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s | - Introduction to anyons:
exchange statistics, braicling, non-abelian anyons and

ToPological Quantum ComPuting

& M Majorana modes :

Where are they? Have theg been found 7 Our recent work

o [l - Paratermions -
Whg are theg of interest ? Where to find them?

Our recent work
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’ lnclistinguishable Particles 5,
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o Al elementarg Particles are either fermions or

M',w ~ e

bosons. When identical Particles are
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exchanged Ww(ry, ry) = £ w(r, ry) with

Positive sign for bosons and negative sign for
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fermions

* But for emergent Par‘cicles or quasiparticles N

condensed matter systems this is not
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When we think of electrons ﬂowing
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s Interms of Probabilitg clensities, injecting
electron imPlies increasing Probabilitg Aensitg

at one end and having that increase Propagate
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o MIRACLE - can think of the moving object as

a Particle ~ anew kind of “electron’ - a

quasiparticle or collective excitation which is

made up of all the electrons.

« Still called “electron’ because it behaves like a
Particle _ it has a mass m* (ditterent from

origina electron mass) , but same sPin and the

same electric charge _ behave as a siﬂglc

Par‘ticle - Landau Fermi |icluicl theorﬂ
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Quasiparticles

* 50 anyons, Paramcermions, can emerge as

quasil:)articles N conclensecl matter sgstems

= Emergent excitations - from a sOuUp of

pa rticles
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Abelian Angons

o Unlike bosons and fermions, emergent Particles

Call have complex PI"IBSCS under exchang&:

l//(rla r2) = eiieyj(r% rl)

© Angons obey braid group statistics - ditferent
1Crom Permutation group because how one

exchanges Particles also imPortant 1977
| einaas, Mgrrheim, Wilczek
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+ Main Point is that quantum statistics obeged
by anyons 1S very ditferent from bosons or

fermions

< Cannotjust deal with sgmmetrizccl o ant

sgmmetrizecl wave functions for many Particles

+ Entire historg 1S imPortant _ reason for wlﬂg
even a sgstem of free anyons IS very hard to

SOlVé
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Non-abelian anyons

* AHHOHS WI"IIC"'I acd UierUSt a P]"IBSC‘ uncler

exclﬁange arc 8]36 an an90n5

° Quasiparticles can also transform as non-

abelian representations of the braid group

R W, — U w; Frohlich, 1988
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© Tgl:)ically haPPens when there are
clegeneracies in the grouncl state - multiple
states have same conﬁguration ot identical

Particles

+ Prepare sgstem N one ground state -

exc‘ﬁange two quasi—-l:)articles ~ transftormed

bg unitarg transtormation to another state in

the grouncl state manifold

< Whg are such quasi»-l:)articles iml:)ortant‘?

B e e o vV S T T T T i TN W, TSIV Wy gt O




S
!
i

,‘_,,,,,.—-.m-..‘"

oML i s e Il i b s i i

L B it i AP SN ek it i s St - s olin i i B e

Relevance to quantum coml:)uting

« States are the qubits and the unitarg
transmcormations are the quantum gates that

act on the qubits

« Intrinsically decoherence free because
Y

information is encoded non—-locallg
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Majorana modes

Z, anyons /lsing anyons
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Mejorana modes or selﬁ-conjugate modes can
exist as quasi»-l:)articles in condensed matter

sgstems

These are not fermions, but instead behave as

non-abelian anyons

]

.ixpect to be able to use them to ma|<e qubits

for quantum coml:)utation
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Kitaev model 2001

: O

TA1 7Bl JA2 B2 TVA3 B3 TA4 /BA VA1 YB1 VA2 VB2 VA3 YB3 VA4 VB4

Essential idea is to think of the fermions
on a site as being made up of 2 ‘Majorana
modes’ and changing parameters in the
Hamiltonian so that these two modes get

sepa rated.

. T e G R T ot v e T GNP L e




NNCU SV N SO

ey aih

e R SRS

B R e e T i T

N N
1
= E c;fjcx ik E tc VCor1+ AczCri1 + h.c.)

