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Semiconductor nanowires (NWs) with strong Rashba spin-orbit coupling (RSOC), when exposed to a suitably
applied Zeeman field, exhibit one-dimensional helical channels with a spin orientation locked to the propagation
direction within the magnetic energy gap. Here, by adopting a scattering-matrix approach applied to a
tight-binding model of the NW, we demonstrate that the thermoelectric (TE) properties can be widely controlled
by tuning the misalignment angle φ between the spin-orbit directions of two NW segments. In particular,
when the RSOC vectors are antiparallel (Dirac-paradox configuration), we predict a significant violation of the
Wiedemann-Franz law, and a strong enhancement of the Seebeck coefficient and the ZT figure of merit. We also
show that the Zeeman gap determines the optimal energy window for doping and temperatures. These results
suggest that controlling the spin-orbit field direction, which can be achieved with suitably applied wrap gates,
is a promising alternative for tuning and optimizing the TE response in quantum-coherent semiconducting NW
devices.

DOI: 10.1103/mz9c-272x

I. INTRODUCTION

Developing devices with enhanced thermoelectric (TE)
performance that optimize the conversion of wasted heat into
work is crucial for advancing energy-harvesting technologies
in the face of climate change [1,2]. It is also a key chal-
lenge for quantum technologies, such as quantum computers,
where heat management and heat harvesting are crucial for
large-scale integration at ultralow temperatures [3–6]. Vari-
ous strategies have been proposed to leverage TE properties.
Quantum confinement, for instance, implemented by reducing
the device size in comparison to the electron wavelength,
strongly affects the device energy filtering capabilities [7–9].
The contribution of the spin degree of freedom [10,11], also
in the presence of spin-orbit effect, has been discussed for TE
materials [12–14]. Also, the ongoing discoveries on topolog-
ical materials have spurred the interest in exploiting topology
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in TE response [15–19], leading to the prediction of un-
conventional effects in topological Josephson junctions and
revealing the sensitivity of thermoelectric effects to the under-
lying transport regime, distinguishing ballistic and dissipative
behaviors [20–24]. Furthermore, nanomaterials characterized
by van der Waals layered structure or spin-orbit coupling have
been proposed for various thermoelectric and optoelectronic
applications [25–30].

In this context, nanowires (NWs) are particularly promis-
ing platforms for TE devices for several reasons. Indeed,
lateral confinement gives rise to discrete energy subbands
with a modified density of states or even van-Hove di-
vergencies, which are expected to strongly enhance TE
performances [31–33]. Also, in comparison with bulk ma-
terials, NWs are characterized by low thermal capacity and
high sensitivity to heat flow [34,35], which makes them ideal
for bolometric and quantum sensing technologies, where the
variations in electronic temperature are a key issue [36,37].
Furthermore, various studies have pointed out that inhomo-
geneity in the spin-orbit coupling of NWs can lead to a
strongly energy-dependent transmission coefficient [38–43],
which ultimately is determined by a unique mismatching
spin effect. This interesting resource represents a promising
alternative to the more conventional quantum-confinement
approach [7] for enhancing thermoelectric performance. Fi-
nally, the fabrication of clean ballistic NWs, which allows
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quantum coherent transport [44–46], with a Rashba spin-orbit
coupling (RSOC) that is electrically tunable over a wide range
of values [47–54] offers a dramatic improvement in terms of
controllability [10,49,55].

Over the last two decades, NWs such as InAs and InSb
have attracted a lot of attention given the possibility to com-
bine their strong RSOC with an external magnetic field to
effectively generate one-dimensional (1D) helical states, i.e.,
states where the propagation direction and the spin-orientation
are locked to each other. Such a pair of counterpropagating
modes carrying opposite spin is known to exist within the NW
magnetic gap and mimics the ones present at the edges of two-
dimensional (2D) topological insulators (TIs) [18,56–62].

Notably, the helical states in TIs are edge states of a 2D
bulk, and uncontrolled edge-bulk coupling may restrict their
use in thermoelectric applications [63]. However, in NWs, the
helical states are protected by the magnetic gap, which can
even be externally controlled. Moreover, by applying local
gates to different NW segments, one can generate inhomo-
geneous RSOC profiles [38–43,64–68] and thereby control
independently the helicity of the electron states in such seg-
ments, a feature that would be quite hard to realize in the edge
states of a TI. Finally, networks of NWs can be individually
connected to reservoirs through Ohmic contacts [69–71]. So
far, most studies on the helical states of NWs have focused
on the proximity-induced effects of superconductors to realize
Majorana bound states [57,58,72–75]. However, the poten-
tial of NW helical states for TE properties remains largely
unexplored.

In the present work, inspired by the promising features and
versatility of NWs, we demonstrate that a suitable engineering
of inhomogeneous RSOCs can dramatically enhance the TE
properties of an NW. This result suggests routes for electri-
cally manipulating TE features in nanostructures of broader
applicability.

The structure of the paper is as follows. In Sec. II, we
present our model of the NW, based on a tight-binding (TB)
Hamiltonian. We discuss the general conditions for obtaining
helical behavior in a Rashba-dominated system, including the
inhomogeneous case. After we adopt the scattering-matrix ap-
proach to compute thermoelectric transport in those quasi-1D
systems. To efficiently solve the inhomogeneous case for a
range of parameters, such as the misalignment angle or the
chemical potential, we use the Python package Kwant [76].
In Sec. III, we consider an NW device consisting of two
segments with different RSOC directions, connected to two
semi-infinite metallic leads. In particular, we discuss zero-
temperature transport and investigate the effect of the RSOC
direction on the transport. In Sec. IV, we study the TE proper-
ties of the nonuniform RSOC NW in the presence of a uniform
magnetic field. We focus on the role of the RSOC angle differ-
ence and the different length scales relative to magnetic and
spin-orbit lengths. We also discuss doping and temperature
dependence, identifying optimal regimes to achieve maximum
performance. Finally, in Sec. V, we summarize our results and
conclusions.

