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Andreev Bound States (ABSs) in S-TI-S Josephson junctions
L. Fu and C. Kane, Phys. Rev. Lett. 100, 096407 (2008)
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S Tl S Why lateral S-TI-S junctions?

Not the favorite system of most because of the complexity:
« 2D width (multiple channels)
«  Multiple surfaces (top, edges, bottom)

«  Conducting bulk states and trivial surface states in the TI

Advantages:

« Supports topological excitations without a strong magnetic field.
Allows use of phase-sensitive techniques.

* Access to barrier. Allows probes and imaging.
« Expandable into networks.

« Several modes of operation to move and control Majorana fermions
by phase, current, or voltage.

« Schemes proposed to braid and perform logical operations.



Phase-controlled devices

Lateral junctions circuits --- Majorana fermions nucleated at trijunctions
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Current-controlled devices: lateral junctions in a magnetic field

Perpendicular magnetic field induces a Zero current: MFs enter symmetrically
phase gradient across the junction 0.50 \
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Voltage-controlled devices: moving Majorana fermions

d 2eV
Phase winds according to the Josephson relation: d(b = ;
t
Majorana fermions move laterally through junction at speed: V= Bd

d] [ 0= = = = OB

ForV=1uVandd=100 nmand B=10 mT,v=1km/s!

Provides way to move Majorana fermions fast along lateral junctions

Could be used to manipulate MFs in multiply-connected junction
networks for braiding:

Fu and Kane




S TI S Agenda

Transport in Nb-Bi,Se;-Nb junctions
« Long-range phase coherence of topological surface states

«  Phase transition in the location of the topological surface state

Josephson interferometry in Nb-Bi,Se;-Nb junctions and SQUIDs
*  Node-lifting of the magnetic field modulation patterns
*  Non-sinusoidal components in the current-phase relation

«  Evidence for 4n-periodicity that could arise from Majorana states

Interference experiments in hybrid Nb-Bi,Se; structures
*  Order parameter of proximity-induced superconductivity
«  Conductance channels induced by superconductor dots

*  Aharonov-Casher experiment in lateral junctions



Bi,Se; Materials Characteristics
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Bulk is insulating - conductance is dominated by two surface channels:
1. Trivial 2DEG (2-3 quintuple layers)
2. Topological surface state

« Bi,Se; exfoliated crystals

Bulk is generally more conducting but we expect the surface state
properties to be similar



Nb/Bi,Se;/Nb Josephson Junctions

Gate Dielectric ALD Al,O;/HfO, GD

Au
Nb

Nb | Nb
Bi,Se
AO,-Sibsvae  sise

- E-beam lithography

- Ion milling N

- Evaporation and sputtering m,
Typical Dimensions: Length
Length = 100-300nm

Width = 300nm-1um Nb Bi,Se; Nb I Width

Top gate dielectric ~ 35-40nm
(ALD Al,O5/HfO,)



Nb/Bi,Se;/Nb Josephson Junctions on Exfoliated Crystals

15kU X9, BE8

We see the same behavior in thin film and exfoliated crystals of all
thicknesses, independent of the relative width of the SC and TT:

This suggests that:
1. Most of the supercurrent is carried by the top surface.

2. Bulk conductance does not play a large role in the supercurrent properties.



Transport in Nb-Bi,Se;-Cu structures
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v oms) Gate-Tuned Transport
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Josephson Interferometry
in Nb-Bi,Se;-Nb junctions



Supercurrents
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Gate dependence model (Pouyan Ghaemi)

Shift in the location of the topological surface state from below to above
the trivial 2-DEG surface states as gate voltage depletes them

Low gate voltage: High (negative) voltage:
« Fermi energy in conductance band « Fermi energy in the band gap
 Topological surface state buried  Topological surface state on surface

Near crossover, spatial
charge fluctuations create a
dynamically-meandering
topological surface state

