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e Introduction

* Superconductivity from electron repulsion in doped graphene
— Mean-field theory

— Renormalization group theory

* Properties of the chiral /~wave superconducting state in graphene
— Edges
 Chiral edge states, spontaneous currents

* Majorana modes
— Impurities

— Proximity-effect enhancements

Recent review article (to appear in J. Phys.: Condens. Matter):
ABS and Honerkamp, arXiv:1406.0101
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Honeycomb lattice: sp? hybridization = 1p_ orbital per C atom left

Tight-binding with nearest neighbor hopping only:
(Wallace, 19406)
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Intrinsic superconductivity in ADANGED. s

. . www.advmat.de M‘ \l:w’§
graphite-sulfur composites:

Can Doping Graphite Trigger Room Temperature
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[1]: da Silva et al., PRL 87, 147001 (2001), [2]: Scheike et al., Adv. Mater. 34, 5826 (2012)
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s Blectronic Correlations in Graphene

Electronic correlations should be important in graphite and graphene:

Nearest neighbor hopping t ~ 2.5 eV Intermediate
On-site repulsion U ~ 6 - 10 eV 1 coupling regime
pmt-bonded planar organic molecules:

Nearest neighbor spin-singlet bonds (SB)
encouraged compared to polar configurations

Pauling’s Resonance

Valence Bond (RVB) idea

Give good estimates for:

Cohesive energy, C-C bond distance, singlet-
triplet exciton energy differences etc.
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[1]: T. Wehling et al,. PRL 106, 236805 (2011)
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Eftfective model with SB pairing:

H = —t Z CZO.CJO'—'I—/»LZC Cig — 2J Z h;r]hZJ

<1,7>,0 <1,7>
~ ~ ~

Tight-binding Favoring singlet
band structure bonds (SB)

B IR
€11 T G

[1]: Baskaran, PRB 65, 212505 (2002)
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Eftfective model with SB pairing:

H = —t Z cwc]a—{—,ch Cigc — 2J Z h,:[jhZ

<1,7>,0 <1,7>
T ~ '
Tight-binding Favoring singlet
band structure bonds (SB)

Mean-field order parameters in the
Cooper pairing channel:

A <h;r z—I—aa> —

Lot RN
7< CirCitanl — zicz+aaT>

Expectation value of
SB pair creation

[1]: Baskaran, PRB 65, 212505 (2002), ABS and Donaich, PRB 75, 134512 (2007)
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BCS_typ C SCIf—COﬂSlStGﬂCY cquation: 1, ahand pairing (regular BCS form)

—

J o cos(k - . — tanh(SB.(tex + p1)/2)  tanh(B.(tex — p)/2)
N 21{:7212:2,3 lcos(k = k) coslle 2y — ) ( Atew+p) | 2tac—p) )

| . sinh(Bcp)
sin(k-aq =) sink -2y = o) (zucoshwc(tek + 11)/2) cosh(B.(tex — u>/2>>] 4

=) e \/ \
«

T Interband pairing, negligible

_ ik-aq . .
o arg(za:e ) contribution at low temperatures

3x3 eigenvalue problem for AT = (AT, Al ADT

1 A b b T A=RUS fora=b
jA — b A b |A b =RHSfora#b
b b A

ABS and Donaich, PRB 75, 134512 (2007)
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S-Wave: d-waves:
¢ Aa = (LL1) ° Aa = (2-1,-1) A

N

d(x*-y?)-wave
extended s-wave

e A,=(0,1,-1)
* AE A of Dy, / »
" Y

d(xy)-wave
* A€EE,oof D,
—  Below T d(x>-y?)+id(xy)

Chiral, time-reversal
ABS and Donaich, PRB 75, 134512 (2007) Symmetry breaking state




ot Mean-Field Results

Transition temperature as a function of doping
(0) for coupling parameters

J/t =08, 1.0, 1.2:

s-wave
d-wave /.ero doping:

e QCPatJ/t =191

* s and d~wave solutions degenerate

Finite doping:
* T@>T0

0.05 0.1 0.15
d (doping per C—atom)

ABS and Donaich, PRB 75, 134512 (2007)
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Need 6 ~ 0.01 for mean-field T' (dwave) ~ 10 K:

* Doping of a graphene sheet:

