrons. The Fabry–Perot
resonance, historically associated with electromagnetic wave, has been extended to electron
waves [14–17] and, more recently, to spin phenomena [18–21]. Its realization in spin-
resolved electron waves highlights the wave nature of spin. These studies, however, have
typically addressed complex systems in which the orbital phase and the spin-precession
phase are mixed, or have focused on exploring their fundamental physical significance,
rather than on the concept of controlling electrical devices.

Motivated by this, we investigate how spin injection from spin–orbit coupled systems
into FM probes can be controlled through electron interference effects. We focused on
a two-dimensional (2D) Rashba system in a Hall bar geometry with FMs attached on
opposite transverse sides. We chose this setup for three reasons: (1) Hall measurements are
a standard experimental technique, so our results are directly applicable to experiments;
(2) this geometry allows for direct comparison with previous spin Hall effect studies; and
(3) our structure, with an FM adjacent to a spin–orbit material, is similar to spin–orbit
torque devices, making our findings relevant to spin torque transfer.

In this Hall system, the electrical signal depends on the magnetization directions of
the two FMs on the transverse sides. By considering mirror symmetry, we classified the FM
magnetization configurations into cases with zero and maximum signals and then obtained
results for two cases with maximum signals. By averaging over a quantum ensemble, we
identify measurable quantities, such as open-circuit voltages and short-circuit currents,
that can serve as electrical signals of the spin population in the FMs injected from the
Rashba channel.

A key feature of the present system is the multiple reflections of electron waves
between the two FM interfaces, which induce spin interference in the Rashba channel.
This interference manifests in the magnitude and sign of spin currents injected into the
FMs, and can be detected through electrical signals. By tuning the width of the channel,
one can manipulate whether spin populations are increased or decreased in the FMs, and
achieve maximum magnitude of the signal through Fabry–Perot–type resonance [22]. In
our system the orbital phase contributions cancel out, leaving only the spin-precessional
phase to contribute the interference. This reveals a distinct regime where coherent spin
interference, rather than orbital interference, controls the transport properties.

On the other hand, some researchers have paid attention to the spin-swapping
effect [12,13], in which the direction of spin and the direction of electron’s movement
are interchanged during impurity scattering. This effect can also occur at interfaces, which
can be considered more effective scatterers than impurities because they create well-defined
reflected waves. In earlier studies, however, interface scattering was often treated only
approximately, with the Rashba spin–orbit interaction modeled as a delta function [23] or
described in a diffusive manner [24]. In this work, we considered interface scattering with
the inclusion of the spin-swapping concept when addressing interference in the Rashba
channel. To focus on the interplay between the Edelstein effect, interface scattering, and
spin interference, we analyzed a simplified system without the spin Hall effect, exchange
interactions and external magnetic field. Despite this simplification, our results remain
comparable to those obtained in studies of the spin Hall effect, thereby confirming that
the mechanisms considered here may play an important role in spintronics engineering.
It is well-known that a Rashba system with quadratic dispersion exhibits no intrinsic
spin Hall effect [25,26]. However, many experimental results concerning spin injection
between Rashba materials and FMs are still being interpreted based on the spin Hall
mechanism [27,28]. This is likely because there is no readily available alternative to the



Symmetry 2025, 17, 1991 3 of 13

spin Hall effect; in this regard, the results of the present paper are expected to provide a
new avenue and a starting point for reinterpretation.

These findings collectively demonstrate that the Fabry-Perot-like resonances can
be engineered to optimize spin injection from Rashba systems into FMs. This finding is
significant because of its potential to enhance spin torque transfer and provide a controllable
pathway for various spin–orbitronics applications.

2. Model
2.1. Hamiltonian and Transport Theory

As shown in Figure 1a, we consider two-dimensional Hall geometry in which two
FMs are attached on the left and right sides of a Rashba sample, separated by a distance
W. An external bias applied to the Rashba channel produces an electric current along the
x-direction (Jx). Each FM acts as a probe to detect the chemical potential of the carrier
electrons. In this work, the longitudinal size L of the FM probes is assumed to be much
larger than the spin precession period, the mean free path, and W. This allows us to
neglect physical effects near the longitudinal edges of the FM probes, treating the system
as homogeneous along the x-direction for our calculations.

