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» Noncentrosymmetric superconductors: Lifshitz invariants and nonuniform states
» “Superconducting diode” effect in FFLO superconductors
> Multiband superconductors: TRSB states stabilized by interband pairing
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Ginzburg-Landau theory

Vitaly Ginzburg (2003):

“for pioneering contributions to the theory of superconductors and
superfluids”

Lev Landau (1962):

“for his pioneering theories for condensed matter, especially liquid
(from www.nobelprize.org) helium”

Superconducting order parameter: 1 (r) = |1)(r)|e**™) - wave function of Cooper pairs

Free energy expansion near T.:

Fo= Fatalfl* + G+ KIVYP, o= a1, p,K>0]

New features in unconventional SCs?
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Noncentrosymmetric superconductors

o LioPtsB (2K), LizPdsB (8K)
T LaRhSi (4K), LalrSi (2K)

Cuv CeP15Si (0.5K), CeRhSis (1K)
Cov MoN (15K), GaN (6K)

Ds» MoC (9K), NbSe (6K)

Cs. MoS (1K)

(from Bauer et al, PRL 92, 027003 (2004))
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Noncentrosymmetric superconductors

Insulator/insulator interface
(LAO/STO, LTO/STO)

Metal/insulator interface (LSCO/LCO)
Doped insulator surface (STO, WOs3)

-5 2457000,
SUBSTRATE

(from Pereiro et al, Phys. Express 1, 208 (2011))
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Proximity-induced SC
in semiconducting wires

Superconductor
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(from Leijnse, Flensberg, SST 27, 124003 (2012))



Superconducting pairing in nondegenerate bands

No inversion + electron-lattice SO coupling — nondegenerate electron bands

band splitting Fsoc >

E le: Rash I
xample: Rashba mode SC energy scales

H = e(k)+a(ky6s—ku6y) £ (k)

no interband pairing

Intraband pairing: Ay (k,r) =n.(r)p(k), A_(k,7)=n_(r)p(k), ¢(k)= o(—k) )

& &
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GL free energy with Lifshitz invariants

2D superconductor z Hl|ly .
<
in a parallel field p ! — no orbital effects

GL free energy density: F=F, +F +F

Intraband terms:  F = ax|m|® + %|77A|4 + KAV + KxIm [n5(H x V).na] + ...

Lifshitz invariant

Interband (“Josephson”) pair tunneling:  F = v (nin_ 4+ n*n.)

Lifshitz invariants — nonuniform SC states
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Nonuniform superconducting states

Weak field: helical state 7 () = nye'®” J

oF OF _
04, = oq

qo H, T. —T.(H)x H? nosupercurrent: j, o

Origin of the helical instability:
band displacement and deformation by H

Ex(k) = e(k) + Alv(k) + upH| # 6 (—K)

Strong field: interband phase soliton lattice, stripe states )
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Zero-field nonuniform superconducting states

3D tetragonal SC (point group Cu,): F =F, + F_ + F + Fy,

Zero-field Lifshitz invariant: Fr = Kr, Re(n}iV.n- —n-V.ny) J

nonuniform instability: 7 = nx0e'” if K > Kr, .

Microscopic origin:
S 1 . 2 2 ~ & A -1
Hine = o5 Z Z Vi (k, k' q) CL+q,ACL,ACk’,A’Ck’+q,A/ (e, = Kel \K™)

2V
kk/q A\ =+

Vaw (k. k'sq) = vsw (k. k') +ibsy (k. E)g+ O(¢°)  — Ko |(by- Vi |

invariant polar vector /
# 0 in pyroelectric crystals
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Zero-field nonuniform superconducting states

Other types of zero-field Lifshitz invariants:

Weak antisymmetric SOC + spin-triplet pairing:  A(k, ) = d(k,r)(i6:62)

Example: 3-component order parameter n = (11,72, 73) in a cubic crystal (point group O)

d(k,r) = m(r)p1(k) + n2(r)p2(k) + n3(r)es(k), ¥a,i(k) X eaijk;

Lifshitz invariant: Fr = K1 (71 Vyns +n5Van + 13 Vane + c.c.))

Origin: k-odd terms in the triplet Cooper kernel
1 * PN
Kap(q) = 5T Z Z Paiebs [1iYiGA(k + @, wn)Gr(—k, —wn)

W,k A==%
+(8ij — 45 — ireiji ) Ga(k + @, wn)G A (—k, —wn)]
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FFLO superconductors

Fulde-Ferrell-Larkin-Ovchinnikov states can be realized in a clean paramagnetically-limited SC

| FFLO state

Normal state

FF state: ) (r) = Age’®"
LO state: () = Ag cos(qr)

Magnetic Field

BCS state

.
Temperature

Possible experimental realizations:
layered organic SCs, heavy-fermion SCs, population-imbalanced “cold” Fermi gases, ...
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Phenomenological view

Modified Ginzburg-Landau free energy:

F = ol + Dl + K|Vl + KV

K <0, K>0 — nonuniform SC instability

with disorder, pairing anisotropy: K <0 but >0 = FF stateis stable

Modified supercurrent:

g = = tm { K@"V9) + K [(Ve) V2 — 9" VT2 ]
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Current-carrying FF states

Modified GL free energy:

Current-carrying FF state: ) (z) = A(g)e'®”

stable if
gc,1 S ‘Q| S gc,2

F = ol + Dt + KIV.uf + RIV20P (K <0, K >0)

jo = Jihe Im {K(w*vzw) + K (Vo))" Vi — 9" Viy] }

compare to usual BCS

Two stable states at given current I: ¢, = A(g. )e' " and ¥ = A(qg_)e'~" J
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BCS vs FF

Usual BCS superconductor: one critical current j,

FF superconductor: two critical currents j.1 and jco,

_jc,2 < I < _jc,l

current carried by 1+

jc,l < I < jc,?

current carried by 1 —

] < Jea

current carried by 4 or ¢_

\

one current-carrying state at any |I| < j.

two current-carrying states

1+ is metastable at
0 < I S jc,l

1_ is metastable at
—Je1 <1 <0

Branch switching via domain wall formation? )
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Multiband superconductors

N > 1 bands participating in superconductivity:

MgB:, NbSe2, Nb3Sn, heavy-fermion SCs (UPt;, CeColns, URu2Sis), Fe-based, SroRuO4,
TMDs, oxide interfaces (e.g. LAO/STO), ...

