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A Whatare helicalstates andvhy arethey interesting?
A Helicalstates in 2Dlopologicalnsulators first discoveredand probedwith Nor

superconductingontacts
A New type ofhelicalstates, in 3Dnaterials « SecondOrder» Topologicalnsulator
A Need to go to S contactfll. @x¥plainwhy)
A Experimentsn bismuth:
- Simple Josephsgaonctions
- AsymmetricSQUID taleterminesupercurrentversus phase relation; relaxation
- RFsusceptibility(lcompleximpedance to testtopologicalprotection
- Bilinearmagnetoresistancdosephson diode to probe spmomentumlockingand
spinaxis
A Helicalstatesalsoseenin WTe2
A Abetter SOTI: Bi4Br4, back to N contacts (fow)

A Projects -no contacts! dc andc noise ofsupercurrentthrough protectedhelicalstates




Introduction: ProbinglD «helicalstates»

1D helical edge states
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A Timereversalsymmetric Spiamomentumlocked -> Protection

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



More specifically: 1D helical states properties

1D helical edge states
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How to probe these special properties of QSH states?

1D helical edge states
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propagation have opposite How to probe this?
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Spinrmomentum locking :



Probe 1D ballistic states?

1D helical edge states
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Probe transport at edges?

1D helical edge states
4 22 ™
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Spinrmomentum locking :

Opposite directions of
propagation have opposite
spins



Probe transport at edges?

1D helical edge states
N
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How to probe this? Non local conductance
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Spinrmomentum locking :

Opposite directions of
propagation have opposite
spins



Probe spirmomentum locking?

1D helical edge states
N
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Quantum spin Hall effect
Charge current

Spinrmomentum locking :

Opposite directions of

propagation have opposite Transverse spin current
spins

I 6 -quantized

How to probe spinmomentum
locking



Probe spirmomentum locking?

1D helical edge states
N
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Initially QSH states were predicted/discovered in 2D topological insulatol

HgTéCdTequantum wells (2007, Molenkamp group, Wurzb
BismuthengClaesorgroup, Wirzburg, 2017)

Monolayer WTe( Wu, Herrero, Cobden, Xu, 2017) woE T T R -
also InAg GaSlguantum wells (Du, 2011, Rice)
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Ballisticity: viaquantizedconductance (irzerofield!),
Edges via nonlocal conductance



Mechanism Band inversion in 2Daterials> 1Dedgestates.
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From First Order Tl to Second order Topological Insulators

First order Topological Insulators Extension of the classification
: . : Second order Topological Insulator,
Single band inversion

Double band Inversion
Spin up
o
|

3Dtop(?|oqicalinsulator 2D topological insulator 3D SecondOrderTopologicalnsulator
Insulatingbulk iInsulating bulk insulatingbulk

2D Conductingsurfaces 1D conducting helical edgeT insulatingsurfaces

1D conductinghelical« hinges»

- : Schindler et al, Sci. Adv. (2018)
Helical edgestatesin SOTIs too, but harder to see Geier et al, Phys, Rev. B (2018) .
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Bismuth,a SecondOrderTopologicalnsulator! Theory Schindler et al, Nat. Phys. 2018

Crystal structure Band structure: double band inversion )
hexagonal + rhomb. 2
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Normal transport in BismutR 2 S &ho® liiaces oballisticstates

Bulk Ay ~50nm

Roughly 50 times more surface states than bulk states
Surface Ay ~5nm } oy

Normal stateresistanceof nanowireversus segmenength
1500

aﬁ» 1000 -

Ry 1,
— R(L):H{,+—Q—
& 500 -

M 1.

500
400 -
2 300 |
= 200 - ~ diffusive
100 - surfaces

_ \
S T £~ "/

L (pm) 1Dedgestates

Trivial diffusive surfaces states caaiynostall the normalcurrent
Y Turnto supercurrentto enhancevisibility of ballistid topologicalstatés



Inducedsuperconductivityenhancesontribution ofhelicalstates

A Criticalcurrentcarriedby diffusive statess muchsmallerthan criticalcurrent carriedby
ballistid helicalstates

N = @
Icperchannel ballis.tic“'I E I3h— 5
| S EBEL LY smalehan
c perchanne) diffusive J e
ballisitic

A In addition,helicalchannelsshouldhaveperfect
transmissionnto S(not true of diffusive
channels)
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S contactsnakelt possible to:

1- Uncoveredgechanneldecauseof
Interference(macroscopiavavefunction), also
becausanuchmore supercurrentcarriedby
ballisticstates

Quantum spin Hal

2- Demonstratetopologicalprotection via
demonstrationof ballisticconduction perfect
transmission?)

