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Topological Kondo: idea in 1 slide

[BB, N. R. Cooper, PRL 109, 156803 (2012)]
* Fact 1: conduction electrons + quantum spin with degenerate IeveIs

=) Kondo effect
- key paradigm in strong correlations
- arising from the g. dynamics of a spin qubit

* Fact 2: Majorana fermions in condensed matter
=) topological qubits ~nonlocal spins [00), |11) 7 = 1), |4
- level degeneracy ~ top. degeneracy ‘
m) topological Kondo effect
- Majorana induced strong correlations "

- demonstrates g. dynamics of top. qubits t
via transport 1

* Idea: coupling conduction electrons to topological qubits?
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- how do they emerge?
- key features & potential uses
- some of the experimental signatures

* Topological Kondo effect
- from Majoranas to Kondo — the topological Kondo idea
- transport signatures, incl. NFL features
- topological Kondo beyond the minimal setup
- (exact) scaling functions for nonequilibrium transport
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Majorana fermions

Consider an arbitrary fermion problem with operators

. Ty _
i i e ey = Ok {¢j,cut =0
We can always take the Hermitian & anti-Hermitian parts:

Vi1 = ¢ + C}, Yj2 = —i(c; — C})

=) Yo = 'VIw {7017'7,3} = 20ap

Always works as a maths trick... But can also emerge as a form of fractionalisation :

@ ‘ [A. Kitaev, Phys.-Usp. 2001]

\& Delft experiment: InSb nanowire
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[Fu&Kane, PRL 2008; J. Sau et al. 2010,
R. Lutchyn et al. PRL 2010, Y. Oregetal. PRL2010]

[V. Mourik et al., Science, 2012]

Superconductors & E-H symmetry

BCS mean field description

H= Zaﬁ hagCLC,g + %Aaﬁcl‘c; + %AZ,BC/@CQ Aaﬂ = _Aﬁoz
h A c
_ 1ot
H = 3(c c)( AR ) ( ot >+const.
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CHpacC™' = —Hpac C=K%, :e-h symmetry
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mm) Spectral symmetry:
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CHpacC™ 1 Cy = ECy
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E-H symmetry & negative energy “modes”

C
H = 3(c' ¢)Hpac ( ot >

CHpacC™' = —Hpac = Hpag¥ = Ev, Hpac(CY) = —E(Cy), C = K%,

Hpag =U C_E ut, U= wEl, ’I wE1|| |
I
H = 3(c' c)Udiag(Ej...,—Ej,...)U" < cCT )

(@ ahoy) = (¢ €U

Leads to an apparently unusual form (note the 1/2, negative energies):

Ey
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— T T . E>0 ) _ T
H = §(aE>O ap.o) —E < AE<0 ) = §;Ejajaj

E-H symmetry & negative energy “modes”

C
H = 3(c' ¢)Hpac ( ot )

CHpacC™ ' = —Hpac = Hpac¥ = Ev, Hpac(CY) = —E(Cy), C = K%,

F | | I

| | ]

Hpac =U ..'—El ut, U=

(aTE>0 O‘JTE<0) = (CT c)U

# agl = (CT C) . ,‘/}EN aT—El = (CJT C) . 21¢*E1 — (C CT) . ¢El
Redundancy relation: Cd;El

T _
Oé_El — aEl

Hamiltonian diagonalises to the usual form:
1 i 1 i f
H = §ZEjanan =3 Z E; (anan —a_Eja_Ej)
| Ej>0
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=3 Z E; (aTEjan — anan) = Z EjaTEjan + const
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E-H symmetry & negative energy “modes”
H = %(C]L C)HBdG ( chr )
CHpacC ' = —Hpac = Hpac¥ = Ev, Hpac(CY) = —E(Cy), C = K%,

= | | I

Hpac =U ..'—El ut, U= Ve, | - [CYR|

(aby ab_o) = (cf U
m) ol =(cl ¢)-vm, ap =(c ¢) Tiwh =(c c)-vp,
N——

Redundancy relation: F Cvp,

|-
Oﬁ_El — aEl

For zero modes this suggests:

Qp—0 = AE=0

E-H symmetry & zero modes
H = %(CT ¢)Hpqga ( (fT )
CHpacC™' = —Hpac = Hpac = EvY, Hpac(CY) = —E(CY), C = K%,
(Locally) nondegenerate zero mode:
Cipo = Xy = e X/2Cyhy = Ce™X/2py = eX/ 24y
Can choose: Cpo = o

v={(c" ¢)-do=(c" ¢) Tij = (c c)-y5=1T
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E-H symmetry & zero modes
H = %(CJr C)HBdG ( CCT )
CHpacC™' = —Hpac = Hpac¥ = Ev, Hpac(CY) = —E(CY), C = K%,