This Hall geometry can be analyzed using circuit theory. It can be modeled as a
Thévenin equivalent circuit [29], where an open-circuit voltage (Voc) is measured with a
voltmeter. On the other hand, it can be treated as a Norton equivalent circuit [29], from
which a short-circuit current (Isc) can be obtained using an ammeter. The measurement
diagram for Voc and Isc are illustrated in Figure 1a. In conventional Hall devices, the
short-circuit current is often expressed in terms of the Hall angle—the ratio of transverse to
longitudinal current (Jz/Jx), and the open-circuit voltage is referred to as the Hall voltage.
While these terms are frequently used in the context of the spin Hall effect, we opt to
use short-circuit current and open-circuit voltage to distinguish our work. This choice is
deliberate, as the spin-related mechanism discussed in our Hall geometry differs from the
conventional spin Hall effect, and we wish to avoid any confusion.

The Hamiltonian in the the Rashba channel is given by 1
2m

(
p2

x + p2
z + ℏksopxσz − ℏksopzσx

)
,

where ℏ is Planck’s constant divided by 2π, m is the electronic mass, pj (j = x, y, z) is the
linear momentum operator, and σj is Pauli spinor. kso represents a strength of spin–orbit-
coupling and is the difference of the inner radius (kinner

Rashba) and outer radius (kouter
Rashba) of

Fermi surface (refer the first panel in Figure 1b). 2π/kso is a measure of processional length
of spin angular momentum. We consider only weak spin–orbit-coupling, and therefore
assume that kso is much less than Fermi wave-vector, i.e., kso ≪ kinner

Rashba. For simplicity, the
spin polarization of the FMs is assumed to be 100%, and the FM Hamiltonian is given by

1
2m

(
p2

x + p2
z
)
+U↑| ↑FM⟩⟨↑FM |+U↓| ↓FM⟩⟨↓FM |, where | ↑FM⟩ (| ↓FM⟩ ) is an eigen state of

→
M ·

(
σx x̂ + σyŷ + σz ẑ

)
having a positive (negative) eigen-value,

→
M is the unit vector parallel

to the FM’s magnetization direction, U↑ (U↓) is the potential energy of | ↑FM⟩ (| ↓FM⟩ ), and
ĵ is the unit vector of j-direction. U↓ is very large to ensure the 100% polarization, and U↑

can be rewritten by ℏ2

2m

((
kinner

Rashba + kso/2
)2 −

(
kF

FM
)2
)

, where kF
FM is the Fermi wavevector

of the FMs, which is assumed to be the same for both the left and right FMs. The Fermi
surfaces for the Rashba channel and the FMs are shown in Figure 1b.

The spin angular momentum (sk) are given by sk = ℏ
2 σk (k = x, y, z). For a

given wave function, Ψ, the charge current moving along j-direction is given by
e
2

(
Ψ† ·

(
vjΨ

)
+

(
vjΨ

)† · Ψ
)

, and the spin-current with spin along the k-direction moving

along the ẑ direction is expressed as ℏ
4

(
(σkΨ)† · (vzΨ) + (vzΨ)† · (σkΨ)

)
. The ensemble

averages of these two quantities are denoted by Jj and Jk
z , respectively, vj = ∂pj Hamilto-

nian is j−directional velocity operator, and e < 0 is the electron charge. The boundary
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conditions at the interfaces between the Rashba and FM are determined from the hermitic-
ity requirement of Hamiltonian [30]: (1) the wave-function Ψ is continuous, and (2) the
quantity vzΨ is also continuous.

(b) (a) 

(c) 
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Figure 1. Schematic of the system and the diffusive Rashba channel (a) Hall geometry consisting of a
Rashba channel and ferromagnetic (FM) electrodes. L (W) is longitudinal (transverse) size of the FM

probe, and
→
ML(

→
MR) is magnetization direciton of the left (right) FM probe. An externally applied

bias drives a charge current Jx along the x−direction in the Rashba channel, while the transverse
voltage Voc along the z-direction is measured by the FM probes. (b) Illustration of Voc generation

in the diffusive Rashba channel with magnetization configuration
→
ML = −

→
MR = ẑ. The blue (red)

arrow represents spin direction of the outer (inner) Fermi surface, and kouter
Rashba (kinner

Rashba) is a radius
of the outer (inner) Fermi surface in k-space. µL(µR) is a chemical potential of the left (right) FM
probe. The first panel shows the Fermi surface for kF

