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Discovery of superconductivity

Heike Kammerling Onnes (1911)



Conventional superconductors

eDuring 46 years, from 1911 to 1957, superconductivity is
recognized as one of the most important problems in
theoretical physics

- Search for a theory of superconductivity: series of failures
(see J. Schmalian in 50 Years of BCS)
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Conventional superconductors

e BCS theory (1957)

Quantum mechanical behavior at the macroscopic scale

Leon Cooper

Nobel prize : 1972
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John Bardeen | Robert Schrieffer

Macro. Quantum State W .. = H(uk +VkC:Tka¢) |0 >
K

s-wave symmetry A=V{(C,| Cr)~ Aoei‘b




SC Ground State

Superconducting

Normal State (Metal) Low Temp. Ground State

Cooper Pairing

L=0
S=0

Degenerate ~free electron gas ~ Gas of Cooper Pairs




How can two electrons attract each other?

Dance analogy: coherent pairs J. Robert Schrieffer:

“By dancing they lower their energy
or make themselves happier”

MOTEL

VACANCY Electron
Another analogy: 2

Lattice




How Cooper pairs form in conventional superconductors:
the “glue”: electron-phonon interaction

Effective “residual”
e-e interaction
including Coulomb
(“Jellium model”)

For realistic system,

a=b! Depends on
details

Screened Coulomb  Electron-phonon attraction

Note: electrons avoid Coulomb repulsion in &me (interaction is retarded)



Why do some elements superconduct, others not?

Periodic Table of Superconductivity

(dedicated to the memory of Bernd Matthias: compiled by James 5. Schilling)
|3D elements superconduct at ambient pressure, 23 more superconduct at high pressure_|

ambient pressure high pressure
superconductor superconductor

T(E)
Tﬂm{m Trm{K:'
P(GPa) P(GPa)

depend on
details!




Superconductivity: why Is pairing good?

Naive answer: once we have an attraction, we get pairs.
Pairs of fermions are bosons, so they can Bose condense
= pair superfluid

S=0

Q: is this the right picture of a

BCS superconductor?
A: No!



Superconductivity: Ground state

Remember that all pairs

In reality,
are phase coherent!

E=V /A >> n1/d

Simple metal:
E~ 10 A
n/d~ 1A

St. Matthew’s Passion
Oxford, UK



Superconductivity: Excited states







Is that all there is? Brian Pippard and “The Cat and the Cream” speech IBM 1961

“I think 1 might remark that in low-temperature physics the
disappearance of liquid helium, superconductivity, and
magneto-resistance from the list of major unsolved problems
has left this branch of research looking pretty sick from the
point of view of any young innocent who thinks he's going to
break new ground.”



High temperature superconductivity.

Possible High T, Superconductivity
in the Ba—La — Cu— O System
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High temperature superconductivity.

Possible High T, Superconductivity
in the Ba—La — Cu— O System
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Griineisen parameter coupling in 169-174
heavy fermion systems

ool 10,
Authors

Text

Anomalous temperature 175-188
dependence of the magnetic field

penetration depth in

superconducting UBe13

Lol 10.1007/BFO

Authors

Possible highTe superconductivity 189-193
in the Ba—La—Cu—-0 system
Lol 0. /BFO130370
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Great expectations 1987




Applications 2016

Wires

Copper Stabilizer

Silver Overlayer

(RE)BCO - HTS (epitaxial)

Buffer Stack

~0.2 pm Substrate

large magnets — maglev technology...



Cuprates: status report

Hg,Ba,Ca,Cu,0;
= T. =135 K
= | under pressure: 1353 K
e T
" L ‘ - Hg
{e® ¢ ® Ba
l ,‘ ® Ca

- interstitial O

Al

A. Schilling, M. Cantoni, J. Guo, HR. Ott, Nature 363, 56 (1993)

d-wave SC:

L
T. is too high for elec 1onon “glue” to work! A

What holds pairst « r? A= 70(008 k, —cos ky)




Discovery of LaO,_,F,FeAs
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| |
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lron-based superconductors

Recent reviews: Paglione & Greene Nat Phys 2010; Johnston Adv. Phys. 2010

LaFeAsO BaFe,As, LiFeAs FeSe

Ad, Wy AE AL
/7y 4,

R

T.=28K T.=38K T.=18K T.=8K
(55K for Sm)