(Locally) nondegenerate zero mode:
Cihg = Xy = e X/2Cqhy = CeX/24hy = X/ 2y
Can choose: Ciho = 1o

v={(c" ¢)-do=(c" ¢) Ti§ = (c c)-y5=1T
Cy

v=n'
With more spatially separated zero modes:

9 vy ) = = ) = 2

(Locally) nondegenerate zero mode in superconductor:
guaranteed to be Majorana mode [Beenakker group. PRB 2013]

E-H symmetry & zero modes

H = %(CJr C)HBdG ( ((::T )
CHpacC™' = —Hpac = Hpac¥ = Ev, Hpac(C¥) = —E(CY), C = K3,

(Locally) nondegenerate zero mode:
Cipo = Xy = e X/2Cyhy = Ce™X/2py = eX/ 24y
Can choose: Cg = g

y=(c! ¢)-do=(c ) Tav)f = (c cf)-95 =11
ci

— A E
Y= A~ top. protected
With more spatially separated zero modes:

9 =y W08 =6 = [y} = 205

(Locally) nondegenerate zero mode in superconductor: ﬁ
guaranteed to be Majorana mode
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Nanowire realisation

. [R. Lutchyn et al. PRL 2010,
nanowire Y. Oreg et al. PRL 2010,
J.Alicea et al. Nat. Phys. 2011]
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Hgac = (£ — 1) Ts + aposTs + Bzo1 + A%y

2

Hy=2- -+ apos+ Ezoq
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_kso 0 kso >k

[Adapted from: Oreg et al. Phys. Rev. Lett. 2010] [Adapted from: Lutchyn et al. Nat. Rev. Mater. 2018]




Jackiw-Rebbi-type picture

Linear (Dirac/Majorana) gap closing described by

Hegg = —iv0,m1 +mr3  E = ++/(vk)2 +m? T1(He)*T1 = —Heg
Consider an interface across which the gap parameter changes sign:
m(z)
\\ 7 Hegg = —iv0,m1 + m(x)73
z=0
Jackiw-Rebbi: interface binds a zero mode.
H.gV =0
10,1V = p(x)3W u(r) =m/v

=) 0,V = —inmu(z)V = —mu(z)V
U=e o M(ml)dmlmqj(o) = U=cTl “(x/)dwlwi (Top+==1p)
The convergent one for the profile above: @ = ¢Jo #(=")da’y),

NB: exponentially localised to interface

Nanowire realisation

V4

B y o [R. Lutchyn et al. PRL 2010,
nanowire Y. Oreg et al. PRL 2010,
E— _ J.Alicea et al. Nat. Phys. 2011]
X

s-wave superconductor

2

P_ _ ) >3+ apogdis

2m

Ezo1 + AY4




Nanowire realisation

z
: [R. Lutchyn et al. PRL 2010,
B M nanowire Y. Ourecg Z? :/. aPRL 2010,
E— _ J.Alicea et al. Nat. Phys. 2011]
X
s-wave superconductor
p2
Hgac 5 — ) Y3+ aposdi
Gapped but top. trivial:
* TR invm) levels degenerate
-3 3 k
N [R. Lutch . PRL 2010
. Lutchyn et al. 3
B Y nanowire Y. Oreg Zt al. PRL 2010,
E— _ J.Alicea et al. Nat. Phys. 2011]

X

s-wave superconductor

Zeeman breaks TR invariance.

H(p = O) = —uXs+ FEzoq + AY4

= B = (/AT @ £ | Ez)

Top. regime? Look for linear gap closing.




Nanowire realisation

B y . [R. Lutchyn et al. PRL 2010,
nanowire Y. Oreg et al. PRL 2010,
E— _ J.Alicea et al. Nat. Phys. 2011]

X

s-wave superconductor

Zeeman breaks TR invariance.
Top. regime? Look for linear gap closing.

H(p=0)=—uXs+ Ezo1 + A%,
) E = +(/AZ+ 2+ |Ey))
P Gap closing @ |Ey| = \/m

Nanowire realisation

B y o [R. Lutchyn et al. PRL 2010,
nanowire Y. Oreg et al. PRL 2010,
E— _ J.Alicea et al. Nat. Phys. 2011]

X

s-wave superconductor

Zeeman breaks TR invariance.
Top. regime? Look for linear gap closing.