FM = kouter
Rashba, and the second panel depicts

the spin density in the Rashba channel together with the chemical potential of the FM probes. The
corresponding diagrams for kF

FM = kinner
Rashba are shown in the third and fourth panels. The outer Fermi

surface (blue blurry curves in the first and third panels) yields a negative z-component of spin density,
while the inner Fermi surface (red blurry curves) produces a positive one. (c) Voc as a function of

the rotation angle of the right FM magnetization.
→
ML is fixed along ẑ, while

→
MR is rotated about the

y-axis. Voc < 0 for kF
FM = kouter

Rashba, whereas Voc > 0 for kF
FM = kinner

Rashba. At
→
MR = ẑ the Hamiltonian

has mz symmetry and |Voc| vanishes, while for
→
MR = −ẑ the Hamiltonian has mxmz symmetry and

|Voc| is maximum. The value of Voc was divided by ℏ ℏkso Jx
2e2n to make it dimensionless, where n is

carrier density in the Rashba channel.

A wave function that satisfies boundary conditions is expressed as a linear combination
of the eigenstates of pj. A collection of these functions forms a quantum ensemble. Physical
quantities in our system are represented by the ensemble average of the expectation values
of these wave functions [31]. We define a bulk state as a diffusive system far from any
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interface, which has a maximum value of von Neumann entropy. In this work, the bulk
state is represented by an ensemble consisting of a single eigenstate of pj.

In wide range of conductors, linear response to a perturbative electric field is governed
by deviation of the occupation probability of electronic states from the unperturbed one.
This approximation is well described with the (first order) Boltzmann transport formal-
ism [32–34], in which the electronic states are not changed by the field while the occupation
probabilities of those states are changed. Thus, physical properties of the unperturbed
states including mirror symmetry are preserved in the perturbed states, and the occupation
distribution is slightly varied only near the Fermi level. In this work, the perturbation is
caused by an x-direction external electric field, Ex, applied on the Rashba channel. The
Boltzmann transport formular is adopted to obtain expectation values of physical observ-
ables. The perturbed occupation of the states represents a slight shift of the Fermi surface in
the x-direction with the amount of ∆kx, which is depicted with symbolically blurry curves
in the first and third panels of Figure 1b. The blurry curves of red and blue represent the
occupied states, while the gray curves represent the empty states. In the bulk state, this
shift can be written as ∆kx0 = eτEx/ℏ, where τ is relaxation time. In our system, Ex is
negative and thus ∆kx is positive, which means the states with kx > 0 in the Fermi level are
occupied and the states with kx < 0 are emptied.

2.2. Mirror Symmetry and Chemical Potential

Mirror symmetry is important to determine the short-circuit current and the open-
circuit voltage. We denote the mirror symmetry operators about the yz-plane and the
xy-plane as mx and mz, respectively. Operators A and B are said to commute if AB = BA
and anticommute if AB = −BA. vz and mx commute, while vz and mz anticommute. The
Rashba Hamiltonian commutes with both mx and mz. The commutation relation of the FM
Hamiltonian with these operators can be determined from the properties of Pauli matrices,
where mi and σj (i, j = x, y, z) commute for i = j and anticommute for i ̸= j.

Let H be the total Hamiltonian for the combined Rashba and FM region in the absence
of an external electric field. Consider an eigenstate Ψ of H and px with a positive eigenvalue,
i.e., ℏkx > 0. The operator mx maps this state to mxΨ, which has a negative eigenvalue for
px, -ℏkx, Conversely, mzΨ retains a positive eigenvalue for px. When H and mx commute,
mxΨ is also an eigenstate of H. The transverse charge current, Jz, is expressed as an ensem-
ble average of vz with the form of e∑ensemble Ψ†vzΨ − (mxΨ)†vz (mxΨ), because Ψ is occu-
pied and mxΨ is emptied. mx is a unitary operator and thereby preserves the inner product;
therefore, Ψ†vzΨ = (mxΨ)†vz (mxΨ), which leads to Jz = Isc = 0 in the short-circuit
condition. And Voc is also zero because Voc can be expressed as Isc divided by a conductance
along the transverse direction, which will be discussed in the subsequent section. When H
and mz commute, Jz is given in the form of e∑ensemble Ψ†vzΨ + (mzΨ)†vz (mzΨ), because
mzΨ is occupied. (mzΨ)†vz (mzΨ) can be replaced with −(mzΨ)†mz (vzΨ) = −Ψ†vzΨ,
which leads to Jz = 0, and results in Isc = Voc = 0. These facts allow to infer some exam-

ples showing that both Isc and Voc vanish: (1)
→
ML = (±x̂) and

→
MR = (±x̂), (2)