. SPinless fermions with u = chemical Potential,

- hopping and A = Pairing Potential

o Canrewrite in terms of Majorana modes Yo Vo

1 . | ,

o 5(/)/:6’14 7 nyva)7 C;l‘-? = 5(/}/55714 o ZfYCU,B)
i

{}/aa }/b} = 5@[99 }/g — 1, }/[3 = ro=1

Ix A (Cx g C)j) & i(Cx e C)j)
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YA1 VBl VA2 B2 VA3 B3 VA4 B4
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YAl OBl A2 B2 VA3 B3 VA4 B4
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+ Essential Point, Hamiltonian has no

ClC DCHCICHCC on CI"ICI Majoranas ancl IS

INC oPenclont oF Whotlﬂor o not tho non—-local
fermion formed from them is occuPiocl or noL
occul:)iool ~ grounol state 1s not uniquo, it is

doubly clegonerato

+ Range of Paramotors for the topological
Phasoj notjust the Points where we have

solved it
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* Kitaev’s trick was to fractionalize the fermion and
Put dif
chain so that theg behave as independent cluasi—-

erent Pieces of them at the two ends of the

Particles - Majorana modes

* NoO energy 1S requirecl to occupy this non-local
fermion state made of the Majoraﬂa modes - so

occul:)iecl and unoccul:)iecl states are clegenerate

2 Occul:)ation 01[ state cannot be changecl by local
ﬂuctuations at one end O]C chain - SO clecohercnce

FFCC




Relevance to quaﬂtum coml:)uting

+ Kitaev’s Proposal ~ clegenerate ground state ( non-
local fermion state filled or umq”ecl) acts as tol:)ological

memory - cannot be easilg disturbed bﬂ local errors

= Exchanging Majoranas implemented }39 unitarg

rotations or gates

()03




© Only braicling Properties of Majoranas

imPortant ancl not local nature cnc Paths

+ Hence toPologica”9 Protectecl from
decoherence and noise - TOPOLOGICAL

quantum coml:)utation
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How to find Majoranas

l\/\aJorana does not conserve Partlcle number ~

SO a combmatlon o1c electron ancl lﬁole

Need SUPCFCOHC!UCtiViJEHJ but usual
sul:)erconductors ha\/e electron and hole states

with opposite sPin

Need to get rid of one spin 5|:>ecies - need

egectively spinless or p-wave 5ul:>erconductivit9
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Engineering Majoranas

s Fuand Kane (quantum sl:)in Hall insulator eclges) _ essential

~oint is that spin is coupled to the momentum. So effectivel
2 % 1]

sPinless fermions

s To localise the end Majoranas, need another gap Provided b}j

Ferromagnet insulator

s Kane 2008
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Semiconductor wires

71 B l Y2
p T

s-wave SC

+ Semiconductor wires with spin orbit coupling

ancl B ancl COUPICCI to s-wave SUPCFCOHClUCtOF

a;% . gy
H— dxyff[—z— = U —diho o — > o ly+ Alyay, + h.c.]
m
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Engineerccl to mimic the Kitaev model, so
exl:x-‘:ct to have a Majorana bound state at the

eclge of the toPological superconcluctor

PR 2 e —_— LI, " SRS W T

Oreg,Refeal and von Oppen, 2010

¢

Lutchyn,Sau and Das Sarma, 2010




Quest tor Majoranas

© Mang exPeriments have tried to look for
signa s of the MBS

Zero-bias peaks and splitting in an Al-InAs Signatures of Majorana Fermions in

nanowire topological superconductor as a :ybrid _Sup;rcc_)nductor-Semiconductor
signature of Majorana fermions e B

V. Mourik,** K. Zuo,** S. M. Frolov,* S. R. Plissard,” E. P. A. M. Bakkers,? L. P. Kouwenhoven't
Anindya Das’, Yuval Ronen’, Yonatan Most, Yuval Oreg, Moty Heiblum* and Hadas Shtrikman