H(p = 0) = —uXs+ FEzo1 + Ay
= F = +(V/ATF 2 + |Ey))
- Hegg = vpry + (VA2 + p? — |Ez|)73




Nanowire realisation

. [R. Lutchyn et al. PRL 2010,
nanowire Y. Oreg et al. PRL 2010,
J.Alicea et al. Nat. Phys. 2011]

Zeeman breaks TR invariance.
Top. regime? Look for linear gap closing.

H(p=0)=—uXs+ Ezoy + A%,
= £ = +(/AT T 2+ By
. |Ez| > \/AZ + p? :topological phase

Nanowire realisation

o [R. Lutchyn et al. PRL 2010,
nanowire Y. Oreg et al. PRL 2010,
E— J.Alicea et al. Nat. Phys. 2011]

5 Zeeman breaks TR invariance.
N
f Top. regime? Look for linear gap closing.

H(p = 0) = —uXs+ FEzo1 + A
'& """ f‘ 1 m) E = +( /A2 + pu2 4’ |Ez|)

v ke > i |Ez| > /A2 + p? :topological phase

[Adapted from: Lutchyn et al. Nat. Rev. Mater. 2018]
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* Intro to Majorana fermions

- key features & potential uses

Majorana fermions: key features

V)
nanowire Mprotected

[R. Lutchyn et al. PRL 2010,

Y. Oreg et al. PRL 2010, CO

J.Alicea et al. Nat. Phys. 2011]

Vi = ’Y]Tw {visvi} = 2845
co = %('}’1 + i73) (recall: Majoranas as Hermitean and

anti-Hermitean parts of fermions)
More generally:

1 fermion per 2 Majorana; system of ordinary fermions

m) Majoranas must come in pairs!




Majorana fermions in nanodevices:
envisioned applications

=== tOp. supercond. === supercond. @ MZM semicond. © quantum dot _ gate
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(one-sided) hexon

[T. Karzig et al. PRB 2017]

v = ’Y]T-a {7vi, v} = 263
co = 3(m +1i72)

- ¢} costs no energy® topological GS degeneracy

- 10), 1) topological qubit

- more Majoranas ® qubit operations
[Bravyi&Kitaev,, Ann.Phys 2002, D.A.lvanov PRL 2001]

Envisioned applications:
some underlying principles

Preliminary considerations:

* Groundstate degeneracy for N Majoranas:
N Majoranas; 1 fermion per pair ® N/2 zero energy fermions

®» 2N/2- fold GS degeneracy
However, overall parity is conserved (in a closed system)

» 2N/2-1 _fold degenerate space to operate on

* Fermion parity in terms of Majoranas: parity of the pair i, j:
cij = 5(vi+iv;) & m;=1- QCszij =17
 Overall fermion parity:
Moy = 1234 ... TN_1,N

NB: even (odd) products of Majoranas preserve (flip) overall parity




Envisioned applications:
some underlying principles

Majorana advantages include:

1) Topologically protected information storage:
* low energy (subgap), fermion parity conserving operators

0= Zij iV -+ Zz’jkl bijkmﬂj’ykm “+ ... (even pOWQI‘S)
* low energy, local, fermion parity conserving operators

Oloc = Zl al712 + bl’}’l4 ox I

m) resilience against local, parity conserving, perturbations

2) Topologically protected gates (though not universal set), e.g., via
non-Abelian statistics: exchanging Majorana i and j implements

GS) = L2 (1+77))|GS)

Non-Abelian statistics

Exchanging Majorana i and j implements
GS) = 5 (1 £7%7)|GS)
How does his come about and what is non-Abelian about it?
* Exchanging ~; and ~;:
U%%Uij = N> UZ‘JrJ"YjUij = N (1)
Most general unitary involving only~; and v; :
Uij=a+byyj, la®>+[b*> =1, a*b=1b*a (2)

(1)&Q2) ™ UF=<20tyy), nj=-n==*l

* Non-Abelian because successive exchanges do not commute:

UsUs; # UssU
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* Intro to Majorana fermions

some of the experimental signatures

Majorana fermions in nanodevices:
first signatures: zero energy nature

semiconducting wire

Y1

s-wave superconductor |

Majorana mediated resonant transport
(resonant Andreev reflection)

