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Superconductivity
Discovered in 1911 in mercury

Electric resistivity is ZERO
Very low T below a critical temperature

0o01S

Qo0

Resistance
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Perfect diamagnetism

Not only a perfect conductor, but also a
perfect “anti-magnet”:
Meissner effect

A superconductor repels magnetic fields
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How can we use SC?

Limitations

Transport and storage
of electric power:
no waste of energy

e LowT
e Critical current

High magnetic fields:
no need to dissipate * Critical current

heat from the coils of e Critical field
e lowT
electromagnets




SC technology today

Despite the difficulty due to cryogenics, =)
superconducting wires
have been developed for special o Nb alloys
applications and are currently used in

commercial medical devices and ——) m

advanced scientific instrumentation.

High field magnets
Particle accelerators

SQUID magnhetometers
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Low temperatures

KNOWN SUPERCONDUCTIVE
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For 75 years the search for
materials with higher T_has
been quite frustrating

30 Liquid Ne

111111

[ i Nb3Ge
20 - Liquid H, Nb-Al-Ge
é Nb38n
r V. Si
|—O 10 b NbO °
Pb N2
— Hg Liquid He

0 | I | | |

1910 1930 1950 1970 1990




High Tc superconductors (HTS)

' _.______

Discovery: Jan. 1986
Publication: April 1986
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Possible High T, Superconductivity
in the Ba—La—Cu—0 System /{L

J.G. Bednorr and K.A. Miller
IBM Ziirdeh Research Laboratory, Rilschlikon, Switzerland

Receved April 17, 1986
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Fig. 1. Temperaturedependenceofresistivity in Ba,La; . Cu;Q50 -,
for samplés with x(Ba)=1 (upper curves, feft scale) and x(Ba} =
0.75 (lower curve, right soule). The {indl two cases nlso show the
inMecuce of vwiioal dousity
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A new cult is born during the Woodstock of Physics (1987)

American Physical Society, March Meeting, New York, 1987

On 18 March, more than a thousand watched the proceedings on monitors
physicists jammed the outer lobbies of placed in the lobbies. According to
the ballrooms at the New York Hilton Ashcroft, more than a hundred physi-

they waited for more than an hour cists were still present when he closed

the doors to open 45 minutes before the session at a quarter after three.
e 7:30 pm panel discussion on high- | " There was a thunderous applause Many remained until 6 am, when the

oxides. A brief, two-line announce- "";," Ashcroft, after introducing the MMM—
t about the panel discussion had '4" of the first panel—Miiller,| "A vfmd}ffock f,‘XTg,‘PyS;?l ﬁshgow
made in the program for the [l Tanaka (University of Tokyo),| Michael Schluter (AT&T Bell Labora-
£ : ‘ -.-..;, C.W. tories) described the session at a press
al March meeting of The Ameri- [*¢ Chu (University of Hous- :
: : : conference the following day. Indeed,
D yglca_l Soc]_ety' held in New York . i y Zhongxmn Zhao (_InSt-ltute of mmm
mM&mh Of the 3080 contribut- _"T{ ' %caiiemla Slmcag Elle:}l)g] and APS vice-president James Krumhansl
stracts in the program for the [Zeriram Batlogg (AT&T Be orato- .4 APS headquarters staff had to
eting, there was only one—from | )—concluded his opening remarks | .1. requesting their colleagues to
yurktown He1ghts and Zurich— [With “These are some of the men, ladies p)anse clear the center aisle or the hotel
superconductivity in Ba-La-Cu-O. = ” T ——— Zine. security staff would not let the session
ause of the growing interest in |5 ing.” The 1140 seats in the Ren- begin, were easy reminders of the scene
gse oxides by the middle of Decem- |Z=6YOUS Trianon Ballroom had been| at a rock concert. But the analogy to
911 Ashcroft (Comell UnlverSIty} In just a few minutes after the| Woodstock may apply at a deeper level
400rs opened. Several hundred physi-| as well: As leaders of research teams
stood patiently in the side aisles| hurriedly discussed their evidence for

