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p: + ip, Superconductors

L=1,5=1 pairing
Two-dimensional analogue of *He-A phase
Breaks time-reversal symmetry

Candidate material: SroRuO,, T,. = 1.5K. (Maeno et al,
Rice, Sigrist, Baskaran)
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p: + ip, Superconductors

Triplet Order Parameter
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p: + ip, Superconductors

(Y.Maeno, K.Deguchi)
e Vector 1 = +2: orbital angular momentum vector.
Perpendicular to material plane

e Vector d: direction in which condensate preserves spin.
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Fermi surface of SLRUO,

Theorist’'s Fermi surface:
A
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Fermi surface of SLRUO,

Actual Fermi surface:




Topological Features

e Majorana-Weyl edge modes
e Half-quantum vortices
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Topological Features

e Majorana-Weyl edge modes
e Half-quantum vortices
+ “Alice” Strings
+ Majorana Core states
+ Ising fusion and braiding rules
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Majorana-Weyl edge mode

A=0 A>¢e Spin-triplet p,. + ip, SC has chi-
- ral Majorana edge-mode.
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Majorana-Weyl edge mode

A=0 A>¢e Spin-triplet p,. + ip, SC has chi-
- ral Majorana edge-mode.
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Majorana-Weyl edge mode

Spin-triplet p,, + ip, SC has chi-
ral Majorana edge-mode.

e Why Weyl?
e Cooperpairhasi=~n

e = Andreev reflection offset
kFermia = h.
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Majorana-Weyl edge mode

A=0 A>e Spin-triplet p,, + ip, SC has chi-
ral Majorana edge-mode.

e Why Weyl?

e Cooperpairhasi=~n

e = Andreev reflection offset
kFermia = h.

e = One-way edge creep
El — ck
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Why Majorana?

, superconductor

bk =arp+a] g

bie = b _y

distinct anti-particle =
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Why Majorana?

P-wave, S=1, superconductor

bk = app+al_y

g
bk =07 4

own anti-particle = Majorana
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Half-quantum Vortices

In vortex:
e order-parameter phase y winds by 2«
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Half-quantum Vortices

In vortex:
e order-parameter phase y winds by 2«
e sSpin vector d stays constant
e = order parameter single valued
e = vortex seen by both spin components
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Half-quantum Vortices

nalf-guantum vortex:
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Half-quantum Vortices

nalf-guantum vortex:
e order-parameter phase y winds by =
e Spin vector d vector winds by =
e = order parameter single valued
e = Vortex seen by only one spin component
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Half-quantum Vortices

nalf-guantum vortex:
e order-parameter phase y winds by =
e Spin vector d vector winds by =
e = order parameter single valued
e = Vortex seen by only one spin component

We can therefore treat fermions as polarized
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vortex core states

A~0
Andreev bound state
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vortex core states

A~0
Andreev bound state

e Andreev reflection not quite
retro-reflective

Braiding and Fusion in p g + 2pq Superconductors

—p.1



vortex core states

A~0
Andreev bound state

e Andreev reflection not quite
retro-reflective

e = backward creep

Braiding and Fusion in p g + 2pq Superconductors

—p.1



vortex core states

A~0
Andreev bound state

e Andreev reflection not quite
retro-reflective

e = backward creep

® — ¢ = —wo(l+a)
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vortex core states

A~0
Andreev bound state

e Andreev reflection not quite
retro-reflective

e = backward creep
® — ¢ = —w()(l + O{)

o 7
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Core spectrum

Vortex-core bound-state spectrum always has
BdG symmetry = o =0, 3.

2

y

S-wave bound states o = 3 = no zero mode
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Core spectrum

Vortex-core bound-state spectrum always has
BdG symmetry = o =0, 3.

2

y

P-wave bound states o« = 0 = exact zero mode
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Core bound wavefunctions

e Electron is Andreev
reflected:

x electron — hole
+x hole — electron
e Energy is determined by

phase difference at
reflection points

® El — —w()l
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Core bound states



Core bound states

. W0 .
) — Zbl ( ey (1) ) e’ + higher-energy modes.
z

b~ beu b 67’9*

DT~ e+ b_jefu)
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Core bound states
R 10 .
) =3"% ( " u(r) ) e’ + higher-energy modes.
[

b~ beu+ b 67’9*
77“ ~ b]L_le vl+b26_29u2‘
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Core bound states
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Core bound states
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Completeness

6% (z — y) = {d(x), ¢ ()}
= b2 =1/2;  {bo,b;} = {bo,b]} =0, 1 #0.