Spin-resolved Andreev levels and parity crossings
in hybrid superconductor-semiconductor

nanostructures
Eduardo J. H. Lee', Xiaocheng Jiang?, Manuel Houzet!, Ramon Aguado3, CharIeEa.mM’thetl me Of bou nd States In a prOX|m|t|Zed
and Silvano De Franceschi'* Semicond uctor nanOWiI’e

A. P. Higginbotham™?', S. M. Albrecht'’, G. KirSanskas', W. Chang"?, F. Kuemmeth', P. Krogstrup',
T. S. Jespersen’, J. Nygard"3, K. Flensberg' and C. M. Marcus™

Anomalous Zero-Bias Conductance Peak in a Nb—InSb Nanowire—Nb
Hybrid Device

M. T. Deng,T (G5 Yu,T G Y. Huang,T M. Larsson,Jr P Caroff,i and H. Q. Xy
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Consensus?

Quantized Majorana conductance

Hao Zhang"*, Chun-Xiao Liu®*, Sasa Gazibegovic®*, Di Xu', John A. Logan®, Guanzhong Wang', Nick van Loo',
JouriD. S. Bommer!, Michiel W, A. de Moor!, Diana Car?, Roy L. M. Op het Veld?, Petrus J. van Veldhoven?, Sebastian KeCiling?,

Marcel A. Verheijen®°, Mihir Pendharkar®, Daniel J. Pennachio*, Borzoyeh Shojaei*’, Joon Sue Lee’, Chris J. Palmstram:

Erik P. A. M. Bakkers?, S. Das Sarma? & Leo P. Kouwenhoven!®

Majorana zero-modes—a type of localized quasiparticle—hold
great promise for topological quantum computing'. Tunnelling
spectroscopy in electrical transport is the primary tool for
identifying the presence of Majorana zero-modes, for instance
as a zero-bias peak in differential conductance®. The height of
the Majorana zero-bias peak is predicted to be quantized at the
universal conductance value of 2¢’/h at zero temperature® (where
e is the charge of an electron and h is the Planck constant), as a
direct consequence of the famous Majorana symmetry in which a
particle is its own antiparticle. The Majorana symmetry protects
the quantization against disorder, interactions and variations
in the tunnel coupling®-°. Previous experiments®, however, have
mostly shown zero-bias peaks much smaller than 2¢*/h, with a
recent observation’ of a peak height close to 2¢*/h. Here we report a
quantized conductance plateau at 2¢’/h in the zero-bias conductance
measured in indium antimonide semiconductor nanowires covered
with an aluminium superconducting shell. The height of our zero-
bias peak remains constant despite changing parameters such as the
magnetic field and tunnel coupling, indicating that it is a quantized
conductance plateau. We distinguish this quantized Majoraii. 2a.
from possible non-Majorana origins by investigating its zovusti.

to electric and magnetic fields as well as its temperaturs®_ nendence.
The observation of a quantized conductance plateau rongly
supports the existence of Majorana zero-meodes in the s, ‘em,
consequently paving the way for future braid/ 1g experimerits that
could lead to topological quantum computing

A semiconductor nanowire coupled to a sup. »sductor can be
tuned into a topological superconductc with two Majorana zero-
modes localized at the wire ends"*°. Tunnelling - 6 a Majorana mode
will show a zero-energy state in41" unneliing density-of-states, that
is, a zero-bias peak (ZBP) in = dit ‘rentia-conductance (dI/dV)>®.
This tunnelling process is.an ‘AL “ecv . <_iection;, in which an incom-
ing electron is reflectes as a hole. yrticle-hole symmetry dictates
that the zero-energy/uni_ ‘ing amplitudes of electrons and holes are
equal, resulting int perfect'. onant transmission with a ZBP height
quantized at 2¢’/h (refs 3, 4, 1v), irrespective of the precise tunnelling
strength®°. The 2 0ran) nature of this perfect Andreev reflection is a
direct rega'sof thc =ll-Known Majorana symmetry property ‘particle
equalsantip cticle’ -