Surface Buried Trivial
Topo States Topo States 2DEG
States



Josephson Interferometry: response to a magnetic field
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Josephson Interferometry: what it can tell you about
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Supercurrent diffraction patterns
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Diffraction pattern vs. gating
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= Central peak drops at Dirac point
= Side lobe is nearly unchanged
= Lifting of first node robust



dc SQUID w/ Nb-Bi,Se,-Nb

Gate-1

O Nb leads

Bi,Se; ribbon

Bi,Ses: 19 nm thick , 4 um long, 300 nm wide exfoliated piece
Junctions: length 300 nm, width 300 nm

Area loop ~ 6 um?
=0 .oop , Hm ratio ~ 60
Area junction ~ 0.9 um?



SQUID oscillations --- gate dependence --- envelopes

a (

Envelopes exhibit same
behavior as single
junction diffraction:
first node stays high,
second vanishes

LR T

gt T

SQUID oscillations
also do not go to zero
as would be expected
for B«1land a
symmetric SQUID

B=2nLI./D,




SQUID oscillations --- gate dependence
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Modulation depth is gate-dependent: peaks drop; nodes stay constant



Node-lifting in dc SQUIDs

dc SQUIDs:

* Finite inductance of SQUID loop B=2nLI./D,
Too small B << 1 (~10-3 - 10-4)

« Asymmetry in the junction critical currents o = (Ic;-Ic,)/(Ici+Ic,)
Too small o < 0.1 (~0.01-0.05)

« Asymmetry in the SQUID loop inductance n = (L-L,)/(L+L)
Too small n << 0.1 (~0.01)

« Skewness in the current-phase relation S = (2Opex/m) - 1
Possiblel SQUID node requires I(¢)= -I(¢+m)

Icm/h/ICmaXN B~a~mn~s




Current (arb units)

Simulations of node-lifting in dc SQUID
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Node-lifting in Josephson junctions

Josephson junctions:

- Inhomogeneous current distribution  #ard fo rule out but the full body
of data makes this unlikely

1. Consistent features --- same for all samples and other groups.

2. Even-odd effect --- first node is lifted; second node not second node
almost all critical current asymmetries lift ALL nodes

3. Node-lifting is very large ~10%
requires large random disorder or systematic variations

4. Temperature dependence of the critical current diffraction patterns
node current drops much faster than peak current suggests a
change in the supercurrent mechanism, e.g. change in the CPR

5. Gate dependence of the critical current
strong suppression at zero field and relative insensitivity at nodes
also suggests different supercurrent mechanisms



Node-lifting in Josephson junctions and SQUIDs

Josephson junctions:

« Inhomogeneous current distribution
- Edge currents due to MF hybridization (Potter-Fu model)



PHYSICAL REVIEW B 88. 121109(R) (2013)

Anomalous supercurrent from Majorana states in topological insulator Josephson junctions

Andrew C. Potter' and Liang Fu’

Hybridization at edge for integer flux quanta gives rise to an extra bump in the CPR
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Node-lifting in Josephson junctions and SQUIDs

Josephson junctions:

« Inhomogeneous current distribution
- Edge currents due to MF hybridization (Potter-Fu model)

« sin(¢/2)-component in the current-phase relation



Simulations --- Hybrid Current Phase Relation

CPR: I(¢,V,) = Ic, sin(¢) + Ic,(V,) sin(¢/2)
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Reproduces some key features

1t minimum lifted
2"d exactly nulled

However, this assumes a uniform sin(¢/2)-component with should
not be the case for Majorana fermions --- only stable when ¢ ~ &



Model --- Current-Phase Relation for S-TI-S junction

Majorana fermions nucleate when/where the phase difference is n
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Consider the junction to break up into 1D wires with a sin(¢/2) component



Diffraction patterns for S-TI-S junction
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Additional structure onsets when Majorana fermions enter the junction ---
this would be a signature of a localized sin(¢/2) component in the CPR
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Comparison to CPR model for the SQUID
1(9) = 1c18In(9) + 1o a(9,0) sin(¢/2)
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Why can we see the sin(¢/2)-component in the CPR?