→
ML = ŷ

and
→
MR = (−ŷ), (3)

→
ML = ẑ and

→
MR = ẑ, where

→
ML and

→
MR denote the unit vectors

representing magnetization direction of the left and right FMs, respectively.
In order to obtain non-trivial Isc and Voc, mx and mz symmetry should be bro-

ken. One of the simplest cases is when H commutes with mxmz. Then, mxmzΨ is also
an eigenstate of H and has a negative eigen-value for px, which means mxmzΨ is an
empty state in the Boltzmann formular. So, Jz can be expressed as ensemble average of
Ψ†vzΨ − (mxmzΨ)†vz (mxmzΨ). Because vz anticommutes with mxmz, the second term,
(−1)(mxmzΨ)†vz (mxmzΨ), is the same as the first term, Ψ†vzΨ, which results double
the first term. Therefore, under this symmetry condition, there may be cases where the
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magnitude of Jz is maximized in some sense, which will be discussed in connection with

Figure 1c. The operators H and mxmz commute both when
→
ML = −

→
MR = ẑ and when

→
ML =

→
MR = ŷ; the former will be discussed in Figure 2 and the latter in Figure 3.
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Figure 2. Fabry-Perot resonance in the coherent Rashba channel. (a) Schematic of an equivalent circuit
of our system. Electrons in the Rashba channel undergo multiple reflections at both interfaces, leading
to spin interference. Black arrows schematically represent the trajectories of electrons undergoing
these multiple reflections. (b) Upper panel: short-circuit current Isc and transverse-circuit current
Itc as functions of the Rashba channel width W. Lower panel: Voc for two kF

FM as a function of W.
Both Isc and Itc exhibit oscillations with a characteristic period set by the spin-precession length,
2π/kso, originating from spin interference due to interface reflections. The amplitudes of these signals
are maximized at Fabry–Perot resonances. Voc is obtained from Isc and Itc (see Equation (5) in the
main text). (c) Profiles of the spin current Jz

z along the transverse (z) direction under the short-circuit
condition. The results are shown for channel widths corresponding to the maxima of Isc, indicated

by blue dots in (b). The values of Itc, Isc, Voc and Jz
z were normalized by dividing them by

√
π
2

e2√n
ℏ ,

kso Jx√
2πn

, ℏ ℏkso Jx
2e2n and 1√

8π

ℏkso Jx
|e|
√

n , respectively, to be dimensionless.

Occupancy of states in the Rashba is expressed in terms of a shift in the k-space, ∆kx as
mentioned above, while the occupation in the FM is described using the chemical potential.
The chemical potential of the FM is defined for the local equilibrium state far from the
interfaces and determines the number of incident waves from the FM into the interfaces [35].
If θ is an angle between a k-vector and the x-axis as shown in the first panel in Figure 2b,
the density of state in the FM k-space is written by µ ∆θ

(2π)2
m
ℏ2 , where µ is the difference of

the chemical potentials of the externally biased and equilibrium states. The density of
states in the Rashba k-space is given by ∆kx∆kz

(2π)2 , where ∆kz is infinitesimal difference of

kz. The incident part of wave-functions is chosen to be an eigenstate of px and pz, i.e.,
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c exp(ikxx + ikzz)| spin − state⟩ . Wave-functions acting as elements of the ensemble are
normalized so that |c|2⟨spin − state|spin − state⟩ = 1.
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Figure 3. FM probes with out-of-plane magnetization. Both left and right FM probes are magnetized
along the +y−direction, and transport in the Rashba channel is coherent. (a) Isc, Itc and Voc as

functions of the Rashba channel width for kF
FM = 1

2 k
inner
Rashba. (b) Spin current profiles under the

short-circuit condition for kF
FM = kinner

Rashba/2. The left column shows the profiles for channel widths
corresponding to the minima of Isc, indicated by blue dots in (a). The right column shows the profiles
for widths corresponding to the maxima of Isc, marked by green and cyan dots in (a). Itc, Isc and Voc

were normalized as described in the caption of Figure 2, and Jy
z was normalized in the same manner

as Jz
z .