This el Zobust conductance quantization has not yet been
observea %!>! Instead, most of the ZBPs have a height consider-
ably less tha.1 2¢?/h. This discrepancy was first explained by thermal
averaging'>~'%, but that explanation does not hold when the peak width
exceeds the thermal broadening (about 3.5k5T)'*!*. In that case, other
averaging mechanisms, such as dissipation'®, have been invoked. The
main source of dissipation is a finite quasiparticle density-of-states

46,7
>

within the superconducting gap, often raferrc o as . ‘soft gap.
Substantial advances have been achievsd in ‘harac g’ the gap by
improving the quality of materials, eli hinating disorder and inter-
face roughness?*?!, and better confrol « ing derice processing?>%,
all guided by a more detailed thec tical .. ‘Crstanding®. We have
recently solved all these dissivation ai. Hisorder issues®!, and here we
report the resulting improye.. ts in elec.rical transport leading to the
elusive quantization of the Maj. na ZBP.

Figure 1a shows as¢" hograph ¢, « fabricated device and schematics
of the measuremez set-u + An InSb nanowire (grey) is partially covered
(two out of six facc. My « ain superconducting aluminium shell
(green)?!. The ‘tunnei htes’ (coral red) are used to induce a tunnel
barrier in the covered segment between the left electrical contact
(yellow) and the/Ar ell. The right contact is used to drain the current
to ground. The chemical potential in the segment covered with Al can
18 ad by applying voltages to the two long ‘super-gates’ (purple).

Traihort spectroscopy is shown in Fig. 1b, which displays dI/dV/

» fun' tion of voltage bias V and magnetic field B (aligned with the
na._wire axis), while fixed voltages are applied to the tunnel- and
super-gates. As B increases, two levels detach from the gap edge
(at about 0.2 meV), merge at zero bias and form a robust ZBP. This is
consistent with the Majorana theory: a ZBP is formed after the Zeeman
energy closes the trivial superconducting gap and re-opens a topological
gap®’. The gap re-opening is not visible in a measurement of the local
density-of-states because the tunnel coupling to these bulk states is
small>. Moreover, the finite length (about 1.2jim) of the proximitized
segment (that is, the part that is superconducting because of the
proximity effect from the superconducting Al coating) results in
discrete energy states, turning the trivial-to-topological phase transition
into a smooth crossover®. Figure 1c shows two line-cuts from Fig. 1b
extracted at 0T and 0.88 T. Importantly, the height of the ZBP reaches
the quantized value of 2¢*/h. The line-cut at zero bias in the lower
panel of Fig. 1b shows that the ZBP height remains close to 2¢*/h over a
sizable range in B field (0.75-0.92 T). Beyond this range, the height
drops, most probably because of a closure of the superconducting gap
in the bulk Al shell.

We note that the sub-gap conductance at B= 0 (black curve, left
panel, Fig. 1¢) is not completely suppressed down to zero, reminiscent
of a soft gap. In this case, however, this finite sub-gap conductance does
not reflect any finite sub-gap density-of-states in the proximitized wire.
It arises from Andreev reflection (that is, transport by dissipationless
Cooper pairs) due to a high tunnelling transmission, which is evident
from the above-gap conductance (dI/dV for V>0.2mV) being larger
than e/h. As this softness does not result from dissipation, the Majorana
peak height should still reach the quantized value?’. In Extended Data
Fig. 1, we show that this device tuned into a low-transmission regime,
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s Alsoa Proposal and exPeriment to realize a
single chiral Majorana mode at the eclge of a
quantum anomalous Hall sgstem through
Proximity effect with an s-wave

suPerconductor
WangZhou,Lian,Zhang, 2019

| in He et al, 2017
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Chiral Majorana fermion modes
in a quantum anomalous Hall
insulator-superconductor structure 201/

