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> Non-Centrosymmetric Superconductors (NCS)
» Novel EM response

» Fluctuations



NCS

L ack of an inversion center.
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Lgck of inversion gllows for CeP,Si - PAmm; CePt,Blype
singlet-triplet mixing.

Source: PhysRevLett.92.027003



Spin-Orbit Coupling

» Bulk asymmetry induces a Anti-symmetric Spin Orbit Coupling

(ASOC) 2 R R R
H(k)=%+}7(k)°7 y(=k)=—y(k)

» Exact nature depends strongly on the symmetry of the crystal.

K,
b) 5 Examples:

Cubic: HASOC » (\.:-.:-('l\7;1-0.1- T '1\73/(7;/ + k. (7.:)

/f\ > D3 ‘ HASOC . “.1'.1‘(/\7.1'0’.1' + 'I\'_:/(Tg/) + Xz 'I":(T:
k.\'
Source: arXiv:1609.05953




Model

~ BCS model with spin orbit coupling term

~

~

H= 2 a;(x) H(—iV — eZ) a(x) — Va;afaiaT + Z a; [(?(—iV — eX) — MB?) - ?aﬁ] ag

—

xX,0 X o,

_J

Samoilenka, Babaev
Ref: PRB 102, 184517 (2020)

—

. 7(k) =y, k (cubic O, Li,Pt;B)

» Goal: Focus on EM response, Construct GL

_s Mean field

7 = [D[aia]e , F[A]l=-— %an

p
S = J ded X Z a'(h - 6,p)05 — Va?afalaT
0 a,p=11

—

h=(0,+H—pt, h), 6= (8, 5) and h =7 — uyB
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F = Ja’r [a| A + Z Ka|(vaFD*—2aﬂBB).A|2+ﬂ|A|4]+532

a==*1

a = N 111 — T = 2eyeuler . COD e ™ Ka ~ Na(GF) N — N+ + N—
Tc ¢ T 2
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— B ‘9“1'” 2 ‘W‘

Frescaled: dr |—+ - ‘l//‘ +
2 2k, 2
a==x1

9a=iV—X—(y+av)§ Y X ¥ U X g

. AddsJ - B term, generic feature of NCS

Ref: arXiv 1609.05953




Meissner Effect

- Simplify GL equations: Take London limit (| y]* const)

~

-

VX (2 B+7)+j=0 j=V¢+A+vB

NCS

~

1 g —_—> -
—VX(B —4zM) = |
A

EM

» Current induced magnetisation

g i=Vp+A A
Vx§+f=0
k BCS )

—
» B contributes to current itself = new currents now allowed

>

Meissner effect modifies: a spiral decay

V2B =

1
2

B = B~ e B

K. . . .
_ ~C Hemx X e—n2x+mlx
217,




> B, + 1B, e XX

wheren; <y ( « %)
controls handedness and

period of rotation of the
spiral.

B |
Bapl
outside inside
Usual Meissner Response Meissner effect in NCS

Ref: PRB 102, 184517 (2020)



Vortex States
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Magnetic field profile around a vortex in NCS.
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Inter-vortex interaction

» |nter-vortex interaction is non-monotonic with several minimas
— vortices can form bound states for these distances.

> This can be understood due to competition between current-
current interaction in transverse direction vs longitudinal direction.
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Physical reason

Can be tracedto J - B coupling

k2 — N
Hk)=—+7(k)- G +uzB -7 o
2m }'(k) — (kxa kya kz)/lkl

— e, 2 k22m =y |k|+7- B
Apply B, = linear term in k_, band centre shifts along &,

Energetically favourable to form Cooper pairs through the new
center of the band as opposed to pairing through the I' point.

K, +)+ |k + G +) — <aa_gy,>#0— Ae277

spatially inhomogeneous order parameter ~ associated with a
current carrying state.



~ ASOC, couples fwith ? allows for additional longitudinal current
in parallel to B.

» Interesting properties: spiral Meissner effect, spiralling vortex
structure, and vortex bound states.

> |t is then reasonable to ask : What other properties does SOC
influence?



Fluctuations

» GLtheory — “mean field description”, not universally applicable.

» Superconducting fluctuations above T. — precursor eftects of the
SC in normal phase.

