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Outline:

ÅWhatare helicalstates and why are they interesting?
ÅHelicalstates in 2D TopologicalInsulators, first discoveredand probedwith Non-

superconductingcontacts
ÅNew type of helicalstates, in 3D materials: «Second Order» TopologicalInsulator:
ÅNeed to go to S contacts! (LΩƭƭexplainwhy)
ÅExperimentsin bismuth:

- Simple Josephson junctions
- AsymmetricSQUID to determinesupercurrentversus phase relation; relaxation
- RF susceptibility(compleximpedance) to test topologicalprotection
- Bilinearmagnetoresistance/Josephson diode to probe spin-momentumlockingand 

spin-axis
ÅHelicalstates alsoseenin WTe2

ÅA better SOTI: Bi4Br4, back to N contacts (for now)

ÅProjects: -no contacts! dc and ac: noise of supercurrentthroughprotectedhelicalstates



Introduction: Probing1D «helicalstates»

Whyare they interesting:

ÅTime-reversal symmetric, Spin-momentumlocked -> Protection

Klitzing et al. 1980

Kane & Mele 2005

helical= chiral(BΣҧ ύ + chiral(-BΣҨύ  

« Helical»
« Quantum spin Hall»

Rare opportunity to find a 1d state that is not localized by disorder!



More specifically: 1D helical states properties

Spin-momentum locking :

Opposite directions of 
propagation have opposite spins

Topological protection

(non-magnetic, elastic disorder)

Ȉ #allistic transport

Ȉ (TzXtransport

ȈSpin-momentum locking



How to probe these special properties of QSH states? 

Spin-momentum locking :

Opposite directions of 
propagation have opposite 

spins

Topological protection

(non-magnetic, elastic disorder)

Ȉ #allistic transport

How to probe this?



Probe 1D ballistic states?

Spin-momentum locking :

Opposite directions of 
propagation have opposite 

spins

Topological protection

(non-magnetic, elastic disorder)

Ȉ #allistic transport

How to probe this?

With normal electodes:
Quantized2 wire conductance

With superconducting
electodes:

Supercurrentversus phase 
relation



Probe transport at edges?

Spin-momentum locking :

Opposite directions of 
propagation have opposite 

spins

Ȉ (TzXtransport

How to probe this?



Spin-momentum locking :

Opposite directions of 
propagation have opposite 

spins

Ȉ (TzXtransport

How to probe this?

With normal electodes:
Non local conductance

With superconducting
electodes:
Josephson interferometry

Probe transport at edges?



Spin-momentum locking :

Opposite directions of 
propagation have opposite 

spins

Quantum spin Hall effect

Charge current

Transverse spin current

Ȉ 6­«-quantized

How to probe spin-momentum 
locking

Probe spin-momentum locking?



Spin-momentum locking :

Opposite directions of 
propagation have opposite 

spins

Quantum spin Hall effect

Charge current

Transverse spin current

Ȉ 6­«-quantized

How to probe spin-momentum 
locking

Edelsteineffect in samplewith
brokeninversion symmetry
and brokenTRS:

Current-inducedspin-
polarisation? 
Compare normal and 
superconductingelectodes

Probe spin-momentum locking?



Stühleret al. Nat. Phys. (2020).

Initially QSH states were predicted/discovered in  2D topological insulators

HgTe/CdTequantum wells (2007, Molenkamp group, Würzburg)

Bismuthene(Claesongroup, Würzburg, 2017)

Monolayer WTe2 ( Wu, Herrero, Cobden, Xu, 2017)

also  InAs/GaSbquantum wells (Du, 2011, Rice)

Probedby STM

Probedby normal transport

Roth et al. Science (2009)

Ballisticity: via quantizedconductance (in zerofield!), 
Edges: via non-local conductance



Mechanism: Band inversion in 2D materials-> 1D edgestates.

