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* Introduction to odd-frequency (®) superconductivity
— SF, SN junctions

 0Odd-m bulk superconductivity in multiband systems

— Simple two-band superconductors

* 0Odd-w superconductivity and Kerr effect in Sr,RuO,




Different Phases of Matter

Ordered states = symmetry of order parameter, A
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Different Phases of Matter

Ordered states = symmetry of order parameter, A
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Superconductivity: A ~ F' = (¥,(t)13(0)) (t < w, frequency)
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Odd-w Pairing

BCS order parameter: F(r,t;r',t' — t) = ((r, ) (', ¢’ — t))

vanishes for odd-w pairing

dF(r,t;r’,t)

dt Lt

Equal-time odd-w order parameter:
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[1]

Spin-singlet s-wave SC =2 odd-w spin-triplet s-wave pairing

 Long-range superconducting proximity effect in F
e s-wave = disorder robust

[1]: Eschrig, Phys. Today 64, 43 (2011)




SN Interface
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Translation symmetry breaking 2 x4

Spin-singlet s-wave SC = odd-w spin-singlet p-wave pairing

Only high-transparency junctions
 p-wave = only ballistic systems

[1]: Tanaka et al, PRL 99, 037005 (2007)
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Odd-w Bulk Superconductivity in
Multiband Systems

* Aclue from Bi,Se,
 Simple two-band superconductors



Bi,Se; — SC Hybrid Structure

Hgc = Z(—2 cos(kza) — 2 cos(kya) + ,usc)c;rmckg

UPPSALA
UNIVERSITET

T35 ZAao Ckoc ko' — A% (—K)c koCko
kaa

2D superconductor

% HT = — Z T]_CI{O.b]_kO' + T20L0b2k0' + H.c.
“ Local tunneling

\ HTI ’YO—ZZ’)/ZCOS ka —I—ZdI‘

Bi,Se; (T orbltal Pauli matrlx) [1]

F0=T$®00,Fz= _Tz®0y7FyZTz®Jx7Fz:Ty®00
ABS and Balatsky, PRB 87, 220506(R) (2013), [1]: Rosenberg and Franz, PRB 85, 195119 (2012)

{ dp =€ — QZti cos(k;a), d; = —2\; sin(k;a)




Superconducting Symmetries in Bi,Se,
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Singlet/triplet, spatial (s/p/d), even/odd-w, even/odd orbital

7 Superconductor ' Even—ﬁ‘equency (-)dd-frequency N
I' | Basis function |J, Even-orbital | Odd-orbital Even-orbital | Odd-orbital
Aig P=1 0 A singlet, - - A1g singlet,
Ag, triplet (ms = £1) Ag, triplet (ms = £1)
Big Y = kg — k; +2 Big singlet, - - Big singlet,
Boy triplet (ms = +1) By triplet (ms = +1)
Bag Y = 2k ky +2 Bog singlet, - - Bog singlet,
B1y triplet (ms = +1) B1y triplet (ms = +£1)
Aiy| d= (kz,ky,0) 0 fAiy triplet (ms = +1) Ajg triplet (ms = 0) A1 triplet (ms = 0) A1y, triplet (ms = £1)
Aoy | d= (ky,—kz,0) | O |JA2y triplet (ms = £1), - - Ao, triplet (mg = +1),
A1 singlet A1 singlet
Biuw| d = (kg,—ky,0) |£2[|B1y triplet (ms = £1), Bi1g triplet (ms = 0) Big triplet (ms = 0) Biy triplet (ms = +1),
Bog singlet Bog singlet
Bou| d = (ky,kz,0) |£2[|Bay triplet (ms = +£1), Bog triplet (ms = 0) Bog triplet (ms = 0) Bay triplet (ms = +1),
B1g singlet Big singlet
Eju d=(0,0,kg +iky)| 1 Eju triplet (ms = 0) Aig triplet (ms = 1), Aig triplet (ms = 1), Eju triplet (ms = 0)
B1g+iBog triplet (ms = —1) |B1g+iBog triplet (ms = —1)
E;, |d = (0,0,kz —iky) | -1 E;, triplet (ms = 0) Aig triplet (mg = —1), A1g triplet (ms = —1), E;, triplet (ms = 0)
A B1g—iBgg triplet (mgs = 1) | B1g—iBog triplet (mgs = 1)

ABS and Balatsky, PRB 87, 220506(R) (2013)




Frequency and Orbital
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Complete reciprocity in oddness in frequency and orbital index