— 3D graphite: 6 ~ 10+
— Extended defects in graphene might induce self-doping [1]
— Sulfur forms no chemical bonds but provides é = 0.015 holes/C-atom [2]

* Heavily doping of graphene:
— Ad-atom deposition [3] }

. can approach van Hove singularity (0 = 0.25, u = #)
— Electrolyte gating [4]

Kg J

-W / Energy

Logarithmic
diverging DOS

[1]: Peres et al., PRB 73, 125411 (2006), [2]: ABS and Doniach, PRB 75, 134512 (2007),
[3]: McChesney et al., PR 104, 136803 (2010), [4]: Efetov et al., PRL 105, 256805 (2010)
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ARTICLES “itl“fe

.
PUBLISHED ONLINE: 22 JANUARY 2012 | DOI: 10.1038/NPHYS2208 p ySICS

Chiral superconductivity from repulsive
interactions in doped graphene

Rahul Nandkishore', L. S. Levitov' and A. V. Chubukov?*

SC instability

RG scale y

Perturbative 3-patch RG: d-wave superconductivity = g,-g,
— Low energy theory around M saddle points dominates over CDW, SDW

— Short range interactions g, £,, &3, &
*  Marginal at tree level

*  Logarithmic corrections in perturbation theory
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Intermediate coupling regime < functional RG

— Integrating out high-energy modes in the 4-point vertex function on the full Fermi surface

H ==Y (clt;c;, +He) = uN.+U Y niyny,
i

d+id / SDW

]

—d+id SC
—fSC
—Sbw
—CDW

d+id / f

0.60 van Hove

Chiral d~wave superconductivity close to
van Hove singularity

*  Pairing on NN, NNN, ... bonds
(depending on range of Coulomb interaction)

van Hove

[1]: Wang et al., PRB 85, 035414 (2012), [2]: Kiesel et al., PRB 86, 020507 (2012)
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* Properties of the chiral /~wave superconducting state in graphene
— Edges
 Chiral edge states, spontaneous currents

* Majorana modes
— Impurities

— Proximity-effect enhancements
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The two d-wave solutions are degenerate on the honeycomb lattice
*  Bulk: d(x*-y%)+id(xy)

What happens when translational symmetry is broken?
* Edges
- Zigzag (/71)
— Armchair (AC)

* Impurities
* Singe-site vacancies

e Bivacancies




UPPSALA

UNIVERSITET BogOhubOV-de Geﬂﬁes SOlutIOﬁ

Solve H = —t Z CZUC]J + ,UZCZUCZG + ZA zT z+aa¢ ;ri I—I—aaT) + H.c.
<1,7>,0

with site-dependent self-consistency criterion:
Aa(t) = =J(Ci|Citant ~ CitCitaql)

close to the van Hove singularity at i = 7

ABS, PRL 109, 197001 (2012), Léthman and ABS, arXiv:1402.3195
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Real(A) = d(x2-y?) = (2,-1,-1)

0.2r

A V)

50

x (A)

Character of A

d(x*-y?)

"~
it o) Hid(xy)

< A) 50

ABS, PRL 109, 197001 (2012)

Imag(A) = dxy) = (0,1,-1)

2,

A@EV)

0\
-02f

0 < (A) 50

/27 and AC edges:

* Completely destroy d(xy) part
* Enhance d(x*-y?) part

=> Pure d(x*-y%)-wave at the edge
—> Graphene edges are not pair breaking
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Decay length

K%
J=05t—E~25A

O
%

L XO
&xx * O O
@)
O % o §
0 0.005 001

a, = a, for both AC and ZZ edges AF = [F(d) - F(d+id)] (V)

:1 ) e 0 Long decay length for weak superconductivity
e &1 —> Hdge effects important even for

macroscopic samples

4O

> d(x*-y%)-wave preferred at any edge

ABS, PRL 109, 197001 (2012)
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left edge states
right edge states

2 chiral (co-propagating) states per edge

—> quantized thermal- and spin-Hall effects

ABS, PRL 109, 197001 (2012)
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Band structure self-consistent solution

= R AKOCES
S e

ABS, PRL 109, 197001 (2012)
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Band structure self-consistent solution

d(>x?-y?) and d+id’ solutions have similar edge band structures

=>  J(x?-)°) edge does not significantly modify the band structure
-> Edge states well localized ~ 20 A

