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Monolayer	  transi$on	  metal	  dichalcogenides	  

Ø Buckled	  honeycomb	  laLce	  =>	  broken	  inversion	  

q  Group	  IV	  monolayer	  TMDs:	  	  	  	  MX2	  (M:	  Mo,W,	  	  X:	  S,Se)	  	  

Mo	  S	  

Mo	  

S	  

Ø  LaLce	  breaks	  inversion	  symmetry	  

Ø  2D	  direct-‐gap	  semiconductors	  



Group	  IV	  monolayer	  TMDs	  

Ø Buckled	  honeycomb	  laLce	  =>	  broken	  inversion	  
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Ø  Spin-‐orbit	  coupling:	  	  

v  Align	  spins	  in	  z	  direc$on	  (Ising	  SOC)	  
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Group	  IV	  monolayer	  TMDs	  

Ø Buckled	  honeycomb	  laLce	  =>	  broken	  inversion	  

K 

K 

K K’ 

K’ 
K’ Γ 

Large	  spin-‐split	  with	  	  
$me-‐reversal	  symmetry	  	  

Nearly	  spin-‐degenerate	  

v  Orbital	  selec4ve:	  doesn’t	  act	  on	  	  	  	  	  	  	  	  	  	  (of	  transi$on	  metal)	  	  

=>	  Huge	  impact	  on	  low	  energy	  band	  structure	  

dz2

Ø  Spin-‐orbit	  coupling:	  	  

v  Align	  spins	  in	  z	  direc$on	  (Ising	  SOC)	  



TMDs:	  intriguing	  proper$es	  

Ø Buckled	  honeycomb	  laLce	  =>	  broken	  inversion	  

u  Transport,	  op6cal	  proper$es	  due	  to	  large	  spin-‐split	  
	   	   	   	   	   	   	   	   	  	  	  	  	  	  (spin	  &	  valley	  DOFs	  coupled)	  	  	  

Thy:	  Xiao	  et	  al.,	  PRL	  (2012)	  
Exp:	  Mak	  et	  al.,	  Science	  (2014)	  

E.g.	  	  Circular	  polarized	  light	  =>	  selec$vely	  control	  spin/
	   	   	   	   	   	   	   	   	  	  valley	  DOFs	  

E.g.	  	  Spin	  &	  valley	  Hall	  effects	  



TMDs:	  superconduc$vity	  	  

Ø Buckled	  honeycomb	  laLce	  =>	  broken	  inversion	  

MoS21,	  MoSe22	   WS2	   WSe2	  

1:	  Ye	  et	  al.,	  Science	  (2012)	  
2:	  Shi	  et	  al.,	  Sci	  Rep(2015)	   Shi	  et	  al.,	  Sci	  Rep(2015)	   Jo	  et	  al.,	  Nano	  Lee	  (2015)	  

u  Superconduc$ng	  upon	  electron	  doping:	  



TMDs:	  superconduc$vity	  	  

Ø Buckled	  honeycomb	  laLce	  =>	  broken	  inversion	  

u  Superconduc$vity	  upon	  electron	  doping:	  	  
	   	   	   	   	   	   	   	   	   	   	   	  What	  do	  we	  know?	  

v  Large	  in-‐plane	  Hc2:	  demonstra$on	  of	  Ising	  SOC	  

Xi	  et	  al.,	  Nat	  Phys	  (2016)	  

NbSe2	  



TMDs:	  superconduc$vity	  	  

Ø Buckled	  honeycomb	  laLce	  =>	  broken	  inversion	  

u  Superconduc$ng	  upon	  electron	  doping:	  what	  do	  we	  know?	  

v  Large	  in-‐plane	  Hc2:	  demonstra$on	  of	  Ising	  SOC	  

v  Pairing	  symmetry:	  	  
	   	   	   	   	  Not	  a	  lot	  has	  been	  known	  
	   	   	   	   	  Parity-‐mixing	  allowed	  
	   	   	   	   	  	  

C3v	  
s-‐wave	   Nodeless	  f-‐wave	  	  

(px,	  py)	  (dx2-‐y2,	  dxy)	  
Nodal	  f-‐wave	  

A1	  

A2	  

E	  



Ø Buckled	  honeycomb	  laLce	  =>	  broken	  inversion	  

K 

K 

K K’ 

K’ 
K’ Γ 

So	  far	  observed	  sc:	  	  
all	  in	  the	  electron-‐doped	  side	  

μ	  within	  spin-‐split?	  