> Observables: o, Cy, y, etc. may increase considerably in the vicinity
of the transition temperature.

oA

A

N <|w|?> according to first order
> fluctuation correction

Vv (the rounding around Tc is due to

the quartic term in Eq. 18.66)

|| in the absence, *.
of fluctuations "+ '«

|| renormalized
by fluctuations ~~.,

1




Fluctuational Susceptibility

To explore ASOC's influence, it's fertile to look at fluctuational
contributions to magnetic susceptibility, vz,

Since fluctuation induced diamagnetism eventually leads to
meissner effect as we reduce the temperature, we can expect it to
be small wrt diamagnetic susceptibility of a superconductor.

However, it can be comparable to the value of diamagnetic/
paramagnetic susceptibility of a normal metal.

For a clean 3d superconductors, g, (T > T) ~ — yp, Pauli-
paramagnetism.



Calculations

> Take Free energy

F = [d? [a| AP+ Y K, (vpD* = 2apgB) - A* + B A|*]

a==x1

» Specialise to T > T, and with weak fluctuations, one gets:

ve? | 1B%? | 7v = ak [ kT
F= < p2 E+ A [ [log "5 dz

12 2 Ea? - 2Ea? 0 A (B, k) + 7

o2

0°F

L= o
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NCS result:-
B _TVe2 '§+ 682> ) _
i | At low field
BCS result:-
1 e?
fluc _ __ V X
XBCS 6]‘[ (hC)Z §GL As stated in Physrev.180.527

Corrections due to quartic terms, 7. modification etc needs to be
taken into account.

Non-linear response of B has been observed to affect resistivity in

NCS systems, asymmetric response (Wakatsuki etal, Sci. Adv., 6, 13,
(2020))



Summary

> Inversion breaking can lead to novel EM response in SCs.
» Coupling between fand Bis a consequence of ASOC.

» Fluctuations feature ASOC's effect = can contribute to observables,
expt relevant.



Thank you for your patience!









Although F diverges, taking derivatives to calculate observables like specific
heat/susceptibility etc. can converge.

1 J*F 1 1
5C,=—— |— ) ==
: VTc(Hez) Vzk:

3 -
k2
(€ + dma T, )

Source: arXiv: cond-mat/0109177v1



Example

2 b 4 1 2
Fo = a|lY|"+=|¥Y]"+—| VY|
2 4dm

Minimizing the free energy functional we have

_ [ —aT €/b, € <0
1P)? = | ‘
0, e>0
a’T4e?
~ Fy — " V,e<0
F=(F¥Dmn=FI¥I=1"" 2p

FN,€>0

Source: arXiv: cond-mat/0109177v1



Y =¢,r(=0fore>0)+y

Decompose the net field into mean field contribution (can be spatially non-uniform)

And thermal fluctuations.
1

b
F[\P]sF[w]=]a|wl2+5|w|“+4 | Vy|?
m
k2 Source: arXiv: cond-mat/0109177v1
F = Fy + + — :
(W] = Fy ;[a m] |94 |
k? Fe>0)=-TlhZ=-T» I "
Zzl—[/dzq&e)(pl—a(f'*"; - )I"Pklzl € > = n4LZ = n 2 '
Lo maoi, k a\|\e€+ amaT.
1 (4maT)'>

