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Spin–orbit coupling is a relativistic effect that connects 
the spin angular momentum of the charge carrier with the  
electrostatic potential of its environment. Thus, it can 
be and has been used for spin manipulation, mainly 
guided by the ideas put forward by Emmanuel Rashba 
and co-​workers. Intensive efforts have been pursued 
over the past decade to design and harvest spin–orbit 
coupling in condensed matter systems. In materials lack-
ing a centre of inversion, this interaction adopts a unique 
form loosely called Rashba-​like spin–orbit coupling that 
opens a particularly rich playground for scientists and 
materials engineers by unlocking new functionalities1,2. 
In the past few years, the field of ‘Rashba physics’ has 
progressively widened, in terms of mechanisms, mate-
rials and effects that can be exploited for potential appli-
cations. As the basic principles of Rashba physics have 
been addressed in detail in recent literature, we focus this 
Review on the most recent advances in the three areas 
mentioned above. We encourage readers unfamiliar 
with standard Rashba physics to refer to the numerous 
reviews already available on these aspects1–3, as well as 
to the Supplementary Information, which also includes 
a short historical overview of the field.

We begin this Review by addressing new ideas that 
focus on the origin of Rashba spin–orbit coupling, deriv-
ing concepts to control and optimize it. Conventionally, 
the term ‘Rashba effect’ refers to a spin splitting that 
is linear in momentum, but when atomic orbitals 
of general symmetry (such as p or d) are involved, 
higher-​order effects are observed. Besides these effects, 

newly discovered materials are then discussed, including 
2D ‘Janus’ monolayers, centrosymmetric crystals with 
inversion partners in their unit cell, materials exhibiting 
orbital angular momentum texture, and materials that 
display Rashba-​like spin textures even in the absence of 
spin–orbit coupling.

The development of these new concepts is in part 
driven by the widening of the basis of materials that have 
been recently synthesized, such as topological materials, 
which share the large spin–orbit coupling and the spin–
momentum locking scheme with traditional Rashba 
systems. An interesting twist is obtained in magnetic 
materials, where the magnetization direction is a new 
degree of freedom to manipulate the spin textures in 
conventional and topological materials. We also cover 
strongly correlated materials, including f systems and 
superconductors, which have come increasingly into 
the focus of research over the past decade.

Although the discussion up to this point has been 
focused on states in equilibrium, non-​equilibrium effects 
are central to the operation of new spin-​based devices. 
The final section is devoted to these phenomena and 
starts with the interconversion of spin and charge currents 
by the Rashba effect, based on the materials discussed in 
the previous section. Besides responses to (static) electric 
fields, optical excitations in materials with large Rashba 
effect offer a wide field of applications, such as in hybrid 
perovskite solar cells. Optical techniques, such as gating 
and Floquet engineering, can also be used to to manipulate 
the magnitude of the Rashba spin–orbit coupling.
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Although this Review cannot address all active areas 
in the field of Rashba physics, nor foresee all possibilities 
for future developments, we conclude with an outlook 
on developments that could dominate this branch of 
research in the near future.

Microscopic origin
Principles
The central feature of Rashba-​like spin–orbit interaction 
is the linear coupling between the carrier’s spin angu-
lar momentum σ and its linear momentum k (refs.1,2). 
In other words, the electron’s spin and linear momenta 
are ‘locked’ on each other (Box 1). The traditional form 
of Rashba spin–orbit coupling at interfaces (including 
surfaces) reads

σH α k z= ( × ), (1)R R ⋅

where z is normal to the interface and the Rashba con-
stant αR contains all material-​dependent parameters 
(in this case the surface potential gradient). A popular 
picture states that for an electron moving near an inter-
face, the electric field Eint associated with the interfacial 
potential gradient is transformed to a magnetic field 
–ħ/mc2(k × Eint) that couples to the electron spin, σ. The 
Bychkov–Rashba (BR) model given in equation (1)  
qualitatively captures the effects seen experimen-
tally on surfaces such as Au(111), where an almost 
free-​electron-​like surface state can be observed with 
angle-​resolved photoemission spectroscopy (ARPES) 
and both the predicted spin splitting and the spin texture 
can be confirmed4,5. However, quantitatively the esti-
mates of αR from the BR model are orders of magnitude 
too small. The observation6 that αR is 10 times larger for 
Au(111) than for Ag(111) — although the work func-
tions are similar — indicates that something is missing 
in this picture.

The fact that relativistic effects are larger in heavy 
atoms (such as Au) than in lighter ones (such as Ag) 
results from the steeper potential gradients at the nucleus 
when the atomic number Z is large. In an atom, the spin–
orbit coupling interaction reads Hso ≈ ξσ ⋅ L, where L and 
σ are the orbital and spin angular momenta, respec-
tively, and ξ is the spin–orbit coupling parameter that 
scales approximately as Z2.4 (ref.7). In this limit, which 
is widely valid in all materials of interest, the Rashba 
spin–momentum locking appears as a consequence of 
the momentum-​dependent orbital angular momentum 
induced by the inversion symmetry breaking. In fact, in 
the basis of the Bloch states ψn k,∣ ⟩, the spin–orbit coupling 
can be rewritten

σ σψ H ψ ξ μL k B k= ( ) = ( ), (2)n n n
n

k k, so , B so⟨ ∣ ∣ ⟩ ⋅ ⋅

where Ln(k) and B k( )n
so  are the band- and momentum- 

​dependent orbital momentum and effective mag-
netic field, respectively. In other words, the spin–orbit 
coupling mimics the effect of a Zeeman term with a 
momentum-​dependent magnetic field that is merely 
proportional to a (momentum-​dependent) orbital 
moment, ξ μB k L k( ) = ( / ) ( )n

nso B
. The emergence of this 

momentum-​dependent orbital moment can be under-
stood straightforwardly on considering that close to the 
nucleus, where spin–orbit coupling is effective, Bloch states 
are well described by a linear combination of atomic 
orbitals. A non-​vanishing orbital momentum is obtained 
through the intra-​atomic hybridization of two orbitals 
with orbital number l and different magnetic numbers m 
(such as Lk = iεijk〈pi∣L∣pj〉 and so on). This hybridization 
needs to be mediated by an intermediate orbital, and  
various scenarios are possible (Fig. 1 and Box 1).

The effective field in Rashba spin–orbit coupling 
is characterized by its antisymmetry with respect to 
k: B k B k( ) = − (− )n n

so so , a property that only emerges 
under inversion symmetry breaking. As an illustra-
tion, consider an interface between dissimilar materi-
als, normal to z. This interface has mirror symmetries 
along x and y and a continuous rotation about z. As 
the magnetic field is an axial vector (and we consider 
only in-​plane momenta), it must lie in the (x,y) plane 

Key points

•	The Rashba effect is a mechanism that locks the spin of a charge carrier to its 
momentum and stems from the coexistence of inversion symmetry breaking and 	
spin–orbit coupling.

•	The Rashba effect is ubiquitous in condensed matter and exists in a wide variety of 
systems and heterostructures, including semiconductors, metals, superconductors 
and correlated materials.

•	The physics of the Rashba effect is at the origin of several important phenomena 	
in condensed matter, including spin-​to-​charge interconversion, non-​reciprocal 
magnetoelectric and magnetoptical response, and anomalous nonlinear effects.

•	Depending on the crystal and magnetic symmetries of the system under consideration, 
complex forms of spin–momentum locking and dispersion can be obtained, leading to 
a rich zoo of phenomena.

•	The impact of the Rashba effect extends far beyond spin transport and is at the basis 
of several key concepts in topological insulators, semimetals and superconductors.

Box 1 | Microscopic picture of Rashba spin–orbit coupling

A traditional representation of the microscopic origin of Rashba spin–orbit coupling states 
that the potential gradient at an interface is dominated by the electric field normal to this 
interface, Eint = −∂zVz, resulting in the transformation of the spin–orbit coupling

⋅ ∇ ⋅σ σħ ħ= × → = ∂ ×H
e

mc
H V

e

mc
V r p z p

(2 )
( ( ) )

(2 )
( ) (5)zso 2 so 2

with e the charge on the electron and m its mass. This argument is incorrect as the poten-
tial gradient in solid state is always dominated by the potential drop close to the nucleus 
and in fact retains a spherical symmetry, ∇V(r) ≈ (1/r)∂rVr, even close to an interface. 
Therefore, the spin–orbit coupling term is most likely to adopt the usual Russell–Saunders 
scheme, HSO = ξσ ⋅ L. In other words, the interfacial potential gradient does not affect the 
spin–orbit coupling itself, but rather the Bloch wavefunction of the conduction electrons 
such that they acquire a momentum-​dependent orbital moment, Ln(k), as explained 	
in the main text.

Figure 1 illustrates two representative scenarios for the generation of Rashba spin–
orbit coupling. It is sufficient to design a mechanism that enables a k-​antisymmetric 
orbital momentum, Ln(k) = −Ln(−k). The simplest way to obtain an atomic orbital moment 
is to mix orthogonal orbitals. For example, mixing px and pz orbitals would result in 
non-​vanishing Ly. In addition, to ensure that this mixture is antisymmetric in momentum 
space, one needs to break the inversion symmetry either by applying an external elec-
tric field (electrostatic inversion symmetry breaking) or through asymmetric hybridiza-
tion (geometrical inversion symmetry breaking). Whereas the first scenario qualitatively 
applies to the surface of Ag and Au (ref.9), in real materials both scenarios are likely to be 
present to various degrees, involving d orbitals and complex charge-​transfer schemes. 
The spin–momentum locking scheme therefore depends on the chemical bonding and 
electrostatic environment, resulting in diverse spin textures in momentum space.