FIG. 1. Sketch of the setup: (a) Rashba NW oriented along the x
direction and deposited on an insulating substrate (green). An exter-
nal magnetic field is applied along the direction of x. The Rashba
spin-orbit interaction is oriented along a unit vector n̂L(R)

α , which
differs between the left and right regions of the NW. In the left region,
n̂L

α = (0, 1, 0), pointing along the y direction. In the right region, the
vector lies in the y-z plane, i.e., n̂R

α = (0, cos φ, sin φ), forming an
angle φ with the n̂L

α . (b) 1D chain with TB parameters as described
by Eqs. (1)–(3) and the number of sites N in the chain sets the NW
length 2L = (N − 1)a.

II. MODEL AND FORMALISM

A. System Hamiltonian

We shall consider an NW deposited on a substrate and de-
note by x the longitudinal axis direction, and by z the direction
perpendicular to the substrate, as illustrated in Fig. 1(a). In
our analysis, we will assume that transversal confinement of
the NW is sufficiently strong to allow us to focus on the TE
properties of a single spin-split energy band, which is well
separated from higher-energy subbands. We shall therefore
deal with a single-channel physics, where the electron motion
is effectively 1D [77].

The structural inversion asymmetry arising from the sub-
strate generates an effective built-in electric field along z,
which in turn corresponds to an RSOC field directed along
y [60]. However, the magnitude of the RSOC can also
be controlled by applying a gate voltage between the NW
and the back gate of the insulating substrate. Moreover,
the direction n̂α of the RSOC field can be tuned by in-
troducing additional side gates [69] and/or by means of
substrate inhomogeneities [53,65,78]. Therefore, in the fol-
lowing, we shall assume that n̂α always lies in the y-z
plane. However, we shall consider that such a direction may
be inhomogeneous along the NW axis, i.e., n̂α = n̂α (x).
In particular, we shall analyze the case where two NW
segments, depicted in blue and red in Fig. 1, are charac-
terized by two different directions n̂L

α and n̂R
α , differing by

an angle φ. Additionally, we consider a magnetic field uni-
formly directed along x, i.e., perpendicular to the RSOC
field direction n̂α [79]. As is well known, under such con-
ditions, a magnetic gap in the spin-split bands effectively
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generates helical states [56–62], if the RSOC is sufficiently
strong.

To investigate the transport properties, we will describe the
nonuniform RSOC NW using a standard TB approach with a
Hamiltonian HNW = H0 + HSOC + HZ. Here, H0 represents
the simple 1D-TB Hamiltonian with electron hopping t be-
tween the nearest neighboring sites and εNW the Fermi energy
of the NW. It is [64,80]

H0 = −t
∑

j

(�†
j+1σ0� j + H.c.) + (2t − εNW)

∑
j

�
†
j σ0� j,

(1)
where �

†
j = (c†

j↑, c†
j↓) and c†

jβ (c jβ ) is the creation (annihi-
lation) operator acting on an electron with spin β ∈ {↑,↓}
located at a site j in a 1D lattice of N sites. In Eq. (1), t
is the hopping amplitude parameter [see Fig. 1(b)] and σ0

denotes the identity matrix for the spin degree of freedom.
The spectrum of Eq. (1) is doubly degenerate in spin and
near its band bottom at k = 0 is well approximated by a
parabola with an effective mass m∗ connected to the hopping
amplitude parameter through t = h̄2/2m∗a2, where a is the
lattice spacing.

The HSOC represents the RSOC term

HSOC = −iα̃
∑

j

�
†
j+1(n̂ j

α · σ )� j + H.c., (2)

where α̃ is the spin-flip hopping amplitude arising from the
RSOC [41,64–66]. For the sake of clarity, we mention that the
relation between α̃ and the RSOC α customarily used in NW
continuum models is α̃ = α/2a. In Eq. (2), σ = (0, σy, σz )
are Pauli matrices, while the unit vector n̂ j

α = (0, n j
α,y, n j

α,z )
identifies the RSOC field direction in the y-z plane at the
site j, as illustrated in Fig. 1(a). Its possible dependence on
j corresponds to the case where the inhomogeneity is along
the NW axis.

The Zeeman energy contribution arising from the coupling
with the external magnetic field along the x axis is HZ, and it
will be written as

HZ = �Z

2

∑
j

�
†
j σx� j, (3)

with �Z = g∗μBBx, where Bx is the strength of the external
magnetic field directed along x, g∗ is the effective Landé g
factor, and μB is the Bohr magneton.

B. Homogeneous NW

For a homogeneous NW, the vector n j
α is spatially uni-

form (n j
α ≡ nα ∀ j), so that the whole system is translationally

invariant and the Hamiltonian HNW can be rewritten in the
momentum basis. Indeed, by applying the Fourier transform
� j = 1√

N

∑
k eik( ja)�k , with N denoting the number of lattice

sites with periodic boundary conditions, the TB Hamiltonian
becomes diagonal in k space and can be written as

HNW =
∑

k

�
†
k H (k) �k, (4)

where

H (k) = (2t[1 − cos(ka)] − εNW)σ0

− 2α̃ sin(ka)(n̂α · σ ) + (�Z/2) σx. (5)

In such a case, the dispersion relation consists of two bands

E±(k) = [2t (1 − cos(ka)) − εNW]

±
√

4α̃2 sin2(ka) + (�Z/2)2. (6)

Notably, the spectrum (6) is independent of the direction n̂α of
the RSOC, and leads one to identify two characteristic energy
scales, namely, the RSOC energy

ESO = α̃2/t, (7)

which reflects the strength of the spin-orbit interaction, and
the Zeeman energy

EZ = |�Z|/2 = |g∗μBB|/2 . (8)

Depending on the value of EZ/ESO, the two bands in Eq. (6)
exhibit qualitatively different behaviors, as summarized in
Fig. 2 for |k| 	 π/a.

When the magnetic field is absent, i.e., EZ = 0 [see
Fig. 2(a)], the two bands exhibit a horizontal spin splitting,
and their local minima are located at k = ±kSO, where

kSO = 1

a
arctan

(
α̃

t

)
(9)

denotes the spin-orbit wave vector. Note that, for α̃ 	 t ,
Eq. (9) reduces to the continuum limit expression kSO ≈
|α|m∗/h̄2 = √

2m∗ESO/h̄.
When a finite Zeeman field EZ �= 0 is further applied, an

energy gap �Z = 2EZ opens up at k = 0 in the energy range
−EZ < E < EZ , and two possible regimes can be realized:
Rashba- or Zeeman-dominated.