1. Cancellation of 2n-periodic component by destructive
interference at nodes reduces the background = effectively a
series of 1D channels with a sin(¢/2) CPR

2. Dynamical measurement at finite voltage so phase evolves fast
enough to avoid parity transitions that suppress the 4n-periodic
component. Typical Josephson frequency ~ GHz.

Parity-preserving With rapid parity transitions

01 2 3 4 5 6 7 8 9 10 11 12 T L S R
01 2 3 4 5 6 7 8 9 10 11 12

Phase (n) Phase (x)

Josephson energy
Josephson energy

Static measurements of the CPR should not see this



CPR Measurements via Interferometer technique
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Why can we see the sin(¢/2)-component in the CPR?

. Cancellation of 2n-periodic component by destructive
interference at nodes reduces the background = effectively a
series of 1D wires

. Dynamical measurement at finite voltage so phase evolves fast
enough to avoid parity transitions that suppress the 4n-periodic
component

. Need to measure parity lifetime to determine how fast we need
to perform braiding operations, e.g. frequency-dependent CPR

. The sign of the sin(¢/2)-component encodes the Majorana
fermion pair parity --- route to measuring the parity in circuits.



Interferometry experiments
in hybrid Nb-Bi,Se; structures



Order parameter symmetry of the proximity-induced
superconductivity in a topological insulator

S

S+p TI

A(s+p) = A(s) + (1) A(pi+ipy) + (V) Alp,-ip,)

Current - spin-momentum locking = spin-selected chiral order parameter
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Approach: Josephson interferometry of an S-TI bilayer
(corner SQUID experiment)

S-Tl bilayer N barrier + S electrode

S’-N-S junction
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Sample design and fabrication

5um/side

lum/side 10um/side

AV

No Bi,Se,

Sample Side View

60 nm SiO2 60 nm Nb
100 nm Al
210 nm Cu

20 QL Bi,Se,



Majorana Interferometry

electrons Majorana
or holes fermions

2e? 5 2e% (n,m™  eVOL
= = + ,
G(V) ; 1S,.(eV)] p sm( 5 2hvm>

Vortex ’rrapioéd in SC films introduces a phase shift

Fu and Kane, Phys. Rev. Lett. 102, 216403 (2009).
Akhmerov, Nilsson, and Beenakker, Phys. Rev Lett. 102, 216404 (2009).



Aharonov-Bohm Interferometer

~200 nm wide niobium disk in the middle of a gold-TI-gold junction.



Zero Field Transport
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Finite Field Transport
Observe conductance oscillations --- Aharonov-Bohm interference
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Period ~ 1 @, in area of superconducting dot

Oscillations vanish if no multiply-connected path

Suggests highly-conducting channels at the edge of the island

Speculate that the magnetic field Meissner-screened from the island
suppresses proximity-induced SC and creates a topological channel for MFs



Conductance vs. Gate voltage and Field Sweeps
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Abrupt phase shift in gate oscillation vs. magnetic field
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Could arise from a vortex + Majorana fermion entering the superconducting island



Majorana Interferometry via the Aharonov-Casher effect

Bi,Se;

() EAvan v

Charge Q

Das Sarma et al., PRB 73, 220502R (2006);
Grosfeld et al., PRB 83, 104513 (2011);
Grosfeld and Stern, PNAS 108, 11810 (2011).
Alicea, Rep. Prog. Phys. 75, 076501 (2012).