Floquet engineering
Modification of the electronic 
band structure on shining 
off-​resonant light on a material.

Bloch states
Solutions of the Schrödinger 
equation in the presence  
of a periodic potential,  
which characterize electrons  
in crystals.
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and therefore, to the first order in momentum, it reads 
b k b k b k b kB k x y( ) = ( + ) + ( + )n

xx x xy y yx x yy yso . Applying the 
two in-​plane mirror symmetries Mx y, , one obtains

b k b k

b k b k

B k x

y

( ) = (− + )

− (− + ) ,
(3)

x
n

x xx x xy y

yx x yy y

soM M

.

b k b k

b k b k

B k x

y

( ) = −( − )

+ ( − )
(4)

y
n

y xx x xy y

yx x yy y

soM M

Considering Neumann’s principle, M MB k( )=x y
n

x y, so ,
B k( )n

so , and we get bxx = byy = 0. In addition, if we impose 
continuous rotation about the z axis, we get bxy = −byx = b0 
and b k k bB k x y k z( ) = ( − ) = ( × )n

y xso 0 0 , as expected at 
an interface. Naturally, adding more symmetries and 
expanding the effective magnetic field beyond the first 
order in momentum yields much richer expression and 
spin–momentum locking configurations.

The first microscopic scenario for Rashba spin 
splitting at the surface of Au was based on an (s,p) 
tight-​binding model. This model states that αR is indeed 
proportional to the product of the spin–orbit coupling 
strength, ξ, and a term that characterizes the inversion 
symmetry breaking8. The size of the latter can be shown 
to be determined by the asymmetry of the wavefunc-
tion under study at or near the position of the nucleus9. 
This is influenced by the external field and the orbital 
character of the wavefunction10.

Up to now, free electrons or electrons of s- or pz-​like 
symmetry were considered that do not carry an orbital 
momentum without symmetry breaking. At the top of 
the valence band of a semiconductor like Ge, however, 
three p orbitals form a six-​fold degenerate state that is 
split by spin–orbit coupling into a doubly degenerate 
one (total orbital momentum mj = 1/2) and a four-​fold 
degenerate (mj = 3/2) one, like in a free atom. Because the 
top of the valence band is at k = 0, no additional orbital 
moment arises when inversion symmetry is broken. 

Neumann’s principle
The physical properties of a 
crystal should possess at least 
the same symmetries as the 
crystal itself.

Without inversion symmetry breaking

With inversion symmetry breaking

Stark effect
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x
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Fig. 1 | Electrostatic and geometric symmetry breaking giving rise to k-antisymmetric orbital momentum and 
Rashba-like spin–orbit coupling. a | A monoatomic chain possessing s, px and pz orbitals. b | By construction, the intera-
tomic overlap between the s and px orbitals is antisymmetric in momentum k, | | = −s H p V k a2i sinx sx x⟨ ⟩ . c | Applying an exter-
nal field breaks the inversion symmetry, which turns on intra-​atomic s–pz orbital mixing via the Stark effect. As a result,  
px and pz hybridize, mediated by the s orbitals, giving rise to a k-​antisymmetric orbital momentum Ly. In the presence of  
spin–orbit coupling, this orbital momentum couples to the spin momentum, yielding Rashba-​like spin–momentum lock-
ing. d | Two coupled atomic chains possessing both px and pz orbitals. e | In an individual chain, the px and pz orbitals remain 
orthogonal to each other and are uncoupled, resulting in zero orbital momentum. f | When coupling the two chains, inver-
sion symmetry breaking is naturally introduced so that the interatomic overlap between, say, the top px and bottom pz 
orbitals is antisymmetric in momentum k, | | = −p H p V k a2i sinz x xz x⟨ ⟩ , enabling a k-​antisymmetric orbital momentum Ly on 
the bottom chain. Again, upon turning on spin–orbit coupling, Rashba-​like spin–momentum locking emerges.
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Moving away from the zone centre to finite k, the  
superposition of the ‘atomic’ orbital momentum and  
the ‘k-​induced’ one leads to interesting effects11. In surface  
systems, this can be nicely studied in the BiAg2/Ag(111) 
surface alloy, which shows one of the largest observed 
Rashba splittings in the s band12. The higher-​lying  
p bands have a rich spin- and orbital texture that can also  
be observed experimentally13. The spin splitting in this 
case is not necessarily linear in k but can be cubic as well. 
Large Rashba-​like spin splitting of the p bands has been 
also reported in bulk materials, such as BiTeI (ref.14) and 
GeTe (ref.15), the latter being electrically switchable16.

The specific scenarios discussed above exemplify the 
physical origin of Rashba-​like spin splitting in selected 
systems, but they fail to provide a more general, system-
atic theory. A crucial question that remains unsatisfac-
torily addressed concerns the means and strategies to 
control and maximize the magnitude of the Rashba-​like 
parameter. From this model, it is clear that materials pos-
sessing heavy elements (Pt, Au, Bi, Pb) tend to display 
larger spin splitting due to their large atomic spin–orbit 
coupling, as confirmed in experiments, but this model 
says nothing about the role of the non-​centrosymmetric 
electrostatic potential that surrounds these atoms.

In fact, optimizing the strength of Rashba spin–orbit 
coupling requires a fine understanding of the interplay 
between the atomic spin–orbit coupling, which locks 
the spin momentum on the orbital angular momen-
tum direction, and the (non-​centrosymmetric) crystal 
field, which lifts the degeneracy of the orbital angular 
momentum. Figure 2, inspired by ref.17, aims to provide 
a qualitative picture of the competition between these 
two terms.

In most materials possessing large atomic spin–orbit 
coupling, the inversion-​breaking crystal field acts as a 
perturbation so that the resulting Rashba-​like spin split-
ting is only a fraction of the spin–orbit energy. In con-
trast, if one can achieve a large crystal field, the spin–orbit 

coupling acts as a perturbation, and therefore the spin 
splitting takes full advantage of the atomic spin–orbit 
interaction. Consequently, an optimal compromise 
between these two energy scales will maximize the 
Rashba-​like spin splitting. It has been proposed that such 
a maximal Rashba spin splitting is obtained in PtCoO2 
(ref.17). Along a different line of thought, other work sug-
gests that the hallmark of a large Rashba spin splitting in 
bulk materials is the existence of avoided band crossings 
in the electronic structure18. This interesting observa-
tion confirms that orbital mixing is a key ingredient to 
design materials with large Rashba-​like spin–orbit cou-
pling. Although a complete theory offering clear guide-
lines for the design of maximized Rashba spin splitting 
in bulk and at interfaces remains to be established, these 
two works point out inspiring directions that need to be 
further developed.

Beyond linear Rashba
As mentioned above, the effective Hamiltonian for 
the BR model contains terms of the form (σxky − σykx). 
If symmetry is higher, such as m43 , other terms like 
k k k σ( − )x y z x

2 2  are obtained (Dresselhaus effect19). Note 
that the point-​group symmetry is here determined 
by the subgroup of the k point around which the k ⋅ p 
model is developed. Each of these Hamiltonians defines 
a specific relation between spin- and crystal momentum 
(spin–momentum locking), and these relations can be 
used to tailor spin properties. For example, a combina-
tion of Rashba and Dresselhaus terms can be chosen 
that leads to a uniform spin direction for all k vectors 
minimizing spin relaxation20. This minimization of the 
spin relaxation can also be achieved with other, ‘cubic 
Rashba’ terms that appear for certain symmetry groups. 
A nice overview of the different terms that can appear 
depending on symmetry can be found in the supplemen-
tal material of ref.21. Similar to early work22 that analysed 
different k points in the Brillouin zone, a rich variety 
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Fig. 2 | schematics of the interplay between inversion symmetry breaking and spin–orbit coupling. The grey and black 
arrows represent the orbital angular momentum; red and blue arrows represent spin angular momentum. a | When the spin–
orbit coupling dominates, it hybridizes the orbital and spin angular momenta and splits states with different total angular 
momentum J. Turning on the crystal field and breaking inversion symmetry further splits states with opposite momentum k. 
b | When the non-​centrosymmetric crystal field dominates, it first lifts the degeneracy between orbital states with opposite 
momentum k. Turning on the spin–orbit coupling further then splits the states whose spin s is parallel and antiparallel with 
the orbital angular momentum L. This sketch is only meant to provide a qualitative picture of the respective roles of inver-
sion symmetry breaking and spin–orbit coupling. Applying this analysis to a realistic system (involving, for example, p or  
d orbitals) results in much more complex energy diagrams. ISB, inversion symmetry breaking; SOC, spin–orbit coupling.
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of dispersion laws can be found. Further away from 
high-​symmetry points, one is not limited by symmetry 
constraints, and more exotic effects can be found, such 
as a triple winding of the spin texture that can also be 
described by a cubic Rashba model23,24 (see also below).

Another aspect, which goes beyond the classical BR 
model, is the possibility of realizing 3D spin structures. 
When the electric field is not restricted to a single direc-
tion (such as perpendicular to the surface), the electron 
spin is no longer confined to a plane (in this case, the 
surface) even if we assume that the electron motion is 
strictly 2D. For example, molecular adsorption on a sur-
face can tilt the spin from in- to out-​of-​plane when the 
molecules induce an in-​plane oriented electric field25. In 
ferroelectric materials, the switchable polarization also 
offers the possibility of manipulating the spin texture of 
the bands26. One can expect that the prospect of using 
this variety of effects in spintronic applications will lead 
to more discoveries.