(single xtals)



Electronic structure calculations

LaFePO (T.=6K) LaFAsO (T.=26K)

Band structures for 2 materials nearly identical!
Hole pocket near I', electron pocket near M

Kotliar et al, Cao et al: correlations can be important

= LaFeAsO




Multiorbital physics

| '
: . | Total
DOS near Fermi due almost entirely to 5 Fe d-states I l.f | AT

Complications: calculations will be harder -0

Novelty: surprising new aspects of multiorbital/ Fe 3d

multiband physics

DOS (states/eV unit cell)

As 4p

|
-10
Energy (eV)

Band structure Fermi surface



Magnetic order in most (not all)
parent compounads

LaOFeAs |

® BT-7 data

B HB-1A data

Stripe like order

Review: E. Bascones, B. Valenzuela, M. J. Calderon, Comptes Rendus Physique (2016)



“Doping™ the parent compound

Various chemical substituents or pressure lead to SC “dome”

SrFeE»f*«s2

Ba(Fe, Co )As,

O
—
=
o
©
Q
=
®
=

010
Co content x

Pressure (kbar)

_ Fang et al. (2009)
Alireza et al. (2008)



Nematic behavior

resistivity

orthorhombic state displays
strong anisotropies that
cannot be attributed to the
lattice distortion only

Chu et al, Science (2010)
Tanatar et al, PRB (2010)

® OO
® O3
~0.3% change in a,b at T in Ba-122 Q Q’ Q

—_— Q)



SC gap symmetry and structure

A(k) = “energy gap” or “order parameter” or “pair wave function”

S++ S+ nodal s d

0 0 0 0
oo oo oo odo




e-ph Interaction Is too weak

Phonon spectrum, density of states

We have calculated ab initio the electron-phonon spectral
function, o?F (w), and coupling, A, for the stoichiometric
compound . Some moderate coupling exists, mostly
to As modes, but the total A appears to be ~ 0.2, with

™
P

Wiog ~ 250 K, which can in no way explain 7. 2 26 K.




superconductivity from e-e interactions

Pairing by exchange of spin, charge/orbital, nematic... fluctuations?

Prenistery: Kehn-Luttinger 1965

,

Y

Walter Kohn

Quinn Luttinger Also: Landau and Pitaevskii

KL (1962): an electron gas with no phonons and only repulsive
Coulomb interactions can be a superconductor!

A new paradigm: electrons avoid repulsive part of Coulomb interaction in
space rather than time!



Prenisterny: Kehn-Luttinger 1965

Friedel: screened Coulomb interaction

At finite distances, screened Coulomb interaction becomes attractive: finite-L pairing



Prenistory: Kehn-Luttinger 1965

Kohn & Luttinger, 1965

screening terms

SIEEINE Zeliling bare interaction (attractive in some L-channels)

interaction (repulsive)

Example: short range U>0 for rotationally invariant system (= 3He)

T ~E. exp(-2.5L")

Best calculation in 1965: Brueckner Soda Anderson Morel PR 1960 :
predicted =2 for 3He = T, ~ 107K

had they taken =1 they would have gotten T, ~ 1 mK!



2 paradigms for superconductivity
according to hew pairs cheose te avold Coulemblinteraction

“conventional” :  Isotropic s-wave pair wave fctn, interaction retarded in time
St++

., ' . —)
: oQo
Overall effective interaction attractive 0

“unconventional”: anisotropic or sign-changing pair wave fctn,

Overall effective interaction repulsive



Spin fluctuation theories of pairing

. . . . . o~ § Erz)i:l'](qyw)
Effective singlet interaction from spin 2 1-Uxo(q,w)

fluctuations

f(5p+q} - f(Ep]

Screened Coulomb

k't kt Kkt U

-K'} ki K}




Spin fluctuation theories of pairing

Effective interaction from spin paradigm: d-wave in cuprates
fluctuations from antiferromagnetic spin fluctuations

o § E’rzgﬂ(%w)
2 1-Uxolg,w)

f(5p+q} — f(fp]

2m)3 w — (Epyq —Ep) + 190

Xo(q,w) = [ (

d-wave takes advantage of peak in spin susceptibility at g=(r,7)!

