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Introduction to superconductivity

e The phenomenon, models and properties
(history)

e \/ortex matter

e Microscopic theory, T. and A

e Application of superconductors
e Cuprates and theory of HTSC

e |Iron-based superconductors

e Towards RTSC



The story of superconductivity started from LHe

He > LHe

Heike Kamerlingh Onnes
1853-1926

T boiling=4.2 K=-269 °C



The history of superconductivity: the beginning
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Superconducting Elements
In Bulk at Ambient Pressure

At High Pressure
In Modified Form
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critical temperature (K)
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Superconducting Metals and Alloys
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atomic number

Element/ | T.[K]
compound

Al 1.19
Be 0.026
Ga 1.09
Hg 4.15
In 3.40
La 4.8
Nb 9.2
Pb 12
Sn ol
Ta 4.39
V,iGe 6.0
V5Si 7]
NbsGe 18.0
Nb;Sn 23.2




critical temperature (K)
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Superconducting Metals and Alloys
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Meissner effect or vortex pinning ?
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Meissner effect or vortex pinning ?
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Two length scales in superconductors
1935: Londons equations
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Two length scales in superconductors
1935: Londons equations

2nd Londons equation:

H -+ MrotrotH=0

C
s A
s = Tgmaz
Quantum generalization:
T(r) = (ns/2)"/2e) AV = 2mv, + 2—6A

. 1 [P ?Th,C hc
Js = CA( o VO A) o= e 2



Two length scales in superconductors
1950s: Ginzburg-Landau Theory
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Two length scales in superconductors
1957: Abrikosov vortices

H
= A/¢ ¥ —
%< 1/v2 x K1
Ops > 0
Type I superconductor ¢ A *
N Type II superconductor -
L x>1/ V2
Ons <0 %
Y e




SOVIET PHYSICS JETP VOLUME 5, NUMBER 6 DECEMBER 15, 1957

On the Magnetic Properties of Superconductors
of the Second Group

A. A. ABRIKOSOV
Institute of Physical Problems, Academy of Sciences, U.S.S.R.
(Submitted to JETP editor November 15, 1956)
J. Exptl. Theoret. Phys. (U.S.S.R.) 32, 1442-1452 (June, 1957)

e |

72t

E. H. Brandt, Rep. Prog. Phys. 58, 1465 (1995)
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First image of Vortex lattice,
1967

Bitter Decoration
Pb-4at%ln rod, 1.1K, 195G

U. Essmann and H. Trauble
Max-Planck Institute, Stuttgart
Physics Letters 24A, 526 (1967)

Abrikosov vortices

Vortex lattice in high-Tc
superconductor, 1987

Bitter Decoration
YBa2Cu307 crystal, 4.2K, 52G

P. L. Gammel et al.
Bell Labs
Phys. Rev. Lett. 59, 2592 (1987)

STM image of Vortex lattice,
1989

Scanning Tunnel Microscopy
NbSe2, 1T, 1.8K

H. F. Hess et al.
Bell Labs
Phys. Rev. Lett. 62, 214 (1989)



http://www.mn.uio.no/fysikk/english/research/groups/amks/superconductivity/vortex/essmann.html
http://link.aps.org/abstract/PRL/v59/p2592
http://link.aps.org/abstract/PRL/v62/p214

Imaging superconducting vortex cores and lattices with a
scanning tunneling microscope
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Imaging superconducting vortex cores and lattices with a
scanning tunneling microscope

Tip of AL T=0.1 K

0.1 mV

Normalized conductance

0.0
-2

Bias voltage (mV)

Suderow 2014, Guillamon 2008



Abrikosov vortices
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Abrikosov vortices

H

A
side view . .,l-',_/'f @ hc

v 07 2
top view
g
H(0) = 55 (In» — 0.28)
=~ 2H.,

AN
AN
-_ >




Vortex mass?

371 JAN 2 the basic idea that the electronic contribution to the vor-

M, = —TTL?’LS (—) , tex mass is due to the local change in dispersion within

2 Er the vortex core. The number of electrons exposed to this

change is given by N(0)7&2A, with N(0) the density of

1 VE states at the Fermi level and A denoting the energy gap.

M= M, 3 —K ( ) These electrons experience a relative change of their ef-
C

fective mass which is of the order of mA/Ep.