Janus configuration in 2D materials
The rise of 2D materials and van der Waals heterostruc-
tures has opened new avenues for the engineering of 
Rashba spin splitting at the atomic scale27. Transition 
metal dichalcogenides28, trihalides29 or phosphorus 
trichalcogenides30, for instance, represent promising 
classes of material as they are composed of a hexag-
onal lattice of metallic elements embedded between  
two layers of chalcogens (S, Se, Te) or halides (Cl, Br, I).  
In pristine configuration, these monolayers do not 
display Rashba-​type spin splitting as they are either 
centrosymmetric (1T) or non-​centrosymmetric (2H), 
the planar mirror symmetry in the latter forbidding 
Rashba-​type spin splitting. Nonetheless, it is possible 
to induce Rashba-​type spin splitting by differentiating 
the chalcogen or halide elements on each side of the 
metallic plane31. This structure, called the Janus config-
uration, has been predicted and realized experimentally 
in non-​magnetic transition metal dichalcogenides32–34. 
The dissimilarity between the electronegativity of the 
two chalcogen or halide elements induces an electric 
dipole perpendicular to the plane of the monolayer and 
promotes a reasonably large Rashba-​type spin–orbit 
coupling.

Hidden spin polarization in centrosymmetric crystals
It is worth mentioning that inversion symmetry break-
ing does not necessarily apply globally but can also 
emerge locally. In this case, this local breaking of inver-
sion symmetry can lead to local Rashba spin–orbit 
coupling, but no band-​structure spin splitting. In other 
words, the absence of spin splitting does not preclude the 
existence of a local Rashba-​like effect within the unit cell. 
As a matter of fact, as the Rashba effect is dictated by the 
local inversion symmetry breaking rather than by global 
inversion symmetry breaking, certain centrosymmetric 
crystals display so-​called hidden spin polarization35. An 
illustrative example is that of Si, a crystal whose motif 
is composed of two sites that are inversion partners 
such that they individually experience inversion sym-
metry breaking of opposite polarity. In other words, 
each inequivalent Si ion experiences a Rashba-​like 

spin–momentum locking of its own. To distinguish these 
hidden spin textures from the conventional Rashba and 
Dresselhaus textures obtained in non-​centrosymmetric 
materials, the hidden spin–momentum locking is some-
times referred to as R-2 (for Rashba symmetry) and D-2 
(for Dresselhaus symmetry)35.

This observation can be extended to many more 
materials possessing atoms with non-​centrosymmetric 
space group. Examples concern centrosymmetric 
non-​magnetic materials such as NaCaBi and LaOBiS2. 
A hidden spin polarization texture, pointing perpen-
dicular to the stacking plane, has been reported in cen-
trosymmetric WSe2 at K and K′ points of the Brillouin 
zone36. More recently, a hidden in-​plane spin texture 
mimicking the Rashba spin–momentum locking has 
been observed in the high-​temperature superconductor 
bismuth strontium calcium copper oxide (B2212)37. This 
effect is particularly spectacular in Mn2Au and CuMnAs 
antiferromagnets, where the Mn ions carrying the mag-
netic moment are inversion partners38,39. In these two 
crystals, the hidden polarization induced by spin–orbit 
coupling leads to a current-​driven effective field of 
opposite sign on the two inversion partners. Because the 
Mn ions are magnetic, the staggered effective magnetic 
field induces a local torque that can trigger magnetiza-
tion switching39,40. This research direction is currently 
gaining momentum due to its potential for ultrafast 
applications41,42.

Orbital Rashba effect
The conceptual separation of spin–orbit coupling and 
inversion symmetry breaking is also used in stud-
ies focusing on the orbital Rashba effect43,44. Here, the 
formation of an orbital angular momentum L is seen 
as a first step and described by a model Hamiltonian 
αK(k × L) ⋅ E where αK quantifies the coupling to the 
electric field. At a given wavevector k, Kramers pairs 
of states obtain a preferred orbital momentum L (and 
−L at −k), and the spin–orbit coupling term splits these 
pairs further, minimizing or maximizing σ ⋅ L (Fig. 2)43. 
Again, one can obtain some insight into the origin of 
the orbital Rashba constant, αOR = αKE, by studying a 2D 
(s,p) tight-​binding model45. Like in the model of ref.8, it 
is proportional to hopping matrix elements that vanish 
in the limit of an inversion-​symmetric system (such as 
the hopping from s to pz when the model is downfolded 
on pz orbitals).

In the band structure, the orbital Rashba effect man-
ifests itself by an antisymmetric orbital texture in the 
Brillouin zone, similar to the spin texture characteriz-
ing the Rashba spin–orbit interaction. This texture is 
illustrated in Fig. 3 for a model of Ag2Bi introduced else-
where45. The spin-​splitting bands display spin textures of 
opposite chirality (Fig. 3c,e), whereas the chirality of the 
orbital texture remains unchanged (Fig. 3b,d). This orbital 
texture in momentum space enables the generation of 
non-​equilibrium orbital polarization even in the absence 
of spin–orbit coupling. Together with its parent effect, 
the orbital Hall effect43,46, the orbital Rashba effect47,48 is 
now gaining increasing attention as it could be used to 
induce interconversion between charge currents and 
orbital currents.

Orbital Hall effect
Generation of a pure orbital 
current transverse to an 
injected charge current.
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Rashba effect without spin–orbit coupling
In fact, spin–orbit coupling is not even necessary to obtain 
an antisymmetric spin texture in momentum space. The 
key ingredient is to break the U(1) spin rotational sym-
metry to ensure that the spin angular momentum is not 
a good quantum number. Besides spin–orbit coupling, 
magnetism can also break the spin rotational invariance, 
resulting in a spin texture in momentum space49–51. This 
exchange-​induced momentum-​dependent spin split-
ting has been reported52,53 in several collinear antiferro-
magnets such as RuO2. In this class of compounds, the 
electron spin is aligned along the Néel order, and it is 
therefore different from the Rashba-​like spin splitting 
discussed in this Review (see discussion elsewhere54).

To obtain a momentum-​dependent spin texture, that 
is, a variation of the spin direction over the Brillouin zone, 
one rather needs to consider (antiferro)magnets present-
ing a non-​collinear magnetic structure, such as Mn3Sn 
or Mn3Ir (ref.55). The resulting spin texture possesses the 
same symmetries as the magnetic configuration and 
remains inversion-​symmetric. On breaking the spatial 
inversion symmetry, antisymmetric spin–momentum  
locking appears in antiferromagnets56.

New materials for Rashba physics
Connection between Rashba and Dirac physics  
in topological materials
Wide classes of materials display the signature of 
Rashba-​like physics in their band structure and elec-
tronic transport properties. Materials with non-​trivial 

ground-​state topology57,58 usually host interfacial states 
that behave very similarly to Rashba states. Before 
addressing these materials, let us briefly summarize 
some of the most important manifestations of the 
Rashba effect. First, an energy splitting is observed for 
states with a finite crystal momentum. At the zone centre 
(k = 0) or halfway between two zone centres, this energy 
splitting is zero. Second, there is a fixed relation between 
momentum and spin (spin–momentum locking) of the 
moving electron, even in the non-​magnetic case. These 
two effects are a consequence of spin–orbit coupling and 
manifest in particular at the surface of a crystal, where 
some symmetries are broken.

These manifestations can be used to realize special 
transport properties at the boundary of a sample. For 
instance, when a small magnetic field perpendicular to 
the spin directions lifts the degeneracy of the two states 
at k = 0 (Box 2, panel d) and the Fermi level is placed in 
this gap, only two states are left at this energy, possess-
ing opposite spin. This leads to a persistent spin cur-
rent at the edge of the sample, in remarkable analogy 
to what is observed in 2D topological insulators (see 
below). Indeed, this concept was proposed as a way to 
realize topological superconductivity by bringing sem-
iconductor nanowires with strong spin–orbit coupling 
(like InSb) into contact with conventional s-​wave super-
conductors and applying an external magnetic field59,60. 
This setting was realized experimentally61 and, since 
then, has been used as a platform for hunting Majorana 
fermions in various setups62. Very similar proposals 
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use topological insulators in contact with conventional 
superconductors, without the need to apply a magnetic 
field63 or to find natural topological superconductors64.

Because they both display strong antisymmetric 
spin–momentum locking, non-​magnetic topologi-
cal materials and Rashba systems share a lot of sim-
ilarities, such as the response to magnetic fields of 
different orientation, direct and inverse Edelstein effects, 
spin-​to-​charge interconversion, the photogalvanic effect, 
or the possibility of showing higher-​order (in k) effects. 
In addition, the quantum spin Hall effect (SHE) can be 
realized in Rashba systems like in the above-​mentioned 
example or — a more complex example — the 
quantum anomalous Hall effect (AHE) in graphene cou-
pled to external magnetic textures65–67. Both the quan-
tum SHE and quantum AHE target the precise control 
of the (transported) electron’s spin, which can be useful 
for spintronic applications. As compared with Rashba 
systems, however, topological materials benefit from 
topological protection of the electronic states.

In addition to topological insulators, topological 
semimetals have also been identified, in particular  
Dirac semimetals (DSM) and Weyl semimetals (WSM)57. 
In contrast to topological insulators, in semimetals the 
bulk spectrum already shows Dirac-​cone-​like energy 
nodes with a spin–momentum locking — for WSM of 
the form H3D ∝ k ⋅ σ, meaning that the spin is (anti)paral-
lel to the momentum — that offers new possibilities for 
spintronic applications68. In particular in WSMs, where 

the nodal points come in pairs, lack of time and inversion 
symmetry gives rise to exotic surface states and exciting  
transport properties.