Inverted: 1D topologicalhelicalstatesNon-inverted

Non-invertedgap Non-invertedgap
Non-invertedgap



From First Order TI to Second order Topological Insulators

3Dtopologicalinsulator

Insulatingbulk

2DConductingsurfaces

2D topological insulator
insulating bulk
1D conducting helical edges

3DSecondOrderTopologicalInsulator
insulatingbulk
insulatingsurfaces
1Dconductinghelical« hinges»

Schindler et al, Sci. Adv. (2018)

Geier et al, Phys. Rev. B (2018)

Xie et al, Nat. Rev. Phys. (2021)

Helical edge statesin SOTIs too, but harder to see
όƛƴ ǘƘŜ ŦƛǊǎǘ ŘƛǎŎƻǾŜǊŜŘ {h¢LǎΦ Lƴ ŦŀŎǘΣ ǘƘŜǊŜ ƛǎ ŀ ƴŜǿ ǇǊƻƳƛǎƛƴƎ {h¢LΧύ

First order Topological Insulators

Single band inversion

Extension of the classification
Second order Topological Insulator, 
Double band Inversion



Bi has inversion (Ὅ) and
3-fold rotation symmetries(ὅ)

+TRS

Fu-Kane Topologicalindex
’ ’’’’ ρ

’ ’ ’ ’’ ρ ’ Ⱦ ’
Ⱦ
’

Ⱦ
ρ

Crystal structure Band structure: double band inversion

Even numberof total band inversions:
not a topologicalinsulatorΧ ǘƻ ŦƛǊǎǘ order

SOTI! With helicalstates at hingesbetweensurfaces with opposite mass

Bismuth,a SecondOrderTopologicalInsulator! Theory Schindler et al, Nat. Phys. 2018

But: oddnumberof band inversions in eachὅ-subspace



.ǳǘΧ .ƛǎƳǳǘƘ isa semimetal, not an insulator! Manytrivial states



than bulkstates

17

Trivial diffusive surfaces states carry almostall the normal current
Ý Turnto supercurrentto enhancevisibilityof ballistic/ topologicalstates

Normal transport in Bismuth ŘƻŜǎƴΩǘshow traces of ballisticstates

Normal state resistanceof nanowireversus segment length

~ diffusive
surfaces

1D edgestates

200 nm

bulk



Inducedsuperconductivityenhancescontribution of helicalstates

18

Ic per channel, ballistic~ ÍÉÎɝȟ
ÈÖC

ό

Ic per channel, diffusive~ ÍÉÎɝȟ
ÈÖC

ό

ό

ό

100 to 1000 times 
smallerthan
ballisitic

Å In addition, helicalchannels shouldhave perfect
transmission into S (not true of diffusive 
channels)

2DTI     S S

ÅCritical currentcarriedby diffusive states ismuchsmallerthan criticalcurrentcarriedby 
ballistic/helicalstates



1- Uncoveredgechannels becauseof 
interference(macroscopicwavefunction!), also
becausemuchmore supercurrentcarriedby 
ballisticstates

2- Demonstratetopologicalprotection via 
demonstrationof ballisticconduction (perfect
transmission?)

3- Probe spin-momentumlockingand spin 
direction via the Josephson diode effect (and 
compare it to normal non-reciprocaltransport)

S contacts makeit possible to:

Quantum spin Hall S,jRS,jL



Surprises in first experimentsof bismuth nanowireswith S contacts

: wire area

Li 2014, Murani2017

(Gauss)

Critical currentoscillatesin magneticfield!
Whatdoesthis mean



Surprises in first experimentsof bismuth nanowireswith S contacts

Å SQUID-like oscillations:there must be two paths(with a hole in the middle)! -> edge
states!! discoverythat bismuth isa SOTI

Å High field (Tesla) decayscale: narrowchannels (nm!)
Å High criticalcurrent : well transmittedchannels

: wire area

Li 2014, Murani2017
cf Hart et al, 2014 for Squid-like interferencein HgTe/HgCdTequantum wells

(Gauss)



But can we saymore, beyondthe fact that are at edge?