5, an effort was made to announce the |10F 8éveral hours to listen to a series of superconduct;IVitydab(;_ve 9(_’] K—a P}::eh'
ne en LI¥&minute presentations; many more | nomenon unheard of until a mon
QR ui the program even earlier—one could have felt as if one

| ti-had already been closed. were a part of a ceremonial gathering
PHYSICS TODAY / APRIL 1987 17 organized to affirm a new cult. Of

msed Matter Physics of the APS, told |

The arXiv was invented to keep track of discoveries on HTS: normal

— editorial procedures were too slow to guarantee priority claims




YBCO: T, above 77 K
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Where are we with T, 30 years later?

Superconducting transition temperature (K)

200

100

0

Lowest atmospheric temperature in Antarctica (184 K)

Boiling point of N2 (77 K)

____________________________ /- - 1 Fe based

H:S (150 GPa)

HgBaz2CazCusOy
(High P., Non zero-Jf)

Cu based

Bi2Sr2Ca2Cyg0y
YBazC

—— — — — — —

1900

1920

1940

1960 1980 2000 2020

Year




New hope from Cu based HTS

Higher T_: above Liquid N,, cryogenics is cheaper and simpler
Higher critical field: stronger electromagnets (potentially up to 40T)
Higher critical current, provided we learn how to make

good (multifilament) wires
Bi2223

Bi2212 |

Multifilament: to reduce losses due to hysteresis,
which is related to vortex motion, that give also
energy losses




Future applications with HTS?

Power distribution, generation and storage

energy density of the

superconducting cables magnetic field

fault current limiters 20% from renewable sources by 2020

New medical applications:

Compact accelerators for

hadron therapy

e:"--—.'-—_
e St

@) e A big step to get there...

FACULTE DES SCIENCES

Source: Carmine Senatore, Université de Geneve - Lectures on Superconductivity and applications
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Cuprates: structure

Hg BaZC u04+5 YB320U306+5 La,,Sr,CuO, leBazc u06+5
(Hg1201) (YBCO) (LSCO) (TI2201)




AntiFerroMagnetic order in CuO, planes

. Cu?t, 3d°

O

4
T el O
J0

AFM order in the CuO, planes
INSULATOR

O




Doping of planes: holes
Cu?*, 3d°

A

The perfect (long range)
AFM order is broken

Superconductivity becomes possible
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Phase diagram
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Extreme Complexity
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Nature Physics, 8, 864 (2012) y «© 5 Superconductivity Charge order + §C
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secrets of cuprates, but in
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Nature Physics 12, 47 (2016)




What is special in HTS?

The common property is in the CuO,
planes, ie the system is considered
quasi 2D.

Thus all properties are referred to the
squared 2D reciprocal lattice.

For example:

The electronic band
structure as determined
by Angle Resolved
PhotoElectron

Spectroscopy (ARPES)
Quasi 2D STRUCTURE RECIPROCAL SPACE
nuclear BZ M IS
o (% %) S

(TE1 TE) :

X

(*2,0)

(r,0)

magnetic BZ
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The Superconducting gap...

By ARPES we can determine the Fermi surface shape and the SC gap.
The gap is not constant long the Fermi surface, but has x2-y2 symmetry

But ARPES cannot tell us
what is the glue of
Cooper pairs

...and Pseudo-Gap

E

Ay (k) = (Ay/2) (cosk,a — cosk,a)




Enter X-ray spectroscopy!