Complex spin textures at the surface of topological 
materials
Non-​magnetic topological insulators are 3D or/and 
2D time-​reversal-​symmetric crystalline systems whose 
electronic structure is characterized by non-​zero Z2 
topological invariant69,70. In these materials, spin–orbit 
interaction is strong enough to invert the fundamental 
energy gap and transform topologically trivial semicon-
ductors into topological insulators. On the surface (edge) 
of a 3D (2D) topological insulator, this transforma-
tion induces a Dirac-​cone state with spin–momentum  
locking that is the cornerstone for realization of the 
quantum SHE69,70. In fact, because time-​reversal sym-
metry is preserved, the topological states at opposite sur-
faces (edges) are necessarily of opposite spin chirality 
and charge neutral. As a result, at a given surface (edge), 
states of opposite momentum carry an opposite spin, 
resulting in a Dirac cone with spin–momentum lock-
ing similar to the Rashba one. Typical representatives of  
3D topological insulators are tetradymites such as Bi2Te3, 
Bi2Se3 and Sb2Te3, which are layered materials linked by 
van der Waals forces71,72.

The essential surface/interface physics of topologi-
cal insulators can be described by using a Rashba-​like 
Hamiltonian (equation (1)) where the coefficient αR 

Photogalvanic effect
Generation of a DC charge 
current on shining linearly  
or circularly polarized light  
on a material.

Quantum spin Hall effect
Transport mechanism associ-
ated with insulating bulk states 
and topologically protected 
spin-​current carrying edges  
or surface states.

Quantum anomalous  
Hall effect
Transport mechanism associ-
ated with insulating bulk states 
and topologically protected 
charge-​carrying edges or  
surface states.

Box 2 | combined effects of Rashba and Zeeman (or exchange) fields

More exotic effects can be observed when an exchange-​split band 	
(such as a bulk or quantum-​well state) crosses the Rashba-​split bands. 
Because of the spin-​selective hybridization between these bands, 
asymmetric bandgaps open, leading to characteristic transport effects 
such as a strong anisotropic magnetoresistance and current-​induced 	
spin polarization237. In constant energy contours, this can result in the 
appearance of arc-​like features that should not be mistaken for signatures 
of Weyl semimetals.
Depending on the respective energy scales of the Rashba effect and 	

the exchange splitting, the former can influence the magnetic order of the 
atoms that give rise to the latter: Rashba spin–orbit coupling can give rise 
to a ‘twisted exchange interaction’238, which appears as a Dzyaloshinskii–
Moriya interaction, meaning that it can lead to spin spirals if the anisotropy 
barriers can be overcome239. This is, of course, not surprising, as both 	

the Rashba effect and the Dzyaloshinskii–Moriya interaction rely on a 
combination of inversion symmetry breaking and spin–orbit coupling.
The dispersion relations of a free-​electron gas with Rashba and Zeeman 

fields240 are illustrated here. Panel a shows the dispersion of the two 
branches of the Rashba- and Zeeman-​split free-​electron gas in the kx 	
direction, with red and blue indicating the spin orientation in the +y and −y 	
directions, respectively. Panel b gives iso-​energy cuts at an energy of 0.3 eV 
with the upper (lower) part showing the normalized Sx (Sy) components as 
line thickness (different orientations in red and blue). Panel c shows the loca-
tion of the cuts in panels a and b in a 3D representation of E(kx,ky). Panel d 
shows the dispersion along kx with the upper (lower) panel indicating the 
normalized spin components in the y (z) direction. Panel e shows E(kx,ky) with 
the cuts from d and two iso-​energy contours that have circular shape. For all 
plots, αR = 1.44 eV Å, and the exchange is JS = 0.5 eV (a–c) and 0.1 eV (d,e).
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is substituted by the electron velocity v of the Dirac 
cone73,74. Consequently, spin–momentum locking in 
the Dirac-​cone surface states is similar to that in the 
Rashba surface states and hence many physical proper-
ties of these two classes of surface states are similar. Some 
time-​reversal-​symmetry protected topological insulators 
demonstrate even more complicated behaviour of the 
topological surface state. In particular, photoemission 
measurements have shown strong hexagonal warping of 
the Dirac cone in Bi2Te3 that was also confirmed by ab 
initio calculations and model Hamiltonian simulations 
with terms at the third order in wavevector k (refs.73,74). 
The warping results in the appearance of an out-​of-​plane 
spin moment component of the Dirac electron73–75 which 
changes from up to down following the rotational sym-
metry of the crystal and does not produce a mass gap at 
the Dirac point.

The Weyl and Dirac semimetals can be viewed as 
extensions of the Rashba case, as spin–momentum 
locking remains a central ingredient that governs most 
of their remarkable properties. Topological semimetals 
are characterized by the Dirac-​like spectra arising in 
the bulk and by the topological stability of the Fermi 
surface, if it encloses band crossing points, which are 
the Dirac-​cone-​like energy nodes. These systems can be 
identified by the momentum-​space location of the nodal 
points and by degeneracy. The WSMs hold nodal points 
(magnetic monopoles) in pairs with opposite momenta 
k and opposite topological charge, while in the DSMs 
both opposite charges fall to one k, and thus the Dirac 
cone appears to be doubly degenerate. The Weyl nodes 
of opposite charge, separated in momentum space, are 
connected through the crystal boundary/surface by 
Fermi arcs, enabling direct and inverse Edelstein effects76. 
Since theoretical predictions of topological semimetals, 
many topological semimetallic systems have been exper-
imentally investigated (see, for instance, representative 
reviews57,58).

Magnetic topological materials
Introduction of magnetic order into topological insula-
tors breaks time-​reversal symmetry and enables modi-
fications of surface (interface) electronic structure that 
pave the way for new quantum effects such as quantum 
AHE77,78, the topological magnetoelectric effect77 and such 
phenomena as image magnetic monopole and axion 
electrodynamics77. These effects occur in topological 
insulators in which a time-​reversal-​symmetry breaking 
is realized with an out-​of-​plane magnetization com-
ponent Mz. The respective electronic structure of the 
3D topological insulator surface or thin-​film topolog-
ical insulator edge can be obtained from the Rashba 
Hamiltonian by adding a mass term −mσz, where  
m reflects the out-​of-​plane magnetization value, m = JMz, 
where J is an interlayer exchange parameter79. The mass 
term results in gap formation at the Dirac-​cone point 
and also the emergence of the gapless 1D mode at 
the topological insulator film edge within the formed 
energy gap (a pictoral representation is given in the 
Supplementary Information). The peculiar property 
of this mode is its chirality, which means that the elec-
tron can propagate along the edge only in one direction 

without backscattering. With the Fermi level fixed 
within the gap of the topological insulator surface state, 
this makes the effect advantageous for dissipationless 
transport applications, thus allowing realization of a 
quantized Hall conductivity. Another interesting con-
figuration consists in considering a domain wall formed 
by two in-​plane magnetic domains at the topological 
insulator surface. In this case, a vertically spin-​polarized  
1D flat electron state, characterized by the Dirac-​cone 
velocity and the surface magnetization, arises at the 
domain wall80,81. When the Fermi level is pinned to the flat- 
​band energy, one can expect the emergence of supercon-
ductivity driven by the coupling of heavy electrons from 
neighbouring domain walls.

There are various ways to introduce magnetic order 
into topological insulators, such as doping with magnetic 
atoms at the surface79,82, in the near-​surface region75,83 or 
in the bulk84,85. Experimentally, however, quantum AHE 
and axion insulator states have been realized in this way 
only at temperatures below 2 K (refs.86–89). More recently, 
a method based on the creation of 2D highly ordered 
ferromagnets as basic blocks for incorporation of mag-
netism into the topological insulator bulk or surface was 
proposed90–92. By placing the 2D ferromagnetic block on 
the tetradymite topological insulator surface, an efficient 
time-​reversal symmetry breaking can be realized90,91,93, 
producing a giant magnetic gap (up to 110 meV) in the 
Dirac cone due to a strong exchange interaction of this 
state with 3d moments. This approach, called magnetic 
extension90, offers various advantages such as highly 
ordered crystal structure, absence of trivial surface or 
interface states, not affecting the topological insulator 
bulk-​like region, and finally, a lot of possible hetero-
structures composed of magnetic and non-​magnetic 
insulators. Moreover, in certain situations, these  
2D ordered ferromagnets can be completed by magnetic 
atom doping to enhance the magnetization effect on the 
magnetic energy gap and Curie (Néel) temperature of 
the heterostructure. One of the recent and promising  
2D magnetic systems, Mn4Bi2Te7 grown on Bi2Te3, demon
strates Curie temperature of 20 K and a Dirac-​cone gap 
of 40–75 meV (ref.94).

Another promising way for the realization of new 
quantum phenomena is the creation of topological 
insulators composed of 2D ferromagnetic multiple-​ 
atomic-​layer blocks antiferromagnetically ordered in 
the direction perpendicular to the layers. The recent 
discovery of an intrinsic antiferromagnetic topological 
insulator, MnBi2Te4, with Néel temperature of 25 K and 
Dirac-​cone gap of 80–90 meV (ref.95) has been a break-
through in the field of magnetic topological insulators 
with great potential for realization of various quantum 
effects. Just after this discovery, new magnetic topo-
logical insulators, (MnBi2Te4)(Bi2Te3)m, with m = 1,…,6 
(ref.96), and MnSb2Te4, MnSb4Te7 (refs.97,98) were  
predicted and synthesized.