Mass of a vortex in a superconducting film measured via magneto-optical
imaging plus ultrafast heating and cooling
D. Golubchik et al. Phys. Rev. B 85, 060504(R) (2012)



Absorption pare unit current density , pfWW*m/A
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Vortex mass

N
Absorption per unit
of current density, nW*m/A

1 2 3 4
Frequency, THz

T/T =0.01

1 " | L 1

10

20 30 40
Frequency, kHz

50

Absorption pare unit current density , VW*m/A

b

0.18

0.12

0.06

0.00

Energy Absorption by a Single Abrikosov’s Vortex in
NbTi and YBaCuO Superconductors
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Fig.1 Temperature dependence of absorption peaks Ppax (@) of low-(w;) and high-frequency (w2) oscillation modes in (a) NbTi and in YBaCuO,
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Vortex motion

27mT

Imaging of super-fast
dynamics and flow
instabilities of
superconducting
vortices

L. Embon, et al.
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While the dynamic behavior of slow vortices has been thoroughly investigated, the
physics of ultrafast vortices remains largely unexplored.

54 mT

Nature Commun. 8, 85
(2017)

2.0mT

Mo = @%/2ﬂ£2pn

(1.

SQUID microscopy: velocities of up to 10s km/s Vap =4 /mvrp =h/am¢

(much larger than the speed of sound and also exceed the pair-breaking speed
limit of superconducting condensate)


https://www.nature.com/articles/s41467-017-00089-3#auth-1

H,T,J,F)

Vortex matter (




Vortex matter (H, T) — magnetic phase diagrams
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Abrikosov vortices: pinning

a b c

\S\Vortex

BZO nanoparticle

3

Twin boundaries

': pinned by pinning centers D - pinned by cage-effect




E.H. Brandt
Impc:rtance of geumetry

j Ba__

Bean model B, | / ______
parallel geometry I @ Iv é\
* [ //

long cylinder or slab

Bean model I ;
perpendicular geometry J B,

i
thin disk or strip

analytical solution:
Mikheenko + Kuzovlev 1993: disk
EHB+Indenbom+Forkl 1993: strip




Thin sc rectangle in perpendicular field
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Conformal Vortex Crystals

Rai M. Menezes & Clécio C. de Souza Silva
Scientific Reports 7, 12766 (2017)

...we demonstrate that, for suitable choices of the force field, and bellow a certain
transition temperature, the vortex system self-organizes into highly inhomogeneous
conformal crystals in a way as to minimize the total energy. These nonuniform
structures are topologically ordered and can be mathematically mapped into a
triangular Abrikosov lattice via a conformal transformation.



History of superconductivity: BCS
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History of superconductivity: BCS




Experimental proof of the mechanism
of superconductivity m
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The main apps are magnets: MRI, NMR, accelerators and tokamaks.
This is basically LTSC whose resource is already exhausted.
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10 000 superconducting magnet
1200 tons of pable NbTi at 1.94¢5

>130tons offiidle  “y o
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The enormous tor0|dal superconductlng magnet of ATLAS durlng its installation. Each of |ts e|ght
coils, the last of which is being assembled in this photo, is 25 metres long.

(Image: ATLAS/CERN)



The new superconducting crab cavities being assembled at CERN. These cavities will be used
in the future High-Luminosity LHC to tilt the particle bunches before they collide.
(Image: Jules Ordan/CERN)



International experimental
thermonuclear reactor ITER

600 tons of Nb3Sn
600 tons of NbTi
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Futurism

To Moore’'s Law and Beyond



Ictopia HapgnposigHocTi: BTHI

1986




History of superconductivity: HTSC
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Application # 1 - Current
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Applications

Feature of Smart Grid

2 2 HTS power cable e —

Powerstation ll & DC HTS cable

o SMES
= Fly wheel

Storage Smart Meter

s
I [ Storage .
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= Flow of electricity
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Superconducting cables

Wires of superconducting niobium-3 tin, a "low-temperature" superconductor, after
partial removal of stainless steel jacket to reveal in the internal components. Image by
Carlos (Charlie) Sanabria / National MaglLab



HTSC cables

Second-generation High Temperature
Superconductor (2G HTS) wires utilising
Yttrium and Gadolinium-based ceramics
(YBCO)

Insulating Tape [Polyimide]
Stabilizer [Cu]
Protection Layer [Ag]

Superconducting Layer
[GdBa,Cu,O,]

Buffer Layer
[Mgol etC] 820x533

Substrate
[Hastelloy®]




III

cable based on the high-temperature superconductor ReBCO (rare-earth
barium-copper oxide) is being used to wind a demonstration accelerator dipole at CERN as
part of the EUCARD-2 project. (Image: H Barnard/CERN)

Prototype “Roebe






HTSC: YBCO




Physics of cuprates

electron doping hole doping

Physics is complex.
The structure is simple - the CuO2 plane.
Simple electronic structure.