K	  K’	  

Γ	  
Lightly	  hole-‐doped	  

FS:	  Spin-‐valley	  locked	  

=>	  Good	  for	  exo6c	  sc?	  	  



•  Spin-‐degenerate	  Fermi	  Surfaces	  

=>	  Likely	  singlet	  superconduc$vity	  	  	  



Fu-‐Kane	  proposal	  	  

Split	  FS	  spin-‐degeneracy	  in	  
real	  space	  	  

Fu	  &	  Kane:	  	  
One	  surface	  of	  TI	  +	  s-‐wave	  sc	  =>	  Topological	  sc	  

Real-‐space-‐separated	  
‘spinless’	  femions	  

Fu,	  Kane	  (PRL	  2008)	  

	  	  e.g.	  TI	  surface	  states	  	  



ky	  

kx	  

Our	  proposal	  

Γ	  -‐K	   K	  

Split	  spin-‐degeneracy	  in	  momentum	  space	  



Γ	  

μ	  

Lightly	  hole-‐doped	  monolayer	  TMDs	  

Γ	  -‐K	   K	  

Momentum-‐separated	  spinless	  fermions	  

Topo	  sc?	  	  

Finite-‐momentum	  pairs	  =>	  Modulated	  sc?	  	  



Exo$c	  pairing	  in	  lightly	  hole-‐doped	  TMDs	  

q 	  Intrinsic	  pairing	  

q 	  Proximity-‐induced	  pairing	  
In	  prepara$on	  

YTH	  et	  al.,	  Nat	  Comm	  (2017)	  

K	  K’	  

Γ	  
μ	  



Exo$c	  pairing	  in	  lightly	  hole-‐doped	  TMDs	  

q 	  Intrinsic	  pairing	  

q 	  Proximity-‐induced	  pairing	  

YTH	  et	  al.,	  Nat	  Comm	  (2017)	  

In	  prepara$on	  
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u 	  Inter-‐pocket	  pairing	  

u 	  Intra-‐pocket	  pairing	  
Finite	  pair-‐momentum	  

(Modulated)	  

Equal-‐mixture	  of	  
singlet	  and	  triplet	  

	  Want	  to	  predict:	  	  
The	  pairing	  symmetry	  of	  intrinsic	  

superconduc6vity	  



Pairing	  mechanism	  

q  d-‐electrons:	  moderate	  electronic	  repulsion	  

=>	  could	  be	  the	  dominant	  source	  for	  sc	  	  
Roldan,	  Cappellu$,	  Guinea,	  PRB	  (2013)	  	  	  

u  Kohn-‐LuLnger	  mechanism	  =>	  	  Unconven$onal	  sc	  

u  Theore$cal	  tool:	  	  

Two-‐step	  weak-‐coupling	  RG	  

(Had	  been	  recently	  applied	  on	  ruthenates1,2,3)	  

2:	  YTH	  et	  al,	  PRB	  (2016)	  
3.	  Scaffidi	  et	  al,	  PRB	  (2014)	  

1:	  Raghu	  et	  al,	  PRL	  (2010)	  

Raghu,	  Kivelson,	  Scalapino,	  PRB	  (2010)	  



Effec$ve	  interac$ons	  in	  Cooper	  channel	  

u 	  Inter-‐pocket	  pairing	  

u 	  Intra-‐pocket	  pairing	  
Finite	  pair-‐momentum	  

(Modulated)	  

Equal-‐mixture	  of	  
singlet	  and	  triplet	  

incoming	  	  	  	  outgoing	  

~q

g(0)inter(~q, ~q
0)g(0)intra(~q, ~q

0)

u Near	  the	  Fermi	  surface:	  	  



Effec$ve	  interac$ons	  in	  Cooper	  channel	  

u 	  Inter-‐pocket	  pairing	  

u 	  Intra-‐pocket	  pairing	  
Finite	  pair-‐momentum	  

(Modulated)	  

Equal-‐mixture	  of	  
singlet	  and	  triplet	  

~q
~q0Light	  doping:	  