Qing Lin He,"*t Lei Pan,'t Alexander L. Stern,”> Edward C. Burks,* Xiaoyu Che,"
Gen Yin,' Jing Wang,>°® Biao Lian,® Quan Zhou,® Eun Sang Choi,’ Koichi Murata,’
Xufeng Kou,®* Zhijie Chen,* Tianxiao Nie,! Qiming Shao,' Yabin Fan,’
Shou-Cheng Zhang,®* Kai Liu,* Jing Xia,®> Kang L. Wang">*

Editorial Expression of Concern

On 21 July 2017, Science published the Report “Chiral Majorana fermion modes in a quantum anomalous Z_OZ_]
Hall insulator—superconductor structure” by Q. L. He et al. (I). Since that time, raw data files were offered

by the authors in response to queries from readers who had failed to reproduce the findings. Those data files

did not clarify the underlying issues, and now their provenance has come into question. While the authors’

institutions investigate further, we are alerting readers to these concerns.

H. Holden Thorp
Editor-in-Chief




+ Peaks could be due to disorder

o Essential Point, zero bias Peaks necessary

but not sutficient condition to establish

Majoranas
Pan and Das Sarma, 2020

Zhang et al, 210111456

* NoO smokinggun evidence 96’:
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s Dt Fair ‘to say Majoranas not rulecl otibeven

in these Pla’mcorms

« Further experiments may give better results
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Other Platmcorms
° Historica”g) first suggestion for Possible

—

Majorana excitations was inv =5/2 FQHE

Moore-Read state, 1991
o e/4 excitations could be shown to have non-

abelian braicling statistics

s i) spinless p-wave sul:)erconcluctor with
vortices Forming Majorana excitations

Read ~-Green, 2000

T e A s B ey



: Phx 4 o

SRk LS LU B S s el s aiadi 25 it Mlsiabii s & S50,

Room for more Proposals

Perhaps 2D Plat?orms more
desirable
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Our recent work
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Superconductor @ Ferro —«e—’é’\\,_

< 400a > 100a <«——200q—>

+ Chiral injection usinga QAH eclge to detect
Majorana bouncl state at the eclge of a quantum
spin Hall insulator - seParates incoming electron

channel from outgoing hole channel
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Ferromagnet

Quantum Spin Hall Bulk

N B B B N N N N N NN Emm

Edge states

+ Well-known that MBS can be tral:)laecl at the
cclge of a QSH bulk bﬂ Proxmitising to

sulaerconcluctor ancl ?erromagnet

o i o e SR S ot S o L R e a8 gt e o e e SOl e U s A btann e SR o 6 2
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+ Helical cclgc state of quantum sPin Hall insulator

gal:)Pccl out bg Proximitg to s-wave

SUPCFCOHG uctor on one sic

e and a/Zeeman:

which can be appliecl Paral

el or Perpendicu

eld

ar to

sPin quantization axis ( taken to be out of p

H = (vpp,o, — pn, + An, + 8,0, + g0,

ane)

g, (mass term) Ingbriclises the modes and opens

a mass gap whereas g changes energy of right

and left mover without mixing them
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Boost Mass gap Barrier
e e Y
— )T + g1(x)o, + g2(x)op + A(x) T + M(2)0,
N, e’
BdG gap

(hvpk)? + g3
92 Ag I 0
As(k) e e
(hvrk)? + g3 Topological : g1 < Ay

Topological : g2 < \/AG + Non-Topological : 91 > Ao

Non-Topological : 92 > \/Af + 12
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Topological == Gapless

" - | Superconductivity E==] Superconductivity

Contour of gapless point in BdG spectrum

(a) 91 + 9 =*(u2 +A?%)

:

[NV [\
IAN IV
= D

[\ [V

NS
|_
T

=

L

» Obtain Phase diagram as function of g, and g using the
BAG spectrum

. Gapped topological superconcluctor for the dotted region

* gBPICSS SUPCY’COHCIUCtOF ‘FOF CUI"VCCI hﬂCS ngiOﬂ
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Conductance in units of 2¢2/h