In the Rashba-dominated regime, where EZ < 2ESO, the
lower band exhibits a local maximum at k = 0 and two degen-
erate minima at finite momenta k = ±kSO

√
[1 − (EZ/2ESO)2]

as shown in Fig. 2(b). Importantly, in the deep Rashba-
dominated regime, where EZ 	 2ESO, for energies in the
magnetic gap, the lower band features effective helical states,
with a locking between the propagation direction and the
spin orientation [56–62]. More precisely, inside the Zeeman
gap (|E | 	 EZ), the spin of right-moving electrons is mainly
directed along the direction +n̂α , while the left-moving elec-
trons have their spins locked along −n̂α . This emulates the
physics of helical edge states of a 2D TI [81–83]. However,
differently from that case, here their spin-momentum locking
(helicity) is completely tunable by the direction of the Rashba
vector n̂α .

Finally, in the Zeeman-dominated regime, when EZ >

2ESO, both spin-split bands exhibit their minima at k = 0
with energies ±EZ reflecting the dispersion of a Zeeman-split
system, as illustrated in Fig. 2(c). Similarly, the wave vector
associated with the Zeeman energy EZ is

kZ = 2

a
arcsin

(√
EZ

4t

)
, (10)

which, for |�Z | 	 t , reduces to the continuum limit ex-
pression kZ ≈ √

2m∗EZ/h̄. This wave vector also defines the
natural magnetic length LZ = 2π/kZ for the NW.
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FIG. 2. The electronic band structure of a 1D NW with a constant RSOC profile, for different values of the Zeeman field. (a) The Zeeman
field is absent, and the RSOC lifts the spin degeneracy of the parabolic band (dashed gray line). This results in two spin-split bands, each
shifted by ±kSO in momentum and lowered in energy by ESO. (b) A finite Zeeman field along the xaxis opens a gap at k = 0, creating a single
helical state when the chemical potential lies within the gap. Spins align with the Zeeman field at low k and tilt toward the RSOC direction at
higher k. (c) Zeeman-dominated regime resulting in almost complete spin polarization of the bands along the field direction.

C. Inhomogeneous NW

Let us now consider a spatially inhomogeneous NW.
Specifically, we shall focus on the case depicted in Fig. 1(a),
where two NW segments are characterized by two differ-
ent RSOC directions n̂L

α and n̂R
α forming an angle φ. For

simplicity, we shall assume that the strength α̃ is uniform
everywhere and that the two segments have equal length L
each. This situation is modeled by adopting in Eq. (2) the pro-
file n̂ j

α = n̂L
αg( j − j∗) + n̂R

α [1 − g( j∗ − j + 1)], where g( j) is
a crossover function such that 0 � g( j) � 1, g(∞) = 0 and
g(−∞) = 1, and by setting j∗a = L. We shall mainly focus
on the situation where such a crossover is sharp relative to
the other involved length scales. This will enable us to as-
sume a piecewise-constant profile g( j) = θ (− j), with θ (x)
denoting the Heaviside function. We have verified that the
results obtained for such a sharp profile are only marginally
affected when considering a smoother profile, provided that
the crossover length � is still shorter than the natural length
scale associated with RSOC strength, i.e., the spin-orbit length
defined as LSO = 2π/kSO [43].

Since φ identifies the relative orientation between n̂L
α and

n̂R
α , for symmetry reasons, it will be sufficient to consider

the range φ ∈ [0, π ], with the extremal value φ = 0 (φ = π )
corresponding to the homogeneous (antiparallel) case. As we
shall see in detail in Sec. III, for φ �= 0, the different spin
orientations of the RSOC field strongly affect both the charge
transport and the TE properties of the systems.

A comment is for the case φ = π , which corresponds to the
antiparallel orientation. In this case, the helical states inside
the magnetic gap of the two NW segments are characterized
by exactly opposite helicities, realizing the “Dirac paradox”
configuration discussed in Refs. [42,43,68]. This paradox con-
sists in the seeming impossibility for a quasiparticle to either
propagate, due to the opposite helicity of the state across the
interface, or to be backscattered, due to the opposite helicity
of the reflected state on the same side. The solution to such a
paradox lies in the existence of evanescent modes localized
at the interface between two regions with opposite RSOC
directions. Although these localized modes do not carry cur-
rent directly, their spin textures affect wavefunction matching
at the interface, thereby indirectly determining the transmis-

sion properties of the propagating modes. The evanescent
modes operate as a sort of magnetic impurity, whose effects
on the helical states depend on the crossover length � be-
tween the regions of opposite RSOC directions. In particular,
if the crossover length � is much shorter than the spin-orbit
length LSO, a strong suppression of the charge transport occurs
in the magnetic gap [42]. Of course, for energies |E | > EZ

outside the magnetic gap, the evanescent modes become prop-
agating [see Fig. 2], giving rise to a strong energy-dependent
transmission at the magnetic band-gap edge.

D. Scattering matrix approach

We consider a two-terminal setup where the two reservoirs
are kept at different temperatures (TR = T , on the right, and
TL = T + �T , on the left) and electrochemical potentials
(μR = μ, on the right, and μL = μ + e�V , on the left). Using
the Landauer-Büttiker formalism [84–86] and the scattering
matrix theory, the steady state electric Je and heat Jh currents
flowing in the right lead toward the NW can be computed
as [87,88]

(
Je

Jh

)
= 1

h

∫ +∞

−∞
dE

(
e

E − μ

)
T (E ) [ fR(E ) − fL(E )]. (11)

In this equation, T (E ) denotes the transmission coefficient
from the right to the left lead. The Fermi distribution functions
of the reservoirs for a given electrochemical potential μi and
temperature Ti are fi(E ) = 1/[e(E−μi )/kBTi + 1], where kB de-
notes the Boltzmann constant. In the linear response regime,
|�T | 	 T and e|�V | 	 kBT , the electric and heat currents
can be written as [88,89](

Je

Jh

)
= 1

T

(
Lee Leh

Lhe Lhh

)(
�V

�T/T

)
, (12)

where Lab (a, b = e, h) are the Onsager coefficients. The latter
can be expressed in terms of energy integrals of the transmis-
sion coefficient weighted by different powers of (E − μ) and
by the equilibrium Fermi distribution derivative ∂ f0(E )/∂E
(see Ref. [88]). The linear transport coefficients, such as con-
ductances, electrical G and thermal K , and thermopower S can
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all be expressed in terms of the Onsager coefficients as [88]