Circular	  pockets	  
✓

Interac$on	  in	  par$al-‐wave	  
channel	  	   l̃

i	  =	  inter,intra	  

g(0)i (~q, ~q0) =

X

l̃

�l̃,(0)
i cos(

˜l✓)g(0)i (✓)



Derive	  effec$ve	  interac$ons	  	  

u 	  Inter-‐pocket	  pairing	  

u 	  Intra-‐pocket	  pairing	  
Finite	  pair-‐momentum	  

(Modulated)	  

Equal-‐mixture	  of	  
singlet	  and	  triplet	  
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FIG. 1: Feymann diagrams for the two loop contributions to the inter- and intra-pocket interactions.
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Two-‐loop	  contribu4ons	  



Result:	  Dominant	  pairing	  symmetry	  	  

u 	  Inter-‐pocket	  pairing	  

u 	  Intra-‐pocket	  pairing	  
Finite	  pair-‐momentum	  

(Modulated)	  

Equal-‐mixture	  of	  
singlet	  and	  triplet	  

are	  the	  largest	  aerac$ons!	  

u Dominant	  pairing	  channels:	  	  
	  inter-‐	  &	  intra-‐pocket	   	   	  	  	  	  	  	  	  	  paired	  states	  |l̃| = 1



Result:	  Dominant	  pairing	  symmetry	  	  

u 	  Inter-‐pocket	  pairing	  

u 	  Intra-‐pocket	  pairing	  
Finite	  pair-‐momentum	  

(Modulated)	  

Equal-‐mixture	  of	  
singlet	  and	  triplet	  

are	  the	  largest	  aerac$ons!	  

u Dominant	  pairing	  channels:	  	  
	  inter-‐	  &	  intra-‐pocket	   	   	  	  	  	  	  	  	  	  paired	  states	  

u Inter	  	   	   	  	  :	  p/d-‐wave	  (2-‐dim	  irrep)	  

	  Intra	  	   	   	  	  :	  p-‐wave	   chiral	  	  
(energe5cs)	  

(degenerate:	  ar$fact	  due	  to	  the	  circular	  pockets)	  

|l̃| = 1

|l̃| = 1

|l̃| = 1



u 	  	  Both	  are	  chiral	  

Result:	  Dominant	  pairing	  symmetry	  	  

u 	  Inter-‐pocket	  pairing	  

u 	  Intra-‐pocket	  pairing	  
Finite	  pair-‐momentum	  

(Modulated)	  

Equal-‐mixture	  of	  
singlet	  and	  triplet	  

are	  the	  largest	  aerac$ons!	  

u Dominant	  pairing	  channels:	  	  
	  inter-‐	  &	  intra-‐pocket	   	   	  	  	  	  	  	  	  	  paired	  states	  

=>	  Both	  are	  topological!	  

|l̃| = 1



p-‐wave	  pairing	  in	  ordinary	  2D	  Fermi	  liquid	  

u 	  Inter-‐pocket	  pairing	  

u 	  Intra-‐pocket	  pairing	  
Finite	  pair-‐momentum	  

(Modulated)	  

Equal-‐mixture	  of	  
singlet	  and	  triplet	  

q Single	  spin-‐degenerate	  pocket	  +	  repulsive	  
Hubbard	  U1	  

1:	  Chubukov,	  PRB	  (1993)	  

~q

Largest	  a?rac5on	  appears	  in	  p-‐wave	  
channel	  (l=1)1	  



Pairings	  in	  p-‐doped	  TMDs	  

u 	  Inter-‐pocket	  pairing	  

u 	  Intra-‐pocket	  pairing	  
Finite	  pair-‐momentum	  

(Modulated)	  

Equal-‐mixture	  of	  
singlet	  and	  triplet	  

q Two	  spinless	  pockets	  centered	  at	  K	  and	  K’	  
	  	  	   	   	   	   	  	  +	  repulsive	  Hubbard	  U	  

~q

	  Γ	   	  K	  	  K’	  

1-‐1	  correspondence	  for	  each	  
possible	  pairing	  channel	  



Pairings	  in	  p-‐doped	  TMDs	  

u 	  Inter-‐pocket	  pairing	  

u 	  Intra-‐pocket	  pairing	  
Finite	  pair-‐momentum	  

(Modulated)	  

