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troduction °‘herorder topologlcal
;- ' msulators and superconductors | .

% Flux per10d1c1ty of superconductmg rmgs




. They are msulators Whrch have some _
- property to which an 1nteger can be ass1gned
. which depends only on global propert1es and
"carmot be destroyed by 1mpur1t1es a0

,'@dlsorder topologlcal protectmn '

"'At boundanes between drfferent topolo;mal ’
-“-:'phases can have gapless edge or surface .
_States . .. .




or topological insulators
gapped d-dimensional bulk and gapless d-1
- dimensional ‘edge states

* S1mp1est example is the Su- Schrieffer- Heeger
- model in one dimension (d=1)

Two distinct phases, one of which has edge
states (d 1=1-1=0 dimensional modes) and
one of which does not (non-topological phase)




I effect and quantum spin Hall

imen‘s‘i_ons (d? ’




opologlcal insulators in three dimensions

=3) with 3-1 = 2 dimensional gapless

surface states




% d- dlmensmnal gapped bulk W1th (d n) d1men81ona1 gapless |
edges - n order topologlcal msulator -

Benaleazar Bernev1g, Hughes SClence 2017 PRB 2017
- Schmdler et al SClence Advances 2018
— Langbehn et al, PRL 2017

Zhlda et al PRL 2017

W Examples two d1mens1ona1 1att1ces Wlth Zero d1mens1ona1 |

.
gapless eorner states edge states gapped -




;er:e Su_races are ‘gapped, only states
localised on the iinges are gapless




+ So even if band structure of material appears
to be topologlcally trivial at first order, it can
still have non-trivial topology

* In a certain sense, the bulk is gapped, and

edges are also gapped, but are themselves
topolog1cal so that they have edge states -
- 2nd order topology

» Nees Crystalhne symmetries in the bulk to

ex1st




. Recent c1a1m that B1smuth is a h1gher order
topologlcal msulator - *

- Not surface of the crystal but the hmges of
~ the crystal host topologlcally protected 1
conductmg states ’

. ochindler et al, Nat.‘ Phys.f,20:18




W Generahse to Ma]orana m()des at Corners of
- "'two dlmensmnal topologlcal superconductors
~ and c‘-"1ral hmge Ma]orana modes at edges of

j"three dlmensmnal topologlcal

';Start Wlth a toy model Hamlltoman in terms
R of -‘44‘-i;a]oranas s1m11ar to Kltaev model wrltten
R in terms Of a]‘l‘ a“as ... =







'f“',,"."‘-ere u 1s the Chemlcal potentlal 15 hoppmg and A IS

- the palrmg term

W Can rewnte mode% as follows .




+ They anti-commute like ferm10ns and are
% o

herm1t1an 7A ¢ =7aand sat1sfy < ”VB,;U -
Whereas the fermlon operators satisfy ¢ =0

'+ Pairs of Majoranas form normal fermions




round state 1sumqueandends of the chain
do not play any special role

=9 @GO @@ eece¢ O

YA1 YB,1  YA2 VB,2 YA,3 YB,3




@ @0 @==Q@ @ece=0Q O

YA1 YB1  YA2 VB2 7YA,23 7VB,3 YA,N VYB,N

Here bonds are between Ma]oranas at
ad]acent 81tes but unpalred Ma]oranas VA1
~and 78N at the two ends




+ Can make a non-local fermion from these two
Ma]oranas ‘double degeneracy depending

- on whether or not the state is occupied

* Mampomt when the model is written in
~ terms of Majoranas, very easy to identify the
end states
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~ Wang, Lin, Hughes, 2018

H _-~__2Zt Z fym n7m+1 n _l_ ’Ym an—l—l n /ym n/ym n—|—1 + A)/m n/)/m n—l—l]

-m,mn

- * Eachumt cell has 4 Ma]oranas

* Hoppmgs chosen SO that one Majorana is left out at each
- _corner - comer Ma]orana modes

% P1 ﬂux in each plaquette because of change in s1gn in one
" hoppmg -




~# Pi flux needed to ensure quantisation of the

' quadrupole moment, which is the essential
‘physics of higher order topologlcal insulators
in two dimensions

+ Edges are like Kitaev chains with Majoranas
~ at the end (but with a common edge
Ma]orana at corner, not two with one each

- coming f from the x and y edges)




Here Majorana corner modes by construction

# Choice of grouping the Majoranas to make
two Complex fermions decides how
~ Hamiltonian splits into normal state band
“ and superconducting pairing gaps.
» So try to choose groupings that give gapless
normal bands and pairing terms describing
intrinsic superconducting tendency




+ Can check that this Hamiltonian is the same
as the earlier one - has corner Majorana

“modes by construction

+ Can show that the model continues to have

- corner modes even after perturbations are
~added provided particle-hole symmetry and
~ some mirror symmetries are respected *







‘ B=0,A#0
- outside the
~ solenoid

ﬁ w Current through thmmetal rmg oscﬂlates
. ff"-’_.'1t,- per10d1c1ty ¢5L = qbo = hc / : = =




But ﬂux er1od1c1ty m superconductmg rmgs
was seen to be hc /2@ - - 1

fﬂfalvely factor of 26 due to Cooper pall‘S

".ot Correct because COOper Pa1rs not tlghtl}’~

bound and not clear whether they traverse B
e ring separately - need better ar gument ?' &