G = Lee

T
, K = 1

T 2

[
Lhh − L2

eh

Lee

]
, S = 1

T

Leh

Lee
. (13)

Thus, all electrical and TE properties for the two-terminal
device are determined by the transmission coefficient T (E )
at energy E , which we have evaluated numerically by using
the Python package Kwant [76]. To this purpose, the NW, di-
vided into the two segments with different RSOC vectors [see
Fig. 1(b)], is connected to two normal leads, which are de-
scribed by a TB Hamiltonian Hlead(k) = {2t[1 − cos(ka)] −
εN}σ0, where the hopping amplitude parameter t is assumed
to be the same as in the NW and the interfaces, while the
RSOC and the Zeeman field terms are negligible. Moreover,
we consider the Fermi energies in the normal leads to be much
higher than in the semiconducting NW, that is, εN 
 εNW,
ensuring that the bottom of the lead band lies much lower than
that of the NW.

E. Experimental implementation

To clearly evaluate the transport and thermoelectric sig-
natures of the discussed Dirac paradox, it is convenient to
consider a realistic experimental example. This provides us
with a quantitative estimate of the reported effects. How-
ever, the general mechanism described hereafter is completely
general and can be reproduced in other systems, after the
appropriate rescaling.

A possible realization of the proposed NW setup makes
use of InSb ballistic NWs having an effective electron mass
of m∗ = 0.015 me and a g factor g∗ ≈ 50 [42,90,91]. In
these systems, RSOC can be sufficiently strong to access
the deep Rashba-dominated regime. Indeed, one finds that
ESO ∼ 1 meV, which is much larger than the Zeeman splitting
energy corresponding to a magnetic field strength B ∼ 70 mT,
for which EZ ∼ 0.1 meV. This implies that LSO = LZ/

√
10 �

0.3LZ, shorter than the magnetic length associated with the
Zeeman energy scale introduced after Eq. (10). Cryogenic op-
erating temperatures, however, are required given the typical
energy scales of this example.

III. ZERO-TEMPERATURE TRANSPORT

Various studies have predicted that an inhomogeneous
RSOC in NWs leads to a strongly energy-dependent trans-
mission coefficient [38–43,67,68], which is a particularly
interesting feature in the context of TE properties. However,
these studies are mainly limited to the analysis of inhomo-
geneities in the magnitude of the RSOC [92].

In this section, we show that the inhomogeneities of RSOC
direction have a strong impact on the transport. Specifi-
cally, we analyze how the zero-temperature conductance G =
G0T (μ), where G0 = e2/h is the conductance quantum, de-
pends on the angle φ between the RSOC field directions n̂L

α

and n̂R
α in the two NW segments of length L depicted in Fig. 1.

For definiteness, we assume that both NW segments are in the
deep Rashba-dominated regime, i.e., EZ 	 2ESO.

The results are shown in Fig. 3, which displays G as a
function of the normalized chemical potential μ/EZ. The three
panels refer to three different values of length L, compared

FIG. 3. The electrical zero-temperature conductance G of an
inhomogeneous RSOC NW, shown in units of the conductance quan-
tum G0 = e2/h, is plotted as a function of the normalized chemical
potential μ/EZ for different misalignment angles φ, and for various
lengths: (a) L = 0.05LZ, (b) L = 1.5LZ, and (c) L = 6LZ. We set
ESO/EZ = 10; i.e., we are in the deep Rashba-dominated regime.

to the magnetic length LZ. Note that, in the deep Rashba-
dominated regime, the magnetic length is larger than the
spin-orbit length, i.e., LSO < LZ. In each panel, the solid
blue curve shows the conductance for the case of identical
RSOC directions (φ = 0) corresponding to the homogeneous
NW, while the solid red curve showcases the antiparallel case
(φ = π ), where the Dirac-paradox configuration is realized.
The dashed curves correspond to intermediate misalignment
cases with angles φ = π/4, π/2, 3π/4 (see caption).

Short NW. For very short NW lengths (L 	 LSO, LZ), the
conductance is very close to 2G0, as for two ideal channels, for

013175-5



ASLANI, TADDEI, DOLCINI, AND BRAGGIO PHYSICAL REVIEW RESEARCH 8, 013175 (2026)

any value of the relative angle φ [see Fig. 3(a)]. This behavior
originates from the fact that this is the ballistic regime, where
the NW behaves as a weak localized impurity whose internal
inhomogeneities are irrelevant, even for values of the chemical
potential in the range |μ| < EZ (i.e., in the magnetic gap).
At very low chemical potential values, where the NW band
bottom is depleted, backscattering increases due to momen-
tum mismatch with the normal-metal leads, leading to a small
reduction in conductance.

Intermediate-length NW. By increasing the NW length to
L ∼ LZ, the evanescent modes are then localized at the inter-
face between two regions (when the chemical potential lies
within the magnetic gap). Since their localization length is
∼LZ , they can no longer fully mediate transport (see dis-
cussion in Sec. II C). A clear signature of this is the drop
of conductance in the range |μ| < EZ for all φ values, as
shown in Fig. 3(b). In particular, for the homogeneous case
(φ = 0), G is roughly equal to G0 in the whole magnetic
gap, implying that charge transport is carried by the almost
perfectly transmitted helical states. A nonzero misalignment
angle (φ �= 0) between the two NW segments causes a further
reduction in conductance. Such a reduction is smallest when
the segments are antiparallel (φ = π ), though it remains finite.

For energies outside the Zeeman gap (|μ| > EZ), both NW
bands [see Fig. 2(b)] contribute to transport, and one observes
an oscillatory behavior of the conductance as a function of μ.
This is due to a resonant Fabry-Pérot-like interference effect,
where electron back scattering occurs at the interfaces with the
leads and, in the inhomogeneous case where φ �= 0, also at the
interface between the two NW segments. The backscattering
at the NW-lead interfaces arises from the momenta mismatch,
i.e., the discontinuities in the Fermi energies, but also from
the spin degree of freedom, a consequence of the RSOC
inhomogeneity at the interfaces [41]. In the inhomogeneous
case, φ �= 0, however, an additional backscattering occurs at
the interface between the two NW segments and it is only due
to spin texture mismatch.