Equal-‐mixture	  of	  
singlet	  and	  triplet	  

q Two	  spinless	  pockets	  centered	  at	  K	  and	  K’	  
	  	  	   	   	   	   	  	  +	  repulsive	  Hubbard	  U	  

~q

	  Γ	   	  K	  	  K’	  

Largest	  a?rac5on	  appears	  in	  

Inter-‐	  &	  intra-‐pocket 	   	  	   	  	  	  	  channel	  l̃ = 1



Dominant	  topological	  paired	  states	  
Intra-‐pocket	  	  	  	  	  	  	  	   	   	  pair	  	  Inter-‐pocket	   	   	   	  pair	  	  	  

 intra(~K,~q)=� intra(~K,�~q)

•  Topo:	  C=2	   •  Topo:	  C=±1	  per	  pocket	  

(p/d)-‐wave	  	  

•  Mixture	  of	  	  singlet	  and	  
triplet	  

•  Phase	  modulated	  at	  ±2K	  

•  Spin-‐triplet	  

|l̃| = 1 |l̃| = 1

•  Chiral	   •  Chiral	  p-‐wave	  



Balance	  between	  Inter-‐	  and	  Intra-‐	  

u 	  Inter-‐pocket	  pairing	  

u 	  Intra-‐pocket	  pairing	  
Finite	  pair-‐momentum	  

(Modulated)	  

Equal-‐mixture	  of	  
singlet	  and	  triplet	  

q  Trigonal	  warping	  prefers	  inter-‐pocket	  pairing	  	  

-6-4-20246
-6

-4

-2

0

2

4

6

Γ	   K	  K’	  

q  Ferromagne$c	  substrate	  prefers	  intra-‐pocket	  
pairing	  	  

~q

Qi,	  PRB(2015)	  

μ	  
Γ	   K	  K’	  



Induced	  pairing	  in	  lightly	  hole-‐doped	  TMDs	  

q 	  Intrinsic	  pairing:	  topological	  

q 	  Proximity-‐induced	  pairing	  

Nature	  Communica$on	  8,	  14985	  

In	  prepara$on	  

K	  K’	  

Γ	  
μ	  



Induced	  pairing	  in	  lightly	  hole-‐doped	  TMDs	  

q 	  Intrinsic	  pairing	  

q 	  Proximity-‐induced	  pairing	  

Nature	  Communica$on	  8,	  14985	  

In	  prepara$on	  

K	  K’	  

Γ	  
μ	  
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Choose	  the	  superconductor	  

u  Lightly	  hole-‐doped	  TMD	  with	  ?	  sc	  

?	  

C3v	  
s-‐wave	   Nodeless	  f-‐wave	  	  

(px,	  py)	  (dx2-‐y2,	  dxy)	  
Nodal	  f-‐wave	  

A1	  

A2	  

E	  



Choose	  the	  superconductor	  

u  Lightly	  hole-‐doped	  TMD	  with	  ?	  sc	  

?	  

C3v	  
s-‐wave	   Nodeless	  f-‐wave	  	  

(px,	  py)	  (dx2-‐y2,	  dxy)	  
Nodal	  f-‐wave	  

A1	  

A2	  

E	  

=>	  Use	  cuprate!	  



Our	  proposal	  
u  Lightly	  hole-‐doped	  TMD	  with	  cuprate	  

v  Induce	  p-‐wave	  component?	  

v  Possible	  high	  Tc	  
Recent	  exp:	  High-‐Tc	  sc	  induced	  by	  cuprate	  in	  

Graphene1,	  TaS22	  

1:	  Bernardo	  et	  al,	  Ncomms	  (2017)	  
2:	  Li	  et	  al,	  arxiv:1703.00867	  (2017)	  

=>	  High-‐Tc	  odd-‐parity	  pairing?	  	  



Our	  proposal	  
u  Lightly	  hole-‐doped	  TMD	  with	  cuprate	  

v  Induce	  p-‐wave	  component?	  