Theory [K-T.law &P A. Lee, PRL 2009; Wimmer et al. NJP 2011; Experiment (2012)
Fig.: A. Zazunov et al. PRB 2016] 5 [V. Mourik et al. Science 2012]

dI/dV [2€¢2/h)]




Majorana fermions in nanodevices:
zero energy nature — recent demonstration

z
B 4 semiconducting wire ’
) - .
/-L X =
2 e
S-wave su percond uctor : .
| ) G,
Majorana mediated resonant transport Experiment (2017)

. [H. Zhang et al., Nature 2018]
(resonant Andreev reflection)

_ 2¢%/h peak finally seen:
Theo ry [K.T. Law & P. A. Lee, PRL 2009; Wimmer et al. NJP 2011;
Fig.: A. Zazunov et al. PRB 2016] Experiment Theory

0 meV

1.07 meV

-
]

difdV (2e2/h)

o

Majorana fermions in nanodevices:
some of the confirmed features

Zero energy nature via 2¢2/h conductance peak in hard gap
[H. Zhang et al., Nature 2018 (Kouwenhoven group); F. Nichele et al. PRL 2018 (Marcus group)]




Majorana fermions in nanodevices:
some of the confirmed features

Zero energy nature via 2¢2/h conductance peak in hard gap
[H. Zhang et al., Nature 2018 (Kouwenhoven group); F. Nichele et al. PRL 2018 (Marcus group)]

Localised end-mode nature of state

Ferromagnet

di/dV (nS)

.
[001] =

.
!
.
N
.
m ' "
n ' m
il I
Al [
i |
" n
]
iR
i\
0

Majorana?

(1] 0
Energy {meV) Energy (meV)

[S. Nadj-Perge et al., Science, 2014]

(SU) AR/IP

(SU) AP/IP

Majorana fermions in nanodevices:
some of the confirmed features

Zero energy nature via 2¢2/h conductance peak in hard gap
[H. Zhang et al., Nature 2018 (Kouwenhoven group); F. Nichele et al. PRL 2018 (Marcus group)]

Localised end-mode nature of state
[S. Nadj-Perge et al., Science, 2014]

Exponential protection against level splitting
[S. M. Albrecht et al. Nature 2016]

10 Majoranas?

L~1OO nm

; ®Bu TB;
Al /L InAs

-575 -560 -525
Vi (mV)




Majorana fermions in nanodevices:
some of the confirmed features

Zero energy nature via 2¢2/h conductance peak in hard gap
[H. Zhang et al., Nature 2018 (Kouwenhoven group); F. Nichele et al. PRL 2018 (Marcus group)]

Localised end-mode nature of state
[S. Nadj-Perge et al., Science, 2014]

Exponential protection against level splitting
[S. M. Albrecht et al. Nature 2016]

... all via various forms of conductance measurements

But yet untested: nonlocal topological qubit

... can one see this via conductance?

Topological Kondo: idea in 1 slide

[BB, N. R. Cooper, PRL 109, 156803 (2012)]

=) Kondo effect
- key paradigm in strong correlations
- arising from the g. dynamics of a spin qubit

* Fact 2: Majorana fermions in condensed matter

=) topological qubits ~nonlocal spins [00), |11) 7 = 1), |4
* Idea: coupling conduction electrons to topological qubits?
m) topological Kondo effect

- level degeneracy ~ top. degeneracy ‘
- Majorana induced strong correlations "

- demonstrates g. dynamics of top. qubits t
via transport 1




Kondo reminder

High T - weak coupling Low T - strong coupling

S
N
\§

Ve
Impurity  Conduction
Spin Electron Non magnetic
: Spin state
. A Labt Oz - S Urberrnlty.
[fig:Luis Dias/Ohio University] [fig:Wikipedia]

HK == Jsim : Scond(o)

Scattering of conduction electrons on a spin with degenerate levels
- spin often “effective” spin (e.g., quantum dot/island)

- strong correlation paradigm: “asymptotic freedom”

- non-Fermi liquid behaviour possible (e.g., multichannel Kondo)

Outline

* Topological Kondo effect
- from Majoranas to Kondo — the topological Kondo idea




From Majoranas to Kondo: effective spin

top. degeneracy m)p “spin” degeneracy
top. qubit =) nonlocal spin
V4 €34

A

71 Y2

C12

4 Majoranas:
) GS twofold degenerate |12, n34) = 10,0), [1,1) =[1), [ 1)

Considerations also apply to setups with Tis; Fe adatom chains, etc.