The period of the conductance oscillations in the chemi-
cal potential μ is determined by the resonant condition that
is related to the effective length of the Fabry-Pérot cavity
with respect to the Fermi wavelength. In the inhomogeneous
case, this period is roughly twice that of the homogeneous
one (φ = 0), because the effective length of the Fabry-Pérot
cavity is L rather than 2L. However, the specific shape of the
conductance oscillations also depends on the relative angle φ

between the RSOC fields in the two NW segments, as this
angle determines the strength of the backscattering at their
interface.

Long NW. In the regime of a sufficiently long NW, L > LZ

[see Fig. 3(c)], two interesting features emerge. First, in the
antiparallel configuration φ = π , a strong suppression of the
conductance (G ≈ 0) is observed over almost the entire mag-
netic gap range |μ| < EZ. Indeed, the spin misalignment of
the propagating modes is so strong that it cannot be com-
pensated by the spin texture of the evanescent modes at the
interface. This effect is a consequence of the sharp interface
regime assumed here, where the crossover length between the
two segments � of opposite helicities is the shortest length-
scale (� 	 LSO) [42] (see also the discussion in Sec. II C). We

tested (not shown) that for a smoother interface, the conduc-
tance suppression progressively disappears.

The second noteworthy effect in Fig. 3(c) occurs at in-
termediate values of the angle φ (dashed curves). While the
conductance remains finite in the middle of the magnetic
gap |μ| 	 EZ, conductance antiresonances appear at |μ| ∼
EZ. This result generalizes the finding of Ref. [43], showing
that antiresonances occur not only from inhomogeneities in
the RSOC magnitude, but also from inhomogeneities in the
RSOC field direction. Importantly, this effect resembles the
Fano-Rashba antiresonances that appear when a bound state
of an NW couples to the continuum states of the leads [39,41].
In our case, the antiresonances are mainly pinned at the
magnetic-gap boundaries, |μ| � EZ. They are due to a Fano-
like mechanism involving the states propagating along the
NW and the states localized at the central interface when the
two NW segments exhibit a different spin-orbit orientation
(φ �= 0). This result extends to the case of inhomogeneities
in the spin-orbit direction; the effect found in Ref. [43] in
the presence of inhomogeneities in the RSOC magnitude.
The role of the bound states localized at the central inter-
face becomes more pronounced as the misalignment angle
φ increases, leading to a wider and deeper Fano-Rashba an-
tiresonance. In particular, for the antiparallel case (φ = π ),
the spin texture of these bound states hinders the transmission
of the propagating modes across the junction.

Finally, in the homogeneous case, at |μ| ∼ EZ, the chemi-
cal potential is fixed at the opening of the bottom (top) of the
top (bottom) band, as shown in Fig. 2(b). For such a case,
we observe a strong resonant peak in the zero-temperature
conductance at |μ| ≈ EZ. For the antiparallel configuration
φ = π , such a peak is shifted to slightly high energies |μ| =
μ∗ > EZ [see red arrow in Fig. 3(c)] due to the additional
Fabry-Pérot resonant contribution. As we will see below, these
resonances may affect TE properties because they are strong,
energy-dependent features. In the following, we focus primar-
ily on the case of long NWs, L > LZ , since in this regime
transport properties exhibit the most pronounced energy de-
pendence.

IV. THERMOELECTRIC PROPERTIES

We now turn to the thermoelectric properties of the
NW, comparing the homogeneous case with inhomogeneous
RSOC profiles at different misalignment angles φ.

A. Wiedemann-Franz ratio and TE Onsager coefficient

As anticipated, the inhomogeneous NW configurations
with a misalignment angle φ �= 0 in the RSOC direction
exhibit energy-dependent transport properties, resulting in
significant thermoelectric effects. Here, we shall show that
such an effect can be so strong that it also causes the violation
of the Wiedemann-Franz (WF) law. We recall that, according
to such law, the WF ratio L = K/(G T ), where K is the ther-
mal conductance and G the electrical conductance introduced
in Sec. III, reaches a universal value

L0 = π2

3

(
kB

e

)2

≈ 2.44 × 10−8 W
K−2 (14)
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FIG. 4. (a) Wiedemann-Franz ratio L/L0 = K/(G TL0), as a
function of the normalized chemical potential μ/EZ for three dif-
ferent RSOC misalignment angles (see label), where RSOC NW
segments have a length L = 6 LZ. (b) Thermoelectric Onsager co-
efficient Leh for the same φ values as in panel (b). The temperature is
set such that kBT = 0.05EZ. Other parameters as in Fig. 3.

in the low temperature limit, where L0 is the Lorenz factor.
This is because the carriers responsible for the entropic flow
are also the ones that carry the charge. While the system
considered here does reach this universal value in the limit
T → 0, at finite temperature, a different scenario emerges. We
start by focusing on the finite but small temperature regime,
where the thermal energy is smaller than the magnetic gap,
i.e., kBT 	 EZ. We consider an NW of length L = 6 LZ to be
in the long NW configuration to ensure maximal contrast be-
tween the homogeneous and the Dirac-paradox configuration
[see Fig. 3(c)].

In Fig. 4(a), we show the dimensionless WF ratio L/L0 as
a function of μ/EZ, for various values of the misalignment
angle φ. For the homogeneous case (blue curve), one sees
small deviations of the WF ratio from the universal value
(L/L0 = 1) at the magnetic gap boundary. This is essentially
due to the opening of propagating channels related to the
bottom or the top bands, which are indeed separated by the
magnetic gap (see Fig. 2). However, still near the magnetic
gap boundaries, it is just in the antiparallel configuration
φ = π that the WF ratio strongly deviates from the universal
value. Indeed, such large deviations correspond exactly to the
chemical potential values where the transmission coefficient
T (E ) exhibits a strong energy dependence [see red curve

in Fig. 3(c)]. Indeed, for φ � π , the transmission near the
magnetic gap |μ| � EZ is strongly suppressed by the RSOC
misalignment between the two NW regions.