Confirm	  the	  guess:	  do	  a	  self-‐consistent	  calcula6on	  



Model:	  kine$c	  terms	  

-3 -2 -1 0 1 2 3

-3

-2

-1

0

1

2

3

�

k
x

(⇡/a)

k y
(⇡
/a

)

0 1#1

0

1

#1

Spin-‐degenerate	  

-4 -2 0 2 4

-4

-2

0

2

4

�

k
x

(⇡/a)

k y
(⇡
/a

)

0 4#4

0

4

#4

Spin-‐valley	  locked	  

u  Cuprate	  layer	  

Cu	   t

t0

H# = H⇤
" =>	  TRS	  

u  monolayer	  TMD:	  two	  band	  
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Mutual	  laLce	  straining	  
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u  Inter-‐layer	  tunneling:	   onsite,	  nn,	  nnn	  



Mean-‐field	  Hamiltonian	  

:	  cuprate	  	   

:	  TMD	  	  �

u Mean-‐field	  Hamiltonian	  for	  the	  bilayer:	  



Mean-‐field	  Hamiltonian	  

 :	  cuprate	  	  

� :	  TMD	  	  

Normal	  	  

u Mean-‐field	  Hamiltonian	  for	  the	  bilayer:	  

TMD	  	  
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Mean-‐field	  Hamiltonian	  

Pairing	  

u Mean-‐field	  Hamiltonian	  for	  the	  bilayer:	  

 :	  cuprate	  	  

� :	  TMD	  	  

Cuprate	  
:	  nn	   &	  	  nnn	  pairing	  

	  0	  	  	  	  	  

	  	  	  0	  	  	  	  	  



Calcula$on	  

u Mean-‐field	  Hamiltonian	  for	  the	  bilayer:	  

 :	  cuprate	  	  

� :	  TMD	  	  

u  Self-‐consistently	  solve	  gap	  equa$on	  

Cuprate:	  

=>	  Obtain	  finite	  TMD	  pair	  amplitude	  from	  Andreev	  reflec$on	  	  

U < 0



u  The	  induced	  pairing	  amplitude	  in	  TMD:	  

Result	  

•  Nodal:	  par$al-‐wave	   	   	   	  about	  K	  and	  K’	  

-0.10

-0.05

0

0.05

0.10

Coloring:	  pairing	  amplitude	  +	  

+	  
-‐	  

-‐	  

•  Exists	  finite	  odd-‐parity	  component	  (ηs~3ηt)	  

a1	  

a2	  

�(

~k) = 2⌘s(cos k1 � cos k2)� 2⌘t(sin k1 + sin k2) ki = k · aiF (k) =

|l̃| = 1



Induced	  pairing	  symmetry	  

u  The	  induced	  pairing	  in	  TMD:	  

•  Nema$c:	  single	  component	  

•  Even:	  d-‐wave	   	  Odd:	  p-‐wave	  

Nema4c	  (p+d)-‐wave	  

Odd-‐parity	  Even-‐parity	  
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0
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Summary:	  Lightly	  p-‐doped	  monolayer	  TMDs	  	  

u 	  Chiral	  :	  Polar	  Kerr	  effect	  

Ø  Two	  types	  of	  intrinsic	  topological	  superconduc$vity:	  

v  Inter:	  Chiral	  (p+d)-‐wave	  
	   	   	  	  	  	  	  Favored	  by	  trigonal	  warping	  

v  Intra:	  Chiral	  p-‐wave	  &	  Modulated	  
	   	   	  	  	  	  	  Favored	  by	  ferro	  substrate	  

(Nat	  Comm	  8,	  14985)	  

Ø  Proximity-‐induced	  pairing	  by	  cuprate:	  

v  Sizable	  p-‐wave	  component	  with	  possibly	  higher-‐Tc	  	  

v  Nema$c	  

v  Nodal	  

(In	  prepara$on)	  



Induced	  pairing	  symmetry	  

u  The	  point	  group	  symmetry	  	  of	  the	  
bilayer	  Hamiltonian:	  

Cs	  
s-‐wave	  etc.	   f-‐wave	  etc.	  	  

px,	  py	  etc.	  dx2-‐y2,	  dxy	  etc.	  
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Induced	  pairing	  symmetry	  

u  The	  bilayer	  Hamiltonian	  has	  point	  
group	  symmetry	  

u  The	  ‘nema4c	  (p+d)-‐wave’	  pairing	  belongs	  to	  
nontrivial	  irrep	  A1’	  	  

Cs	  
s-‐wave	  etc.	   f-‐wave	  etc.	  	  

px+py	  ,	  px-‐py	  etc.	  dx2-‐y2,	  dxy	  etc.	  