[Mourik et al. Science (2012); I. Knez et al. PRL (2012); S. Nadj-Perge et al., Science, 2014;
S. M. Albrecht et al. Nature, 2016]

From Majoranas to Kondo

We have our effective spin

Kondo: couple this to conduction electrons
to

tq




Topological Kondo effect

spinless Ep o [0,0), [1,1)
/
H = Hlead + HC(N)

+ Z tj ’Yj€i¢/2 T,Z)j + H.c.
J

(e*i*/2|Ny = [N £1) ) [LFu PRL2010]

Topological Kondo effect: lead-island term

spinless

(e*i*/2Ny = |N+1) ) [LAu PRL2010]

Tunneling at j-thlead:  HY) = ;0% (2;)y; + Hee.

»i(z;) in terms of excitations?




Recall: BdG vs electron operators

C
H = 5(c" ¢)Hpac ( of )

aE>o OE>0 c c aE>0
> — =yt = =U
(e )={ 7 |=v (&) (&)=v( 7

Ap>o

Vg, >0 = ( ZZ ) VYE,—0 = ( gli )

cj = ZUJ‘[ (:?’>O>l =) (@im+ D [(UEL)jaEL + (UE,)J‘@EZ]

E=0 E,=0 E; >0

= I
Hpga =U " _E, ut, U= Ve, | o [CYR| -

— Zfl () + z [uEl (zj)ap, +vg () aE] Z{l (xj)n + e (x5)

E; >0

Topological Kondo effect: lead-island term

spinless

H = Hypos

—+ th ”yj€i¢/2 d}j + H.c.
J

(e*i¢/2Ny = |N+1) ) [LAu PRL2010]

Tunneling at j-thlead:  HY = ¢k (z;)¢; + He.

»L(z;) in terms of excitations?
Yl(z)) = €2y, s;;«cjm + 9k (2))]

to Majorana wavefn. Part with operators above the gap

.m Majoranas exponentially localized:
&i(xj) = §(w;)01

working much below the gap m) vi(z)) ~ €%/2¢ ()




Topological Kondo effect

spinless EA e 10,0), |1,1)
o: [0,1), [1,0)

—
H = Hlead + HC(N)

+ th vjewﬂ Z[Jj + H.c.

/ ((e*/2|Ny = [N +1) ) [L Fu PRL2010]

* Kondo regime 7T,V,t; < E.: virtual transitions Ny < Ny +1

m) effective Hamiltonian in the space spanned by |m>;|a>|\lf>
top. qubit state Ieagstate

NB above is shorthand for state with N, ; more generally:

|j> = |n12,n34;N; ‘I’) ni2 + n3g = N mod 2

Topological Kondo effect

spinless EA e 10,0), 1,1)
— o: 0,1), [1,0)
H = Hlead + HC(N)

E Lt ®2 )
+ tJ fy.?e w7+HC No —2 , abiet fo2
j ) vT(’—lo/Q 7} ’li‘)j €
) LA » (o
e9/2|NY = [N +1) ) I[L Fu PRL2010] No+1 1
(e=o2in) = [N £1) ) NN E
]V() )N

* Kondo regime 7,V,t; < E.: virtual transitions Ny < Ny +1

m) effective Hamiltonian in the space spanned by |m>;!o>|‘lfk>

top. qubit state lead state
from 2" order p.t. (Schrieffer-Wolff):

H=Ho+V, Holj)=Ejlj), {IVIH)=0 =  Heg=Hy+0H

miginy = -1 |5 (VG | s~ mlVI) GIVIn)

T2 E; — En, E, - E,

i j7n
simplifiesif FE; — Eyn > |Ey — Ey|
here: ~ B, >~ O€leads ~ T, V




Topological Kondo effect

spinless
/
H = Hlead + HC(N)

+ th ’7j6i¢/2 djj + H.c.

