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Introduction: Helical state

❑ Breaking time-reversal symmetry (in-plane magnetic field: external 

or exchange)

❑ Breaking inversion symmetry (SOC) 

❑ 2D superconductivity

The helical state was originally predicted for two-dimensional systems with spin-orbit

coupling (SOC) under the applied in-plane magnetic field. The SOC produces the spin-

momentum locking term in the Hamiltonian. The applied field makes spin-down state

energetically more favorable. Due to the spin-momentum locking it results in the fact that

one of the mutually opposite momentum directions along the axis perpendicular to the

Zeeman field is more favorable. That should lead to the appearance of the spontaneous

current. However, the superconductor develops a phase gradient, which exactly

compensates the spontaneous current. The resulting phase-inhomogeneous zero-current

state is the true ground state of the system.



Helical state in noncentrosymmetric S



Helical state in the quasiclassical theory





❑ Bulk is insulating; edge (2D)/ surface (3D) a very good conductor.

❑ Important ingredient: spin-orbit coupling: 

opposite force for opposite spins.

❑ Topological invariant is insensitive to any continuous deformation of 

Hamiltonian (topological protection): disorder, geometry, weak interactions, 

etc…

❑ 2D: HgTe/CdTe; 3D: Bi2Se3, Bi2Te3 Sb2Te3, TlBiSe2, Bi2Te2Se.

Theo1: C.L. Kane and E.J. Mele, PRL 95, 226801 (2005)

Theo2: B.A. Bernevig et al., Science 314, 1757 (2006)

Exp: M. König et al., Science 318, 766 (2007)

Theo: L. Fu, et al., PRL 98, 106803 (2007)

Exp1: Zhang H. et al., Nat. Phys. 5, 438 (2009)

Exp3: S. Takafumi et al., PRL 105, 136802 (2010)
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Examples:

…a new state of matter that has been predicted and discovered!

Topological insulator in a nutshell



S/F/TI hybrid structure: Hybrid helical state

Spin-momentum locking

It is found that although the exchange field and superconducting order parameter are

spatially separated, the latter develops a spontaneous phase gradient, that is the finite-

momentum helical state is realized. At the same time it is accompanied by the spontaneous

currents, inhomogeneously distributed over the bilayer in such a way that the net current

vanishes.



Model

Linearized Usadel equations (dirty limit) in the limit of 𝑇 ≤ 𝑇𝑐

FI
S

3D TI

ℎ𝑦 enters the solution as a phase factor exp( 2𝑖ℎ𝑦𝑥/𝛼).

Whereas ℎ𝑥 component has an impact on the critical temperature.

A. Zyuzin et al, Phys. Rev. B 93, 214502 (2016)



Ansatz for helical state and boundary conditions

FI
S

3D TI

The system is infinite in 𝒚 direction,

We use the KL boundary conditions,

Interface barrier

Proximity strength



Supercurrent calculation

FI
S

3D TI

Nonlinear Usadel equation

Self-consistency equation



Hybrid helical state



Ground state of the system: non-zero q

The supercurrent caused by qs exactly compensates the supercurrent flowing on the TI

surface in the opposite direction. For the transparent interface the pair momentum qs is the

most pronounced. It reflects the necessity of the proximity to the FI layer to produce the

hybrid helical state. Abrupt drop to zero of the parameter qs reflects the transition from

superconducting to normal state.



Case of Δ = 𝑐𝑜𝑛𝑠𝑡, 𝑑𝑠, 𝑑𝑓 ≪ 𝜉 and 𝛾𝐵 = 0

𝑞𝑠 is an odd function of ℎ



Ground state of the system: total supercurrent 

𝑞𝑠(ℎ)

𝑞𝑠(−ℎ)



Current distribution

-Zero total current 𝐼
-Nonuniform current distribution 𝐽𝑦(𝑥, 𝑦)



Critical current nonreciprocity and

Superconducting Diode Effect



Current nonreciprocity
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𝑞 = 𝑞𝑠

IT= −𝐼𝑠



The superconducting diode effect

Illustration of the superconducting diode effect. Applying external supercurrent along the

interface in one direction keeps the non-zero critical temperature (left), while reversing

the current may completely destroy the superconducting state (right).



Superconducting diode effect: observation

• In superconducting layered systems

Ando, F., et al. Observation of 

superconducting diode effect.

Nature 584, 373–376 (2020)



Intrinsic Superconducting Diode Effect: theory

• In materials with broken TRS and inversion symmetry

N. F. Q. Yuan and L. Fu, Supercurrent diode effect, PNAS, 119, 15 (2022)

2D helical superconductors



Intrinsic Superconducting Diode Effect: theory

• In materials with broken TRS and inversion symmetry

A. Daido et al. Phys. Rev. Lett. 128, 037001 (2022)



Superconducting Diode Effect: theory

• In S/F bilayers with SOC

Zh. Devizorova et al. Phys. Rev. B 103, 064504 (2021)



Superconducting diode effect in S/FI/TI



Superconducting diode effect in S/FI/TI



Analytical result 

const =• thin S layer• thin S layer



Analytical result 

const =• thin S layer• thin S layer

SDE is controlled by the product Hdf/ds



Review

Thank you!

• The ground state of the system is characterized by Δ

modulated with finite momentum 𝑞𝑠;

• This state is accompanied by the non-zero current

distribution and zero average value;

• The hybrid helical state is responsible for

nonreciprocity of 𝐼𝑐 which manifests itself in the SDE;

• Some important analytical results have been derived,

revealing controlling parameters and temperature

dependence of the SDE.