2- Use S contacts to demonstrateballisticity/ topologicalprotection



-2p

ballistic: «Sawtooth»

supercurrentversus phase

Disordered: almostsinj

e/D

j

-2p p 0 p 2p

Disorderlifts Andreevleveldegeneracyat pand rounds I(j)
ᵼMeasureCPR to distinguishbetweenballisticand diffusive conduction

Andreev spectra

-1

0

1

0-2p-p 0 p 2p

evF/L

j

-2p-p 0 p 2pj

Ὅ
‬‭ὲ
‬•
Ὢ‭ὲ
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~p

Andreev spectrumand supercurrentversus phase dependon transport regime
Long SNS junction:



j=-2p F/F0

Phase-biasedasymmetric SQUID loop

Ic, SQUIDḗI large(jƳŀȄ)+Ismall(jƳŀȄ ς“
F
F

) 

Principleof Supercurrentversus Phase Relation (CPR) measurement:

Ic(B) measuresthe phase dependenceof the Josephson current of the  smallestjunction

F=B x loop area



Measurementof current-phase relation of S/bismuth nanowire/S
to probe channels that carry the supercurrent

25

1 mm

Buildan asymmetricSQUID to measurethe I(j) relation

Ga+ ions

ion 
beam

Addsuperconductingconstriction in parallel



Supercurrent-versus Phase relations of S/Bi/S:
deducedfrom Ic(B)
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T=0.1 KT=1.2 K

B (G)θ •

Ic(mA)

B
I

V

79.5

79.0
170160150140130120

Sawtooth-shapedcurrentphase relation: long ballistic(unusual)!

BS=F0

j=-2pBS/F0

Criticalcurrentof 
W constriction

CPR of Bi nanowire



Twosawtooths? Becausetwo edges!

27

B (G)

Ic(mA)
0.15

0.10

0.05

0.00
0.250.200.150.10

Second period

Fourier transform

B B
Sint

F0/Sint F0/Sext

In bismuth:
Ballisticchannels (with T ~ 0.8) 

over 1.4 mm at two edges: 
topologicalprotection and hinge

conduction

Sext

79.5

79.0
170160150140130120

MuraniNat Comm2017, Schindler Nat Phys 2018

1 mm



Ballisticedgestates alsoseenin WTe2 multilayers
(Weyl metal? Second OrderTopologicalInsulator?)

W

Te

Sawtooth
supercurrent-versus-
phase relation : 
-> ballistictransport 
over 500 nm (T~0.8)!

Small supercurrent
at edge

Large supercurrent in the bulk

AsymmetricSQUID on monocrystal: one junctionon bulk, the other on edge)

T=250 mK

600 nm

X. Balluet al., Phys. Rev. Research(last Friday, April 10th 2026)
Alsogroup of Chuan Li, Twente (2026)

SeealsoSchönenberger group, G-H Lee group

S=Pd/Nb

S

S=Pd/Nb

WTe2

S

But: not all samplesshow the sawtoothCPR!



So far, properties of Quantum Spin Hall (helical) states  that we tested:

Edgetransport

Ballistic transport

Next: Topological protection

: wire area

Test crossingof Andreev 
spectrume(j) atj=p

e(j) 

helical
S S



At p, occupation fFD=1/2
Hugetelegraphicnoise of the supercurrentif perfectcrossing, and low T

+I0

-I0

Noise power S(w): 
FT of current-currentcorrelation

ὍὸὍπ ὍὪρ ὪὩ Ⱦ

Ὥὲ
‬‭ὲ
‬•
Ὢ‭ὲ

Fu Kane 2009 for QSH states-basedJosephson junction
AverinImam 1996 for point contacts

30

Probe topologicalcrossingwith thermal noise ?



Eitherthermal noise or RF responseshouldprobe topologicalcrossing

e

Ὥὲ
‬‭ὲ
‬•
Ὢ‭ὲ

Noise=fluctuations
cΩΩҐŘƛǎǎƛǇŀǘƛƻƴ

Huge noise at pmeans susceptibility peak in cΩΩ(p)
(via Fluctuation-Dissipation Theorem)

ballistic: hugenoise peakat p

disordered

31

Currentiseither 0 or max at p, 
noise reflectsthat

ballistic: crossingat p

Disordered: anticrossing



Finitefrequency phase driving

j(t)=jdc+ jac cos wt

Linear response

dI(w)=c(w)(jac exp-iwt) 

c = cô + icôô

Susceptibilityc(j,w)probes spectrumand dynamicsclose to equilibrium

RF probingof QSH states to test topologicalprotection at phase p



Inductive 
couplingto 

ac
generator

Capacitive 
couplingto 

ac
cryogenic
amplifier

1.5 meter-long Nb 
meander: 

high Q resonator

In practice : multimode resonatorcoupledto S/Bi/S asymmetricSQUID
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Extractdissipation from change in quality factor

F=Fdc+dFaccoswt

Bdc

MeasuredQ(B)and 
df(B) at eachresonator

eigenfrequency
Non-dissipative response

Dissipative response

Absorption peaksat p!