J (ei¢/2INy =N £1) ) [LFu PRL2010]

* Kondo regime 7T,V,t; < E.: virtual transitions Ny < Ny +1

m) effective Hamiltonian in the space spanned by |m>;|0>|‘1;>

top. qubit state lead state

from 2" order p.t. (Schrieffer-Wolff):

H=Ho+V, Holj)=E;lj), (|V|j)=0 =) He=Ho+6H

If E;—E,,>|E,—E,|

» Hog = Hy — Z M

E;#Em Ej = Em

Topological Kondo effect

spinless EA e 10,0), 1,1)

—
H = Hlead + HC(N)

+ th *yjeid’m 7,[1]' + H.c. No — 2
J

7
_to—ig2ViW5e
vjvje

(e*i*/2|Ny = [N +1) ) I[LFu PRL2010]

* Kondo regime 7,V,t; < E.: virtual transitions Ny < Ny +1

Heft = Hicad — = s tit iy — o= S titiviilvi

(U:I: ~ HC(NO + 1) - HC(NO) > 0)

HeH = Hlea Z)\Z_ﬂﬁj%




Topological Kondo effect

Heog = Hicad S oapvivi, (b))
7
3 Majoranas = o, : 01 = —1Y273, O2= —iY371, O03= —i7172
L5 3 leads Ao =A%

b byl —vlvs)
= \103 ?(¢;¢1 - ¢I¢2l)

—

Y1Y2 = —7271

/ ) 0 -1 0 "
Wby — i) =Ty =Js  Js=i| 1 0 0| w=/[ v
0 0 0 3
spin-1 generator

L Js : spin-1 density

)\Tz’h%(lﬂ;% = ¢Il/l2) = \Lo3Js

Topological Kondo effect

(Aa=as leaaslAfy) -

Antiferromagnetic Kondo

* S = 3 impurity coupled to * Overscreened Kondo
* § =1 conduction electrons.

[Fabrizio&Gogolin PRB 1994, Sengupta&Kim, PRB 1996]

* “Spin” distributed nonlocally
=) curious transport features
(e.g.,G;; @ Kondo anisotropy)
* 3 |leads is minimal for Kondo:
= “smoking gun” for non-locality
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- from Majoranas to Kondo — the topological Kondo idea
- transport signatures, incl. NFL features
- topological Kondo beyond the minimal setup
- (exact) scaling functions for nonequilibrium transport

Transport signatures

_1,2 Focus on T-dep. of linear conductance
Heg = Hicaa + > Mivvivofh; = > Aol
i#j i

Go1(T) ~ (AB)Q@

Go1 = I2/V4

Log-singularities ~ [In(2)]"
Sum up by RG Standard Kondo flow:
D (1—d)D % = pA2A3, cycl. perm.,
Er — bo—p—u- B — D _ (Aa= s leaaslAS,)
D (1—dl)D e




Transport signatures

_{2;

Focus on T-dep. of linear conductance

Hegr = Hicad + Y Mivvitofih; — > Al
i#] :

G (T) ~ (Afy)?

Go1 = I3/V)
/ Log-singularities ~ [In (2)]"
Conductance from RG: Grayp
1
(D) ~ + /3t
A (D) DT N/ =1 ?
Gor(T) L (>
2 n2(T/Tk) K |
—1/pA ~ [In(T/Tk)]
Gzl/Ggl — 1 (TK ~ Ece )
|

Majorana-Klein hybridization

L T [B. Béri, PRL 110, 216803 (2013)]
Bosonization approach
Hy = Holp,0;)  Ip(@),0(y)] = id(z—y)
Gy =L/Vi =
¥;(0) ~ T;€% () Klein factors = auxiliary Majoranas
Coupling:

Vi%i ~ ewj i

Parity of hybrid fermion d; = 3(v; +1T)
mj=1-2dld; = —iv;I;

=) problem effectively in terms of p;,6, only, related to QBM.
Topological Kondo solved for
- arbitrary # of leads

* Luttinger liquid leads
[see also Altland&Egger PRL 2013, A. Zazunov et al. arXiv:1307.0210]




Transport signatures

Is T
> Conductance for T <« Tk
2 2
[Gk# (T) = 2 + T
=
Gor =1L/Vi
Gy
* Noninteger power law:
NFL physics - w/o fine tuning! % ~ T2/3
~ [In(T/Tx)) ™
0 jlﬂK >
Fermi liquid transport
Resonant tunneling t(E)
r
—>! | 20| |——_
(T t J% €0 FE
1‘12

Go+aTl (p# €o)
G ~ fap () L1 ;

Go + aT? (/,L = {:‘0)

Fermi liquid physics == integer exponents

Ofp(E — )
oF

Ofp(E — p)

G(T) ~ [dE [t(n)+cE*] OBE

= Go+cT* [d(BE) (BE)




NFL & Overscreened Kondo

Multichannel Kondo Topological Kondo
[Nozieres&Blandin J. Phys 1980, Affleck&Ludwig, Nucl

Phys. B 1991, Oreg&Goldhaber-Gordon 2003 ...]