2.3. Short-Circuit Current and Open-Circuit Voltage

In this work, we consider two types of Rashba channels: diffusive and coherent. The
diffusive Rashba channel has a bulk state in the middle of the channel, meaning there is no
spin coherence between the left and right interfaces. The coherent Rashba channel, however,
maintains spin coherence across the width of the channel, allowing the spin state to precess
as it propagates. In our calculations, we assume the absence of scattering within the Rashba
channel to ensure this coherence. When the channel width is very large compared to the
spin precession length, the coherent case can be approximated by the diffusive one. The
system in Figure 1 uses a diffusive Rashba channel, whereas Figures 2 and 3 consider a
coherent Rashba channel.

We consider three kinds of measurement configurations: (1) open-circuit-condition:
an external bias is applied to the Rashba channel, but the transverse charge current is zero
(Jz = 0). Voc is expressed by the difference of the chemical potentials of the two FM (∆µ)
divided by the unit charge, Voc = ∆µ

|e| . (2) short-circuit-condition: under an external bias
on the Rashba channel, the chemical potential difference between the left and right FMs
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is kept at zero (∆µ = 0). Isc can be obtained under this condition. (3) transverse-circuit
condition: under the short-circuit condition, an additional transverse potential difference
(∆µ) is applied. The transverse conductance (Itc) represents the current induced by this
additional bias. A measurement scheme for Voc and Isc are shown in Figure 1a.

The total charge current in the transverse direction (Jz) is composed of two parts: the
current from the FM to the Rashba channel and the current from the Rashba channel into
the FMs. In the diffusive case, the former is given by µ em

(2πℏ)2 ∑θ ⟨vz⟩ ∆θ, and the latter is

given by ∆kx0
e

(2π)2

(
∑kx>0

⟨vz⟩∆kz − ∑kx<0
⟨vz⟩∆kz

)
, where ⟨vz⟩ is the velocity expectation

value for a given ensemble element. The condition for the open circuit is that the sum of
these two contributions is zero, from which Voc can be determined.

In the coherent case, we consider Hamiltonians commuting with mxmz. The ele-
ments of the ensemble are classified by eigen-value of px, i.e., kx and by the sign of ⟨vz⟩.
For example, | kx > 0,+⟩ (| kx > 0,−⟩ ) represents a wave-function having positive eigen
value of px and positive (negative) expectation value of vz. The symmetric property
regarding mxmz guarantee that ⟨kx > 0,+ |v j| kx > 0,+⟩ = − ⟨kx < 0,−|v j| kx < 0,−⟩
and ⟨kx < 0,+ |v j| kx < 0,+⟩ = − ⟨kx > 0,−|v j| kx > 0,−⟩ , where j = x, z. And this
symmetry leads to the following linear transport relation for the transverse current:

Jz =(∆µ/|e|) Itc+ (∆kx/∆kx0) Isc (1)

The ensemble average for the transverse conductance, Itc, is obtained by summation
over k-space:

Itc = −m
( e

2πℏ

)2
∑kx>0

2⟨vz⟩+ ∆θ (2)

Here, the summation parameter θ is the polar angle in k-space, the definition of which
is illustrated in the upper left panel of Figure 1b. The ensemble average for the short-circuit
current, Isc, is similarly expressed by applying the assumption that states with ⟨vz⟩ > and
⟨vz⟩ < 0 contribute equally to the x-directional charge current:

Isc =
∆kx0

(2π)2
ℏ
m ∑kx>0

⟨vz⟩+
∣∣∣∣ 1
⟨vx⟩+

− 1
⟨vx⟩−

∣∣∣∣ kx∆kz (3)

In Equation (3), the velocities for the | kx > 0,+⟩ and | kx > 0,−⟩ states averaged over
the Rashba channel are denoted

〈
vj
〉
+

and
〈
vj
〉
−, respectively, and are defined as:

〈
vj
〉
+
= 1

W
∫ z=W/2

z=−W/2 ⟨kx > 0,+ |v j| kx > 0,+⟩dz〈
vj
〉
− = 1

W
∫ z=W/2

z=−W/2 ⟨kx > 0,−|v j| kx > 0,−⟩dz
(4)

Due to our assumption of a small spin–orbit coupling strength (kso) and a weak external
electric field (Ex), most of our resulting quantities are linear in kso and ∆kx. Consequently,
∆µ is also linear in kso and ∆kx, which leads to the linear dependence of Jz on ∆µ and ∆kx

in Equation (1). Itc represents the current flowing from the FMs to the Rashba channel,
while Isc represents the current from the Rashba channel to the FMs.