Smooth electronic interaction.
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Hole dopping
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Temperature

Theories of the pseudogap

QCP \' SC

Charge carriers concentration




Pseudogap in NMR and heat capacity

AK_(Cu), %

C 500
- TmK (a) 5
L e peerpestesnat b, | 400
: ?‘ .Jﬂ;ﬂ!ﬂﬂ M 4 v
L z__;j"r. . . TmK ‘az 3 ;}‘;300
[ 18 Tk K S oo
[ Jeme™ 32 2 200
AL .-. = Under E 62
- eg " (T.=T79K) .
AR : () tlmdll{( =1 100
K 0‘5’@-‘1‘1" * O»er ) W 0 | | 0
L T U, 0 005 010 0.5 020025
100 T K200 300 Hole concentration p
o (b
e | | ' () 800 - E, (D
i .
y‘%‘?&’jg . &~ v 600 - '5. )
" .9 Oo " . U AR .
R S 400 Mo 444 i:: o
o . E—f Sl 200} sl
.'-‘IO-T ] })tlma %’() | /ﬂj“kBTc \‘\ N
A (:rp—7?.3 K) ' 0 ! ! N
100 200 300 005 0.10 0.15 020 0.25
T. K

) T Hole concentration p



Pseudogap in Resistivity
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d-wave order: tri-crystal experiment

Pairing is d symmetry.

Phase sensitive measurements.

(Cky C—k| Yy W ( i()

% "id_l.z_},:( k)=A 312_ alcosk,—cosk y)

=]
2o
&
% Ag (k)= ﬁgwf sink , sink ) %
1. tri-crystal experiment, IBM 1993. 3 600
V2 flux vortex at the junction. |
YBCO single crystal Standard hc/2e votex
everywhere else. mE
2. Corner SQUID. [j??
Aif Wollman etal 1993.
Tsueiand Kirtley Rev Mod Phys 2000.
FPb

Patrick Lee and T. Senthil



Spin-fluctuations and superconductivity
ARPES INS ﬁ Q,
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Formula of cuprates:
1. ARPES and INS

E -> spin-fluctuations

( 3\
GO-1 + o2 Gy =G 2.T.~ 150 K.

G0-1 + az G *G *G = G-1 D. Inosov et al., PRB 2007
T. Dahm et al., Nature Phys 2009

A. Kordyuk et al., EPJ ST 2010
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New history of superconductivity: Iron Age
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High-temperature superconductivity, HTSC
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Iron-based superconductors (FeSC)
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Phase diagrams
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Non-scientific conclusion
Among many theories of HTSC there
IS no one to predict new

superconductors with higher Tc's.

Empirical approaches should be used.
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Directions of research:

e Optimization of magnetic flux pinning in thin films
* Novel Josephson Junctions

e Search for superconductors with higher Tc based on
peculiarities of their electronic band structure



Optimization of magnetic flux pinning in thin films

Pulsed laser deposition (PLD) and
Magnetron scattering techniques .

+ He Liquefier in operation!

BZO nanoparticles -
“nanopancaces”
' 10;1’] g Nk

Self-organized BZO
nanoparticles -
“nanorods”



Novel Josephson Junctions

PHYSICAL REVIEW LETTERS 120, 067001 (2018)

Phase-Sensitive Evidence for the Sign-Reversal s, Symmetry of the Order Parameter
in an Iron-Pnictide Superconductor Using Nb/Ba,_.Na, Fe,As, Josephson Junctions

ACA. Kalenyuk,l’2 A. Pagliero,1 E. A Borodianslqyi,1 ALA. Kordyuk,z’3 and V.M. Krasnov"’

1J[)qrm'rt.’.vﬂen1' of Physics, Stockholm University, AlbaNova University Center, SE-10691 Stockholm, Sweden

“Institute of Metal Physics of National Academy of Sciences of Ukraine, 03142 Kyiv, Ukraine

3K_\-‘iv Academic University, 03142 Kyiv, Ukraine
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Next:

Search for superconductors with higher Tc
based on peculiarities of their electronic
band structure



e Introduction to the
electronic structure of
superconductors




Outline

1. Introduction to
e ARPES (Large scale experimental facility)

e Electronic structure & electronic properties
(old resuts as starting point)

2. Band structure of Fe-SC and superconductivity
3. Are HTSC cuprates similar?

4. T-dependence of electronic structure
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Electronic band structure
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Modern research methods in A
condensed matter ol s

Photoelectron Inelastic neutron Scanning tunneling

spectroscopy scattering spectroscopy
(ARPES) (INS) (STS)
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Electrons in
momentum-energy space




Photoelectron spectroscopy —
Electronic band structure ?

Bi,Se, 5ds ;> and 5d3

b (@)



Photoelectron spectroscopy —
Electronic band structure ?