Oscillations due fo
Gapless BdG quasi-particles

Direct gap ,
closing line i | b
|
2¢* /h z
e |
Resonance !
Indirect gap
closing line
| J0
+ Phase cllagram from the zero energy bias conductance scan
* Trans[:)ort Plﬂase cliagram matches BAG spectrum :
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2.0 2.0——v—s BlueT = 0
Red, disorder

S 1.5 = 1.5 averaged
b} b}
A A Black, T = 12mK
c%1.0- %1.0-
5 5 disorder averaged
| |
~ 0.5} G

L0t 06 09 10 1D 0-0—35070.25 030 0.35 0.40

g1 (meV) g (meV)

s Can see that transition as a function of o
remains sharp at finite teml:)eratures as

coml:)arecl to transition as a function of g,
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° lmportant Point ]:)9 using QAH insulator eclge as a

source, we can separate iIncoming and outgoing current,

SO impervious to disorder

N
o
N
=

E ,’/ S :—C}\

C\]\ > \\ C\l\
81'5:/ ~d 815
a a
Ll() 210
mn |.0Of o L.OF
&) G

I |

— ™

o
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o
o
o
e

‘Chiral fnjectioﬁ ' (a) | Helical injectioﬁ ; (b) :

S 1 2 o o 1
Incident Energy (1072 meV) Incident Energy (1072 meV)

I
DO

e AT Tty o

T = O(black)
T = 12mK(red)

+ Disorder a\/eragecl comparison at zero and finite

temPeratures _ chiral injection retains height of Peak af

finite temPeratures much better
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* Main Point is there is a much bigger Phase space inthe2 D
Pla‘:mcorm where there is a robust Possibilitg for seeing the

Matlorana
.

o Ref: Chiral detection of Majorana bound states at the eclge
of a quantum sPin Hall insulator - Vivekananda Adak, Aabir
Mukhopac‘hgag, Suman Jgoti De, Udit Khanna, S.R and
Sourin Das cond-mat/2106.04596, PRB 106, 045422 (2022).
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F‘ingerl:)rints of Majorana bound

states in Aharanov-Bohm geometrg

o Ref: K. M. TriPathi, Sourin Das and S.R, PI’IHS.
Rev. Lett. 116, 166401 (2016).
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° lml:)ortant Point is that this geometry also, the
conductance is measured not only as a
function of the voltages, but also as a

function of the flux through the ring

* Gives clear contrast between MBS and other

spurious ADS
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Majorana bound state

(b)

2
Py 1(€*T /1)

» Total conductance is e2/h, but anti-correlated on
both wires

+ Noise cross correlations negative




? Andreev bound state

(d)

f i 3’/% i
= ¥ = =

| = = = 27 =

4 Nm NQ.) NL< i NL1

| = 3 22 e i

B e

i S ‘ |

? 0 T 2

¢/ do ¢/ do

i

; = 'f:c]ual currents on both wires with maximum of

{ 2¢2/h for conductance

%

}

{

« Noise cross correlations can be Positive or negative

i s o DU ———



lml:)ortant Point, in both cases, MBS is not a

single measurement, but exists in a range

Signal s robust and harder to mimic bﬂ non

MBS sources
But still at one end of the Topological S

Per"laps true test 1s signals of MBS at both

crnas
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Paratermions

- ’.:,'?.1,.,\;#‘14. - }){4“7\‘\‘\1’.41‘.1{ Ot - g e - - '.\I\’.‘:I’..AA'..N.J?A -




%,vm

SN MBI TRCI X PUIN WRC SN NI

B e i s AN o it st s St - 3 i e ar PR et

More exotic anyons

+ Motivation - Braicling of Majoranas canpot
lead to universal quantum computation = iF
does not allow for all Possible unitarg

operations

o Canone engineer universal toPo!ogical

cluantum comPuter’?