New physics and new effects can appear if an antifer-
romagnetic topological insulator is composed of multi-
ple layers with in-​plane magnetic anisotropy80. In this 
particular case, the Dirac cone shifts from the Γ point 
of the surface Brillouin zone along the direction per-
pendicular to the magnetic moment without opening a 

Fermi arcs
Disconnected arcs in 
momentum space appearing at 
the surface of certain materials 
such as Weyl semimetals.

Topological magnetoelectric 
effect
Generation of a quantized 
contribution to the 
magnetization by applying  
an external electric field.
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mass gap79,80. This can also be described within the BR 
model with an external field (Box 2). Recently, a number 
of in-​plane magnetized semiconductors — MnBi2Te2Se2, 
VBi2Se4, VBi2Te2Se2, VBi2Te4, VSb2Te2Se2 and VSb2Te4 — 
with Néel temperature in the range 77–94 K have been 
proposed as antiferromagnetic topological insulators80. 
An especially interesting electronic feature — a topo-
logical 1D flat electron state — emerges in such systems 
at linear domain walls, giving rise to a sharp peak in the 
density of states peak near the Fermi level80,81. This state, 
being polarized out-​of-​plane, can be effectively tuned 
by applying an external magnetic field perpendicular to 
the surface plane.

Extension of topological theory to magnetic WSMs 
can greatly increase the number of ferro- and antifer-
romagnetic systems that can be used in the search for 
new quantum phenomena. There have already been 
a number of magnetic WSMs predicted and partly 
studied, such as Co-​based Heusler half-​metals XCo2Y 
(with X from groups IVB or VB, Y from IVA or IIIA)99, 
Co3Sn2S2 (ref.100), Mn3Sn, Mn3Ge (refs.101,102) and some 
others. Especially intriguing are antiferromagnetic 
WSMs which, in contrast to normal antiferromagnets, 
demonstrate strong anomalous Hall transport due to 
the existence of Weyl nodes. Recent discovery of the 
correlated magnetic Weyl semimetal with logarithmic 
Fermi velocity renormalization in strained pyrochlore 
iridate Pr2Ir2O7 demonstrates a huge potential for com-
binations of electron correlations with strain, magnetism 
and topology for development of new magnetically  
active WSMs103.

Rashba effect in strongly correlated materials
4f compounds. Spin–orbit coupling plays an essential 
role in the development of new quantum materials with 
strong electron correlations. At the heart of such systems 
are the 4f compounds, which constantly attract atten-
tion due to their exotic bulk properties. Among these 
properties are complex magnetic phases, unconventional 
superconductivity including non-​centrosymmetric 
superconductivity, heavy-​fermion behaviour, Kondo 
physics, quantum criticality, valence fluctuations and 
skyrmion lattices104–107. Now, the surfaces and interfaces 
of 4f systems are increasingly moving into the focus of 
interest, as versatile 2D platforms for studying the influ-
ence of inversion symmetry breaking and Rashba spin–
orbit coupling on the exotic properties of the strongly 
correlated f states23,24,108–113.

An illustrative example is the family of RET2Si2 mate-
rials, where RE is a rare-​earth and T is a transition metal 
atom108,109. Depending on composition, RET2Si2 systems 
show prominent f-​driven properties. Their layered struc-
ture, where RE atomic planes are separated by silicide 
Si–T–Si blocks, allows easy cleaving of the sample and 
obtaining surfaces with a mosaic of usually large REs 
and silicide (Si–T–Si–RE) terminations110,111. Note that 
their electronic structure and temperatures scales are 
remarkably different from each other and from those 
in the bulk114. The strength of the spin–orbit coupling 
can be tuned by exchanging the transition metal: the 
strength increases on going from Co to Rh and further 
to Ir. To trigger an interplay with the Rashba spin–orbit 

coupling, one may introduce magnetic exchange inter-
action by inserting elementary 4f magnets such as Gd 
and consider the Si–Rh(Ir)–Si–Gd surface111,115. As the 
orbital moment of the Gd 4f shell is equal to zero, this 
makes it insensitive to the crystal field. Selecting REs 
with non-​vanishing 4f orbital moment, such as Ho, Dy 
or Tb, leads to rotation of the respective 4f moments to 
certain angles relative to the surface normal, caused by 
their coupling to the crystal field24,109. This allows for cre-
ating an exchange field near the surface with different 
strengths and orientations, and enables the exploration 
of how 2D carriers behave in the presence of competing 
Rashba and magnetic exchange fields. By choosing Ce 
or Yb as the RE element, one may explore how the emer-
gent Kondo physics and heavy-​fermion properties will 
be affected by the Rashba spin–orbit coupling108.

The silicide surfaces of RET2Si2 are characterized by 
strongly dispersive surface states residing in a large pro-
jected M-​gap. The surface states reveal distinct orbital 
compositions and localizations. Their rather different 
spin structures are governed by the conventional and 
cubic Rashba effects24,109–111,115. In the latter case, the 
electron spin reveals three complete rotations upon 
moving once around the constant energy contours24,110,111 
(Fig. 4). To investigate how such exotic spin properties 
would change when magnetic order sets in, one can con-
sider the iridium silicide surfaces of antiferromagnetic 
GdIr2Si2 and valence-​fluctuating EuIr2Si2 (refs.110,111). The 
beauty of EuIr2Si2 is that this material is non-​magnetic  
in the bulk, owing to a mixed-​valent state of Eu. However,  
the first Eu layer buried by the surface iridium silicide 
block behaves divalently and acts as a source of 2D fer-
romagnetism110,114. Figure 4 shows how the rotational 
symmetry of the M surface state is reduced when the 
2D ferromagnetism from this single Eu layer sets in. 
Red arrows indicate the points in k space between 
which the electron spin rotates by 2π owing to the cubic  
Rashba effect110.

Another intriguing property of the surface states is 
that their in-​plane spin structure governed by Rashba 
spin–orbit coupling survives and remains intact when 
the material transfers to the antiferromagnetic regime, 
as was shown for TbRh2Si2 (ref.24). A substitution of Rh 
by Ir and Tb by Yb brings us to the heavy-​fermion mate-
rial YbIr2Si2 (ref.108). On its iridium silicide Si–Ir–Si–Yb 
surface, Rashba spin–orbit coupling induces spin polar-
ization of the 2D electrons, while a hidden layer of Yb 4f 
moments acts as a source for coherent f−d interaction. 
Analysis of the fine 4f-​derived spectral pattern sug-
gests that the spin–orbit coupling also leads to the nar-
row spin splittings of the 4f-​heavy bands108. Exploiting 
the combination of Kondo and Rashba physics in the 
non-​centrosymmetric 4f systems opens new opportu-
nities to handle the 2D itinerant and 4f-​hybrid states 
as their spin properties and group velocities offer new 
functionalities.

Similarly to the discussed RET2Si2 materials, the 
surfaces and interfaces as well as multilayer sequences 
of other families of f systems have also received atten-
tion116–118. Recently, for heavy-​fermion superconductor 
CeIrIn5, the strong Rashba effect and, as a consequence, 
the heavy linearly dispersing spin-​split surface states 
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at the CeIn surface were predicted theoretically and 
unveiled in ARPES experiments116. Note that quasi-2D 
CeIrIn5 belongs to a larger family of CenTmIn3n+2m cor-
related materials, where T = Co, Rh, Ir, Pd and Pt. Then 
one can argue that, at the surfaces of such systems, sim-
ilar or more advanced properties as well as new tem-
perature scales can be anticipated, owing to the joint 
presence and possible synergy of f-​driven phenomena 
and phenomena related to Rashba spin–orbit cou-
pling. Another noticeable example is superconducting 
superlattices, which contain alternating blocks of the 
heavy-​fermion superconductor CeCoIn5 with fixed 
thickness and non-​magnetic metal YbCoIn5 with var-
iable thicknesses118. As an example of such artificially 
engineered superlattices, it was suggested that tunable 
Rashba spin–orbit coupling in CeCoIn5 blocks influences  
the Pauli pair-​breaking effect118.

Non-​centrosymmetric superconductors. In conventional 
superconductors, the ground state is composed of spin- 
​singlet Cooper pairs. A decade ago, it was realized that 
injecting spin-​polarized currents in superconductors could 
achieve long-​lived spin-​triplet quasiparticle currents119, 
a prerequisite for superconducting spintronics120–123. 

Alternatively, Rashba spin–orbit coupling in non-​ 
centrosymmetric superconductors or at their interface 
may also aid the formation of long-​ranged spin triplets. 
In a nutshell, the Rashba spin–momentum locking near 
Fermi level leads to a mixing of the pairing parity124,125. 
As a result, in non-​centrosymmetric superconduc-
tors there is neither separation according to parity nor 
spin-​singlet and spin-​triplet pairing, and the supercon-
ducting state represents a mixture of singlet and triplet  
pair states107.