In the Rashba channel, we assume that the ensemble elements with ⟨vz⟩ > 0 and
⟨vz⟩ < 0 contribute equally to the x−directional current (Jx). This contribution is ex-
pressed in the form of 2ℏkx/m

⟨vx⟩±
within the Isc expression. We also assume that Jx in the

Rashba channel is equal to the x−directional charge current of the bulk state, given by

eℏ
2m

(
kinner

Rashba+ kouter
Rashba

2

)2
∆kx0. With this assumption and Jz = 0 in Equation (1), ∆µ and ∆kx can
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be obtained for the open-circuit condition. When kso ≪ kinner
Rashba, then ∆kx ≈ ∆kx0, which

gives an approximate value of Voc :

Voc ≈ −Isc/Itc (5)

In the Rashba Fermi surface for kx > 0 (see the right side of the first panel in Figure 1b),
the outer surface is composed of the spin states whose the z-component spin direction is
negative, while the inner surface consists of the spin states having the positive z-component
spin direction. Because the amount of the outer states is larger than that of the inner one,
ensemble average of spin direction is negative z-direction in the Rashba channel.

3. Results and Discussion
3.1. Diffusive Rashba Channel

When the Rashba channel is diffusive, the sign of Voc depends on the Fermi wave
vector of the FMs (kF

FM). In the case of kF
FM ≥ kouter

Rashba, a wide range of states are available
in the FM. The interaction involves all states at the Fermi surface of the Rashba system with

those in the FM. When
→
ML = −

→
MR = ẑ under open circuit conditions, the left FM probe

primarily interacts with states having positive z-direction spin. Consequently, the chemical
potential of the left FM, µL, is determined by the number of positive-z-spin states in the
Rashba channel, resulting in a relatively small value. Similarly, the chemical potential of the
right FM, µR, is determined by the negative-z-spin states and has a relatively large value.
This leads to a negative difference in chemical potential, (∆µ ≡ µL − µR, as illustrated in
the second panel of Figure 1b.

In the case of kF
FM ≤ kinner

Rashba, however, the requirement of the conservation of
x−directional linear momentum (kx) plays an important role. The FM probes can only
interact with a limited part of the outer Rashba states; electrons with kx > kF

FM cannot enter
the FM. Thus, the FMs detect only those states with kx < kF

FM, as depicted by the blurry
curves in the third panel of Figure 1b. In this specific case, the number of negative-z-spin
states available for interaction is less than that of the positive-z-spin states, which results
in a positive ∆µ. Therefore, Voc (≡ ∆µ/|e|) is negative for kF

FM ≥ kouter
Rashba and positive for

kF
FM ≤ kinner

Rashba.
The magnitude of Voc reaches its maximum when our Hall system possesses the

mxmz symmetry discussed previously. As shown in Figure 1c, we obtained Voc for various

magnetization directions. As magnetization configuration deviates from
→
ML =

→
MR = ẑ, the

mx symmetry begins to break, and Voc is generated. This symmetry breaking is maximized

when
→
ML = −

→
MR = ẑ, at which point the magnitude of Voc also becomes maximal. A

non-zero Voc signifies a difference in carrier population between the left and right FMs,
indicating that a spin-related ordering occurs as a result of the symmetry breaking.

3.2. Coherent Rashba Channel

As mentioned previously, this paper deals with the case where kso is much smaller
than kinner

Rashba. In the coherent regime considered in Figures 2 and 3, the channel width is
comparable to the spin precession length, 2π/kso. Consequently, the electron’s orbital
wavelength, 2π/kinner

Rashba, is much smaller than the channel dimension. When the ensemble
average is performed by integrating over the Fermi surface up to kinner

Rashba, the orbital phase
coherence is lost. However, if the channel size is on the order of the precession length, the
spin-precession phase survives. On the other hand, when the channel size is much larger
than the precession length, the coherence of the spin-precession phase is also lost, and the
system can be treated as diffusive.
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In Figure 2 we consider a Hall system composed of the coherent Rashba channel with

the magnetization directions
→
ML = −

→
MR = ẑ. This configuration was also examined

for the diffusive Rashba case (refer Figure 1c at an angle of 180
◦
); however, the resulting

features in the coherent case are quite different. For the diffusive system, the sign and
magnitude of Voc differ between the cases of kF

FM = kouter
Rashba and kF

FM = kinner
Rashba. In contrast,

for the coherent system, Voc is asymptotically identical in these cases when kso ≪ kinner
Rashba.