VOLUME 71, NUMBER 14 PHYSICAL REVIEW LETTERS 4 OCTOBER 1993

Observation of the Aharonov-Casher Effect for Vortices in
Josephson-Junction Arrays

W. J. Elion, J. J. Wachters, L. L. Sohn, and J. E. Mooij
Department of Applied Physics, Delft University of Technology, P.O. Box 5046, 2600 GA Delft, The Netherlands
(Received 26 March 1993)

We have observed quantum interference of vortices in a Josephson-junction array. When vortices
cross the array along a doubly connected path, the resultant resistance oscillates periodically with
an induced charge enclosed by the path. This phenomenon is a manifestation of the Aharonov-
Casher effect. The period of oscillation corresponds to the single electron charge due to tunneling
of quasiparticles.
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FIG. 1. Schematic layout of the sample. Rectangles are su- FIG. 2. Differential resistance as a function of gate voltage

perc?nduc-:ting alumi.num'islan'ds and crosses denote Jos.eph— in a field of 120 uT. Bias current is 5 nA with 0.25 nA mod-
son junctions. The junctions in the hexagon have a 3 times

smaller junction area than the junctions that couple the array
to superconducting current and voltage contacts. The dashed
lines picture the possible vortex paths.

ulation amplitude. Inset: Expected resistance as a function
of charge on the center island, normalized to the classical
resistance. At Q = +e/2 quasiparticle tunneling occurs to
minimize the charging energy. On sweeping the gate voltage,
the charge remains in the range [—e/2,e/2].



Aharonov-Casher Interferometer

20 QL

Top Gate



SQUID modulation pattern
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Nodes = h/2e flux in the junction regions (with flux focusing.)
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SQUID modulation pattern
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Period of oscillations = h/2e flux in central region
Discrete jumps observed --- vortex entry into central hole?
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Delta dV/dl (ohms)

Aharonov-Casher Oscillations
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No signs of Aharonov-Casher effect, even at higher magnetic field.



Conclusions

Lateral S-TI-S my be an attractive system for realizing topological
states states and Majorana fermions

Evidence for MFs via 4n-periodic component in the CPR

Allows MFs to be nucleated and manipulated via phase, currents, and
voltages

Allows parity o be measured via sign of the sin (¢/2) term

Platform for interferometry experiments.
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Gate Voltage dependence -- critical current and resistance
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Theoretical Model -- Series of papers by Pouyan Ghaemi

Defines a critical chemical potential for topological phase transition = p_ > p,
(1, = bottom of 2DEG conduction band)

Low gate voltage:
« Fermi energy in conductance band
« Topological surface state buried

n> p

High (negative) voltage:
« Fermi energy in the band gap
« Topological surface state on surface




Numerical Solutions -- low-energy Andreev Bound States
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These states carry the majority of the supercurrent which drops because:
1. The transparency is higher when buried - 2DEG protects the states
2. The transport becomes more diffusive on the surface due to scattering
3. The 2DEG contribution to the supercurrent turns off when depleted



Similar behavior observed in exfoliated crystal devices
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In all case, flat region with large fluctuations followed by a sharp drop



Two-fluid behavior and fluctuations in the temperature dependence
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Fluctuations in the critical current

Record 1000 critical current values at each bias by ramping current successively
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Ic (uA)

Switching distribution
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Histograms of critical current switches show a broad distribution
at intermediate gating --- suggests that the surface state location

is fluctuating locally



Physical Picture

Topological surface state winds through 2DEG at intfermediate gating
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States

dynamically-meandering topological surface state

Most likely these arise from charge fluctuations in the gate than change
the local carrier density and induce the phase transition

Complex system: junction transport will be affected by local switching
dynamics, 2D percolation physics, and interactions/avalanches



New microscopic model

Effect of impurities on the Josephson current through helical metals

Pouyan Ghaemi and V. P. Nair
Physics Department, City College of the City University of New York, New York, NY 100351

« Non-magnetic impurity scattering does not affect the conductance (due to
spin-momentum locking)

« It does affect the critical current by renormalizing the Fermi velocity,
altering the spectrum of the Andreev bound states that carry the
supercurrent.

« Condensed matter manifestation of the Mikheyev-Smirnov-Wolfenstein
effect, the ininteraction of matter with neutrinos that lead to flavor
oscillations.

* Predicts two-components of the supercurrent --- one affected by impurities,
one independent of them --- in agreement with our experiments.