Bao.cKo.4FeaAs;
MgBQ

|A[ (mev)

[)

1020 30
Temperature (K)

(from J. Kortus et al, PRL 86, 4656 (2001)) (from S. Tsuda et al, PRL 91, 127001 (2003))
(from H. Ding et al, EPL 83, 47001 (2008))
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Interband pairing

All pairing interactions are possible:

_ E E 51525354 =t
Hiny = 2V Vn1n2n3n4 k k) k+q7n1,91ck_§7n27§20k/_5’”3’S3Ck/+%’n4’s4
kk/qgn;s;

Vit
intraband pairing :  Vii,11 CJ{EJ{E1C1, Va2,02 CEEE&QCQ
“Josephson” pair tunneling : ~ Vi1 29 ¢lélézca

purely interband pairing :  Viz 12 cléhéies

mixed band pairing :  Vi1,12 61515102, Va2,12 655;51C2
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Interband pairing

All pairing interactions are possible:

J— 8$18283S4 ~—i~
Hine = V Z Z Vn1”2"3"4 k K’ ) k+'~1,nl,slCk,Emz,szCk’—i,n3,53ck’+%,n4,34
kk/qgn;s;

Vii,22
intraband pairing : ‘/11,11 61515161, ‘/22,22 C;E;E;}Cz
“Josephson” pair tunneling : Vi1 29 clélézcs
purely interband pairing :  Viz12 cléhéies

mixed band pairing :  Vi1,12 61515102, Va2,12 Cgégélcz
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Interband pairing

All pairing interactions are possible:

J— 8$18283S4 ~—i~
Hine = V Z Z Vn1”2"3"4 k K’ ) k+'~1,nl,slCk,Emz,szCk’—i,n3,53ck’+%,n4,34
kk/qgn;s;

Via, 12
intraband pairing : ‘/11,11 61515161, ‘/22,22 C;E;E;}Cz
“Josephson” pair tunneling : ~ Vi1 22 cléléacs
purely interband pairing : ~ Via1a cléhéics

mixed band pairing : Vii,12 61515102, Va2,12 Cgégélcz
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Interband pairing

All pairing interactions are possible:

J— 8$18283S4 ~—i~
Hine = V Z Z Vn1”2"3"4 k K’ ) k+'~1,nl,slCk,Emz,szCk’—i,n3,53ck’+%,n4,34
kk/qgn;s;

Vii12
intraband pairing : ‘/11,11 61515161, ‘/22,22 C;E;E;}Cz
“Josephson” pair tunneling : ~ Vi1 22 cléléacs
purely interband pairing :  Viz12 cléhéies

mixed band pairing : V11712 61515102, ‘/22’12 C;E;Elcz
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Interband Cooper pairs in two-band superconductors

Mean-field Hamiltonian: H = [Sl(k)CL,Lsck,l,s + 52(k)CL,2,SCk,2,s] + Hpoir
k,s

&K

!/
7/ \
//

/

& (k)
2 Fermi surfaces inside
“thick” pairing shell

“BCS” energy cutoff
€. > band splitting

S 1 o .
Hpair = 5 Z [All,ss’ (k)c};,l,sc};,l,s’ + A22sss/(k)clzw2,sclfc,2,5/

k,ss’

+A12,ss’(k)cL,1,sé;rc,2,s/ + A2Lss’(k)CL,2,sEL,1,s' + H'C':|
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Ginzburg-Landau free energy with interband pairing

3 order parameter components: 7y = |n1|e?t, n2 = |n2|e?2, 7 = ||
TRSB states: @12 #0,7
For =F>+ Fy
B = ai(T)Im|* + az2(T)|n2|* + v(minz + c.c.) + Ki|[Vm|* + K2 V|
+a17[* + (077 + c.c.) + F2(m37 + c.c.) + K|Vl

Fy = Bulm|* + Balna|* + Ba|m [* |71 + Bz|nz [ + Bs|i* + Ba(mnai™® + c.c.)

,: K <0,33 <0 — pairing (|k,1),| —k —q,2))
[k interband FFLO-like instability?
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Stable superconducting states

Uniform SC state: Fphase = J cos(¢1 — w2) + J1 cos o1 + Jo cos o + Jz cos(pr + ¢2)

intraband only due to interband pairs

two-band SC, no interband pairing: J1 =J.=J3 =0 — no TRSB states
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Stable superconducting states

Uniform SC state:  Fhhase = J cos(p1 — w2) + J1 cos o1 + Jo cos o + Jz cos(pr + ¢2)

intraband only due to interband pairs

J>0 J <0
J/I
n

0 LYY 0 J, /M|

TRI states: | (g01 = 2 = 71'), I (gal = 0, p2 = 7T)

TRSB states: Il (p1 = w2 #0,7), [V (p1 = —p2 #0,7) J
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Conclusions

» Linear gradient terms (Lifshitz invariants) lead to a variety of nonuniform SC states,
both with and without magnetic field

» Novel features in current-carrying FF states: “SC diode” effect, domain walls

» Interband pairing stabilizes TR symmetry-breaking SC states
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