XAS: ground state orbital symmetry

XMCD: weak ferromagnetism and proximity effect
Spin-Resolved XPS: spin character of doped sites
RIXS: crystal field splitting

RIXS: spin excitations (magnons)

R(I)XS: charge density waves

IXS: phonon dispersion

RIXS: electron-phonon coupling




XAS: 3d hole symmetry

Linear dichroism of Cu L, ; XAS was

used to probe the symmetry of the I Ly ia8r, .0u0,
empty Cu 3d orbital 1 cu L, -FDGES
4 )

-
CeiD
O

NORMALIZED FLUORESCENCE YIELD

Result: the hole in Cu?* has
100% x%-y?> symmetry

925 930 935 940 945
PHOTON ENERGY (eV)

YOLUME 68, NUMBER 16 PHYSICAL REVIEW LETTERS 20 APRIL 1992

Out-of-Plane Orbital Characters of Intrinsic and Doped Holes in La; — Sr,CuQOy4
C.T. Chen, L. H. Tjeng, J. Kwo, H. L. Kao, P. Rudolf, F. Sette, and R. M. Fleming
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XMCD: weak ferromagnetism and
proximity effect

The spin moments are not perfectly A ferromagnetic oxide can act similarly
in-plane: they are tilted by few (proximity effect)
degrees and a strong external field can L —

L A g aF Ou
L 025T

i \ tlar &

and we can detect it with XMCD N MY | o WM*’“
7 20T E
. : e S sk b ek | : i 40T —\r...H_F»J—

orient their out-of-plane component

la! 1'0 :-(a) A R B EE EEE R R B .
= ' : ‘'s"n’ e’ 50T \f
g 0_8 - . W l.l -~ : ki r %15
g 06E 640 650 930 940 950
] Photon energy (eV)
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£ - o = =
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Z 0.0 bulk = = =" = | |H == :||m
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Photon Energy [eV] = i =
G.M. De Luca, M. Salluzzo, GG et al, PRB 82, 214504 (2010); Nat. R e
ay Comm. 6626 (2014) m 7 ' o |l




Spin-Resolved XPS: Zhang-Rice
singlets

How are the spins aligned when two holes sit at the same Cu site?
Theory predict antiparallel configuration (Zhang-Rice singlet)

A smart combination of resonant photoemission made with
circularly polarized photons and by detecting the spin
polarization of photoelectrons has confirmed it.

—l— Sum
@ Singlet

‘ Triplet

Intensity (arb. units)
4




Introduction to Resonant X-ray
Scattering
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From XRD to X-ray Scatterinc

X-Ray
Scattering

X-Ray
Diffraction

K*[=IK| q=G
20 A=A A=A
crystal
Real space
Bragg law Reciprocal lattice
q=G

X& (0,2)
4 S » X\é‘ o o o
e o U @ /o o (0,1) (111)

e\, /x | . :

g=k"'-k

e o o o o o (0,0) (1100)




ELS: from Raman to Inelastic X-ray Scattering

Energy Loss
Spectroscopy

Raman
light scattering

X-ray photons

'InelastP\--
X-ray
. Scattering
_—
o
Q=0—o'
g=k'-k




RIXS

Resonant Inelastic X-ray Scattering

Resonéﬁf\.__
/ X-ray

Absorption

o Inela;cic\n\
X-ray

\_ Scattering

RIXS

Q=0—o'

X-Ray
Scattering q=k'-k

g, € " polarization




1s

Why soft x-rays for 3d transition

3dTM

4sp

3d

m etal S Spin-Orbit

splitting

640 645 650 655 660
photon energy (eV)




Core level binding energies and edges
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Cu L; RIXS: Experimental conditions
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RIXS: crystal field

How much are the 3d orbitals separated in energy in the cuprates
(crystal field splitting)?

What is the relation to the coordination and atomic distances?
RIXS has determined these values.

