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Basis of Condensed Matter Physics

e Quantum Mechanics

e Electrons + Ions + Coulomb Interaction
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e 1 cm3 contains ~ 1022 electrons + ions !



. Discovery of Superéonductiviy
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Wolfgang Pauli

Felix Bloch
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“Pauh thought that supercondchnty was the only
remammg matter of some mterest in the theory of
metals and that I should get on with it so as to be
finally done: wnth all these ‘dirt effects’ a

\

| “Once in a while I thought that I had lndeed
found such states but it never took Pauli long to
pomt to some error in the calculations. While he
did not object to my approach he became rather
annoyed at my continued failure to come out with

the desired answer to such a simple question.”
- ]
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“After the fog, which so long enveloped the phe-.
nomenon, had begun to lift many years later,' I could
not resist reminding Pauli that the problem was not
quite as easy to solve as he thought when he gave it
to me. Since that time he had become more mellow
--so much more, in fact, that he agreed.”

F. Bloch, Proc. Roy. Soc. A371 (1980)




» Starting point: Normal Metal with repulsive (Coulomb) and
attractive (electron—-phonon-electron) forces

« Low Energy Scale: repulsive forces screened
attractive forces enhanced

- leads to formation of bound electron pairs in a spin singlet

- below a transition temperature TC there is a macroscopic coherent
occupation of pairs to form ¥(r).

v Explains all features of classical superconductor



Can Superconductivity be reached thru’
electron-electron interactions ?

Yes! : Kohn-Luttinger ‘65

Landau Fermi Liqutd

Sharp Fermi Surface causes attractive interactions
in higher (£ >0) angular momentum channels,
ﬂ.€<0 for pairing
= E'FQ-UI;%| but | ﬂg- |<< 1

and T, is very small




Unconventional superconductivity

Cooper Pairing, if the electrons try to avoid each other
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angular momentum | =0

BardeenCooperSchrieffer' ‘57 spin singlet

Ccoper pairing from purely repulsive interactions: Kohn & Luttinger '65

| >0 higher angular momentum; extremely small T

“unconventional pairing"

Pairing interaction mediated by spin fluctuations: Berk & Schrieffer ‘66, - - -

i >0: avoiding Coulomb
repulsion

most polarizable near
magnetic instability




Symmetry of Cooper Pairs

Pair wavefunction:  F(k)=(¢.¢ . )=®((k)x (s,s')

orbital spin

totally antisymmetric under electron exchange

—

ko -k s> '

even parity -(I)(—-/; ) =(I)(E ) —> 5:=0 singlet

L=024...

odd parity (I)(-]E):-(I)(l?) —» S=1 triplet
L=l 35 . ' :




Superconductivity of strongly correlated electrons

Heavy Fermion systems:

CZCUZSiZ Steglich '79
UBe,; Ott '83
UPt, Stewart '84

Celn; Mathur'98

quantum critical
points
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Relation to magnetism

Organic conductors: Bechgard, Jerome ‘80

temperature

(TMTSF),PF,

pressure

High-T, superconductors: Miller & Bednorz 86

temperature

carrier concentration

cuprates

YBa,Cu;0,
La,_ Sr,CuO,

T =133K



Heavy Fermion materials

I'itermetallic compounds with rare earth elements (partially filled f-shells)

T e T4
. Electronsand Ions
'
| T
( itinerant electrons & } Kondo
| localized electrons. lattice

.

T Fermi liquid: itinerant and
localized electron are in
the coherent phase

/ l \ Localized electrons
| T, behave itinerant 1?

Magnetic Exotic - ' . .
order order ' 0 Residual interactions

==) various orders




High-temperature superconductors
K.A. Miller & G. Bednorz 1986
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Electronic configuration

ﬁ one 3d-e_hole
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magnetic Mott insulator —> superconductor

T, up to
133K

temperature
Antiferromagneid

insulator

Layered perovskite structure

Carrier concentration X
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Dilute Limit (d >> ag)

— Localized H-atoms.
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Charge Excit. Energy:. U — 2zt > 0.
[U > E(H- — Ht) ~ 0.95RYy,d — 0].

Mott Insulator with gap for
charge excitations.

Low Energy Sector purely spin,
Hrpeis = Jz<ij> S; - S‘7 = AF order.