The classical examples are Ce-​based heavy-​fermion 
non-​centrosymmetric superconductors such as CePt3Si, 
CeIrSi3 and CeRhSi3 (refs.107,126). Owing to the deli-
cate interplay between f and d electrons, such systems 
reveal rich magnetic and superconducting properties, 
where the latter are most probably governed by spin 
fluctuations originating from f states. Another class of 
non-​centrosymmetric superconducting materials that 
do not contain the magnetically active f states encom-
passes LaNiC2, La7Ir3, Zr3Ir, CaPtAs and ReT. The super-
conductivity of these materials seems not to be mediated 
by the spin fluctuations, and the intrinsic pairing mech-
anism is being actively investigated125. In some weakly 
correlated non-​centrosymmetric superconductors, the 
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Fig. 4 | cubic Rashba effect and emergence of 2D ferromagnetism at 
iridium silicide surface of valence-fluctuating Euir2si2. a | Fermi surface  
at 200 K (upper panel) and 7 K (lower panel). The results are derived from 
angle-​resolved photoemission spectroscopy (ARPES). b | The computed Fermi 
surface for 200 K (upper panel) and 7 K (lower panel), shown as a superposition 
of projected bulk and slab-​derived states calculated within density functional 
theory. The surface state is highlighted by the spin expectation value Sy in red 

(Sy > 0) and blue (Sy < 0). The black arrow indicates the direction of the 
emergent magnetic field. M denotes the magnetization, J reflects  
the strength of exchange interaction and ex is a unit vector along the x-​axis. 
c | ARPES patterns showing modifications of surface state dispersion when 
2D ferromagnetism emerges at low temperature. Insets indicate the 
respective cuts through the Fermi surface. Figure adapted with permission 
from ref.110 under a Creative Commons licence CC BY 4.0.

Pairing parity
Symmetry property describing 
the behaviour of the wave
function of a Cooper pair under 
permutation of the paired 
electrons.
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muon-​spin relaxation technique has recently unveiled 
superconductivity with broken time-​reversal symme-
try, which remains a hot topic125. As far as f systems are 
concerned, we wish to mention the freshly discovered 
material CeRh2As2 which reveals two distinct super-
conducting phases127. A transition between these phases 
occurs when an external magnetic field is applied along 
a specific direction. Although many open questions 
remain about the precise nature of the superconduct-
ing mechanism in this material, it is suggested that local 
inversion symmetry breaking at the cerium sites leads 
to Rashba-​like spin–orbit coupling, which is likely to 
play a decisive role for multiphase superconducting 
properties127. Thus, the topic of non-​centrosymmetric 
superconductors remains hot for both strongly and  
weakly correlated electron systems, with and without  
f states.

As mentioned above, Rashba spin–orbit coupling is 
also a central ingredient for the realization of synthetic 

topological superconductors and the observation of 
Majorana bound states. A popular proposal59,60 consists 
of bringing a nanowire with strong Rashba spin–orbit 
coupling in proximity to an s-​wave superconductor. 
In the presence of external magnetic field, tuning the 
chemical potential in the gap of the band structure leads 
to the emergence of Majorana bound states at the ends 
of the nanowire61,128 (for further discussion, see ref.129).

Non-​equilibrium Rashba effects
Spin–charge interconversion
The spin–momentum locking associated with the 
Rashba spin splitting promotes the interconversion 
between electron flows and pure spin flows (and recip-
rocally, the interconversion of pure spin flows into 
electron flows), enabling current-​driven spin–orbit 
torque130–132, magnetic state readout133 and laser-​induced 
terahertz (THz) emission134. The idea that Rashba sys-
tems could support the conversion of a charge flow into 
a spin density was originally proposed and reported in 
non-​centrosymmetric semiconductors135–138, an effect 
known as the inverse spin galvanic effect or the direct 
Edelstein effect (DEE). Its Onsager reciprocal, the 
spin-​to-​charge interconversion135,139,140, is called the spin 
galvanic effect or the inverse Edelstein effect (IEE). In 
the following, we will use this latter terminology for 
simplicity. In recent years, numerous Rashba-​related 
systems offering efficient spin-​charge interconversion 
through the Edelstein effect have been proposed. As 
DEE is associated with the spin–momentum locking, it 
also occurs at the surface states of 3D topological insu-
lators141 and Weyl semimetals142, and is not limited to 
systems described by the Rashba Hamiltonian.

In metallic heterostructures, the (direct and inverse) 
Edelstein effect usually coexists with (direct and  
inverse) SHE, a mechanism present in the bulk of heavy 
metals that also induces spin-​charge interconversion143. 
Despite their different physical origin, DEE-​driven and 
SHE-​driven interconversions lead to similar outcomes, 
making the two contributions difficult to disentangle144. 
The key difference between them is their dimensional-
ity. The SHE (inverse SHE) converts a 3D charge (spin) 
current into a 3D spin (charge) current; the figure of 
merit of the conversion, the spin Hall angle ΘSHE, is 
dimensionless. In contrast, the DEE (IEE) converts a  
2D charge (spin) current into a 3D spin (charge) current;  
the figure of merit is therefore the inverse of a length 
qDEE and λIEE (Box 3)145.

The signature of a large spin-​to-​charge conversion via  
IEE was reported at the Bi/Ag interface, which possesses 
a large Rashba coefficient αR of 3.05 eV Å (ref.12). Using 
the spin-​pumping method, where a magnetization pre-
cessing at ferromagnetic resonance injects a spin current 
in an adjacent metallic layer, a spin-​to-​charge conversion 
efficiency of 0.3 nm was obtained in NiFe/Ag/Bi, similar 
to the conversion in NiFe/Pt (ref.146). The spin–charge 
interconversion in the Bi/Ag bilayer was further evi-
denced by various techniques147–150 and at similar inter-
faces such as Ag/Sb (ref.151) or Ag/Bi2O3 (ref.152). As IEE 
switches sign on inversion of the stacking order, whereas 
SHE is insensitive to it, by inverting the stacking order  
in Bi/Ag it is possible to test the physical origin of the 

Box 3 | The Edelstein effect

The direct Edelstein effect (DEE) and the inverse Edelstein effect (IEE) are related to 	
the shift of the Fermi contour associated with the charge and spin current injection. 	
As depicted in panel a, injecting a 2D charge current Jc

2D along x leads to a shift Δk of the 
contours and to an out-​of-​equilibrium spin population s along y. If this spin accumulation 
can relax to an adjacent material, a 3D spin current Js

3D will flow. Reciprocally, the injec-
tion of a 3D spin current Js

3D with spin along y as shown in panel b leads to a shift of the 
contours Δk, and to an out-​of-​equilibrium charge population and a 2D charge current 
Jc
2D along x in the Rashba material.
The figures of merit of the conversion efficiencies are =q J J/DEE s

3D
c
2D in m−1 for the DEE 

and λ = J J/IEE c
2D

s
3D in m for the IEE. To compare them with the spin Hall angle ΘSHE in the 

SHE case, it was proposed to compare the maximum ratio for the conversion obtained 
after integrating the 3D current in the SHE case into an equivalent 2D surface current145. 
This leads to the following relations: qDEE = 0.38ΘSHE/λs and λIEE = ΘSHEλs with λs the spin 
diffusion length of the SHE material corresponding to the effective 3D thickness.
As the DEE and IEE are out-​of-​equilibrium effects, the conversion efficiency depends 

on the spin relaxation times146,168–170. In the DEE case, a large out-​of-​equilibrium spin 
accumulation and a short spin transmission time across the interface τt leads to a large 
spin current Js

3D. For the IEE, a long spin relaxation time in the Rashba states τR and spin 
transmission time across the interface maximize the shift of the contour and the spin-​to-​	
charge current conversion efficiency. Following the phenomenological model of ref.169, 
the conversion efficiencies can be written
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with αR the Rashba constant and vF the Fermi velocity of the Rashba system. IEE and DEE 
are therefore maximized for a large Rashba constant but for different relaxation times. 
Optimization of the conversion is possible for each conversion direction but not for 
both at the same time.
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interconversion. Because of the importance of the stack-
ing order in the present discussion, we use the following 
convention to describe the heterostructures: top/middle/ 
bottom layer. An opposite sign of the spin-​pumping 
signal in Bi/Ag/Fe and Bi/Fe was observed153 (Fig. 5a). 
Although the sign inversion was observed by others147,154 
in the same systems, the exact nature of the conversion 
remains controversial. This is due to the difficulty of 
growing an inverted structure with identical interface 
quality and properties, which can be affected by alloy-
ing155,156, and the large difference between the spin  
diffusion length of Ag and Bi, requiring thin Bi films151.