A =—A

p+(7.7) p




remember at least some channels attractive In order
to form Cooper bound state
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Similar argument from for FeSC.:
electron-hole pocket pair scattering dominates

also:

Kuroki et al 2008
Seo et al. 2008
Chubukov et al 2008

- nesting peaks interaction V. at ,0 in 1-Fe zone.
- interaction is constant over sheet since they are small.
- therefore isotropic sign-changing s,, state solves gap eqn



Comparing cuprates and FeSC

Table 1| Properties of different classes of superconductor

Property Conventional superconductors Copper oxides MgB, Iron-based superconductors

T, (maximum} <30K 134K 9K SeK

Correlation effects Mone (nearly-free electrons)  Strong local electronic interaction Mone (nearly-free electrons)  Long-range (non-local)
magnetic correlations

Relationship to magnetism Mo magnetism Parent compounds are magnetic Mo magnetism Parentcompounds are
insulators magnetic metals

Order parameter One band, same-signswave | Oneband, sign-changing d wave Two band, same-signswave | Twoband, presumably sign-
changing s wave

Pairing interaction Electron-phonon Probably magnetic {no consensus) Electron-phonon Presumably magnetic
Cimensionality Three dimensional Two dimensional Three dimensional Variable

Cuprates Pnictides

Different symmetry of superconducting order may be driven by morphology of Fermi surface
--- need not imply a different pairing mechanism

See Chubukov & Basov “Manifesto for higher Tc”, Nat. Phys ‘11 Scalapino, “A Common Thread” RMP ‘12



Spin fluctutation pairing theories In Fe-pnictides

H,=5-band tight-binding model

H — H 0 + [_T Z Tig A g Z] -+ [_T! Z TLieTlip!

il i 0/ <t

‘I—I Z Z sz_If’ :*'zfa”zi’a‘“"‘]r Z If’lLIFT

i<l oo i, 0" A4

most general 2-body Hamiltonian
with interactions only!

Effective interaction between electrons in orbitals fl fg €'3 €'4

Coresenes (K Ky @) = [BUS xRk — K, 0)U* +3U° — LU xR (k— K, @)U +1U°]
1€2£63€4 ) )

£18481£0




Realistic theories: realistic gaps display: strong anisotropy/

Ceyesene, (K K, @) = [FUXRPA (K —K, 0)U* + U — U xRA(k— K, 0)U° +3U°]

£3€481 62

o : = close: d,2.,2
anisotropic extended-s”-wave X<-y Graser, PJH et al 09,10

similar:

Kuroki et al '08, ‘09
Ikeda et al '09, 10

(x=0.125 e-doped) U=1.54 J=0.3

Two pairing channels nearly

degenerate

a) Can different FeAs materials have different
symmetries?

b) More likely: s-wave symmetry, differing
gap structures for different materials



What is the origin of the gap anisotropy |

2. scattering between 3, and 3, sheets
3. intraband Coulomb repulsion

See also:

Fermi surface w/ orbital character

(band picture),

1?7



“sensitivity” to small changes In electronic structure

a) changes to small Fermi pockets = big changes in gap
b) any nodes are accrdental rather than symmetry-enforced in ext.-s states

a) isotropic s, b) nodes c) deep minima

D
©
=z

Q)

Q)



SC state: experimental “lack of universality”
e.g., penetration depth experiments

LaFePO T.=6K Co-doped Bal22 T.=25K K-doped Bal22 T.=40K

“TLaFePQ TTTTTTTTTTiTTTirmrei gt
sample #1, S Ptard

' dirt
/ nodal SC o) A/I:{ y
N(w)=w

AL :jdw(—i—ij(a)) -

gapped SC so Al=e "



Big picture: evolution of gap with doping
PJH, Korshunov and Mazin Rep. Prog. Phys. 2011

electron doping =

KFe,As,: KFe,Se,:

No electron No hole_ )

pockets: d-wave? pockets: d-wave”

Thomale et al Wang et al

S-wave: Graser, PJH et al
' - 2

Okazaki et al S-wave?