Bi,Se,
5(15/2 and 5d3/2
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ARPES: Angle Resolved Photoemission Spectroscopy
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Electronic structure
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Electronic structure

EnekTpoHHa 30HHa cTpyKTypa: (k)

EnekTpoHHa cTpyKTypa: A(m,k)
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Electronic structure
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Structure of electronic spectrum
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Scattering rate: T- and x- dependence
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Energy scales
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Energy scales: superconducting gap
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Energy scales: superconducting gap
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Peierls transition and Fermi surface nesting
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The most studied Bi-2212
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Fermi surface (energy distribution) map
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HTSC cuprates



Electronic structure of Cu-SC ...
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Electronic structure of Cu-SC defines their
spin-fluctuation spectrum

40 &0 BO 100

£2(meV)
Binding energy (eV)

20

0.7 05 ' 03 0 02 04 -02 0 02
X g (r.luw) k| CA-T)

G t'=G,' —UGxG*G
X

PRL 92, 257006 (2004); PRB 71, 214513 (2005); PRL 96, 067001 (2006):
PRL 96, 117004 (2006); PRL 96, 037003 (2006); PRL 97, 017002 (2006);
PRB 75, 172505 (2007): Nature Phys. 5, 217 (2009)...

k



https://www.imp.kiev.ua/~kord/papers/box/2010_EPJST_Kordyuk.pdf

... and the electronic ordering, which forms the
pseudogap state
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To Fe-SC and back again
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Fe-SC: Complex electronic structure

HTSC cuprates
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Iron-based superconductors: electronic structure
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Fermi surface of BKFA
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Fermi surface of LiFeAs
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FS’s of iron-based superconductors
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FS’s of iron-based superconductors
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DOS

BFA: density of states
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"Topological” superconductivity

Small Fermi surfaces

vicinity to Lifshitz transition

vicinity to 2D-3D crossover



FeSC: electronic structure and superconductivity
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BKFA: Fermi surface and gaps
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e The band structure of Fe-SC is well captured by
LDA but do not take it too literally. The
calculated Fermi surface is usually bad starting

point for theory.

e T's for different compounds almost 100%
correlate with the position of the Van Hove
singuliarities (Lifshitz transitions) for the xz- and
yz-bands.
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"Topological” superconductivity in Fe-SC
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"Topological” superconductivity in Cu-SC

electron doping hole doping

A. A. Kordyuk Low Temp. Phys. (2015)


https://www.imp.kiev.ua/~kord/papers/box/2015_LTP_Kordyuk.pdf
http://dx.doi.org/10.1063/1.4919371

Pseudogap in cuprates

There are at least three mechanisms that form the
pseudogap in the hole doped cuprates:

1 the preformed pairing;

2 the incommensurate CDW due to nesting of the
straight parallel Fermi surface sections around (m,0)
and (0,n);

3 SDW which is dominant constituent of the pseudogap
assosiated with T* and Is either causing or caused by
the Mott localization.

These phases occupy different parts of the phase
diagram and gap different parts of the Fermi surface
competing for It.



VHS nesting

electron doping hole doping



SDW in electron-doped cuprates
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Nodal nesting

electron doping hole doping



SDW and superconductivity

Nodal nesting
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Pb-Bi2201 Tc =34 K, T* =125 K
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Temperature (K)

Pseudogap in cuprates
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Temperature evolution of the hot spot EDC for underdoped BSCCO (Tc = 77 K).

T* - the pseudogap starts to increase rapidly, the spectral weight starts to decrease;

Tp - the spectral weight starts to increase;

Tc - the superconducting gap opens, the spectral weight continues to increase up to T

The examples of non-normalized EDC's at 160 K, 120 K, and 30 K (right) illustrate the spectral
weight evolution.

Low Temp. Phys. (2015)



Pseudogap in hole-doped cuprates

hole doping



Conclusions

e The SDW and superconductivity in HTSC cuprates
competes for the phase space but, on the other
hand, the SDW-reconstructed Cu-SC share with Fe-SC
the empirical correlation between the Tc maximum
and the proximity of the Fermi surface to the
topological Lifshitz transition. This suggests that
"topological superconductivity" could be a general
mechanism for high temperature 2D
superconductors.

e SDW (AF) in cuprates could be initiated by nodal
nesting and VHs nesting for the electron and hole
doped Cu-SC, respectively.



back to Fe-SC
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FeSe: electronic band structure (LDA & ARPES)
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“Red-blue shift” in Fe-SC
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“Red-blue shift” in Fe-SC
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Conclusions

e There is an empirical correlation between electronic
structure and Tc: maximal Tc (optimally doped SC) is
observed when proximity of the ES to topological
Lifshitz transition takes place.

e This is observed for all Fe-SCs and for Cu-SC (both for
hole- and electron-doped ones) in the
antiferromagnetic Brillouin zone, i.e., assuming that
the PG is caused by the AF-like electronic ordering.

e This correlation can be used to search for new high-
temperature superconductors with much higher
transition temperatures.
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Thank you!
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