In a free-​electron model (Box 3), Rashba spin–orbit 
coupling splits the Fermi surface into two contours of 
opposite helicities that partially compensate each other, 
resulting in a reduction of the interconversion efficiency. 
With this simple rule of thumb, the surface states of  
3D topological insulators with Dirac-​like spin–momentum  
locking and only one helicity should therefore be opti-
mal to obtain efficient conversion from the DEE effect. 
In 2014, a large spin Hall angle of 350% in Py/Bi2Se3 was 
obtained, one order of magnitude larger than in the best 
heavy metals157. The same year, current-​induced magnet-
ization switching was reported in a magnetically doped 
topological insulator heterostructure (Bi0.5Sb0.5)2Te3/
(Cr0.08Bi0.54Sb0.38)2Te3 with a low critical current density of 
8.9 × 104 A cm−2 at 1.9 K, orders of magnitude lower than 
in the best heavy metals158. The very large charge-​to-​spin 
conversion efficiency in topological insulators hetero-
structures was further evidenced, including the possi-
bility of obtaining low-​current-​density magnetization 
switching at room temperature159–161. The origin of the 
torque is usually ascribed to the spin–momentum lock-
ing of the surface states, although properly separating 
the multiple contributions to the interconversion is still 
an unresolved experimental and theoretical challenge 
owing to additional bulk contribution (such as SHE), 
alloying or interfacial Rashba states162. For extensive 
reviews of the recent results on spin–orbit torque in 
topological insulators, see elsewhere132,163.
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Fig. 5 | spin–charge interconversion using the Rashba 
effect. a | Measured spin-​pumping signal for Bi(7.7 nm)/Fe 
and Ag(20 nm)/Bi(8.0 nm)/Fe stacks at positive magnetic 
fields with a schematic illustration of the spin-​pumping fer-
romagnetic resonance (FMR) measurement. Upon FMR,  
a spin current Js is injected toward the Ag/Bi interface and 
converted via the inverse spin Hall effect and the inverse 
Edelstein effect. The sign of the signal at FMR is reversed in 
the sample with Ag capping. b | Gate-​voltage dependence 
of the normalized current produced by the inverse Edelstein 
effect using spin-​pumping FMR in a NiFe (20 nm)/Al(0.9 nm)/
SrTiO3 exhibiting remanence. The inset shows a sketch of 
the polarization state corresponding to each remanent state. 
c | Schematic illustration of THz emission from Bi2Se3/Co  
heterostructure. The sample is excited by femtosecond 
laser pulses, and the electric field of the emitted THz pulse  
is then detected using electro-​optic sampling (left). The THz 
emission from Bi2Se3 (10 QL)/Co (3 nm) is comparable to 
that in highly efficient Pt/Co emitters (right). SOC, spin–
orbit coupling; QL, quintuple layer. Panel a adapted with 
permission from ref.153, AIP. Panel b adapted with permis-
sion from ref.174, Springer Nature Ltd. Panel c adapted with 
permission from ref.179, Wiley.
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Noticeably, the reciprocal conversion from spin-​to- 
​charge in topological insulators is smaller than in heavy 
metals or at the Bi/Ag interface, with values of the 
IEE length below 0.1 nm (refs.164–166). Only a few effi-
cient spin-​to-​charge conversion results were reported 
in non-​van-​der-​Waals systems like α-​Sn (ref.167). This 
apparent discrepancy is likely to be due to the different 
sensitivity of the DEE and IEE to the transport relax-
ation times168,169 (Box 3). The largest spin-​to-​charge 
conversion efficiencies are reported in the 2D electron 
gases LaAlO3/SrTiO3 and AlOx/SrTiO3 at cryogenic 
temperature170–172. While the Rashba coefficient in the 
conduction band of SrTiO3 is two orders of magnitude 
smaller than in Bi/Ag, with a maximum αR of 40 meV Å 
(ref.173), the spin-​to-​charge conversion is larger thanks 
to the high carrier mobility and the long interface trans-
mission time through the oxide overlayer LaAlO3 and 
AlOxx. With λIEE ranging from 3 nm to 30 nm at cryo-
genic temperature, the spin relaxation times are of the 
order of a picosecond in oxides whereas they are only a 
few femtoseconds in metallic interfaces146,170. An addi-
tional interesting feature of this system is the possibility 
of tuning the Fermi level position with a back gate and 
modulating the conversion efficiency, which is maxi-
mum at specific points of the band structure171. Below 
34 K, in the field-​induced ferroelectric phase of SrTiO3, 
the gate control of the 2D electron gas is hysteretic. By 
changing the electric polarization of the SrTiO3 crystal 
with a back gate, remanent control of the amplitude and 
sign of the spin-​charge conversion in NiFe/Al/ SrTiO3 
is obtained174, offering new possibilities for the control 
of the Edelstein effect and for logic applications (Fig. 5b). 
Ferroelectric Rashba semiconductors such as GeTe in 
which the helicity of the Rashba contour can be con-
trolled via the electric polarization16 were also recently 
shown to offer similar control at room temperature175.

Despite a large spin–charge interconversion, the high 
resistivity of most topological insulators and Rashba 
interfaces is detrimental for low-​power non-​volatile 
memory applications176. In parallel with the development 
of materials with lower resistivity such as BiSb (ref.177), 
new concepts have been proposed. The magnetoelec-
tric spin–orbit logic, recently proposed by Intel as being 
scalable beyond CMOS logic, scales favourably with the 
resistivity and spin-​to-​charge conversion efficiency178. 
Highly efficient spintronic THz emitters outperform-
ing other available systems at lower cost were recently 
demonstrated in heavy metal systems Pt/CoFeB (ref.134). 
Femtosecond laser pulses were used to drive THz emis-
sion in a Bi2Se3/Co bilayer (Fig. 5c); the amplitude of the 
THz emission obtained is similar to that of the highly 
efficient Pt/Co system179. These new concepts offer a 
variety of possible applications for Rashba systems.

Nonlinear transport properties
The interplay between antisymmetric spin–momentum  
locking due to Rashba-​like interaction and time-​reversal- 
​symmetry breaking results in non-​reciprocal transport 
at the second order in electric field. In other words, 
the resistivity of the system acquires a term that is lin-
ear in both the electric and the magnetic fields, such 
that ρ = ∑ijγijBiEj. In magnetic systems, similar effects 

proportional to both the electric field and magnetization 
direction will emerge. The form of the tensorial response 
γij is dictated by the spatial symmetries of the system. 
This effect is sometimes referred to as a ‘magnetoelectric 
rectification’ effect in analogy with electrooptical recti-
fication, where a DC response is obtained at the second 
order of the AC excitation. Note that because these mag-
netochiral effects have been investigated by researchers 
from different disciplines, using different experimental 
techniques and focusing on different classes of materi-
als, no formal consensus has been adopted regarding the 
nomenclature of these effects. Hence, when reading the 
literature, one often encounters different denominations 
for fundamentally similar effects. We do not attempt to 
reconcile these different views here, and rather focus on 
providing an overview of the state-​of-​the-​art.

Magnetoelectric rectification was originally proposed 
in Si field-​effect transistors submitted to an external 
magnetic field and called electrical magnetochiral anisot-
ropy180. In this case, the magnetic field is applied along the 
electric current. This effect is also observed in bulk chiral 
molecular conductors181. This effect has recently been 
extended to non-​centrosymmetric non-​magnetic materi-
als such as BiTeBr (ref.182) and α-​GeTe, both materials pos-
sessing a strong bulk Rashba effect, to Ge(111) (ref.183) and 
to LaAlO3/SrTiO3 interfaces173,184. In the latter, the effect 
can be modulated by a gate voltage. In these non-​magnetic 
systems, the rectification effect reveals itself as a unidirec-
tional magnetoresistance; that is, a resistive contribution 
of the form ρ ∝ B ⋅ (z × I), where I is the injected current. 
This form arises from the competition between Zeeman 
exchange and the current-​driven Rashba field (DEE). We 
emphasize that although the rectification effect is rather 
robust, its particular tensorial form (γij) and the underly-
ing mechanisms contributing to it depend on the specifics 
of the spin texture in momentum space and on crystal 
symmetries. For instance, in Bi2Se3 topological insula-
tor surfaces185, an additional angular dependence of the 
unidirectional magnetoresistance reflects the existence 
of three-​fold anisotropy of the Fermi surface (trigonal 
warping) as well as out-​of-​plane spin texture. Similarly, 
WTe2 displays an anisotropic unidirectional magnetore-
sistance that correlates with the crystal symmetries, and 
an inversion of the sign of the signal is associated with the 
distortion of the Fermi surface of WTe2 (ref.186). Similar 
effects have been observed in superconductors such as 
Bi2Te3/FeTe (ref.187), PbTaSe2 (ref.188) and SrTiO3 (ref.189), 
with an enhancement below the superconducting tran-
sition. Note that the unidirectional magnetoresistance is 
associated with a nonlinear planar Hall effect190, an effect 
that remains to be further understood.

The unidirectional magnetoresistance has also been 
reported in magnetic systems, where the external mag-
netic field B is replaced by magnetization M. In these 
situations, the resistivity is odd in magnetization and 
adopts similar symmetry, ρ ∝ M ⋅ (z × I), as exposed 
above. The effect has been reported in GaMnAs (ref.191) 
and NiMnSb (ref.192), but also in heterostructures made 
out of a ferromagnet deposited on a heavy transition 
metal193 or a topological insulator substrate194,195. Owing 
to the interplay between spin–orbit coupling and mag-
netism, the underlying mechanisms are diverse, involve 

Non-​reciprocal transport
Inequivalence of the conductiv-
ity of a material or a hetero-
structure upon changing the 
current polarity.
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complex spin scattering effects, possibly SHE, and can 
involve electron–magnon interaction196.

Another important effect that has been uncovered in  
non-​centrosymmetric materials is the nonlinear anomalous  
Hall effect, which is second order in electric field. This effect 
is particularly intriguing because unlike the linear (ordi-
nary or anomalous) Hall effect that requires time-​reversal 
symmetry breaking, the nonlinear Hall effect exists even 
in non-​magnetic non-​centrosymmetric systems in the 
absence of an external magnetic field. Although not a 
direct consequence of Rashba spin–orbit coupling, this 
effect necessitates inversion symmetry breaking and is 
therefore of interest for the present Review. The nonlinear 
Hall effect has been reported recently in non-​magnetic 
Weyl semimetals, for example WTe2 (refs.197,198), TaIrTe4 
(ref.199) and more recently Ce3Bi4Pd3 (ref.200). From the 
microscopic standpoint, the nonlinear Hall effect is a 
consequence of the dipole moment of the Berry curva-
ture201,202. The nonlinear Hall effect is particularly inter-
esting as it offers opportunities for the rectification of 
radiofrequency199 or THz electric fields203.