Two classes of supercenductmg wave-
functlons

Palrmg of electro‘ns with momenta kand e
leadmg to Condensate with q - () for ¢=0and
vith momenta k and -k+1 leading to -

ensate with g=1 for ¢ = 6o/




| ut this Simple picturenot alWaYStrue |

+ s-wave superconducting rings with diameter
smaller than coherence length shows he/e
per10d1c1- ~» . Toderetal 2007

* I—I1gh temperature d -wave superconducting
rmgs shows hc/ e per1od1c1ty Loder ef al, 2007

% + Topologlcal superconductmg rings have hc/e
perlO“- 1C1ty ' . - ~ Liu,Cole,Sau, 201 9







We start W1th a four band model“defmed by
-.H(k) (b + Acos(ka)) 7.0 + Acos(ky) 10y
+A sm(k )TyO'x + A sm(ky)Ta;Oa;,

*‘% U ’7' denote operators m spm/ Nambu space

Part1c1e-hole symmetry TxHT( Ryt = —H(k) P
~ and mirror symmetries M., H(k)M;}, = H(rh, yk)
Mrrror sym?'?i_“letrles ant1 commute {/\/lx, /\/ly} - O_-




e e
‘earlier model. In fact, can be shown to be
tOPOIOSiCal tor |b| = A

- Normal state of this model, A =0

- corresponds to 2 dimensional Dirac metal
~ with 4 mirror symmetric Dirac nodes




Non—commutmg mirror symmetnes which
‘are needed to generate higher order topology,

only poss1b1e for p= + ipy superconductors
~ since superconductmg gap has to transform

non—tr1v1a11y in both directions.
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Introduce solenord at or1g1r1 of 2D sample so
. that a“;}. closed loop enc1rc11n; the orrgm .
encloses a ﬂux gb - - +

*% F1rst We set A—G = 1 e We turn off
' superconduct1v1ty . .

. Spectrum shows standard per10d1c1ty Wlth







Need to find self-consistent A bysolving the
- BdG equatlons in the presence of the vortex

self—con31stently

IOSéto 6 = ¢o /2 find two self-consistent
solutlons (rem1n1scent of two classes of wave-
- functions)




/0,

% ' Plot of lowest three self—cons1stent energy
e1genvalues for A=0 and A 7 0

. les1cles the zero energystates of the
Ma]oranas there are also two self-c onsistent
states close to ¢0 /2 -




:,;/ )\ — O O 3 () 3 1 5(no Supereonductlwty)

.W Note (almost) degeneracy for bx / )\ = O 8




',Also computed total c1rculat1ng current
around the Vortex for ba/A -——O 0 and () 7

(b)
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0.0 0.5 1.0 1.5 : : 0.5 1.0 1.5 2.0
$/do o $/po

'Note change in perrochcrty Strrctly perrodrc
| only 1n ¢0 but roughly per1od1c in ¢o / s




exX

vort

f an

superconductor

senc

ab

S

i con
NI
o]

1

pectrum

tent s

over from TSC to normal

SS

» Self co
+ Shows cro

nsis




N
\

0.6 0.8
bX/A

. Note that change to nermal metal only around
vho

. But topologlcal superconduct1v1ty only
survrves till b,/A ~ 0.6 because of mixing of the
- zero energy levels W1th hrgher energy levels




% So TSC, wit gbo per1od1c1ty tran81t10ns to
‘normal superconductor with ¢o/2 per1od1c1ty
to normal metal with ¢o periodicity

+ Issue that both topological superconductors
and normal metals have ¢o periodicity

~ circumvented by separation via normal |

superconductor with ¢g/2 periodicity




% If we Can tune between these phases then the
change 1"?‘-]per1od1c1ty of the c1rcu1at1ng ‘

B current can be measured .

% Need to Change parameters in the - .
‘ am11ton1an - so one poss1b111ty, couple to B




A(t) = (s cos(ut) 4, cos(ot +9) 0, w=2r /T

. For h1gh frequenc1es w > >\ A obtam . =
effectwe stat1c Hamﬂtoman by expandmg m &




% Computatlon to Ol/wsows tat bcan
~ be tuned y appl. mg 11ght - '

So by shmmg hght can change periodicity of
| c1rculat1ng Cu’rrent




',Studled corner Ma]orana modes ina model of a hlgher

order topelogmal superconductor -

,%,Have 1ntroduced a Vortex at the or1g1n in a hlgher order»

:{-,'W‘tOpOlOglCal SuperCOnductor _" -

- ,‘_ﬁ_:Perlod1C1ty of energy levels and c1rculat1ng current -
- changes from qbo to ¢o/2 as the superconductor
:‘~.:‘_.-f_;tran51t10ns to a normal superconductor -

| —»Change 1n per10d1c1ty can be tuned by couphng to l1ght -'




‘% 2D p+1p superconductors m ﬁrst order B
-~ topologlcal superconcluctors check whether-?f

self—cons1stent solut1ons lead to new results

W Goal to move the corner Ma]oranas for .
braldmg Smce there are four Ma]oranas 1t
. should be possﬂale to get non—abehan -