For values of chemical potential well below the magnetic
gap, |μ| 	 EZ, the WF ratio approaches its universal value
and the same occurs far above the magnetic gap, for |μ| 
 EZ,
up to a residual oscillatory behavior due to Fabry-Pérot-like
resonances. Those are detectable as long as their characteristic
energy scales are bigger than the thermal energy.

Onsager coefficient Leh. This quantity, directly associated
with the thermoelectrical response, is shown in Fig. 4(b) as a
function of the normalized chemical potential, for various φ.
As one can see, near the gap edges Leh exhibits pronounced
peaks, for all φ values. The maximal peak height is observed
for the antiparallel configuration (φ = π ), in agreement with
the strong energy dependence of the transmission function in
this configuration, which also leads to a strong violation of the
WF law.

Furthermore, for the two extreme cases, φ = 0, π (blue
and red curves, respectively), the sign of such Leh peaks is con-
trolled by the sign of the chemical potential. This is because
when μ ≈ −EZ (μ ≈ +EZ), Leh is mainly dominated by the
opening of the hole (electron) band [see Fig. 2(b)] at small
momentum. However, in the intermediate misalignment case,
φ = π/2 (green curve), one can also observe the appearance
of shoulders near the boundaries of the magnetic gap, |μ| �
EZ . Such overshooting shoulders are characterized by a sign
change of Leh across the magnetic gap boundaries μ ≈ ±EZ .
This peculiar behavior stems from the energy dependence of
the transmission function T (E ), which features Fano-Rashba
antiresonances within the magnetic gap. Indeed, according to
the Mott formula, at sufficiently low temperatures, the ther-
moelectric coefficient, Leh, is expected to be proportional to
the energy derivative of transmission: Leh(μ) ∼ ∂μT (μ) [88].
For a similar reason, when the chemical potential is well
within the magnetic gap (|μ| 	 EZ), the thermoelectric coef-
ficient Leh is strongly suppressed in both the homogeneous and
antiparallel configurations. This suppression occurs because
the transmission function is nearly constant over this energy
range.

B. Figures of merit

Let us now analyze the behavior of various linear thermo-
electric figures of merit, which quantify the ability of a TE
material to convert heat into electricity.

1. Seebeck coefficient

We first consider the Seebeck coefficient S, defined in
Eq. (13) and shown in Fig. 5(a) as a function of μ/EZ. We
note that, for a homogeneous NW (blue curve), S is strongly
suppressed within the magnetic gap and reaches at most a
value of about ∼0.3 kB/e, at the magnetic-gap boundaries.
However, for the antiparallel configuration φ = π (red curve),
S is significantly enhanced with respect to the homogeneous
case, by more than a factor of 15, reaching a maximum value
of ∼4.6 kB/e at μ ≈ −EZ. It is worth emphasizing that such
an enhancement is mainly due to the strong suppression of the
coefficient Lee appearing in the denominator of Eq. (13), and
partly also to a moderate increase of Leh at the denominator
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FIG. 5. Thermoelectric transport properties of an RSOC NW with segments of length L = 6 LZ as functions of the normalized chemical
potential μ/EZ for different RSOC misalignement angle φ (see label). (a) Seebeck coefficient S, (b) thermoelectric power factor GS2, and
(c) figure of merit ZT in logarithmic scale. Temperature is fixed such that kBT = 0.05 EZ. Other parameters as in Fig. 3.

of Eq. (13). The former effect is seen in the behavior of the
conductance G = T Lee displayed in Fig. 3(c), whereas the
latter increase of Leh by a factor of ∼2.5 is shown in Fig. 4(b).
We also observe that, for a misalignment angle φ = π/2
(green curve), S decreases with respect to the antiparallel
configuration, suggesting that the misalignment angle can be
harnessed as a knob to tune the thermoelectric effects.

Finally, we wish to comment on the lack of antisymmetry
of S as a function of μ, which is particularly evident for
the peaks located around μ = ± EZ. This feature reflects the
inherent particle-hole asymmetry of the dispersive spectrum
at the bottom of the band.

2. Power factor and thermoelectric efficiency

The analysis of the power factor GS2 and of the thermo-
electric efficiency figure of merit [88]

ZT = GS2

K
T (15)

further clarifies the crucial role of the RSOC inhomogeneity.
On one hand, the power factor, shown in Fig. 5(b), exhibits an
enhancement by a factor of ∼18 in the antiparallel configura-
tion (red curve) with respect to the homogeneous case (blue
curve), an enhancement comparable to that of the Seebeck
coefficient. On the other hand, the figure of merit ZT in the
antiparallel configuration (φ = π ) is 2 orders of magnitude
larger than in the homogeneous case (φ = 0), as shown in the
log-scale plot of Fig. 5(c). Indeed, for φ = π , we find that
ZT reaches values up to ∼0.34 at μ ≈ −EZ and ∼0.24 at
μ ≈ +EZ . Although such ZT values are moderate, it is worth
stressing that such a significant increase by a factor of ∼340
implies that the spin-orbit direction inhomogeneities can be
regarded as a knob to turn a poor TE system into a good one.
Moreover, as we shall discuss below, the ZT values can be
further increased by increasing the working temperature.

Importantly, we have verified that the large enhancement of
ZT in the antiparallel configuration compared to the homoge-
neous configuration is mainly due to the significant reduction

in the thermal conductance K , appearing at the denominator of
Eq. (15). This effect is much stronger than the corresponding
reduction of the conductance G at the numerator of Eq. (15).
Additionally, the increase of the Seebeck S, which appears
quadratically at the numerator of Eq. (15) also favors the
increase of ZT .

The figure also clearly demonstrates the strong tunability
of the TE properties to the misalignment angle φ (see Fig. 5),
which can be regarded as a promising strategy to control
and substantially enhance the thermoelectric performance of
NWs.

Finally, we stress that the plots in Fig. 5 refer to a
low temperature, specifically kBT = 0.05 EZ. With increasing
temperature, thermoelectrical figures of merit are typically
expected to improve. Indeed, as we shall discuss below, the
optimal temperature for maximizing GS2 and ZT is signifi-
cantly higher. Nevertheless, we have verified that the behavior
of S, GS2, and ZT as functions of the chemical potential,
as discussed above, remains qualitatively valid also at higher
temperatures, provided that kBT � EZ.