d states

10Dq

XYy, yZ,ZX

Spherical Cubic
O3 Oh

M. Moretti Sala, L. Braicovich, GG et al, New J. Phys. 13, 043026 (2011)

2_\2
— 2
- Z al

10Dq
XY b2
< yZ,2X
t29 eg
Tetragonal
D

o polarization
————— n polarization

S [

‘ NdBaCuBOT

' N




RIXS: spin exc:|tat|ons

RIXS can measure the dispersion of

A

magnons. The energy of spin oot

excitations tells us how strong the gm |

exchange interaction between Cu Ml

moments is, ie how stable the

antiferromagnetic order. ATA (R (20 @aTA (0 (120

R. Coldea et al, Phys. Rev. Lett. 86, 5377 (2001).

Until 2010 only neutrons could do that,

with limitations due to tiny x-sections
1400
L 1 1 L ! ('.C) [ ] . =
930 932 " <1300
| Photon energy (eV) \\ S
d : \ - %)
ngh . ‘ J200 £
) resolution is i
__ LCO 1100 @
- necessar
A Y T=15K 1
1.0 05 0.0 5
Energy |OSS (eV) IIIllIIIlllIlllIIllIIIllIIIllI IllIIlllIIllIIIllIIlllIIIllIII-

L. Braicovich, J. van den Brink, M. Moretti Sala, GG et al PRL IR L
104 077002 (2010 q//




RIXS: paramagnons

Interestingly RIXS has demonstrated that
antiferromagnetism remains very strong even in doped,
superconducting cuprates.

()

200 O

@

yd # Nd_Ba_Cu0, 1502
* B YBa,CuO,, 1 _—
/ @ YBaCup, {100 3

A YBa,Cu0, <

e
2 ]Ud - mﬂﬂaaﬂicuﬂﬂl' 1 EU
- « YBa,Cu0,, INS data |

This observation makes spin

fluctuations the best candidate
for Cooper pairing!

L. Braicovich, J. van den Brink, M. Moretti Sala, GG et al PRL 104 077002 (2010)
M. Le Tacon, GG, B. Keimer et al, Nat. Phys. 7, 725 (2011)




ERIXS at ESRF: full maps of magnons

The detailed maps of
spin excitations reveal
why different
families of cuprates
have different max T_

Energy loss (eV)

Energy loss (eV)

(0.25, 0.25) (0.50, 0) (0, 0) (0.25, 0.25)

~—
L]

Y. Peng, GG et al, arXiv:1609.05405 (2016

I Momentum (r.l.u.)) |
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Paramagnons in Bi2201
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R(I)XS: charge density waves

RIXS was used to discover CDW in YBCO. Within a few months, CDW were observed,
with RIXS and other techniques, in many other cuprates
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o _: __"C"'I""I""I""I""I""I"'__‘LD
NBCO TC:65K :*:'EE _E | © OGQ%QQ b 0.8 g
V pol, T=15K ——t20k] [ @92 3 lo6 §
—o—15K] | @ ; §§ o
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-0.341lu g | Erergy / B s ; . o.::vs%
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E I
nery loss (&¥) Max intensity at Tc: CDW compete with SC

RXS (and STM, XRD and NMR) has demonstrated that CDW are present in all
underdoped cuprates. Are CDW related to Superconductivity?

GG., M. Le Tacon, M. Minola, B. Keimer, L. Braicovich, et al Science 337, 821 (2012)




CDW and new generation RIXS
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ERIXS: electron-phonon coupling

The very high resolution of ERIXS at ID32 allows the detection
of phonons with RIXS. This is a very direct way of measuring
the e-ph coupling.

400 |
NdBa Cu_ O,
[ ERIXS@ID32 A ] .

7 300 27Nov,2015 -/Q\ i The Mapping of the e-ph
c 260 min 4 . .
g e \ - coupling can clarify the role
S 200 —*—Raw 1 of CDW in
> | o Casie Y, ] . .
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g 100 S 4 ":Z -
= _ -~ N,

ol BN ey

-100 -50 0 50
Energy loss (meV)

L. Braicovich, S. Johnston, J van den Brink, in preparation
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More work on e-ph coupling

.03

Theoretical phonon intensity in RIXS

0.025

—0.15

z 0.02 T. P. Devereaux, A. M. Shvaika, K. Wu, K. Wohlfeld, C.-J. Jia, Y. Wang, B.
E Moritz, L. Chaix, W.-S. Lee, Z.-X. Shen, G. Ghiringhelli, and L. Braicovich,
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