Paratermions

P . Fendley, 2012

Generalisations of the Majorana modes, which are Z,

anyons or Ising anyons to Zy anyons

1D quantum clock model with HEP rand shift o operators

Il L
= —JZ(GJ.TGj+1+h.C)—hZ(TjT+Tj)
j=1 =1

s

|
|
!t



© Jorclan~Wigner transformation to rewrite in

terms oxc ‘Paramcermion’ operators

2 re in/N
(- = & Hz<ﬂp Ooyp= = & T]UjHKjTi
CZN “ 1, aT St a_N—l 2ri/N(sgn(k—j)

S
]

JZ(e_”’/N 27;052]+1+h c)+h2(e”’/N J ek A g
J =1
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* Pointis that although not so

complicatecl commutation re

-———— | @0

@O

vable in general because of the

ations, easy to solve in 2 limits

o

¢ O

s When J=0, h>0, Paragermion operators couple spin at same

clock site and we get a non-degenerate ground state -~ trivial

Phase (maxima”g disorderec

limit of clock model)

B Tt s e SR P




PR Y RIS A S PRAPPRT P

PPN

s . & ot LA i 0 U il Ly i S s i - 5

o ks
e
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s Butwhen l’):O, =@ the J term couples Parancermions

on two ditferent sPins (maxima“9 ordered limit)
° lmplies clangling ParaFermion modes at the two ends

* N-fold degenerate due to the Possible eigenstates of
the spin formed bﬂ the two end modes - toPological
Phase

* Two Phases for suitable ranges of Jand h

T T b S T T e ST w45 T Mg ATy 0 5T LT T T Wi 3Ty TRV o T gt Y
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* So main Point is that Paragermions are the

simples’c generalizations of I\/\ajorana modes

vP =1, yy;=(-Dyy,

N — 2nmi/N)sgn(j—k)
a; =1, ao=e oG
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Engineering Para?ermion modes

i/ 7

) ‘.ixpec’t Paramccrmions at eclgcs of fractional

topological insulators with superconductors and

Ferroma gnets

M . Cheng,2012
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Our recent work

) J Spontaneous fractional Josephson Current from

Para?ermions,

e
KiIs

nore lyer, Amulga Ratnakar) Aal

Mu

I

Khol:)c”ﬂgag, Sourin Das, Sumat

mat/2208.05504

hi Rao, cond-




Similar to f._.inclner,

Berg, Refael and
Sterti, 2012

Similar to Clarke,
Alicea and
Shtengcl, 201

* Two concentric rings of vy, = 1/m FQH states

L ficiges Proximitisecl bﬂ SC and FM
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X=0

S o= lcase exl:)ect Majoranas at the eclges
will hgbriclize to give the 4r Josephson ettect
as a function of b ) —




) -

‘ *» ABS spectrum can be calculated for ditferent

leng’chs usl ng, scatter ng matrices

E = +Aqcos £ St (M—L — ?)

Ao LSC . h?}F 2

. AR i s e IOy i S s s e b+ ,M.‘ o ’~ — e

+ Main Point here is that 6L = L, — L, is additive
with the Phase ditference ¢ = O — P,

« Hence leads to spontaneous Joseplﬁson eHect

even In absence O]C Pl"laSC CliH:CFCﬂCC

s 3 it Ui e agpti b i st s S - & 50 i SRR i




Z6 Paratermions

mvg

4 /da: [(6$¢R)2 | (ax?bL)Q]
T
b E (Ai /SC. dx cos |m (¢pr(x) + ¢r(x))]

i=1,2

Hy =

+ M, dx cos |m (¢pr(x) — ¢L(37))])

FM;

* No free fermion clescril:)tiom need |_uttinger

iquicl Phgsics to describe FQH eclge modes

o~ RGN e et e L s L R o et - - T— .
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Essential idea, can ‘fractionalise’ the local

elm quasi~Partic: es and create zero energy ~

Para?ermion modes at the 2 ends (analog of

MBS obtained bﬂ Fractionalizing fermions)

p AL b ens i e I e e T e o St 1 Rt T S




Pl

Need technical details of finite size bosonisation to obtain the

correct boun&arg conclitions ancl construct the Para?ermion mocles
$r0) + ¢;(0) =