R =
\ -
1L—<\®, 1R 1
Go1 = 12/V3
[fig:A Toth et al. PRB 2007] VL V“ -
,~
\
\ o~
]
el
l -
G/G(; 1 Gk;ﬁl
\~T2 2 2 2/3
Unstable NFL | ~T Stable NFL
N \T
031 = Thedy
ot~ wesy =gy
!
| ~T? --h <4 = T/ i)™
[fig:idlToth et al. L= |
PRB2007]  _ = ~Ty T 0 T

Transport signatures

Conductance for T <« Tk

[Gk:;él (T =-|- crT? 3]

Go1 =12/ V1

Gy
* Noninteger power law:
NFL physics - w/o fine tuning! % ~ T2/3

*T—0
- isotropic, universal
- two terminal value beyond ¢2?/h
correlated Andreev reflection ~ [In(T/Tx)]
[Nayak et al., PRB 1999] 0 L

Y




Outline

* Topological Kondo effect

- topological Kondo beyond the minimal setup

Kondo with more Majoranas

3 Majoranas/leads: _ _
Kondo “impurity”:  vjv% 2 0o  S=1/2

0 -1 0
E: Cond. electrons: J3=i<1 0 0) S=1
0O 0 O

M Majoranas/leads

Kondo “impurity”:

Cond. electrons:

M=5
assumes SU(2)




Kondo with more Majoranas

3 Majoranas/leads: Can also view as SO(3):

Kondo “impurity”:  vj7% — 0o SO(3) spinor
E: Cond. electrons: J3=i<(1] 3 8) SO(3) def.
0O 0 O

M Majoranas/leads

precisely how Clifford algebra gives spinors!

Kondo “impurity”: vjv — T'jr SO(M) spinor
0 -1 0 ...

Cond. electrons: ,]12,;(3 00 8) SO(M) def.
S0 0 .

M=5

Hyx =3 Ajkljk (W1 Tjktp)

SO(M) Kondo problem

Majorana Klein & QBM connection

SO(M) Kondo problem ( Hegt =: Hicad + Hlg) M Majoranas/leads
off = Z Afﬂﬂkwl%‘ — Z /\j_j@b;l/)j
J#k J

General features:

Vg ~ Ly e T> Tk : M=>

, + e’i(ej—ek-) )\‘;7
Heff:_z)‘jk . —Zgaz%‘ (T 1
j#k j k(1) ~ 2
n2(T/Tx)
Weak coupling RG gives: le/G 1
mn

1

AT(D) ~ In(D/Tx)

+
/Ay =1




Majorana Klein & QBM connection

SO(M) Kondo problem ( Hegt =: Hicad + Hlg) M Majoranas/leads
off = Z AZJ’VJ%wk% Z )\jij%
7k
General features:
v ~ Ty €O T> Tk : M=
(0 —0) Ao
ro_ + € . 7
Heff - )\]k a Z 21T 845303 G (T) -~ 1
i#k J kl 2 (TIT
by 2 | (113
0 =Ww;- k+§i Wi Wi =051 — 5F le/Gmn%I
z(w_7 W )T Ao
/ Mg
J#k J

QBM action [H.Yi, C. L. Kane, PRB 1998]

dr . !
S= SO ‘J] f E UG(__.JZTI'G-!‘(T}

Z
2
=

1 2
Salx(n)]== f doo| o]l x( )2

Majorana Klein & QBM connection

SO(M) Kondo problem ( Hegt =: Hicad + Hlg) M Majoranas/leads
T
Z AU%’YH%% Z Aji %3
J#k
General features:
v ~ Ly €O T> Tk : M=
, Y,
Heg = _Z)‘jk PR Zﬁaﬂf% 1
port j Gr(T) ~ T
v g | *(T/Ti0)
Yj = k+§L Wi WE= 0t = 31 szl/Gmn — 1
, l(W] Wk) r A._. T << TK .
Hlg=— ZA 4 ﬁwj-amk
J#k J

Tunneling between minima; dimension:
A=2"0 m ropust NFL




Outline

* Topological Kondo effect

- (exact) scaling functions for nonequilibrium transport

Nanoscale Kondo experiments:
universal scaling functions

Linear transport Non-equilibrium transport

[D. Goldhaber-Gordon et al. PRL, (1998)] [R. Potok et al. Nature, (2007)]
2CK scaling