5C, =

87 \/Z‘



Review slides



ASOC form for different symmetries

Point Group | Representation | 1) (k) - F
Cl Fg |1/2, 1/2) Zi.j:x.y,z a,'_jk,'dj
Ca M's@&Ta |1/2, 1/2) Q::k:0: + Qzzkz0x + ngkyay + azykzoy + ayekyo:
C, I';ely (1/2,1/2) Qp ko0, + ey kyo. + a. k.0, + oy k.o,
D, I's [1/2,1/2) Orpzkeor + ayyky, Sy + a..k.o.
Cs, I's [1/2,1/2) Opykeoy + 0yky o + askkyk o
Cy I's &g [1/2,1/2) Qry(keOr + kyoy) + azy(keoy — kyor) + a. k0.
' &g [3/2,3/2) Crz(keor + kyoy) + oy (keoy — kyor) + o k.o.
S4 s @l 11/2,1/2) rr(keos + kyoy) + auy(keoy — kyos) + Bk (k2 — k;)az + Bak.kekyo.
' @Is 13/2,3/2) Qzz(kz0z + kyoy) + azy(keoy — kyoz) + Brk: (k2 — ki)o= + Bak:kekyo-
D4 I'e [1/2,1/2) ozx(kios + kyoy) + a..k.o.
7 (2 —y?)|1/2,1/2) zz(keoz + kyoy) + az-k-0-
Ciy I's [1/2,1/2) Qpylkeoy, — kyoy) + Bkokek, (k2 — k2)o.
ry (@2 — y2)|1/2,1/2) oy (kay — kyoz) + Bhokaky (k2 — k2)o-
D2a I's [1/2,1/2) Qzz (k20 — kyoy) + Bk=(kz — k3 )o-
r; (2 - 42)[1/2,1/2) Cra(ksoe — kya,) + B (k2 — k2o
Cs ry@ly [1/2,1/2) Qry(keOz + kyoy) + azy(keoy — kyor) + a. k0.
I'e® g [3/2,3/2) o k.0, + k.0, + a..k.o.
D3 I's |1/2, 1/2) sz(kxo'r + kyoy) + azzk:0:
I's®&Te |3/2, 3/2) - 2|3/2, —3/2) ark:0: + ayk:&y + az:k:0:
Ci, Iy 1/2,1/2) Quy(kzoy — kooy) + Bky (3k2 — kl)o.
Is®&le  |13/2,3/2) —il3/2,-3/2) Boky(3k3 — k)G + Byky (3k7 — k3)G, + B-ky(3kZ — Kk} )o-
Cs '@y [1/2,1/2) Qre(keOr + kyoy) + azy(keoy — kyor) + a..k.0.
| P T 15/2,5/2) Qrr(keor + kyoy) + azy(keoy — kyoe) + a..k.o.
| PR P 13/2,3/2) Buky(3kZ — k)52 + Bak=(3ky — k3)Gx + Baky (3kZ — k3)3,
+Bak=z(3k; — k2 )5y + az:k=0-
Can I, @Iy 11/2,1/2) Brk.[(k2 — k2)ow + 2k kyo,] + Bak.[—2k.kyo. + (k2 — k2)oy)
+ B3k (3k3 — k2)o . + Baky(3k: — ki)o-
o @ To [5/2,5/2) Bik:[(k3 — k2)oz + 2kzkyoy] + Bak:[—2k:kyoe + (k3 — ki)oy]
+ B3k (3ks — k2)o= + Baky(3k: — ki)o-
| PR P 13/2,3/2) ok.Go + ayk Gy + Bk (3k] — k2)o. + Baky (3k2 — k2)o.
Dg | [1/2,1/2) Oz (keor + kyoy) + k.0
| y(y* — 32%)|1/2,1/2) Oz (keor + kyoy) + ez k.0
I's 13/2,3/2) Bikz(k2 — 3k2)G2 + Baky (ki — 3k2)6y + atzzk:0-
Ceuv Iy 1/2,1/2) Qry(ocky — oyk.) + Bk.(3kik, — 10k2k3 + 3k.k})o.
I's z(z? — 3y?)[1/2,1/2) Qryl(ocky — aykrz + Bk.(3k3k, — 10k§:k§ + 3k,k§)a,
I's 13/2,3/2) Biky (ki — 3k:)G= + Bakz (ki — 3k2)&y + Bak=(3kiky — 10kik) + 3kzok})o-
Day, | 1/2,1/2) Brk.[(k — k2o, — 2k.kyo,] + Bak. (k2 — 3k2)o.
Is 2a(z? — 3y2)|1/2,1/2) Bk (k2 — k3)o — 2kokyoy] + Baka (K2 — 3K2)a
I'o 13/2,3/2) ak:G: + Brk:(3kiky — 10kIk} + 3koky)Gy + Bk (k3 — 3ki)o-
T Is [1/2,1/2) Ozz(kzor + kyoy + k:0:)
0 Te 11/2,1/2) Qo (kpoe + kyoy + k.o.)
| xyz|1/2,1/2) Oy (koo + kyoy + k.0.)
Ty I's 1/2,1/2) Bk (k§ —k3)ow + ky(kZ — k2)oy + k= (k2 — k§)az]
Iy f(z)|1/2,1/2) Blkz (ki — k)o. + ky (k2 — k2)o, + k. (k2 — k})o.]