This clear distinction indicates that, in the coherent system, Voc originates from a mechanism
other than the Rashba-Edelstein effect. When kso is less than yet comparable to kinner

Rashba and
the Rashba width is large, the sign of Voc for kF

FM = kouter
Rashba becomes negative, and the

coherent system gradually approaches the diffusive limit as the Rashba width increases.
In the coherent Rashba channel an electron wave undergoes multiple reflections at both

interfaces and the interference between the partial waves plays an important role. At an
interface, the component of an incident wave with a spin parallel to the FM’s magnetization
is transmitted into the FM, contributing to the transverse current. The remaining part of the
wave is reflected, propagating to the opposite FM where it serves as another incident wave
(see the black arrows in Figure 2a). During its travel across the channel, the spin of the
electron precesses. The assumption that the longitudinal size of the FM is much larger than
the channel width (L ≫ W) ensures that this process is repeated sufficiently for the system
to reach a steady state. The resulting spin current is a superposition of these multiply
reflected partial waves. The precession period evaluated from the ensemble average is
roughly an integer multiple of 2π/kso. This periodicity implies that the system’s physical
quantities repeat for every change in the Rashba width by an integer multiple of 2π/kso.
Therefore, if Itc (Isc) is at a maximum (minimum) for a given Rashba width W, the next
maximum (minimum) occurs near a width of W + 2π/kso.

Figure 2b shows that Itc, Isc and Voc oscillate as a function of the Rashba width. This
oscillatory behavior arises from spin interference and has no analogy in the intrinsic spin
Hall effect or the classical Hall effect. The series of Isc minima, marked by blue dots, are
separated by Rashba width intervals of approximately 2π/kso, as expected above. The
corresponding spin current (Jz

z ) profiles are shown in Figure 2c. Because mxmz commutes
with the Hamiltonian and vzσz, Jz

z is an odd function of the transverse position. The
precession of the spin current is clearly observed with the period of 2π/kso, and the
phase difference between each profile is one period, i.e., 2π. This interference condition
is reminiscent of Fabry-Perot resonance [14–17]. In a conventional Fabry-Pérot resonator,
constructive interference occurs at specific wavelengths due to multiple reflections between
two parallel interfaces, yielding transmission peaks determined by the distance between
them. In our system, the ‘wavelength’ corresponds to 2π/kso, and constructive interference
is achieved by varying the channel width rather than the wavelength. Importantly, a key
distinction of our work is that the orbital phase difference cancels out, and the resulting
interference is caused solely by the spin-precession phase.

The Fabry-Perot resonance is most pronounced when the magnetization of the fer-
romagnetic materials is perpendicular to the plane, e.g., along the y-direction. Figure 3

displays the results for
→
ML =

→
MR = ŷ. In addition to the oscillatory features driven by the

Fabry-Perot resonance, the signs of Isc and Voc also change with varying channel width.
Such a sign change indicates that the spin population in one FM becomes either larger
or smaller than in the other. These sign changes are more prominent than those seen in
Figure 2b. In the diffusive limit, both Isc and Voc are zero for this magnetization configura-
tion. As shown in Figure 3a, both signals converge to zero as the Rashba region widens.
This is attributed to the weakening of phase coherence, which leads to diffusive behavior
in a wide Rashba region. Since these signals oscillate around a zero baseline—lacking a DC
offset—the sign changes of Isc and Voc are particularly pronounced.
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When the resonance is strong, certain electron waves behave as if they are confined
within the Rashba channel. In this case, both Itc and Isc approach zero. This confinement
leads to a splitting of the original peak in the Isc curve, producing a doublet, as shown
in Figure 3a. These doublets are marked by green and cyan dots, and the corresponding
spin current profiles are displayed in Figure 3b. The spin current profiles, Jy

z , are an even
function of the transverse position, because mxmz anticommutes with vzσy.