Optoelectronics mediated by Rashba effect
The optical response of non-​centrosymmetric materi-
als is remarkably rich and goes far beyond the specific 
case of Rashba-​like systems. In particular, breaking 
both the inversion symmetry and time-​reversal sym-
metry leads to non-​reciprocal optical activity such as 
directional dichroism and birefringence, as observed 
in multiferroics, as well as second-​harmonic genera-
tion and nonlinear Kerr rotation. We do not intend to 
provide a broad description of these effects as they are 
not specific to Rashba-​like interaction, and invite the 
reader to refer to specialized reviews204,205. Instead, we 
focus on two optical effects that have been originally 
observed in Rashba systems and recently extended to 
other non-​centrosymmetric compounds.

Non-​centrosymmetric materials are known to display 
the photogalvanic effect. For linearly polarized light, the  
induced charge current is associated with a shift in  
the real-​space position of the electron wavepacket during  
light-​induced interband transition. This ‘shift current’ 
is associated with the Berry connection and has been 
reported in a wide range of ferroelectrics206–208. In the 
case of circularly polarized light, the mechanism under-
lying the photogalvanic effect is different. The circularly 
polarized light excites a non-​equilibrium spin density via 
spin-​selective transition which, via the antisymmetric 
spin–momentum locking induced by the Rashba effect, 
can be converted into a DC charge current. This is  
the optical analogue of IEE discussed previously. This 
effect135 was reported in Te in the 1970s136 and later in 
n-​GaAs/AlGaAs quantum wells140. More recently, the 
photogalvanic effect has also been reported at the sur-
face of topological insulators, where Dirac states are 
present209–211. As already mentioned, it remains unclear 
whether the photocurrent collected at these surfaces can 
be solely ascribed to topological surface Dirac states or 
whether trivial Rashba states also contribute.

Another domain in which Rashba spin–orbit cou-
pling can substantially affect optical properties con-
cerns hybrid perovskite solar cells212,213. In fact, hybrid 

perovskites possess a heavy metal element that can 
promote large Rashba spin splitting in the band struc-
ture214,215. Hence, it has been proposed that this feature 
could be responsible for the long recombination time 
observed in these materials216. Rashba spin splitting 
introduces two key features in the band structure: a shift 
of the band extrema in momentum space and a spin tex-
ture. If the momentum shift and/or the spin texture of 
the conduction and valence bands differ significantly, 
one can expect a suppression of radiative recombination 
of the exciton. The idea has attracted substantial interest, 
and several studies have aimed to specifically identify the 
role of Rashba spin–orbit coupling on the electron–hole 
recombination rate, but this question remains open.

Optical manipulation of Rashba spin splitting
At interfaces217 and in ferroelectric materials such as 
GeTe (ref.16), the magnitude of Rashba spin splitting can 
be manipulated by using an electrical gate. Conversely, 
the strength of the spin–momentum locking can also 
be manipulated using optical gating. In one work218, the 
authors consider SrTiO3, an insulator with conducting sur-
face states that display sizable Rashba spin–orbit coupling. 
Electrons occupying in-​gap states associated with oxygen 
vacancies are optically excited to the conduction band 
and diffuse towards the surface where they are trapped 
in the potential well. These additional charges modify the 
potential profile and thereby the Rashba strength. Such an 
all-​optical modulation of Rashba spin splitting was also 
achieved recently at the surface of Bi2Se3 (ref.219), where the 
optical excitation triggers a charge redistribution close to 
the interface inducing an ultrafast photovoltage. This pho-
tovoltage modifies the band bending close to the surface 
and thereby the Rashba strength.

Besides optical gating, another effect arises when 
light is shone on an electron gas. When a quantum sys-
tem is periodically driven by an electromagnetic excita-
tion, the eigenstates are described by Floquet states, 
the analogue of Bloch states for time-​periodic systems. 
In other words, when an electron gas is illuminated  
by high frequency light, the carriers become ‘dressed’ by  
the electromagnetic field, and their energy dispersion 
is modified. The effect is particularly spectacular in the 
case of a spin–orbit coupled system since the electro-
magnetic field couples directly to the spin degree of free-
dom via its vector potential: σ ⋅ (p × z) → σ ⋅ [(p + eA) × z].  
This unique coupling can therefore strongly modify the 
band structure of Rashba-​type systems. In particular, 
it can drive topological phase transition in quantum 
wells220, open orbital gaps at the surface of topological 
insulators221, or even induce the anomalous Hall effect in 
(centrosymmetric and spin–orbit free) Dirac semimetals 
such as graphene222. We emphasize that to the best of our 
knowledge, the research on Floquet engineering of more 
conventional Rashba physics remains poorly explored223.

Perspectives
The physics unlocked by the spin–orbit coupling in 
materials lacking a centre of inversion has led to remark-
able discoveries in the past 60 years, motivated not only 
by the numerous puzzling effects it encompasses (electric 
dipole spin resonance, anisotropic spin relaxation and 

Nonlinear anomalous  
Hall effect
Charge current flowing trans-
verse to the injected current  
in the absence of time-​reversal 
symmetry breaking and at  
second order in the electric field.
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persistent spin spirals, spin galvanic effect, Aharonov–
Casher effect and so on), but also by the potentially 
disruptive applications it enables1,2. Initially limited 
to semiconducting quantum wells and bulk materials, 
where the Rashba and Dresselhaus spin–orbit coupling 
can be finely controlled, this research has recently been 
extended to new classes of materials with much more 
unconventional spin–momentum locking schemes. The 
fundamental understanding of spin transport acquired 
from investigations along these lines has greatly contrib-
uted to the blooming of topological materials. In the past 
10 years, a diverse landscape of transport phenomena 
has started to emerge in the linear regime and beyond. 
However, several questions remain open in the short and 
longer term.

Short-​term questions
So far, the largest Rashba parameters reported at  
Bi/Ag(111) (ref.12) and Bi2Se3 (ref.224) surfaces and in bulk 
BiTeI (ref.14) do not exceed 4 eV Å. Clear guiding princi-
ples need to be established for the design of bulk mate-
rials or heterostructures displaying maximal Rashba-​like 
spin–momentum locking. Although it is clear that this 
unique spin–momentum locking arises from the com-
petition between atomic spin–orbit coupling and the 
potential drop associated with the (bulk or interfacial) 
inversion symmetry breaking, a quantitative, high-​level 
theory that can inspire a robust strategy to enhance the 
strength of the Rashba-​like spin–momentum locking is 
highly desirable.

Materials possessing large Rashba-​like spin–orbit 
coupling tend to display not only large spin-​to-​charge 
conversion, but also short spin relaxation time, which is 
in turn detrimental to the overall conversion efficiency. 
A compromise between these two effects is necessary to 
boost the device performance.

Although high-​throughput first-​principles simula-
tions have accelerated the prediction of new materials 
with unconventional electronic properties225–229, their 
experimental realization remains a challenge. This is 
particularly true for topological insulators, semimetals 
and strongly correlated materials, which have the poten-
tial to display extremely large Rashba-​like behaviour, as 
discussed in this Review. Besides these exotic candi-
dates, 2D van der Waals materials present a promising 
opportunity for nanoscale engineering of Rashba-​like 
spin–momentum locking by stacking different mon-
olayers27 or using Janus configuration at the level of a 
single monolayer31,32. Finally, a particularly inspiring 
research direction concerns strongly correlated materials 
(including the topological ones) involving either 4f or 5f 
elements and whose surface states host exotic properties 
that remain to be identified and characterized.

In heterostructures, interfacial Rashba-​like interac-
tion often coexists with spin–orbit coupling from the 
materials’ bulk. The latter generates several mechanisms 
that interconnect spin currents with charge flow, includ-
ing, but not limited to, SHE. In spin-​to-​charge conversion 
experiments, it is therefore often difficult to distinguish 
between these two microscopic origins. A similar issue 
arises at the surface of topological materials, where topo-
logical Dirac states might coexist with trivial Rashba-​like 
states. In both cases, identifying efficient means to char-
acterize the microscopic origin of the observed effects is 
a crucial step towards their optimal control.

Long-​term challenges
So far, transport properties associated with Rashba-​like 
spin–orbit interaction have been mostly studied in 
the DC regime. In fact, as the energy associated with 
spin–orbit coupling is typically a few tens of meV, one 
can expect spin dynamics in the THz regime. The 
unique Rashba spin–momentum locking can promote 
the Zitterbewegung effect (the jittering motion of 
spin-​polarized wave packets)230, which to the best of our 
knowledge has not been reported in condensed matter, 
as well as ultrafast spin-​to-​charge conversion leading to 
high-​harmonic generation as suggested recently231,232.

Nonlinear effects such as unidirectional magnetore-
sistance and the nonlinear Hall effect are currently 
attracting a massive amount of interest, as they can be 
used to probe otherwise-​invisible magnetic order233 or 
to detect THz signals203. The search for materials with 
enhanced nonlinear response and the exploration of 
the mechanisms that sustain them should open new 
avenues.

A research direction that can potentially bring 
entirely new ideas to condensed matter physics is the 
realization of a Rashba-​like spin–momentum locking 
scheme in the absence of spin–orbit coupling. Such 
schemes can be achieved in non-​centrosymmetric 
non-​collinear magnets56. Along similar lines, the possi-
bility of designing an orbital-​momentum locking scheme 
opens fascinating perspectives for pure orbitronics44,47,48.

Finally, beyond condensed matter physics, the con-
cept of Rashba-​like spin–orbit coupling has been success-
fully extended to cold atoms, where synthetic spin–orbit 
coupling can be implemented, leading to exotic real-
ization of Rashba-​like physics234. Other new classes of 
systems in which Rashba-​like physics would be worth 
investigating are non-​Hermitian systems235, where the 
combination of parity and time is preserved, and topo-
lectrical circuits236, in which solid state materials are 
modelled using conventional electrical circuits.
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