(ARPES) Mazin, Fang et al



But: higher T, from Fe chalcogenides

® Tcvs Gap
+ Only know Tc 1 UC FeSe/STO(001), UC FeSe/Anatase
¢ Only know Gap 1 UC FeSe/Rutile®
—— 2Nk T =5.87 1 UC FeSe/STO(110)
K Doped FeSe Fj_"'" Ligquid Gated FeSe/STO

Liguid Gated FeSe/MgO

L]
FeSe,.Te, K Doped Bulk FeSe

G—? @)1 MLFeSe ()

®
o Substrate g

Rebec et al arXiv: 1606

see also PH, Comptes Rendus Physique 17, 197 (2016)
(Special focus issue on Fe-based superconductivity)



FeSe: nonmagnetic 8K superconductor, but:
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FeSC with electron pockets only
goes against s, paradigm!

Zhao et al Nat. Comm 2016: “Common electronic origin of superconductivity...”



Importance of correlations

Expt: ARPES

Theory: LDA

Nearly compensated pockets shrink due to interband interactions

=S — I

True to greater or lesser extent for all FeSC: Ortenzi et al PRL 2009




Quasiparticle renormalization factor:
microscopic description of Landau theory

Gk, w) = [w—¢€x — Z(k, W) !

ke 0Z(kg,0 0% (k. 0
Ekﬂ"‘z(k,w):(k_kl?)[_j (e )]+w——(—-5-l+.,.

ok ow

x = (k— ke)/m®
m*~! = [m™' + kgt oZ(kg, 0)/0k]Z

Z'= 1—02(kg, 0)/0w

Gk, w) =Z(w—¢€x)" ' + G'(k, w)

coherent gquasiparticle Incoherent excitations




Quasiparticle renormalization factor: Landau theory

Z=quasiparticle residue

Incoherent, weight 1-Z

Orbital selective correlations: tendency for certain orbitals (d,,!)
to be more strongly renormalized than others

N G(k, w) =Z(w—€x) '+ G'(k, w)




Orbitally selective correlations:
LDA+DMFT: Z.P. Yin et al, Nat. Mat. (2011)

L. De Medici, Springer Series in Mat Sci, 2015 Specific heat
Optics

ARPES whole

ARPES sheets

Q. Osc.

slave Spln calculations i 6 1) 04 03 ). 0.1 0 0.1 0.2 03
for H_u bbard-H u nd Ba, , K, Fe,As, <-er x (doping/Fe) > Ba(kFe, Co ),As,
Hamiltonian

L. Fanfarillo et al arXiv 2016

What are the implications for pairing ???



FeSe: 15t (QPI) gap measurements disagree with standard spin fluctuation pairing theory

Fit to ARPES Fermi
surface also reproduces
QPI Fermi surface

0.2

However spin fluctuation — — —
theory gap is quite different K+ ma &)
from measurement

expt.
Sprau et al. arXiv 2016

-0.1 0 04 0.2
k +m/a (A7)



Renormalize Green’s function with gp weights

Sprau et al. arXiv 2016

Gab (k, {'U) — Za.b Gf{r.]b (k: ﬂ'—})

-0.1 0 0.1
k +n/a (A7)

expt.

Also works well with LiFeAs,
monolayer FeSe

Kreisel et al arXiv: 2016 e e — O R
2 k +m/a (A")



Conclusions |I: 2 paradigms for superconductivity

“conventional” :  Isotropic s-wave pailr wave fctn, interaction retarded in time
St++

_ 0
0

Overall effective interaction attractive

Elements, Al5s, MgB2, borocarbides, A-doped CG60, ....

“unconventional”: anisotropic or sign-changing pair wave fctn,

nodal s d

— O 0

oo oo oo
0 O 0

Cuprates, Fe-based, heavy fermions, organics, ....

Overall effective interaction repulsive



Conclusions ll/gquestions

Symmethy= eir SCoraerin systemswith repuisive
INteractionsioitenraictated by menphelegy: e Fermi suriace:
FESCappeal toferAy H(ESzWaves) prokablyawithioverallisign
chiange=-"needesin some SyStemss net N ethers: What ane
e CONSEeqUENCES el residual eleciionic Corelations?

Are there several families of SC linked by common pairing
mechanism—"common thread”?

Higher T.? Materials-specfic calculations needed.

Recent news: superconductivity at 200K in H,S under
pressure  (Drozadoy, Nature 2015). No limit on e-ph T,
superconductivity reinvents itself again!

(see Cappelluti talk this afternoon)
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