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We discuss the appearance of odd-frequency spin-triplet s-wave superconductivity. first proposed by Berezin-
skii [JETP 20, 287 (1974)]. on the surface of a topological insulator proximity coupled to a conventional spin-
singlet s-wave superconductor. Using both analytical and numerical methods we show that this disorder robust
odd-frequency state is present whenever there is an in-surface gradient in the proximity induced gap, includ-
ing superconductor-normal state (SN) junctions. The time-independent order parameter for the odd-frequency
superconductor is proportional to the in-surface gap gradient. The induced odd-frequency component does not
produce any low-energy states.

PACS numbers: 74.45.+c, 74.20.Rp, 74.50.+r
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e0

Symmetry of Cooper pairs

B Anti-Symmetry of the Cooper pair wavefunction under exchange
1/1("7 S, r/7 5/) = f(r - r/)X(Sa sl)
= Possibilities
f(—=r)=1f(r), and xso = —Xxss [=0,2,4..., and S=0
f(—r)=—f(r), and x5 =Xss [=1,3,5..., and S=1

e What about exchange of time coordinates ?

e Conventional superconducting states correspond to the
even-frequency pairing

e Possible to have odd-frequency pairing

V. L. Berezinskii, JETP 20, 287 (1974).

A. Balatsky and E. Abrahams, Phys. Rev. B 45, 13125 (1992).
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Symmetry of Cooper pairs

ey calculate

Class Time Spin Orbital | Total
ESE + — + -
ETO + + - -
OTE — + + -
0SsO — — — —

Table: The symmetry of pair amplitude with respect to the exchange of
spins, spatial coordinates, and time variables for possible four classes.
ESE, ETO, OTE and OSO denote even-frequency spin-singlet
even-parity, even-frequency spin-triplet odd-parity, odd-frequency
spin-triplet even-parity, and odd-frequency spin-singlet odd-parity.
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Breaking symmetry: inhomogeneity or junctions

erpandrp - R= %(rl +r2)and r=(r; —rp)
o Parity of Cooper pair defined with respect tor — —r; r — k

e Inhomogeneities break translational symmetry = Parity is no
longer a good quantum number

e For SN junctions with spin rotational symmetry, near the
interface (~ &) mixed parity states can be realized
ESE — ESE+0SO, and ETO — ETO+OTE

e For homogeneous system with broken spin rotational
symmetry, singlet-triplet pairings are mixed
ESE — ESE+OTE, and ETO — ETO+0SO

e What about pairing symmetry in F/S junctions ? All 4
possible ESE — ESE+OSO+OTE+ETO,

e ESE induces OTE in TI SN junction, if 22 0
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What they calculate

H = Hxm+ Ha
Hxpy = —tzc;cj—k,ch;rc,-—ki)\ Z V;jc;razcj
(i) i (i)

e vjj = +1 left (right) turn to get to the
second bond

Superconductor
o Ha ==Y, Uicijcinchc],
e Self-consistently for mean field s-wave A(i) = —U;(ci cit)

o F(7]i) = (cir(7)ciy(0) + ciy (7)ci(0)) /2
o Fi(7]i) = (cir(1)cir(0) — ciy(7)ciy(0))/2
o Fs(7]i) = ({ciy(7)cir(0) — cip(7)ciy (0)))/2
e F(1=0)=0, A; =—UFs(T =0]i)

e 0.F;|p = odd frequency order parameter

C. L. Kane and E. J. Mele, Phys. Rev. Lett. 95, 146802 (2005).
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Results

0
0 10 T 20 -10 0 x 10

FIgU €. (a) SN junction along the edge of a 2D TI. (b) Even-frequency pairing |Fs(0)|, (c) odd-frequency
pairing \Fto(l)\ and (d) |F?(6)| in a 2D TI SN junction with ug = 0.3, unx =0, and U = 2.2, giving

Ag = 0.16. (e) Maximum height hg (black, left axis) and average width wg (red, right axis) as function of 7 for
|FP| (crosses) and |OxFs| (line). (f) Magnitude of odd-frequency order parameter GTF? lo (crosses) and %
scaled by a factor of 0.4 (line) for Ag = 0.16 (black) and Ag = 0.30 (red).
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oeo

Results

HTI = Z C;kk . UaBCB,k

k,a,5
Hsc = Z E(k)d;kda,k + Z A(i)aﬁdl,id;,i +Hec.
k,O(,ﬁ I.,O(,ﬁ

Hr =Y Ticl do;i+He.

L4 A(I) — AO + (ia)aa% |0 "]l"nob};il’:frlca] . Superconductor
o Frias(k,K) = —1(T,ca(m, k)s(0,K)) ]

o Fru(wnli, i)y = =T, GOwali, ))F (i, 1) GOwnll, )
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ooe

Results

o Fri(wnli,i) = =| T2, GOwnli ) (i, ) GO (wnll, )
o GO(wlk) = (k- 0 — iwp)/(k? + w?)

o Fwn k) = A(i)[w? + 2(k) + A(i)?] 1

o A(k) = Agdio + 22 |01dk,

—1| TI20x Ao GO(wn| k), GO(wn| —k)
2[w2+¢2(k)+A2(0)]

B Z | T Pw,68yAlo

N — 2[w2 + e(k)? + A2(0)] (w2 + k2)2

I:_Tl(w,,|i = 0) :Z

k

w2 0A  0A

w2 0x  Ox

O-Fri(rli)lo ~ > IT0”
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[ ]
Adding Rashba term

Add Hg = iXr 3 iy cf (s x dj)zcii FE' = (i 20(7)ci 20 (0))

FI@ IF1 x 107
x 107 T=1 5{(b)
2y A
0
20 -20 0 x 20

FIgU re. (a) Odd-frequency pairing \Ftl(l)\ in the SN junction in Fig. 1 with Ag = 2X. (b) |Ft1| along the TI
edge and (c) at the SN interface into the Tl for 7 = 0.5 (dashed black), 2 (black), 8 (dashed red), and 16 (red).
(d) Spin components |F;7 (1) and () |F; 1 (1)] of F2(1) = (FY — F7 1) /2.
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Conclusions
[ ]

Summary and implications

e Odd-frequency spin-triplet s-wave pairing in a Tl in zero
magnetic field via proximity effect

e s-wave nature of this pairing guarantees robustness against
disorder

e Time independent order parameter for this pairing o in-plane
gradient of the induced s-wave gap

e Experiments: local tunneling probes, or impact of spin triplet
component in NMR

Thank you for your attention
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