Pr(Ly) + P (L,) = 2 <mocl[:/l (Agc i),Zﬂ] = JZ'>
=5

ASC is the Pmnecl minimum of the fields at the rlght superconcluctor

aﬂd can take 2m values and

6/2 = — cos™! £ + AL + <'M5L — &
AO hVF hVF 2

Diagonalisecl Hamiltonian is now given 139

myvg ﬁ2+z 27k vy <cﬁak+l>.
~LitL : 2

. e

rY——
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Clarke, Aliceaand
Shtengelj 2012

RS R
0Psc

|
o Inthe absence of the insulatorj the Parafermion f

modes hgbri&ize and one gets the 47m Josephson
eftfect

» Same eHect now interms of 6L = L, — L, instead of

the Phase ditference Opsc = 1 — P,

s ende, spontaneous fractional Josel:)hson current
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+ Main Point is that we now have another knob to
tune Josephson current along with thedigerence In

Phase. For v ~ 10%m/s, u ~ 10mev, L ~ few um

© Perhaps exl:)erimentang accessible 7

TOP |ayer atr=1/m

Bottom lager atv=1+1/m
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Glimpse of my collaborators

in the last 5 years




SRS SR v

Ll i SSRGS g s i ,w,w AL DT AL L s 4

TP P, P i Ml isdis

S

O T N .

Mg recent collaborators

* Senior
People
+ Postd

OCS
and

studen
ts
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Suman Jyoti De, Works on l\/\ajorana modes in tol:)ological

sys’tems and quantum Ha” egect eclge reconstruction

* Magnetic flux Perioclicitg in second order topological suPerconcluctors, S Pe bk ]
Khanna, S Rao, PRB 101,125429(2020)..

s Emereence of sPi-n~active channels at a quantum Hall interface, A Saha, S J De, S Rao, i
Y Gefen, G Murthy, PRB 103,L081401(2021). :

» Chiral detection of M?orana bound states at the edge of a quantum spin Hall insulator, i
V Adak, A Mukhopad yay, S J De, U Khanna, S Rao, S Das, PRB 106,045422(2022). |

* Complete Phase ¢l iagram of charge neutral graplﬁene in the quantum Hall regime, S
De, A Das, R Kaul, S Rao, G Murthg.

* | ow energy excitations and magnon transmission results between two Graphene

quantum Hall ?erromagnet (ol S R0 and G. Murthg, In Prel:)aration).

* Boost driven transition at the eclge of a Quantum Spin Hall SuPerconcluctor (S be
A Mukhopaclhgag) v Adak, U. Khanna, S.Rao and S. Das, in Preparation)
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; Fafulé Abdullaj Works on‘tol:)olog‘ical Phase

transitions, Wegl semimetals, grapheﬂe bilager and

double l:)ilager cluantum Hall Phases

» Curvature Function Renormalisation, ToPological Phase Transitions and
Multi~criticalit9,l:. Abdulla, P Mohan, and S. Rao, PRB 102, 235129 (2020)

» Fermi Arc Reconstruction at the Interface of Twisted Wegl Semimetal, F;
Abdulla, S. Rao, and G. Murthy, PRB B 103, 255508 (2021)

» Time reversal broken Wegl semimetal in the Hofstadter regime, Abdulla, A.
Das, S. Rao, and G. Murthg, Scipost Phgs. Core 5. 04 (2022)

- Topological nodal line semimetals without Crgsta”ine symmetries, Abdu”a,

A. Das and G. Mur’chg (in Preparation)

» Phase cliagram of bilayer and double bilager graphcnc at charge neutralitg
in the presence of trigonal warPing, F Abdulla and A. Das, (in Preparation)
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Summarg and ta|<<-:~awa3 Points

« Non-abelian anyons as quasi-l:)articles N
condensed matter sgstems and WI’IH theg are

relevant In quantum comPutation
° Majorana modes, have theg been found?

+ Motivated Paramcermions and Possible ways of

looking for them
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Non-abelian anyons area

hot topicl o

Thank you all for coming and listening to me!