3- Probe spirmomentumlockingand spin
direction via the Josephson dio@ééfect (and
compareit to normal nonrreciprocaltransport)



Surprises In firgxperimentf bismuthnanowireswith S contacts

AB,=100 G= @,/LW : Wire area

L

1.45 \

l.(LA)

1.40

500 O 500 1000 1500
3 (Gauss)
Z

Li 2014 Murani 2017

Criticalcurrent oscillatesn magneticfield!
Whatdoesthis mean



Surprises In firgxperimentf bismuthnanowireswith S contacts
AB,=100 G= @, /LW : Wire area

500 O 500 1000 1500
B, (Gauss)

A SQUIRike oscillationsthere mustbe two paths(with a holein the middle)!-> edge
states!!discoverythat bismuthisa SOTI
Highfield (Tesladecayscale: narrowchannels (nm!)

Highcriticalcurrent: well transmittedchannels
Li 2014 Murani 2017
cfHart et al, 2014 for Squilike interferencein HgTéHgCdTejuantumwells

T>o T



But canwe saymore, beyondthe factthat are atedge?

2- Use S contacts tdemonstrateballisticity topologicalprotection



Andreevspectrumand supercurrentversus phasedependon transportregime
Long SNftinction:
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Principleof Supercurrenwversus Phase Relation (ClAasurement

Phasebiasedasymmetric SQUIDoop
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Measuremenbf currentphase relation of S/bismutianowiréS
to probe channelthat carry thesupercurrent

Addsuperconductingonstriction inparallel

.. + Gations
W(CO)G‘::“:gs‘o

HE
precusor o e . nular W
gas ¢

1 mMm

BuildanasymmetricSQUID taneasurethe I ) relation
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Supercurrertversus Phase relations of S/BI/S:
deducedfrom I (B)

CPR of Bhanowire
|(MA) AN

=1.2 K 1=0.1 K

Criticalcurrentof 2-2f

W constriction

BS¥F,
<—P

j =2 B3 F %0 130 140 150 160 170
‘ B (G) -

Sawtoothshapedcurrentphase relation: longpallistic(unusua)!



Twosawtooth® Becausdwo edges

|:
O/ Snt F O/ 0.15 Fouriertransform
|C(M) +— 0:10 I Secondperiod
0.05F
79.5F 0.00:!
/ 0.10 0.15 0.20 0.25

In bismuth:
BallisticchannelsWith T ~ 0.8)
over 1.4nm attwo edges
topologicabprotection andhinge

27

Murani Nat Comm2017, Schindler Nat Phys 2018 conduction



Ballisticedgestatesalsoseenin WTe2multilayers
(Weylmetal? Secon®rderTopologicalnsulator?)

Sawtooth Q
supercurrentversus -l St
phase relation :

-> pallistictransport

over 500 nm (T~0.8)! T=250mK

SeealsoSchdnenberger group,-B Lee group

X.Balluet al., PhysRev Researclflast Friday, April 10th 20:
Alsogroup of Chuan Li, Twente (2026)

But: not allsamplesshow thesawtoothCPR!

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

Edgetransport

Ballistic transport

Next: Topological protection
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Probetopologicalcrossingwith thermal noise ?

Fu Kane 2009 for QSH statemsedJosephsoqunction Noise power 3¥): |
Averinlmam 1996 for point contacts FT ofcurrentcurrentcorrelation

S(w) =207, 1(1)1(0))
.y@) "OT[ "O“Q p ,‘Q.Q 7

relaxat

S(w) I% T
W) = S =
cosh® €)()/2T 1 + 0”7

Q —a, O AR R

At p, occupationf-5=1/2
Hugetelegraphicnoise of thesupercurrentif perfectcrossing andlow T

0



Eitherthermal noise or RFesponseshouldprobetopologicalcrossing

ballistic crossingat p ballistic hugenopisepeakat p
\ [ A=2 (Topological) | 1=0-0f4 ]
T« ¢ f H \ ‘;
gessing Currentiseither O or max ap, 5 (“’) o E| [.
0 1 > noisereflectsthat N Lo e i
@/n 0 0.2 A o | 0.8
Disordered anticrossing )
W) = . 3
cosh? 6\0/((,36)/27"1 + w7
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Noise=fluctuatioas™ | Silw) = T R . U p
cQQI RA &4 AL,

