


Previously on Flat Club...

Summary: 2D superconductors

. Described by XY model

b L1 : No true long-range order Louk Rademaket: .
2D superconductivity

- ~4| Resistivity governed by vortices 22 October 2021
(BKT transition, SIT transition)

Open Questions:
*  What happens to the Cooper pairs above a BKT transition?

* Role of vortices in unconventional order parameters (d-wave, topological)?
* Nature of the Quantum metallic state?
* Whatis the glue?

Role of vortex pinning?




Today on Flat Club...

> Quick review of BKT

- BKT and real superconductors Giulia Venditti

> BKT vs inhomogeneities

Open Questions:

2D superconductivity
15 March 2024

What happens to the Cooper pairs above a BKT transition?
Role of vortices in unconventional order parameters (d-wave, topological)?
Nature of the Quantum metallic state?

. ;GV? .
What is the glue? New questions

Role of vortex pinning?



Superconductivity

L 10 * Formation of Cooper pairs ¢ = <Ckack’0’>
— ‘ w ‘ e * Global phase rigidity of the manybody system

Superfluid stiffness: J X N *  Zero resistivity
the energetic cost to twist the phase S S * Meissner effect

Allow for phase fluctuations:

Y(r) = %6@'9(1«)
f=fo+ T —=To)bg xSy + VO(r)[?

Magnetic field:
SEEEEEa B A 9 ].677-62’%/)0 London
X VA = A = — A penetration

(0) m 02 depth

Goldstone mode

Re vy



BKT transition

_ ?,9 * Formation of Cooper pairs ¢ = <C,wck,a/>
— w e * Global phase rigidity of the manybody system

Superfluid stiffness: J X N *  Zero resistivity
the energetic cost to twist the phase S S * Meissner effect

No ext fields nor currents

(discrete) XY model

H JS/|V6’(r)\2dr ” H=-J Z S; * S,

<1,7>

Mermin-Wagner theorem: no long range order in d<3 V) =10

itz-Thouless transition!
T 2016 JS X <,¢,2> X )\_2

Pratap Raychaudhuri and Surajit Dutta, J. Phys.: Condens. Matter 34 (2022) 083001




BKT transition

Spontaneous Symmetry Breaking: long range order () # 0

BKT topological phase transition: quasi-long-range order (¢) =0, (zbz) # 0

* continuous global symmetry U(1)

RSt 0; — 0; +x Vi
b7 Hﬂ*(\\\ \“‘*// / « adiscrete local symmetry Z,""
\ \Q/ // d [//IE\ \ /« Winding number m=0, #1, £2, +3, ..
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Topological excitations: vortex-antivortex pairs



BKT transition

Spontaneous Symmetry Breaking: long range order (1@) # 0
T#T, C(r)~e e ¢oc|T T,

BKT topological phase transition: quasi-long-range order (¢) =0, {1!)2} # 0

Topological excitations: vortex-antivortex pairs
1

/x //// > ;:/ /// T > Tsxr C™(r) ~ e IFI/8 gNln(ZT/j)
— \ T ~ Tg_KT 5 ~ eb/\/ T_TBKT
l1//--\\\l \\l"f// T

I
\\ \ — ~ \\ j _T_
S e \\ '\ Cwy()Nﬁ%J G%@
VNN NN NN A r r|
always critical!
Mermin-Wagner theorem: diverging fluctuations! BUT something is happening




BKT transition
Ideal case Renormalized . .
>T/m 2T/ A naive estimate of 7, -
BCS BCS Single vortex in a lattice (size L, lattice const. a)
BKT —— RG
v L
E, ~ J/ dr(VO(r))? = nJ log(g)
L
Js S, = 2kg log(=Z)
a
F, =
T Tekr T Too

F

Jump of the superfluid stiffness

-
-

at the critical point
2T,
Js(TekT) = %

E, —TpgrSy =0

LS

Single vortices

LOWER TEMPERATURE <———— TOPOLOGICAL PHASE TRANSITION ——————> HIGHER TEMPERATURE

lllustration: ©@Johan Jarnestad/The Royal Swedish Academy of Sciences



BKT transition:

. L L5 _ BC:SJZH 7 Quantum Physics
RG equatIOnS A(ﬁ) — Aoe_e, { = ln(_) i - - :l=2.15 | in One Dimension
(map to Sine-Gordon model) , a A\ hotx=d
dK
R _K2 2
K — 7T<]3 ) dl 9
T dg (2— K)
g = 2me Pm |l g
Vortex—core2 energy | B
Hy = 7Té-()econd QTBKT

K(f o OO) = 2  — JS(TBKT) —

Details of the model goes into initial values of J.and

< ;LR7) Whatis the glue? e

Role of vortices in unconventional order parameters? 10
" W) ()

PHYSICAL REVIEW B VOLUME 62, NUMBER 10 1 SEPTEMBER 2000-1T
Effective actions and phase fluctuations in d-wave superconductors Am plltu de fluctuations affects the initial
Arun Paramekanti,! Mohit Randeria,' T. V. Ramakrishnan,” and S. S. Mandal®? Value Of the RG flow (_) / and T )
s BKT

PHYSICAL REVIEW B 102, 104505 (2020) not the Crltlcal pOInt

I. Maceari @,' N. Defenu® % L. Benfatto® *° C_ Castellani,** and T. Enss ©”

Interplay of spin waves and vortices in the two-dimensional XY model at small vortex-core energy But don”t mess up With VorteX‘antivortex p




..Time for discussion

“Third Newton's rule:
If you provoke me, I'll beat you up”

LA TERZA REGOLA R NEwTON:

S1 ME PROVOCHI 10 TE SFONNG &

[6) ela_scienza_coatta



Ideal case

BKT transition

Renormalized

2T/m
BCS

2T/n lump of the superfluid stiffness

BKT ——

Jg v

BCS —— at the critical point

- / TB”‘

a>3

V oo JUT)
mJ

a(T) =1+ z

T TBKT

RG ——
2T
i) %

Non-linear IV characteristics

BKT physics

. O ___________
L,it T > Tkt O """"""" O O O G
3’ T — TBKT O OQ ------- ‘ I

>3,it T <Tgkr




Observation of BKT signatures

T(K)

T.—TBkT
TprT
« Reducing d— increase disorder, suppress J,
* Smearing of the jump caused by disorder (~nm)
Uncorrelated disorder does not affect the critical behavior!

PHYSICAL REVIEW B 100, 064506 (2019)

8 1.
7 3 J()
S-wave

T, and T_almost indistinguishable

Nonlinear -V characteristics of two-dimensional superconductors: Berezinskii-Kosterlitz-Thouless
physics versus inhomogeneity

4 G. Venditti,! J. Biscaras,” S. Hurand,»* N. Bergeal,> J. Lesueur,>> A. Dogra,® R. C. Budhani,” Mintu Mondal,®°
T T 1 T T T John Jesudasan,” Pratap Raychaudhuri,” S. Caprara,' and L. Benfatto® "
2.5 . .
N T 3 —
= 1 E NbN d=3 nm
| 2t —_
2 12 ¢ 2ThHe
e = . ]
< T “-g e Jg from A~
41 i 15 . :
g Jgfrom IV fit =
J =
S
1 . 0 == 1l
16 18
0.5F
PRL 107, 217003 (2011) PHYSICAL REVIEW LETTERS 15 NOVEMBER 201 1 o

Role of the Vortex-Core Energy on the Berezinskii-Kosterlitz-Thouless
Transition in Thin Films of NbN

Mintu l‘v‘lundal,L Sanjeev Kumz]r,l Madhavi Chand,l Anand Kamlapul‘e,l Garima Sm‘aswal,l
G. Seibold,” L. Benfatto,™* and Pratap Raychaudhuri'”

7 75 8 85 9§ 95 10

.even worse with non-linear IV fit. Why?
(finite size effects on RG do not work)



BKT and Inhomogeneities

PHYSICAL REVIEW B 80, 214506 (2009)