Peakedabsorption QSH Josephson junctions,
Quitedifferent from trivial SNS (albeitdifferent temperatureranges)

In SNS: zeroabsorption at p! S/diffusive Au/S

In S/Bi/S:maxabsorption at p!

M
u

ra
n

i2
0
1
9

D
a

ss
o

n
n

e
ville

2
0

1
3

S/Bi/S

35This is the thermal noise of  a QSH insulator(Fu Kane)!



Dissipation peakat pisexpectedsignature of protectedAndreev levelcrossing!

But frequencydependenceindicatesa veryshort (ns) relaxation time
(maybebecausemultimode resonatortoo coupledto environment)

MuraniPRL 2019



Beenakker2013, 
Trauzettel2014, 
Peng 2016, 
FrombachнлнлΣ Χ

What isspecificto helical(topological, QSH) junction?

Fundamentalconsequenceson :
Åpossible groundand excitedstates
Årelaxation mechanismsand times

37

UsualAndreev Bound State
Spin degenerate

Andreev Bound State of one hinge:
« half » usualABS, Not spin degenerate
Helical: one direction, one spin (other at other edge)



Contacts=
Superconducting
W compound

bismuth ring !

2 mm

Couldhelicityexplainthe millisecondpair relaxation times we found in another
experiment?

.ŜǊƴŀǊŘΣ tŜƴƎΧ Oregand  von OppenNat Phys 2022

ÅAverageswitchingcurrent in intrinsic
asymmetricSQUID: sawtoothCPR 

ÅSwitchingcurrentdistribution reveals
long-livedexcitedstates!



Contacts=
Superconducting
W compound

bismuth ring

2 mm

Twohingesin one branch

.ŜǊƴŀǊŘΣ tŜƴƎΧ Oregand  von OppenNat Phys 2022

igg Relaxedcurrentphase relation 2ig

iee DoublyexcitedJosephson junction=2ie

one hinge

two hinges

excitedstate energy

Ground state energy

ieg Singly excited junction =ie +ig



Comparisonof experiment/Theory in the case of two hinges

40

Occupation probabilityof gg, ge, eeExperimentaround160 G, two currentsweeprates

Theory, two hinges, two phase variation rates

187 Hz
17 Hz

wt 0.3
wtΩ 0.04 

wt 3
wtΩ 0.5 

wt 0.3
wtΩ 0.04 

wt 3
wtΩ 0.5 

17 Hz 187 Hz

ᵼ Two(long!) relaxation times tḐρπάίÁÎÄ†Ḑςάί

Pgg

Pge

Pee

coll. with Yang Peng, F. Von Oppen, Y. Oreg



Long relative reaxationtime of pairs with respect to quasiparticle
a signof spin-filtered transport (helicity?)

t Ḑρπάί

Single particle
relaxation  time  

A signthat pair is« split » on two
hingeswith different helicity?

Pair relaxation  time  
†Ḑςάί
-ÕÃÈÌÏÎÇÅÒÔÈÁÎÉÎÎÏÎÔÏÐÏÌÏÇÉÃÁÌjunctions

.ŜǊƴŀǊŘΣ tŜƴƎΧ Oregand  von OppenNat Phys 2022



So far, properties of Quantum Spin Hall states  that we tested:

Edgeand ballistic transport

Topological protection 

What about spin-momentum 

locking (helicity)?

ÅDissipation peakat p

ÅRelativelylong pair relaxation 
time ( @quasiparticlerelaxation)

ÅSawtooth-shapedsupercurrent-versus phase relation
Å Interferencebetweentwo edges



Detecthelicityvia (super)current-inducedspin polarisation
(Edelsteineffects)?

helical
N N

Ὅᴼ♯╢ ╜ ╘╝

Ὅ

helical
S S

Ὅ

Bilinearmagnetoresistance

Josephson Diode effect

Ὑ ‎ͯὍὄ

Compare two magnetochiraleffects
Max effect as a functionof B direction yieldsorientation of current-inducedspin!