. = 12 mK
. = 22 mK

1.2 1 m 28 mK
- = 39 mK
T A 49 mK
. = Theory

"""""""

) (k-0

~
go.s- ::g:-_g;«la =280 peV 5,%
° g =-1.08 [$)
04, & =-098, I'=215peV ,L
~
02t :2:_3:3:' NRG results ch:

ho) = ) 1 T

10 10 . 10 10 4

. 0.5
Theory for topological Kondo analogues? (i—‘;)

Only for linear conductance, via numerics (NRG).
[M. R. Galpin et al., Phys. Rev. B 89, 045143 (2014)]

Goal: exact approach to the topological Kondo effect, able to access

universal physics below T — both in and out of equilibrium.




Setup & strategy

Setup: .||_.H H._“.

* consider M Majoranas/leads; ’ | T

* leads taken as Fermi liquids; gb \ & -:-:1

* focus on local (lead M) observables — : |
eg, G = g—{/ T _l_‘

Strategy: universality for kpT,eV < Tk
=) identify an “easily solvable” limit.

“ Y . & “ & =~0.74, T'=280 peV
Toulouse limit” for topological Kondo| s | [2-2%

+ g =-0.98, I'=215peV

Note: top. Kondo is exactly solvable oz —a=--100 smGrmue

w/o Toulouse limit —in equilibrium.

[A. Altland, BB, R. Egger, A. Tsvelik, J. Phys. A. (2014) ] 107 W me W 10

[D. Goldhaber-Gordon et al. PRL, (1998)]

Toulouse limit: expected performance

“Conventional” Toulouse limit vs Bethe ansatz for “conventional” Kondo:

[Desgranges & Schotte, Phys. Lett. A 1982]

Cimp S|mp
J FLn2
0.20
- 0.6
015+ Toulouse limit o5
0.4
0.10 4
0.3
-0.2
0.05 1
r0.1
oo .

0.01 01 1 10 100 T/T,




Toulouse limit

Main innovation:

topological Kondoms) backscattering in repulsive Luttinger liquid
(massless BSG)

Powerful exact BSG transport resultsmp exact top. Kondo transport

[P. Fendley et al. PRL & PRB 1995; J. Stat Mech. 1996] in the Toulouse limit

Framework: Bosonisation + Majorana Klein (8. séri, PRL 110, 216803 (2013);
Altland&Egger PRL 2013]

Summary of the mapping: o

— 9b = st—1)

» P ) M,c

.

IIRHSII

Anisotropic limit =) lead M tunneling to = backscatt. in LL
w/ “RHS” @ Kondo FP RHS charge mode w/ quantized g,
[Chamon&Fradkin, PRB 1997]
Key feature: transparent relation b/w physical & mapped charges

Nanoscale Kondo experiments:
universal scaling functions

Linear transport Non-equilibrium transport
[D. Goldhaber-Gordon et al. PRL, (1998)] [R. Potok et al. Nature, (2007)]

2CK scaling

1 . b b EE

. = 12 mK
. = 22 mK

1.2 1 m 28 mK
- = 39 mK

T A 49 mK
. = Theory

) (K—0.5)

SO6f  * & =-074, T=280 eV 0.8 A
5 o & =-091
° g =-108

+ g =-098, I'=215peV

0.2 — & =-1.00, NRG results
—gg= 0.00

g0, T)-9g(Vys T

=) =
T/Tx




From BSG to topological Kondo transport:
Exact conductance

2 I — =
3 —— = =
I S S i \ | |
1L 14f _ 0G(2,T/Tk) — NRG
_ f(x’TZf) ~ 5G(0,T/Txk) {(isotropic)
= — 60G = — —G(T,V) . [M. R. Galpin et
o 2 ps 10 i 3h ' Nal., PRB 2014]
B o2V %\
=N srT _ ', T Toulouse
O = ol limit
1 T =10"PTxk .
3 2 Tev = 0.17% 8 T~
i y ' - | | Power
0 2 é 2/3 | 6 8 b law
10=* 103 10-* 101 1
T/Tk
Summary

Conduction electrons + Majoranas =) “topological Kondo”

* Demonstrates g-dynamics of top. qubits
m) Probes of the Majoranas’ quantum computing potential

* Robust realisation of NFL Kondo physics

* “Smoking gun” signature

G/

b G T/T)
Iz, ’/4155) = 3G(0,T/Tx)
G =5~ G(T.V)

2V

T 8T