Superconductor Even-frequency | Odd-frequenc
r | Basis function Even-orbital Odd-orbital Even-orbital Odd-orbital
Ag P=1 A1g singlet, ‘ - - A1g singlet,
Ag, triplet (ms = £1) Ag, triplet (ms = £1)
Big Y = kg — k; Big singlet, - - Big singlet,
u triplet (ms = :I:l) By triplet (ms = £1)
Bag Y = 2k ky Bog singlet, - - Bog singlet,
Biy triplet (ms = +1) B1y triplet (ms = +£1)
Aiy| d= (kz,ky,0) Ajg triplet (ms = 0) A1g triplet (ms = 0) A1y triplet (ms = £1)
Agy| d = (ky,—kg,0) - - ou triplet (ms = £1),
A1 singlet A1 singlet
Biu| d = (kg, —ky,0) u triplet (mg = +1) Bi1g triplet (ms = 0) Big triplet (ms = 0) 1u triplet (mgs = +1),
Bog singlet Bog singlet
Bou = (ky, kz,0) u triplet (mg = +1) Bog triplet (ms = 0) Bog triplet (ms = 0) ou triplet (mgs = £1),
B1g singlet B1g singlet
Eg‘u = (0,0, kz + iky) E;u triplet (ms = 0) Aig triplet (ms = 1), Aig triplet (ms = 1), Eju triplet (ms = 0)
B1g+iBog triplet (ms = —1§|B1g+iBog triplet (ms = —1
E;, |d = (0,0,kz — iky) E;, triplet (ms = 0) Aig triplet (mg = —1), A1g triplet (ms = —1), E;, triplet (ms = 0)
B1g—iBgg triplet (ms = 1) J§ B1g—iBog triplet (ms = 1)

ABS and Balatsky, PRB 87, 220506(R) (2013)




Multiband Superconductors

e S:Spin (even: spin-triplet; odd: spin-singlet)

e P:Spatial parity (even: s,d-wave; odd: p,f~wave)
e O: Orbital or band parity (even; odd orbital)

« T:Time (even; odd-frequency)
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- SPOT =-1

S=0 P T O| S=1 P T O
even-w + & P|| even-w - & B
even-w i even-w + + -
odd-w + & || odd-w + - +
odd-w — — 4+ || odd-w - >

ABS and Balatsky, PRB 88, 104514 (2013)




Simple Two-Band Superconductor
Hgp = ZEa ak Ao + 5b(k)b;£;abka
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+ZA akTa ,QJFA,,(k)bJr b! "p, T He \ Interband
hybridization

Heq = Zé‘c ) cre +ea(k)dl_dp, Diagonal bands

+ZA Jehael ., + Aa(k)dd",, + H.e. Intraband pairing

s )
Interband pairing
.I.
—|—ZAcd (k Cmd Kl +dj 1€ k¢]+H o A (Ap — Ad)|T|
cd \/(8@ _ 85)2 -+ 4‘F‘2)

ABS and Balatsky, PRB 88, 104514 (2013) .




Time-Dependent Pairing

Time-ordered s-wave interband pairing:

1) = o3 > Trle-tr) 0 d-ar)asO)

F°=F*(t - 0%) Even-w, even-interband pairing

N
,  OF~ . .
F° = Odd-mw, odd-interband pairing

0= —
87- 70T
\_ J

ABS and Balatsky, PRB 88, 104514 (2013)




Odd-w, Odd-Interband Pairing
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p——

B 2Nkz\/€ 2 4 |A,|2

. (Eed =€ F D<A,
For «[ A“ : —bA mdp - A=A;=0 =) — BCS equation
@ b A4 = A, Interband
- pairing F’ =4'F*° Odd-w
0.2
i F? o
7701
Preserves time-
. reversal symmetry
! 0 1 KT 1 2
o =Ny, I

ABS and Balatsky, PRB 88, 104514 (2013)




Using Perturbation Theory

H = Zé’:‘l akaakg —|—€2(/€)b;iobkg ZF

+ Z Aq(k ama e Ag(k)b};TbJr_k¢ + H.c.

1 3 2
< > > SRCREREREREEE F]_FGQ
Interband pairing I, <
<« g — G Fy

Komendova, Balatsky, and ABS, PRB 92, 04517 (2015)




Interband Pairing

Perturbation theory to infinite order in I

Odd-interband: F28d(k, iw) = “12 ; 1 WAL — As)/D
: F F
Even-interband: F& (k, iw) = —= ; 2L —I(Arey — Agey)/D

D = (w? 4+ E?)(w? + E2) —T?[2(e162 — w?) — ASA] — ATAy] + T4

Odd-frequency pairing: I' 7 0, A, # A,

Komendova, Balatsky, and ABS, PRB 92, 04517 (2015)




Interband Frequency Dependence

Odd- frequency Even-frequency
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Odd-frequency pairing: I' 7 0, A, # A,

Komendova, Balatsky, and ABS, PRB 92, 04517 (2015)
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Odd-w Superconductivity in Sr,RuO,

* Superconductivity in Sr,RuO,
e Two- and three-orbital models
e 0Odd-m pairing measured by Kerr effect



Strontium Ruthenate, Sr,RuO,

Superconductivity in a layered
perovskite without copper
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0
./ La, BaxCUO4 Y. M_aelllo*,.il. Hashimgto*, K. Yoshida®,
' S. Nishizaki*, T. Fujita®, J. G. Bednorz™
& F. Lichtenberg’}

Nature 372, 532 (1994)

T.=1.5K

* Non-s-wave (disorder sensitive)

Spin-triplet (neutron scattering, Knight shift)
Breaks time-reversal symmetry (Kerr effect)