A1	  

A1’	  

~a1

~a2
~b2

~b1

~c1

~c2~c3

~d3 ~d2

~d1

Cuprate TMD

Bilayer

asc
am

Mirror	  (x+y)	  

Cs	  



Result:	  Pairings	  in	  p-‐doped	  TMDs	  

u 	  Inter-‐pocket	  pairing	  

u 	  Intra-‐pocket	  pairing	  
Finite	  pair-‐momentum	  

(Modulated)	  

Equal-‐mixture	  of	  
singlet	  and	  triplet	  

q Two	  spinless	  pockets	  centered	  at	  K	  and	  K’	  
	  	  	   	   	   	   	  	  +	  repulsive	  Hubbard	  U	  

~q

	  Γ	  

~q

K’	   	  K	  

u  	  l	  even,	  spin-‐singlet	  

u  	  l	  odd,	  spin-‐triplet	  sz=±1	  

sz=0	  

Inter, 	  	  	  	  	  even	  	  

Intra,	  	  	  	  	  	  odd	  	  

Inter, 	  	  	  	  	  odd	  

l̃

l̃

l̃
degenerate	  



Experimental	  Detec$on	  



q  Inter-‐pocket	  pairing	  	  	  

•  Two	  chiral	  Majorana	  edge	  states	  

u  Chiral:	  Polar	  Kerr	  effect	  

u Anisotropy:	  SQUID	  interferometry	  	  

u  Topological	  with	  C=2:	  	  

•  Quan$zed	  thermal	  Hall	  conduc$vity	  

Ic(Φ)	  is	  θ-‐dependent	  

Intrinsic	  :	  inter-‐pocket	   	   	   	  pairing	  	  l̃ = 1

u  Existence	  of	  triplet	  component:	  	  
	   	   	  	  	  in-‐plane	  field	  dependence	  (?)	  



q  Intra-‐pocket	  pairing	  	  	  

u  Phase	  modula$on	  

u 	  Chiral	  :	  Polar	  Kerr	  effect	  

M

0

2π
3
4π
3

u  SQUID	  loop	  in	  resis$ve	  mode:	  	  

•  If	  pairing	  in	  TMD	  were	  uniform	  
=>	  	  V	  oscillates	  in	  Φ	  with	  a	  period	  

	  	  hc/(2e)	  	  

Intrinsic	  :	  intra-‐pocket	   	   	   	  pairing	  	  l̃ = 1



q  Intra-‐pocket	  pairing	  	  	  

u  Phase	  modula$on	  

u 	  Chiral	  :	  Polar	  Kerr	  effect	  

M

0

2π
3
4π
3

u  SQUID	  loop	  in	  resis$ve	  mode:	  	  

•  If	  TMD	  has	  modulated	  pairing	  
	  éé:	  pair	  momentum	  =	  2K	  
 êê:	  pair	  momentum	  =	  -‐2K	  
	  

	  Match	  two	  sides’	  momenta	  
=>	  Two	  pairs	  tunnel	  together	  

Intrinsic	  :	  intra-‐pocket	   	   	   	  pairing	  	  l̃ = 1



q  Intra-‐pocket	  pairing	  	  	  

u  Phase	  modula$on	  

u 	  Chiral	  :	  Polar	  Kerr	  effect	  

M

0

2π
3
4π
3

u  SQUID	  loop	  in	  resis$ve	  mode:	  	  

•  If	  TMD	  has	  modulated	  pairing	  
	  éé:	  pair	  momentum	  =	  2K	  
 êê:	  pair	  momentum	  =	  -‐2K	  
	  

Period	  becomes	  hc/(4e)	  !	  

Intrinsic	  :	  intra-‐pocket	   	   	   	  pairing	  	  l̃ = 1



Proximity-‐induced	  pairing	  	  

u  Existence	  of	  triplet	  component:	  	  
	   	   	  	  	  in-‐plane	  field	  dependence	  (?)	  

u Nema$c:	  angular	  dependence	  of	  the	  in-‐plane	  Hc2	  
should	  be	  two-‐fold	  despite	  trigonal	  laLce	  	  

Yonezawa	  et	  al,	  Nphys	  (2016)	  

Cu-‐doped	  Bi2Se3	  