C. Temperature dependence of the TE properties

We now turn to a detailed investigation of how the op-
erating temperature influences the results presented so far.
We start by outlining the expected temperature dependence
of the various TE figures of merit. On one hand, in the low-
temperature limit, kBT 	 EZ , one typically expects properties
such as the Seebeck coefficient to increase with temperature
T [88]. On the other hand, for temperatures much larger
than the magnetic gap (kBT 
 2EZ ), thermal broadening is
expected to cause effective averaging over the entire energy
range, thereby washing out the energy-dependent features
due to the magnetic gap and the helical states characteriz-
ing the NW. In such a high temperature limit, one expects
to recover the conventional TE properties described by a
quadratic dispersion relation, where any difference between
the homogeneous and inhomogeneous cases disappears. As a
consequence, optimal TE performances should occur in the
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FIG. 6. Temperature dependence of the TE properties for different misalignment angles φ and for a fixed chemical potential μ = μ∗.
The Seebeck coefficient |S|, panel (a), the power factor GS2, panel (b), and the figure of merit ZT , panel (c), are plotted as functions of the
normalized temperature kBT/EZ. Other parameters as in Fig. 3.

intermediate temperature range. We anticipate that, for realis-
tic parameter values, the optimal temperature window indeed
lies in the range 0.01 < kBT/EZ < 1.

Fixed doping. Let us first study the temperature dependence
of the TE figures of merit for a fixed chemical potential μ. We
choose a value μ∗ that corresponds to a common maximum
of the Fabry-Pérot-like resonance in the zero-temperature
conductance, occurring for both the homogeneous and inho-
mogeneous configurations (see the resonance marked by a
red arrow and the vertical dashed line in Fig. 3). This choice
allows a meaningful comparison of the temperature depen-
dence in the two configurations, without being significantly
influenced by the specific Fabry-Perot resonant pattern.

Figure 6 illustrates how the Seebeck coefficient S, the
power factor GS2, and the ZT figure of merit depend on the
temperature, at such a chemical potential value μ∗. The results
are plotted in panels (a), (b), and (c), respectively, for different
misalignment angles φ in different colors. All curves exhibit
maxima at intermediate temperatures for all misalignment
angles, with values approaching zero at very low tempera-
tures. A quite strong dependence on the misalignment angle
φ can be observed, especially in the range π/2 < φ < π . In
particular, all TE figures of merit are higher in the antiparal-
lel configuration compared to the homogeneous case, in full
agreement with the discussion in the previous section.

Let us focus, e.g., on the Seebeck coefficient [Fig. 6(a)]:
Starting from the homogeneous case [blue line in Fig. 6(a)],
one observes a maximum of ∼0.3 kB/e for kBT ∼ 0.4 EZ

and a smooth reduction by increasing temperature. This is
consistent with the expectation that, for very high tempera-
tures kBT 
 EZ, the homogeneous and inhomogeneous cases
should return results identical to a spin-degenerate open
channel. For the antiparallel case (red curve), S is strongly en-
hanced, up to ∼1.4kB/e at kBT ∼ 0.3EZ. As far as the power
factor and ZT figure of merit, shown in Figs. 6(b) and 6(c),
respectively, the optimal performance in the antiparallel case
is also reached at nearly the same temperature (kBT ∼ 0.3EZ).
Notably, all three figures of merit are maximized at roughly
the same temperature.

These results show that, in general, the magnetic gap en-
ergy scale EZ sets the temperature scale for the maximum
TE performance. An inhomogeneity in the RSOC direction
profile characterizing the helical states could indeed provide
a strong TE enhancement at a temperature comparable to
roughly 30%–40% of the magnetic gap (i.e., kBT ≈ 0.3 −
0.4EZ).

Optimal doping. The fixed-doping study presented so far
allows one to illustrate the overall effect of temperature, for a
given energy transmission profile, and to perform a controlled
comparison between different NW configurations. We now
turn to analyze the thermoelectric response under optimal
doping conditions, i.e., where the chemical potential is set to
the value corresponding to the maximally achievable thermo-
electric performance. Such information is particularly relevant
for device optimization and performance benchmarking. The
result is illustrated in Fig. 7, where the maximum Seebeck
coefficient [panel (a)], the power factor [panel (b)], and ZT
figure of merit [panel (c)] are displayed as functions of tem-
perature, under optimal doping conditions. The plots confirm
that the TE quantities are very sensitive to the misalign-
ment angle φ and that they improve as φ increases, with the
best performance observed in the antiparallel configuration
(φ = π ).

However, the comparison between Figs. 6 and 7 also
features some remarkable differences. Regarding the See-
beck coefficient, for instance Fig. 7(a) showcases, for the
antiparallel configuration, an additional peak located at
low temperatures, where kBT ∼ 0.02EZ. This is due to
the Fabry-Pérot resonances, which occur on a similar en-
ergy scale [∼(μ∗ − EZ ); see Fig. 3(c)]. This phenomenon
is similar to the behavior observed in resonant systems,
such as quantum dots, which exhibit a single resonance
in the zero-temperature conductance. In such cases, the
Seebeck coefficient S increases as the temperature T de-
creases, provided that kBT remains larger than the intrinsic
resonance linewidth γ [93,94]. This explains the peak-
like behavior of S at low temperatures, including its
suppression as T approaches zero. Indeed, in the zero-
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FIG. 7. Temperature dependence of the TE properties at the optimal chemical potential. The optimal value is calculated over the chemical
potential values, for the modulus of the Seebeck coefficient |S|max (a), of the power factor GS2

max (b), and of the figure of merit ZTmax (c), as
functions of the normalized temperature kBT/EZ. Other parameters as in Fig. 3.

temperature limit, S must vanish for temperatures satisfying
kBT 	 γ .

For the other inhomogeneous cases, depicted by the pink,
cyan, and yellow curves, the peak shifts to even lower tem-
peratures, in some cases below the minimum temperature
considered in the calculation. As a result, only the descending
part of the peak is visible for the cyan and yellow curves.
Note that in the homogeneous case, no peak is observed at
low temperatures.