- Spin-triplet chiral p,tip,-wave symmetry




Properties of Sr,RuO,

Three Fermi surfaces (FSs) Superconducting state

<ATT(k) AN(k)) _ <—dx(k) +idy(k) Y(k)+d.(k) )
Ak Ap) T\ —o) + (k) do(k) +id (k)

Triplet d-vector for chiral state
d(k) = (0,0, k, + ik,)

Fully gapped on
cylindrical FS

Three Ru 4d orbitals:

* xy =2 v (electron-like)
* xz,yz -2 P (electron-like) and a (hole-like)

[1]: Damascelli et al, PRL 85, 5194 (2000), [2]: Phys. Today 54 (2001), [3]: Mackenzie and Maeno, RMP 75, 657 (2003)




Kerr Effect in Sr,RuO,

Reflected light has a slightly rotated plane of polarization if material ”/
breaks time-reversal symmetry (TRS)
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o 7 SC state in Sr,RuO, breaks TRS
: %M | But ...

Clean single-band chiral SC has zero
Kerr effect

A0, (10 °rad)

. 1, 1 -2Interband pairing with relative
0 0.5 1 1.5 2 2.5 3 ]
Temperature (K) superconducting phases (2]

Electric-field driven interband transitions with relative SC phases
- finite transverse Hall current response -2 finite Kerr effect

[1]: Xia et al, PRL97, 167002 (2006), [2]: Taylor and Kallin, PRL 108, 157001 (2012); Wysokinski et al, PRL 108, 077004 (2012)




Two-Orbital Model for Sr,RuO,

o y s _ (Hok) Ak
Hamiltonian Y, Ul A0y, with Hk_(gr(k) _If_ro(—k)>

 xz(1),yz (2) orbitals vl — (CT o e
— —k|1C—k 2)
> o, B bands k k1 “k12 i 1

* Spin-tripletd || z
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Intraorbital
energy

o i) — (/ﬁ §> Ak) = (/AA AA\)

Interorbital Interorbital Intraorbital
hybridization pairing pairing




Odd-m Pairing and Kerr Effect k4

Odd-w, odd-interorbital pairing:
Fio — Fo = iw[(Ag — Ay)era + Aq2(&1 — &2)]/D (D~ w?)

Interorbital hybridization Interorbital pairing
+ gap asymmetry + dispersion asymmetry

Kerr effect:
oyg X 6121m(A>{A2) —+ §1Im(A§A12) — &Im(ATAlg)

Interorbital hybridization Interorbital pairing
+ gap asymmetry + dispersion asymmetry

-2 Intrinsic Kerr effect evidence of odd-w superconductivity

Komendova and ABS, PRL 119, 087001 (2017), [1]: Taylor and Kallin, PRL 108, 157001 (2012)




Generic Three-Orbital Model

) fl €12 €13 5 Ar Ajg A13
Hok) = | €12 & €3 |, Ak)= A2 Ay Ao
€13 €23 &3 A1z Aoz Ag
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xy (1), xz (2),yz (3) orbitals = vy, a,  bands

General interorbital pairing:

Fas = Zi,j,kzl,...,N €ijktij Fg = Zi;ﬁj:l,...,N Fij
Fps(—w) = —Fas(w) Fs(—w) = Fs(w)
odd-w, odd-interorbital even-w, even-interorbital

Komendova and ABS, PRL 119, 087001 (2017)




Examples Odd-w Pairing

* No interorbital pairingand ¢;; = 1":

Foaa = 2Tiw([Aq (2 — €3) (€2 + €3 + T') + |A1[2(Ag — Ag)
+ two cyclic permutations|/Ds

° OnIy €93 # 0, ADE 75 0 (xz, yz > o, p bands with hybridization, xy = y band)

Fodd = 2@W[A23(€3 — 62) -+ 623(A3 — Ag)]/Dé

- 0dd-w pairing requires only limited interorbital
processes, exactly same as finite Kerr rotation w

Komendova and ABS, PRL 119, 087001 (2017), [1]: Gradhand et al, PRB 88, 094504 (2013)




Pair Amplitudes in Sr,RuO,

Only €23 7é O, Agg # 0

T T

Amplitude -~ o |2 0

o

Phase <«

Komendova and ABS, PRL 119, 087001 (2017)

T

0

T
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\

D

a, 3 bands only
Chiral p-wave symmetryJ




Odd-w Pairing in k-Space

Aoz # 0 Aoz =0

o

Amplitude <

Phase <& o

Komendova and ABS, PRL 119, 087001 (2017)
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Chiral p-wave symmetry
Peaked at o, 3 hybridization

Nodal structure dependent
on exact parameters




S u m m a ry UPSALA

 Bulk odd-m superconductivity in multiband systems
— Finite interband/orbital pairing or hybridization

* 0Odd-w pairing in Sr,RuO, measured by Kerr effect

* Future directions:
— Other odd-w bulk superconductors (UPt,, ...)
— Consequences of odd-w pairing?
— Band/orbital = layer, wires, ...
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