Huge noise at p means susceptibility peak in c(|Q)
(via Fluctuation-Dissipation Theorem)




RFprobingof QSH states to tesbpologicalprotection at phase

P ./_--"'- \\
y. super-current N
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In practice : multimodeesonatorcoupledto S/Bi/SasymmetricSQUI
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Extractdissipationfrom change imquality factor

MeasuredQ(B)and

df(B) ateachresonator

eigenfrequency

105 (6 f/f,6 Q/CQP)
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-/ T=70mK

Dissipativaesponse

X" (¢) = LR —0 [

1

7| @

Non—dissipativeresponse
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Peakedabsorption QSH Josephganctions
Quitedifferentfrom trivial SNSa|beitdifferenttemperatureranges)

In SNSzeroabsorption afp! g/giffusive Au/SO

0 (pé%n 1 Y'p (au.) _ =2 A §
€ ' _ — ————— e Tr 4
of K| #(m)=0- D
/_ (g
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In S/BiSmaxabsorption atp S/Bi/S

610cIUeINiN

g
Thisisthe thermal noise of a QSksulator(Fu Kane)!' =



Dissipatiompeakat p is expectedsignature ofprotected Andreevievelcrossing

Xp = Im(xp) w;ﬂyz

Relaxation rate

R i
Y (S ) |
83409’
10 |° oBo8 o
10 po ‘
APy .
g h
107 | L] §
- - . - o 1.4GHz 0 0
om h -0.2 -0.1 0 0.1 0.2 (0.47GHz © |
/D - 0.5 1 2 34 w!l 2 314
10 _
T (K) I'(K)

MuraniPRL 2019

But frequencydependencandicatesa veryshort (ns) relaxation time
(maybebecausanultimode resonatortoo coupledto environmen)



What s specificto helical(topological QSH)unction?

Andreev Bound State of orfenge:

UsualAndreev Bound State « half» usualABS, Not spidegenerate
Spindegenerate Helical one direction, one spirother at other edge
y 4 &
+* S
-4 ! 7 |
/7
1.0 1 B
0.5} 0 0.5¢
% 0.0F---X---1 % 0.0b---N ___|
—0.5} — —0.5}
=10t - Ly
0 3 377r 2m 1'00 s ®™ 3 27
¥ @
BeenakkeR013,
Trauzettel2014, ]
Peng 2016, Fundamentabonsequencesn :
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* A possiblegroundand excitedstates
A relaxationmechanismsind times
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Couldhelicity explainthe millisecondpair relaxation timesve found in another

experiment
bismuth ring!
‘Contacts=
Superconducting‘ " X "
W ComEE A Averageswitchingcurrentin intrinsic

asymmetricSQUIDsawtoothCPR

A Switchingcurrentdistribution reveals

100 1: : 40 § long-lived excitedstates!
= E ' : 30 5
£ 07 i 20 S
-100 - E i ; 10 g
| | A RN | | 0
-200 -180 -160 -140
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. S NY I NRQregan8 yaROppenNat Phys 2022
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Comparisorof experiment/Theory in the case dfvo hinges

coll. with Yang Peng, F. VOppen Y.Oreg
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Long relativeeaxationtime of pairswith respect toguasiparticle
a signof spinfiltered transport helicity?)

c one hinge mode bath two hinges modes
4 E4
9 hinge | hinge 2 A signthat pairis « split» ontwo
. \ / hingeswith different helicity ?
B'bT (2)
0 - 0

Singleparticle Pair relaxation time A 5 i
relaxation time t Dcédi . S NJ I NRGregan8 yaaOppenNat Phys 2022

tDp TG i - OAIEI 1 OB @1 1T O1 i 1 jugtiorsA |



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

Edgeand ballistictransport A Sawtoothshapedsupercurrentversus phase relat
A Interferencebetweentwo edges

300 -
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s 4004 t
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=% -100 !
—200 4 4
Il il 1 Il Il —300 b
T T T T
110 120 130 140 150 160 170 -05 0.0 05 -05 0.0 05
B(G) g @l + 112

Topological protection o
A Dissipatiorpeakat p

e A Relativelylong pair relaxation
time (@quasiparticlerelaxation)

What about spirmomentum
locking (helicity)?