For i-th vortex set ~; = /20
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William Kingdom Clifford
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William Kingdom Clifford

e Clifford algebra
{7, 75} = 2045
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William Kingdom Clifford

e Clifford algebra
1151 = 204

e pair up ~’s:

ai = 3(%i + i+ N),

a; = 5(Yi — it N).
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William Kingdom Clifford

e Clifford algebra
1151 = 204

e pair up ~’s:

ai = 3(%i + i+ N),

a; = 5(Yi — it N).

o = 2MN4/2 dimensional.
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Core spectrum Il

Only positive energy states:

2
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Core spectrum Il

Only positive energy states:

2

e Need two vortices to have
occupied or not.

zero mode that can be
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Core spectrum Il

Only positive energy states:

2

e Need two vortices to have zero mode that can be
occupied or not.

e Ground state degeneracy; 2Nvortex/2-1
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Ising Fusion Rules

Seek to understand

YyxyY=1 oxo=01+vy, YxXo=o0.
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Tunnel Splitting

vortex i anti—vortex j
A 1 1
Hiynnel = Esplit 4_2.[%;’ ’Vj] T 5 ; Esplit ~ €

erconduc

tors

- p.2:



Fusion

2
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Fusion

splitd

2
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Fusion

O

2
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Fusion

2
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Fusion

2
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Monodromy

vy(r, ) e X/ 2y, (r, §)

P S

® - - 2 | @
X1 =0 I

I"“  X.,=360 o 1
Yi — i+l
T; |
{fyi—i—l — i (VanOV)
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Braiding

Monodromy =- Braiding?
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Braiding

Monodromy =- Braiding?

Need to be sure that there is no additional Berry transport
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Bogoliubov transformation

= F < —F symmetry

Braiding and Fusion in p g + 2pq Superconductors — p.2



BCS Ground State

Ground state b;|0), = 0,
= (a; + GLUZQ(U*_l)az‘)‘O% =0, ¢=1,...N.

ok x—1y . _ Q..
Sz'j = qua(u )04]7 Szy — sz

1 1
exp {—a aTS }ak exp {——a aTS } = a + al-LSik.

2 v 2 v

= [0), _Nexp{§aTaTs } 0),
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2n-particle Pfafflan wavefunction

Let
def 1
1S) exp{§aja3 }\o>
and
i1, 19, 1on) = al;nal;n 1 ajl|0>a.
Then
o . 1 .
<Zla 12, ... 722n‘s> — —631]2 JQ S]1]2 T San—len

anl 1112...92n

= €ii...irn PI(S).
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Ground-State Berry Phase

1 :
]nA/:—jzmdm(]+fﬁSL (Kéhler Potential)

Z.ABerry — (<S’N)d(N|S>)

OlnN . OlnN

_ %é&(mkzm)d<z

(Remember that it is the (v*, v*) that have negative energy,
and so are "occupied" in ground state.)

) + %d {Arg (detu)}

O %O %
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Other-State Berry Phase

1, ) = bl b |S),

Use
dbl, = (uigbg + b)) dvia + (vighg + ujsb}) duiq
= (U;jkﬁdvioz + Ufgduia) b% + (uigdvia + vigduia) bg.

To find, for example,

A = (ay,...,ap|dlag, ..., an)
= (S[dIS) + (Slba - bar (b, -~ b1, )1S)
371 O - * * Uy,
= W9+ (v v ()
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Conclusions

pz + tp, provides a paradigm for Non-Abelian statistics.

Physical understanding of fusion rules, e.g.
oxo=1+1.

Easy-to-see Monodromy.
Can verify no additional non-Abelian Berry transport.

Braiding and Fusion in p g + 2pq Superconductor

s — p.3



References

Y. Maeno, T. M. Rice, M. Sigrist, Physics Today, Jan 2001.
N. Read, D. Green, Phys. Rev. B 61, 10267 (2000).
D. A. lvanov, Phys. Rev. Lett, 86, 268-7 (2001).

A. Stern, F. von Oppen, E. Mariani, Phys. Rev. B 70,
205338 (2004).

M. Stone, R. Roy, Phys. Rev. B 69 184511 (2004)
S. B. Chung, M. Stone, Phys. Rev. B 73, 014505 (2006).

Braiding and Fusion in p g + 2pq, Superconductors —p.3



	
	Outline
	$p_x+ip_y$ Superconductors
	$p_x+ip_y$ Superconductors
	$p_x+ip_y$ Superconductors
	Fermi surface of Sr$_2$RuO$_4$
	Topological Features 
	 Majorana-Weyl edge mode
	Why Majorana?
	Half-quantum Vortices
	Half-quantum Vortices
	vortex core states
	Core spectrum 
	Core bound wavefunctions
	Core bound states
	
	
	Core spectrum II
	Ising Fusion Rules
	Tunnel Splitting
	Fusion
	Monodromy 
	Braiding 
	Bogoliubov transformation
	BCS Ground State
	$2n$-particle Pfaffian wavefunction
	Ground-State Berry Phase
	Other-State Berry Phase
	Conclusions
	References