Local Gauge Invariance
in Real Space (Kohn '64):
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t-J Model

e restrict Hilbert space to Cu?T and Cu3tT oxida-
tion states.
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e overlapping CuQO4-squares lead to processes:

- =

Cu?t + Cu?t , AF Heisenberg coupling, J 5;.5;
J il

Cu3t < CudT | hopping of electrons, t. -t 3

Cuts Sl @3+= Sho =t Z/;auj"??*'uz
[34%7 Sﬂnjle'rj



Numerical Simulation of the t-J Model

severely limits Quantum Monte Carlo method

Results:

e Superconducting state must have d, , pairing
e Competing ground states upon doping
> d, superconductivity

> stripe—phase with charge and spin order

2 orbital antiferromagnetism or flux phase

Questions:
- which is the ground state of the t—J model ?
« which additional terms will favor which ground state ?



Internal Symmetry of Cooper Pairs

Possible sign changes in pairing amplitude around the Fermi surface tested
by m—junctions

Energy in barrier:  AF o« —cos(¢,- O +70)

AF causes a phase slip of & across the barrier

Tt
2 Frustration in a loop with an odd number of n—

junctions (Geshkenbein, Larkin, Barone '87)

2 First signs in random ceramic samples,
paramagnetic Meissner effect (Braunisch et al '92),
d,2_2 symmetry (Sigrist, Rice '92).
magnetic flux
[Pl=(n+ )P

2 Controlled geometries (Wollmann et al. "93,
Brawner, Ott '94, Mathai et al. '95, Tsuei, Kirtley '95)
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Tri-crystal-configuration

Y
N spontaneous currents and
e S0y |
magnetic field
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Superconducting loops @ = 60 um
YBa,Cu,0, T.=92K



Basic unit

flux at the

< H. Hilgenkamp et al.,
corner JUhC ion Nature 422, 50 (2003)
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~Resonant \Valence Bond State Anderson ‘87

Quantum Fluctuations can lead to ’é* | :

a Spin Liquid of Singlet pairs o ¢ ¢

* Energy of a Singlet: ——2—.] ‘é l
very faverable v

- But AF order has a lower energy at %z-filling
in 2-Dirnensions

Will hole doping stabilize RVB and make
singlet pairs mobile leadir.g to
superconductivity?



» dRVB Variationél State: Pp|dBCS)

Gutzwiller Projector d-wave SC
no double occupancy

Low Energy States of t-J model

) dxz_y2 pairing symmetry
Density of superconducting carrier ~ T : hole density
« I ~ x for x small due to nodal quasiparticles
Spin pairing at higher temperatures T > T
Explains main features of ARPES experiments

See: P.W. Anderson, P.A. Lee, M. Randeria,
T.M. Rice, N. Trivedi and F.C. Zhang, to be published.
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There is no better characterized unconventional superconductor -
except may be high-T, superconductors.

YUuast-two-agimenstonal ©ermi gl

Transition metal oxide
Strong correlation effects
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Maeno, Bednorz et al. ('94) Analogy to Fermi liquid 3He

Superconductor with T 1 5« Spin triplet superconductivity



Superconductivity in Sr,RuO,

- strongly correlated 2D Fermi liquid
- superconducting with T, = 1.5 K Maeno et al.,
Nature 372, 532 (1994)

T, highly sehs_i‘rive to non-magnetic impurities

2os X - unconventional superconductivity
" 04} | pairing in higher-angular momentum channel
0.0 [ o0 —o0 9 —0—|
0 05 1 15 2 25 3
Residual Resistivity (12cm)

. electronic analog to 3He? Rice-Siqrist
Mackenzie et al.,
Phys. Rev. Lett. 80, 161 (1998) pairing in the p-wave spin-triplet Baskarar
channel (A- or B-phase ?)



Two crucial experiments for Sr,RuO,

Spin susceptibility
170-NMR Knight shift
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Ishida et al., Nature 396, 242 (1998)

inplane equal-spin pairing

triplet A-phase: A_,Q‘)

Muon-spin relaxation

Relaxation rate (us-")
o
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Luke et al., Nature 394, 558 (1998)

intrinsic magnetism
T-viola‘rion
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Ultrasound absorption

vertical line nodes

0.4 T T \ T T T 1
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— 100 7 Propagation direction
and polarization of

ultrasound is important!
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Line nodes:

T35  qctive nodes

T/Me o(T) — 1
Lupien, Taillefer et al. T35 inactive nodes

Real powerlaw or multi-band effect? Moreno & Coleman



Electronic structure
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Microscopic Moded for Sv, Ru Oy
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FIGURE 2. SUPERCONDUCTIVITY in
magnesium diboride appears at a temper-
ature of 39 K. (Adapted from ref. 1).
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FIGURE 1. MAGNESIUM DIBORIDE
belongs to the AIB, family of structures.
The magnesium atoms, shown here in
gray, form a hexagonal layer, while the
boroq atoms, shown in brown, from a

graphite-like honeycomb layer.
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Endless search for ever more exotic species

/By George,

a chiral spin-singlet

| d-wave multi-orbital
superconductor. "






