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Designing 2D topological SC's

e 2D topological SC
- odd-parity SC of spinless fermions

- Majorana bound state

e Strategies:
1) interaction,
2) spinlessness



Strategy |

e Manipulate the pairing interaction:
target non-phononic mechanism



Topological Superconductivity in Metal/
Quantum-Spin-lce Heterostructures

metal

<S,Sj>

quantum spin liquid

Jian-Huang She, Choonghyun Kim, Craig Fennie,
Michael Lawler, E-AK (in preparation, 2015)



Wanted: non-phononic mechanism

Dope a Quantum spin liquid

PW.Anderson



Wanted: non-phononic mechanism

Dope a Quantum spin liquid

=/
4

d=h
=

I\



Wanted: non-phononic mechanism

Dope a Quantum spin liquid

PW.Anderson

==/
I\

d=h
=

RVB singlet



Wanted: non-phononic mechanism

Dope a Quantum spin liquid

RVB singlet



Wanted: non-phononic mechanism

Dope a Quantum spin liquid

RVB singlet @l Cooper pair singlet



Wanted: non-phononic mechanism

E Use Quantum spin liquid
9

iy
/\/a




Wanted: non-phononic mechanism

’:) Use Quantum spin liquid

quantum spin liquid




Wanted: non-phononic mechanism

’/-—_3 Use Quantum spin liquid

<S,Sj>

quantum spin liquid




Wanted: non-phononic mechanism

’/--__% Use Quantum spin liquid

e Characteristic energy scales:

<S,.Sj>

quantum spin liquid




Wanted: non-phononic mechanism

Use Quantum spin liquid

e Characteristic energy scales:
E-J. Jy

F, “ex,

<S,.Sj>

quantum spin liquid




Wanted: non-phononic mechanism

Use Quantum spin liquid

e Characteristic energy scales:
E-J. Jy

F, “ex,

e Perturbative limit:

)/ E<<1

<S,.Sj>

quantum spin liquid
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Use Quantum spin liquid

e Characteristic energy scales:
E-J. Jy

F, “ex,

e Perturbative limit:

)/ E<<1

<$,.Sj>

: in liqui : i
quantum spin iquid * Spin-fermion model
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Spin-fermion model for J_ =0

RKKY interaction Kondo-Singlet

Doniach (1977)
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Spin-fermion model for J_+ Frustration
For Jrkky™ Jk®N(0) <Jex AFM order suppressed.

Superconductor Kondo-Singlet + RVB singlet

“riding” on QSL  +Cooper pair singlet
Coleman & Andrei (XXXX)
Senthil, Vojta, Sachdev (XXXX)
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Simple isotropic metal
metal

<$>=0
Dynamic spin fluctuation <SiSj>

<S,.Sj>

Gapped spectrum

W MR

quantum spin liquid “Simple”

= Quantum Spin Ice
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K. Kimura', S. Nakatsuji"?, J.-J. Wen3, C. Broholm>%>, M.B. Stone>, E. Nishibori® & H. Sawa®

e No order down to
20mK

 Gapped quantum
paramagnet
ws=0.17/meV

* Inelastic spectra
peaked at Q=0

Specific heat (J/K mole-Pr)
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Dealing with electrons?

(Sa(7,0,)Sy(r",0,t))

Hin(t) = —(J202,,/2R) Z / dt’ / Prd®r's,(r,t

e Separation of scale: ws/Er<<1
= “Migdal theorem”

e Dimensionless ratio:

* Full problem =
solving the BCS mean-field theory

1, ~ wse_l/)‘
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Dominant Pairing Channel

* Energy integrated spin structure factor

1. SO(3)xSU(2) reduced to U(1)
2. Quantum #’s: J =L +S & Parity

3. Resulting interaction suppresses
even-parity states
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Can we persuade a material
synthesis person?
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Criteria for Metal

* Structural * Electronic
» Lattice match » Simple isotropic
= A,B,0O- Fermi surface
» No orphan bonds » Wave function

penetration

» Odd-# FS around high
symmetry points
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Isotropic FS.
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Band structure for the Proposal

PI'QZI'Q O7/Y2sn2_x8bm 07 (11 1)

x=0.2

* |sotropic single pocket
centered at -point
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Earlier Proposal: Excitonic

mechanism
Metal * Unstable against
exchange.
Semi-conductor * Intrinsically s-wave.

Little (64), Ginzburg (70), Bardeen
(73)
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Topological Superconductivity in Metal/
Quantum-Spin-lce Heterostructures

el Topological
superconductor riding on
<5;5> QsL

* First T-inv Topo SC.

Ik

quantum spin liquid

e Substantial phase space.
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Topological superconductivity in
group-VI TMDs

Yi-Ting Hsu, Abolhassan Vaezi, E-AK (in preparation)
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Spin-degenerate Fermi surface

14 (O

Singlet superconductor

Q. What if the band structure is spin-split?
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Spinless fermion via real space
splitting

* Tl surface states %?ﬁ

* Proximity
induce topo SC

Fu & Kane, PRL (2008)
Experiments: Wang et al Science 336, 52 (2012)
Xu et al, Nat.Phys 10, 943 (2014)
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Band-selective spin-splitting

e Partially filled crystal-field-split d-bands
- Conduction band  |d2):1,=0

- Valence band \ﬁ( dyo_y2) Fildyy)) 1 1= F1

* Spin-orbit coupling E : § \/ \/
K!
150~460meV |

K
A\



lwasa group N. Nano (2014)
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p-doped group VI- TMD!
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Juice for superconductivity?

* d electrons => expect correlation effects

* n-doped TMD's

Doping Chemical

J.TYe et al. (Science 2012) ﬁ)’ S Doping

KO.4MOS2

0.3 2 O

Na,,MoS, Na MoS,

]

Li, ,MoS, LiMoS;
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p-doped TMD

k-space spin-split Fermi surfaces
+

Moderate correlation (d-electron)

r

Topological SC?

' P S ¢

Yi-Ting Hsu Mark Fischer Abolhassan Vaezi
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Band-basis Spin-basis

eRepulsive interaction term
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Superconductivity out of
repulsive interaction?

e Kohn-Luttiger: singularity in scattering

amplitude 1(q)
=Non-s wave | |

(Kohn &Luttinger 1965)

eTwo-step RG formulation
. Fe-based SC, doped graphene, SrRuO

Chubukov & Nandkishore, Raghu & Kivelson (2008 - 2012)
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Step I: W -> Ag

®8intra,0 and Sintero at tWO-lOOp

gﬁ?z?ﬁer(q_; 67) U + Ugflnter( 67)
7

(O) (_) ) Ugfzntra( 67)

gzntra y

of’s <0 -> gl%s<0 in anisotropic channel
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Step |: Ao ->0

(0)
y

y = voLog AO/E

e Divergence if A9 <0
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Two degenerate possibilities

e Intra-pocket p+ip ® Inter-pocket p’wave

-T-breaking -Modulated

- C=1 -C=\pm 1 per pocket
-Analogous to

Sr2Ru0O4
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