ABS, PRL 109, 197001 (2012)
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* Chiral edge states carry a spontaneous quasiparticle current
— Broken time-reversal and parity symmetries

— No quantized current

I (e/D)
0.17 77 u=0.8¢

ACu=1

ABS, PRL 109, 197001 (2012)
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Ad-atom deposition and electric gating break z — -z symmetry

220208 1. T
—> Allows Rashba spin-orbit coupling (SOC):

Hy =iAr Z £ (80,00 X Aj)ClyCor
(i,4),0,0°

2D superconducting systems + Rashba SOC + Zeeman field

=> Majorana modes at vortices and edges
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* Majorana modes
Real solution to a Dirac equation discovered by E. Majorana in 1937
y=v1
c = v, + iy, (1 electron ~ 2 Majorana)

Non-Abelian statistics & fault-tolerant quantum computation




wesmer Majorana Edge States
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* Topological phase transition = bulk gap closing
Small A, Ay, b — h2 = (u =+ 1)+ (24)
Zeeman field, /

b,
I >

Majorana-supporting phase
(Majorana edge mode)

Chiral d~wave superconductor
(2 chiral edge states)

NS

N \ ’

a

3 edge states (Majorana

Bulk gap closing at
+ 1 chiral state)

2 chiral edge states
k=0,m

(spin-split)

ABS, PRL 109, 197001 (2012)
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Superconducting state for
finite Zeeman field, /:

ABS, PRL 109, 197001 (2012)

Ag ~ 0.2 for a superconducting state in
Majorana-supported phase

- Ad-atom induced SOC (?)

- Electric field induced SOC (?)

Zeeman field by proximity to
ferromagnetic insulator
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* Properties of the chiral /~wave superconducting state in

graphene

— Impurities
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Single vacancy Bivacancy
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Chiral 4- Wave " NN Pairing

-0- On-Site Pairing ||

Chiral d~wave symmetry and amplitude
restored quickly

Decay length &

S-wave

=>» Chiral d-wave state resilient to defects

0.2 0.3 0.4
A/t

Lothman and ABS, arXiv:1402.3195
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DOS for chiral d~wave state with impurity ~ Spatial profile of mid-gap state

V=10 | * States
V=15 N |

V=20 |
V=25 \ f = |
V=3.0 | 14
Vacancy / ]

2.2

1

0.6

0.2

Excitation energy(t)

Lothman and ABS, arXiv:1402.3195
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* Properties of the chiral /~wave superconducting state in

graphene

— Proximity-effect enhancements
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Proximity etfect in a Josephson junction:

— Josephson junction with s-wave contacts does not enhance
chiral /~wave correlations

— Josephson junction with d~wave contacts ]
Decay length in N: = § ~ T T

l R

SC d-wave electrodes

Doped graphene
SB correlations

Heavily doped graphene
Induced d~wave SC

ABS and Doniach, PRB 81,014517 (2010)
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— Doubly quantized vortex in an s-wave superconductor

* n = 2 vortex winding angular momentum transferred to chiral d~wave state

ABS, PRB 88, 104506 (2013)
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* Spatial profile for the lowest energy state in the vortex:

— Without a chiral d~wave core: Vortex bound state R . ~ 55
<R

dge core

— With a chiral d~wave core: Chiral d~wave edge state R,

kg T

N (C)iane 101(d) (©)
/’M\\ 200‘ %Qso y() @ ®)

L) ‘ y (] :’. '.0
Wyt ‘&zwyo‘g‘
-10

-10 OX 10-10 0410 -10 OXIO—IO OXIO

Spatial profile of the Chiral d~wave order
ABS, PRB 88, 104506 (2013) lowest energy state parameter
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Chiral d(x?-y?)+id(xy) superconductivity in heavily doped graphene
— Mean-field result for an effective Hamiltonian
— Perturbative RG and fRG results on extended Hubbard models

Edges:
Pure d(x?-)°)-wave with long decay length
Two well-localized chiral edge states
Spontaneous, but not quantized, edge currents

Majorana fermions at the edge (Spin-orbit coupling & Zeeman field)
Impurities
— Chiral d~wave state resilient to impurities
Enhancement of the chiral d~wave state by proximity effect

— d-wave Josephson junctions

— Doubly quantized vortices in s-wave superconductors

Recent review article (to appear in J. Phys.: Condens. Matter):
ABS and Honerkamp, arXiv:1406.0101