Let us now turn to the power factor [Fig. 7(b)]. In this case,
the influence of the resonances is less pronounced than in S,
at least for strong misalignment φ ∼ π (red and pink curves).
For such angles, the global maximum occurs at intermediate
temperatures, where a higher broader peak is observed. Such
a broad peak is a feature common to all the curves, as in
Fig. 6(b), and it is a consequence of the magnetic gap not
being affected by the Fabry-Perot-like resonances, which are
averaged out at such temperatures.

Finally, for the figure of merit ZT , which expresses the TE
thermodynamic efficiency, the optimal value reaches even 0.9
for the antiparallel configuration, around 0.2EZ [see Fig. 7(c)].
This represents a doubling in comparison with Fig. 6(c). We
also report a high sensitivity to the misalignment angle φ, as
even a small change from φ = π to 0.9π can halve the value
of ZTmax.

D. Effects of NW length

Before concluding, we shall focus on the antiparallel con-
figuration and analyze the effects of the NW length on the
optimal TE performance. Figure 8 shows the maximum abso-
lute value of the Seebeck coefficient |S|max and the maximum
TE efficiency ZTmax, both computed by optimizing the chemi-
cal potential μ, as functions of the dimensionless length L/LZ.
We set the temperature to kBT = 0.21EZ , which corresponds
to the value that precisely maximizes ZT [see Fig. 7(c)].
The curves show that both |S|max and ZTmax increase with
NW length, eventually saturating to a constant value when
L/LZ � 4. Thus, increasing the length beyond a few magnetic

lengths yields no further advantage. The small irregularities,
due to resonant Fabry-Pérot-like oscillations, do not signifi-
cantly affect the results.

V. SUMMARY AND CONCLUSION

In this paper, we have shown that the helical states emerg-
ing in the magnetic gap of NWs with strong RSOC and a
Zeeman field applied orthogonally to the spin-orbit direction
can be exploited to control and enhance the TE properties.
Specifically, we have considered a NW setup consisting of
two segments in the Rashba-dominated regime, separated by a
sharp interface, that exhibits a misalignment angle φ between
the spin-orbit fields lying in the y-z plane (see Fig. 1).

Starting from the zero-temperature limit, we first analyzed
electron transport along the NW. When the length L of each
NW segment becomes comparable to the magnetic length LZ ,

FIG. 8. Maximum absolute value of the Seebeck coefficient
|S|max and the maximum of ZT as a function of the dimensionless
length L/LZ for the inhomogeneous RSOC configuration with mis-
alignment angle φ = π . The temperature is fixed such that kBT ≈
0.21EZ to maximize the magnitude of the ZTmax coefficient in agree-
ment with the TE properties shown in Fig. 7(c). Other parameters as
in Fig. 3.
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the electron conductance G acquires a strong dependence on
the chemical potential μ. In particular, for values of μ outside
the magnetic gap G displays a Fabry-Pérot oscillation pattern
due to the quantum interference caused by the backscattering
at the interfaces, an effect that is present already for a homo-
geneous NW (φ = 0) and that, for φ �= 0, is only modified
by the presence of the additional backscattering at the sharp
interface separating the two segments. However, for values of
μ inside the magnetic gap, the value of G is strongly affected
by the RSOC inhomogeneity, and the role of the misalignment
angle φ becomes significant. In particular, for the antiparal-
lel configuration φ = π , which realizes the recently studied
Dirac-paradox configuration, G gets strongly suppressed as
compared to the homogeneous case (φ = 0), due to the helic-
ity mismatch in the helical states characterizing the two NW
segments [see Fig. 3]. This analysis has enabled us to identify
the long NW regime (L > LZ ) as the most suitable for TE
properties, given the strongly energy-dependent transmission
of the NW.

Then, focusing on the finite but small temperature regime
kBT 	 EZ , we have demonstrated that, when the antiparallel
configuration φ = π is realized, and the chemical potential is
set near the boundaries of the magnetic gap, μ � ±EZ , the TE
properties are strongly enhanced with respect to a homoge-
neous NW. In particular, we have shown that these conditions
lead to a strong violation of the Wiedemann-Franz law [see
Fig. 4(a)] and to the increase of the thermoelectric Onsager
coefficient [see Fig. 4(b)]. In particular, the latter effect,
combined with the strong suppression of the conductance,
results in a strong enhancement of the Seebeck coefficient S in
Eq. (13), by more than an order of magnitude, as displayed in
Fig. 5. In particular, we predict up to S ∼ 3.5kB/e and a power
factor of GS2 ∼ 1.8 k2

B/h for temperatures in T ∼ 0.24 K.
One of the most relevant results of our analysis is that

the ZT figure of merit, which can reach the value ZT ∼ 0.9
for the antiparallel configuration, is increased by more than
2 orders of magnitude with respect to a homogeneous NW
[see Fig. 5], an effect that is mainly caused by the significant
reduction of the thermal conductance K .

We have identified that the optimal TE performance is
obtained for temperatures spanning kBT/EZ ∼ 0.2–0.4EZ ,
highlighting the roles of the magnetic gap and the inhomo-
geneous RSOC profile [see Figs. 6 and 7]. Indeed, it is the
Dirac-paradox configuration, realized with antiparallel align-
ment (φ = π ), which yields the highest TE efficiencies at
moderate temperatures. We have further investigated how the
NW length may affect the TE properties, finding that once the

NW length is at least a few magnetic lengths enhancement
effect should be appreciable.

Most of the figures concerning the TE properties have been
obtained using the parameters for a ballistic InSb NW. Indeed,
such NWs are characterized by low electron density, a very
small effective electron mass, and a strong g factor. The deep
Rashba-dominated regime is accessible at low magnetic field
strengths, while RSOC orientations can be controlled using
wrap-gate geometries without significantly altering the NW
electron density. We emphasize, however, that the predicted
tunability of TE properties in terms of the spin-orbit ori-
entation is quite general, and not limited to the NW-based,
low-temperature platforms.

Our findings suggest that the RSOC-engineered system can
serve as a promising, versatile platform for reversible control
of TE in a coherent quantum transport regime, paving the
way for applications in nanodevices for high-performance en-
ergy harvesting and temperature sensing. Finally, although we
have not specifically investigated the spin-dependent transport
properties of the effect discussed here, our proposal also has
potential applicability in spintronics and spin-thermoelectric
nanodevices [11].
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