Detecthelicityvia (supergurrentinducedspin polarisation

O (Edelsteireffecty)? _ ‘0 |

4 " t '

\ rllecal N S/ helical S
‘OO0 1¢-” Al L I, 15—>g0—>1\71)oc15

Bilinearmagnetoresistance //n /2‘;[(')
Y X1 00

Josephson Diodeffect O 6 0 6

Comparawo magnetochirakffects
Max effectas afunction of B directionyieldsorientation ofcurrentinducedspin!



Helicalstate (full spiamomentumlocking with

Nonreciprocalmagnetotransportwith normalelectrodes

Hugespinpolarisationinducedby acurrent (Edelsteir)

A

e k)

[
»

17

K

helical

helical

c'QD

Inspiredby bilinearmagnetoresistancen Rashba2D
materials He Vignale 2019/azBibes 2020Dyrdal

Barnas Fert 2020, Zhao Cobden 2020,
Gorinj Vignale, et al, ipreparation

#4© 0 © 'O, then By = B+M

R mustdependson B as B2 © R=R(1+08.0

O bilinearmagnetoresistance

MaxwhenB // to spin axis



Bilinear Magnetoresistance (5K) Normal state i2

v~ Rt A W
O OAI(D)
—— 45°
(b \M_IC') Ngbermro 002' 1 O°
Sow YO e 06 0.01{ __ 20,
: P, o = — e
Y =Y 700 =3 " Loy TR
| C | S 0.00- H‘ N
[bLineardependancen B N sl
= _0.01 -
—0.02 -
aisthus obtained at different angles ~0.50 -0.25 0.00 0.F
N ' —~ 50
plane of thefield B (T) “
=T
T 07
&
=501, o
Max at 6, ~60

0 100 200 300

8 (%)



S contacts to probe spimomentum locking

Helicalstate with

Spinpolarisationinducedby asupercurrent

T ©
A's JO,B

- J s S
, DW helical

Anharmonic CPRhiftedby Zeeman B ¢+ cshift YokoyamaFEtq Nazarov2014,

+ spatialasymmetry(severaledgestates,unbalanced DolciniHouzetMeyer, 2015,
. MeyerHouzet2024,
helicity)

Fu 2022
O field-dependent Superconducting diode I (B) # I, (B)
+distortion by spin polarisatiomducedby supercurrent

Non-reciprocity=Josephson diode
MaxwhenB// spin axis



Ic/lcO

Superconductingliode effectandits angledependence

Bismuth SQUID
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DiodeeffectY L-b T
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Sameangulardependenceof nonreciprocalkransport in N and g&gime

Superconducting Normal state
diode effect " . bilinear

., Magnetoresistanc

0 100 200 300

Spin axisPy 4§ g (°) Bangle w.rtwire

A Not exclusivelyperpendicularto current, alsocomponentalongwire axis!
MExcludepurelyorbital originT I ebtigely causedby the Rashbasurfaces

Common origin for the two effects

currentinduced spin polarization along an axis, with supercurrent carried by several ballist
dimensional channels, with both helicities in unequal number. 48



Threetheoreticalanalyses otheseresults

1- nonreciprocityin N state:
How can Bnducebackscatteringn a QSH state@oriniet al, inpreparation

2- E. Gerber and BVieder. adinitio calculationof the current-inducedspin
direction,giventhe orientation ofwire surfaces (Bard et al, preparation, and
comparisorno experimentstwo wires)

3- H. Bouchiat howcurrent-inducedspinpolarizationdistortsthe diodeeffect
(Selfconsistent negativeinductance!)



1-Gorini& Vignale: how Biducesa hugebilinearmagnetoresistance
helicalstates

E(p) Bulk/surfaces
| A " Spinorbit ™
Not forbidden! {  scattering

> D l

B=0 N

Currentinducedspinpolarization(Edelstein,
& extrinsicspinorbit interactionsneededto flip spin



2-Ab Initio simulations taleterminedirection ofinducedspin

1-Assumption: Edge stat@sherit spin  3- Foreachfacet, computeEdelstein On thechosensurfaces

behaviorof parent surfaces responsgcurentinduced (in plane of thewire)
magnetisation: combination ofvelocity
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