Ὅ ὄ Ὅ ὄ

N contacts S contacts 



Non reciprocalmagnetotransportwith normal electrodes

Helicalstate (full spin-momentumlocking) with N contacts 
Hugespin-polarisation inducedby a current (Edelstein)

helical
N N

k
Ὅᴼ‏ὯO ♯╢

ᴐ

ς

Ὅ

Ὡὺ

Ὅe(k)

Max whenB // to spin axis

♯╢O ὓᶿὍ, then Beff = B+M

R must dependson Beff as Beff² O R=R0(1+ gB.Ὅ

ᴼbilinearmagnetoresistance

helical

Inspiredby bilinearmagnetoresistancein Rashba2D 
materials: He Vignale 2019, VazBibes 2020, Dyrdal
Barnas Fert 2020, Zhao Cobden 2020, 
Gorini, Vignale, et al, in preparation



Normal state

Ὅ Ὅ ÃÏÓ‫ὸ

ὠ wлόмҌg.ΦὍὍ

Ὑ
ρ

ς
Ὑ♬Ὅὄ

Ҧ Lineardependancein B

♬is thus obtainedat different angles 
in plane of the field

So ὠ ‎ὙὍ ὧέί‫ὸὄ



Non-reciprocity= Josephson diode
Max whenB// spin axis

S contacts to probe spin-momentumlocking

helical
S S

Ὅ
Is

p
0 j

Helicalstate with S contacts: 
Spin-polarisation inducedby a supercurrent

Yokoyama, Eto, Nazarov2014,
DolciniHouzetMeyer, 2015, 
Meyer Houzet2024,
Fu 2022

Anharmonic CPR  shiftedby Zeeman B O ͼ• ͼshift
+ spatial asymmetry(severaledgestates, unbalanced
helicity)
ᴼfield-dependent Superconducting diode
+ distortionby spin polarisation inducedby supercurrent

j0́ B



Superconductingdiode effect and its angle dependence

Diode effectΥ LҌ ґ L-

(Note also: max isnot at B=0)



48

Superconducting
diode effect

Spin axis Ᵽ□╪●ͯ Ј
— 6ͯ0°

ὼ

ώ

ᾀ

ÅNot exclusivelyperpendicularto current , alsocomponent alongwire axis!
Ҧ Excludepurelyorbital originΤ Ҧ bƻǘ entirelycausedby the Rashbasurfaces
Common origin for the two effects:
current-induced spin polarization along an axis, with supercurrent carried by several ballistic one-
dimensional channels, with both helicities in unequal number.

Sameangulardependenceof non-reciprocaltransport  in N and S regime

Normal state 
bilinear
magnetoresistanc
e

B angle w.r.t. wire
B



Threetheoreticalanalyses of theseresults

1- non reciprocityin N state:
How can B inducebackscatteringin a QSH state? Goriniet al, in preparation.

2- E. Gerber and B. Wieder: ad-initio calculationof the current-inducedspin 
direction, giventhe orientation of wire surfaces (Bard et al, in preparation), and 
comparisonto experiments(two wires)

3- H. Bouchiat, how current-inducedspin-polarizationdistortsthe diode effect
(Self-consistent : negativeinductance!)



Not forbidden!

eV

1-Gorini& Vignale: how B inducesa hugebilinearmagnetoresistancein 
helicalstates 

B=0 .ґл 

Current-inducedspin polarization(Edelstein), 
& extrinsicspin-orbit interactions neededto flip spin

Ὧᴆί

Edge

Spin orbit
scattering
center

Bulk/surfaces



1-Assumption: Edge states inherit spin 
behaviorof parent surfaces

2- With transmission microscopy,
identify wire facets(or closest
computable orientation, i.e. low miller
indices), and currentdirection

3- For eachfacet, computeEdelstein
response(curent-induced
magnetisation): combination of velocity
direction and spin texture

2-Ab initio simulations to determinedirection of inducedspin

Main spin axis not sodifferent
from experiment

ρρρ

ρρρ

ρρρ

ππρ

ρρς

ώ

ᾀ

ὼ

with B. Wiederand E. Gerber, CEA Saclay, Bard et al, in preparation

On the chosensurfaces 
(in plane of the wire)