Isc is the central observable introduced here and is experimentally accessible. In terms
of the Hall angle, θH ≡ Jz/Jx, the normalized Isc scales as θHkoutter

Rashba/kR, yielding Isc ≈ 0.1

for
→
ML = −

→
MR = ẑ (see Figure 2b). For InAs 2DEGs, the ratio koutter

Rashba/kR is on the order of
100 [28], which gives θH ≈ 0.001. The materials with stronger spin–orbit coupling would
yield even larger θH . These magnitudes are well within the range of those that have been
experimentally measured in other systems. For instance, the Hall angle of the anomalous
Hall effect in various magnetic materials typically ranges from 0.001 to 0.05 [36]. The spin
Hall angle in well-characterized semiconductors like n-type GaAs and p-type Si has been
measured to be 0.00083 and 0.0001, respectively [37,38]. Therefore, Isc in our Hall system is
not merely a theoretical construct but a measurable quantity in standard methods.

The proposed device itself is experimentally realizable. The Hall bar with FM probes
can be configured as a Fabry–Perot-type spin interferometer by choosing the channel width
comparable to the spin-precession period 2π/kso. For a broad class of Rashba materials,
this geometric requirement lies comfortably within modern nanofabrication capabilities.
For example, the 2π/kso of InAs is approximately 1.3 µm [27].

Although our analysis focused on 2D systems, the framework can be readily extended
to bulk systems—such as the recently studied ferroelectric material GeTe, which exhibits
strong Rashba spin–orbit coupling [39]—by adding a p2

y/2m term to the Hamiltonian and
applying appropriate scaling. In this work, spin injection and spin accumulation in the FM
are captured by the electrical signals Isc, and Voc, whose origins trace to spin interference
and Edelstein spin within the Rashba channel. It is well known that the Edelstein spin
contributes to spin torque transfer to the FM [23]. Our Hall geometry has a structure similar
to that of spin–orbit torque devices, as an FM is adjacent to a spin–orbit material and an
external charge current flows parallel to the interface [1,40]. As shown in Figure 3 of the
reference [40], spin–orbit torque devices transfer torque to a magnetic domain primarily via
a spin current flowing into the FM, often in the absence of a charge current. This mechanism
is analogous to the phenomenon in our system where spin density accumulates in the FM
under an open-circuit condition. In our device, this change in the FM’s spin density is
expressed as a difference in chemical potential, which is measured as Voc. To demonstrate
the fundamental principles in this study, we employed a simplified model: we assumed
FMs with 100% polarization and considered only the case where the system reaches a
steady state. However, in a real FM with less than 100% polarization, the spin transferred
from the Rashba channel could act on the magnetic domain before the spin density reaches
a steady state. This dynamic process could lead to magnetization reversal if the coercive
force is relatively small. Crucially, this work has demonstrated that the spin transferred to
the FM is readily controlled by the spin interference within the Rashba channel. Thus, our
results imply that spin interference may also play a significant role in spin torque transfer
to the FM, which can be controlled by tuning the Fabry-Pérot resonance.

4. Conclusions
We theoretically investigated a two-dimensional Hall geometry consisting of a Rashba

spin–orbit channel coupled to two ferromagnetic (FM) probes. We found that the breaking
of mirror symmetry within this structure generates experimentally accessible electrical
signals: specifically, an open-circuit voltage (Voc) and a short-circuit current (Isc). The
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signals observed in the coherent Rashba channel are driven by two distinct mechanisms:
the Edelstein spin density established within the channel and spin interference resulting
from multiple reflections at the FM interfaces. A key finding is that the interference in
this system is governed solely by the spin-precessional phase, as the contribution from the
orbital phase is effectively canceled. By tuning the Rashba channel width, this interference
produces Fabry–Pérot-type resonances, which significantly enhance the measured electrical
signals. The magnitude of the resulting signals, quantified by the normalized short-circuit
current, falls well within the range of previously reported spin Hall angles. This confirms
that our proposed device is experimentally realizable using current nanofabrication tech-
niques. Furthermore, since the induced spin current into the FMs can contribute to spin
torque transfer, our results suggest that coherent spin interference, in conjunction with
the Edelstein effect, offers a controllable pathway for engineering spin torque in hybrid
spintronic devices.

In summary, this work highlights the critical role of symmetry breaking and spin
interference in Hall geometries and establishes Fabry–Pérot-type resonances as a promising
design principle for future spin–orbitronic applications.
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