R &\ W (almost) Full R(T) range
= ~\|—=] ~e Broadening of the Berezinskii-Kosterlitz-Thouless superconducting transition
Ry & . . S R 1
. by inhomogeneity and finite-size effects o
Worksonlyat T- T, P Ry 1+ (€/&)?
' L. Benfatto,2 C. Castellani,2 and T. Giamarchi®
! ‘ ‘ I ‘ I P . .
09 1 (Caviglia Nature 2009) === 1 BKT fluctuations BKT physics
08 f LAO/STO Z - — .
07 ¢ R 1
£ o5 Ry 14 (k:sinh(i))2
E o4l < NG
odl| I —Tpkr
02 | =280
01} Tpkr
° 02 025 03 035 04 b°k” = Rn/R.
Taxr] | Te
T(K) te ~272Ry/R. ~ 0.01 = 0.1
Rule of thumb: Cooper pair fluct
: R, = 161 /e* = 65.6 kQ
AT U
~1 b~ /1,
T. Js
k~1, b~0.15

Finite size effects and inhomogeneities, correlated disorder can
<1 prevent the observation of BKT signatures

\/ but be careful




Observation of BKT signatures?

1072 |

. : LTO/STO —e—
7F 1 | Tkt NBN —— -

Rule of thumb:
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BKT physics
1077 107° 107°
I(A)

BKT #non-linear v

PHYSICAL REVIEW B 100, 064506 (2019)

Nonlinear I-V characteristics of two-dimensional superconductors: Berezinskii-Kosterlitz-Thouless
physics versus inhomogeneity

G. Venditti,' J. Biscaras,” S. Hurand,>* N. Bergeal,>> J. Lesueur,>> A. Dogra.® R. C. Budhani,” Mintu Mondal,*°
John Jesudasan,” Pratap Raychaudhuri,” S. Caprara,' and L. Benfatto®!-"



] LaAlO./SrTiO 2407 ZrNCl .
el P J/ 3 e Yu Saito et al, Nat. Rev. Mat. 2017
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Inhomogeneities

low T < high T
Signatures of inhomogeneities and filamentarity: O

* Broad transitions ) O | '

* Long tails Q Shcos
* Low T plateaux O OO
C| d

wP(T,)
%. - g j_:—\,.-""bezi etal, PRB 2018 T,
‘ M

LT
R T > T, A ay,
o lo T <T!

* No phase fluctuations

“ ()
* Only inhomogeneities <; LQ? “?;ﬁer:grg””r???)tal )
* Percolating transition




Inhomogeneities

Exp data EM

Inhomogeneity

0.8 .

z 0.6

R/R

0.4 -

0.2 , -

R, ifT > T,

: _ 01 02 03 04 05
Ri=<¢0 T <TlandIl < I} T (K)

R, T <T'andI > I!

Non-linear IV produced by inhomogeneities!

BKT #non-linear v

PHYSICAL REVIEW B 100, 064506 (2019)

* No phase fluctuations

. . .
Only mhomogeneltles Nonlinear I-V characteristics of two-dimensional superconductors: Berezinskii-Kosterlitz-Thouless

e Percolatin g transition physics versus inhomogeneity

G. Venditti,' J. Biscaras,” S. Hurand,>* N. Bergeal,>> J. Lesueur,>> A. Dogra.® R. C. Budhani,” Mintu Mondal,*°
John Jesudasan,” Pratap Raychaudhuri,” S. Caprara,' and L. Benfatto®!-"



Energy, E (meV)

BKT in TBG?

Cao et al,, Nature 2018

Unconventional superconductivity in

magic-angle graphene superlattices

| 4
108

1077

— e [
40 Yuan Cao', Valla Fatemi!, Shiang Fang?, Kenji Watanabe?, Takashi Taniguchi®, Efthimios Kaxiras?>* & Pablo Jarillo-Herrero
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Temperature, T (K)

* Topological flat bands
* Moiré potential
* (not very) Normal state

Current, I (nA)

100



To summarize...

> BKT summary:
 U(1) symmetry but quasi-long-range order
« 006, 0¥, d-wave, spin-wave, ..., change J.and T, .. Giulia Venditti
but J =2T, _/r 2D superconductivity
15 March 2024

~ It's hard to see BKT signatures in real 2d SC
screening currents, finite size effects, correlated disorder/inhomogeneities, ...

> Non-linear /Vs do not imply BKT

— Why J_ from non-linear IV are smeared out?

— What if we mess up with symmetries and v-av pairs?

Role of vortex pinning?
— Change of dynamics...
(@another Flat Club topic?)

..Moire potential? ...Majorana zero modes?
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