Inequalities

For O (cubic)/T(tetrahedral) e —

Also assume that
Uu>wp>T,

Yokr > wp > ugB



ASOC vs Gap

Compound Structure 7T, v H., 1/Ty(T) KS C(T,H) TRSB AMT)| Eisoc Easoc/keT.
(K) (mJ/mol K?) (T) (meV)
CePt3Si Pdmm  0.75 390 2.7 ¢, 3.2|| a L C L L 200" 3095
LaPt3Si 0.6 11 Type P4 F F1 N F1 | 200 3868
CeRhSis I4mm 1.05 110 ~30 e, 7l a 10 111
CelrSis 1.6 100 ~45 |l e, 95 a L C,R 4 29
CeCoGey 0.64 32 >2| ¢ 3.1 a gle1s 163
CelrGes 1.5 80 > 10| ¢
Ulr P2, 0.13 49 0.026
Li2PdsB P45332 7 9 2 F R F F2 30 50
Li;Pt;B 2.7 7 5 L C F/L L2 200 860
Moz Al;C 9 17.8 15 P N Fl
Y.Cy 143d 18 6.3 30 F2 R F L/F2] 15 10
LazCy 13 10.6 19 C F1 F2 30 33
K;CryAsy Pom?2 6.1 70-75 23 ||, 37L L 60 114
RI))(’I‘:;AS;; 4.8 5% 20 P
(‘52(‘-!‘;“\5;; 22 3‘) ()5
BiPd P2, 3.8 4 0.8 F1 F1 F2 50 153
RegZr I143m 6.75 26 12.2 Y Fl
Res W 7.8 15.9 12.5 F1 N F1
Nb.Re;_. 3.5-8.8 3-4.8 6-15 F R F1/2 Fl
Res Tis 5.8 111.8 10.75 F1
Mgio+xIr1oBie—y I43m  2.5-5.7 52.6 0.8 Fl R Fl F1/2
Ba(Pt,Pd)Sis Idmm  2.3-28 4.9-5.7 0.05-0.10 Fl
La(Rh Pt Pd,Ir)Si; 0.7-2.7 4.4-6 Type 1/0.053 F1 N F1 | 17(Rh) 93(Rh)
Ca(Pt,Ir)Sis 2336  4.0-58 0.15-0.27 Fl N
Sr(Ni,Pd,Pt)Sis 1.0-3.0 3.9-5.3 0.039-0.174 F1
Sr(Pd,Pt)Ges 1.0-1.5 4.0-5.0 0.03-0.05 Fl

Table of some known
NCS materials.

Source: arXiv:
1609.05953



Scalings
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SOC, coupling fwith B, allows for additional longitudinal current in
parallel to B.

Interesting properties: spiral meissner effect, spiralling vortex
structure, and inter-vortex bound states spawn on account of SOC.

It is then reasonable to ask : What other properties does SOC
affect?

Recent experiment.... (In the fluctuation....reg)
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Fig. 1. Temperature dependence of the heat capacity of superconducting grains in specxfxc heat of a 1350 A sample of Bi Sbo.go
the region of the critical temperature plotted against temperature. The solid curve
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= 322.6 T - 669.3.



- k* A 7m k* |
H,=—+o0me(cxXKk)=—+a|o'k -0k
“ 2m ( ) 2m ( ' ")
t—>—t: k—>-k,o— -0
( k* /2m a(k‘+ik‘) \ k2
Hy= , = &, =—=2awak
\ a(k‘—ik‘) k= /2m - 2m

TR - Yes, IR - Antisymmetric

I
¢) ¢

'-

Source: https://tms16.sciencesconf.org/data/pages/SOC lecturel.pdf




I}=L+¢f\/+ p‘ - + h: -V?V + h, - '-(V"’\r’xf))
2m 8m-c” 8m ¢’ - 4m c .
crwléns KE comcton  Darwin temm SO1 * Bulk asymmetry can also induce a
SOC term.
E
T T T T T ' » Exact nature depends strongly on the
symmetry of the crystal.
@ @ @@ Examples:
e—>

@ D w V
Dy :

Source: https://
tms16.scien onf.or t Source: arXiv:1609.05953

pages/SOC_lecturel.pdf

HASOC : (l‘;lf;lf(k:_'lf(f"lf + A';IO',/) + (";;I\"; 0;















Thank you for your patience!



