Some Topics of Great Current Interest znejiangu,
. . Hangzhou 13 April, 2015
In Heavy Fermion Physics

Piers Coleman: Rutgers Center for Materials Theory, USA

,"‘" Condensed\\ Gondéhsed” s
= Matter atter

4 "":" 4 0\ 5 k
801 e lg\?\' ] ‘ .
Theory tpe‘nel‘al




Some Topics of Great Current Interest znejiangu,
. . Hangzhou 13 April, 2015
In Heavy Fermion Physics

Piers Coleman: Rutgers Center for Materials Theory, USA

~ Royal Holloway
niversity ot London




Some Topics of Great Current Interest znejiangu,
. . Hangzhou 13 April, 2015
In Heavy Fermion Physics

Piers Coleman: Rutgers Center for Materials Theory, USA

. Royal II(I)llowa_v
' niversity ot London




Some Topics of Great Current Interest znejiang u.
. . Hangzhou 13 April, 2015
In Heavy Fermion Physics

Piers Coleman: Rutgers Center for Materials Theory, USA

Quantum Criticality &
Strange Metals

03 2.0

0.2 1.5

1.0
0.1

Royal Holloway




Some Topics of Great Current Interest znejiang u.
. . Hangzhou 13 April, 2015
In Heavy Fermion Physics

Piers Coleman: Rutgers Center for Materials Theory, USA

Quantum Ciriticality & Heavy Fermion
Strange Metals Superconductivity
- ‘ CeColns : 2.5 K Superconductor
_ ‘?/
..-, ' zf

02 ' . g

0.1

Royal Holloway




Some Topics of Great Current Interest znejiangu,

. . Hangzhou 13 April, 2015
In Heavy Fermion Physics
Piers Coleman: Rutgers Center for Materials Theory, USA

Quantum Ciriticality & Heavy Fermion
Strange Metals Superconductivity

CeColns : 2.5 K Superconductor

o
3 w ! !
‘/“‘ T % ‘..-l
ol Rty Y
'._‘.‘ A
» -

03

- 1.5
1.0

e Topological Kondo Insulators
Surface Fermi Surface (b,
oo(; : > o
B(T) @.«
>
&
b
-
L .

_ Royal Holloway
University of London




Some Topics of Great Current Interest znejiangu,

. . Hangzhou 13 April, 2015
In Heavy Fermion Physics
Piers Coleman: Rutgers Center for Materials Theory, USA

Quantum Ciriticality & Heavy Fermion Hidden Order
Strange Metals Superconductivity 5 o R T V%
CeColns : 2.5 K Superconductor Z !
03 2.0 }l £ ‘. { -
/,- : " “r ‘;}l -30 [180] a:oe 060 [381]

0.2 1.5

1.0
o Topological Kondo Insulators

Surface Fermi Surface (b,

Energy (eV)

_ Royal Holloway
University of London
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2. Quantum Criticality and Strange Metals.
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1. Introduction: Heavy Fermions and the Kondo Lattice.
2. Quantum Criticality and Strange Metals.
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Lecture 1 Introduction to Heavy Fermions and the Kondo Lattice.

Fruit Fly of the 21st Century.
. Electrons on the Brink of Localization.
Cartoon introduction to Heavy Fermions.

Anderson & Kondo models
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Doniach Hypothesis.
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Electrons on the brink of localization
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Increasing localization

A 4

_Magnetic moments

Superconductivity Smith and Kmetko (1983)

Diversity of new ground-states on the brink of localization.
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Diversity of new ground-states on the brink of localization.

f-electron systems: 4f Ce, Yb systems 5f U, Np, Pu systems.
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Cartoon Introduction to Heavy Fermions



Heavy Fermions + Kondo

Spin (4f,5f): basic
fabric of heavy
electron physics.
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Heavy Fermions + Kondo

Spin (4f,5f): basic
fabric of heavy
electron physics.

Scales to
Strong Coupling
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Heavy Fermions + Kondo

Spin (4f,5f): basic
fabric of heavy
electron physics.

Scales to
Strong Coupling
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Electron sea
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“Kondo temperature”

Heavy Fermions + Kondo Electron sea
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“Kondo temperature”
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“Kondo temperature”
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“Kondo temperature”
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Heavy Fermions + Kondo

“Kondo temperature”
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— New Kkinds of insulator

Kondo Insulators
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— New kinds of insulator

Topological Kondo Insulators o' |
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Topological Kondo Insulators
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The Anderson and Kondo Models



The Anderson Model.
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The Anderson Model.
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The Anderson Model.
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Atomic limit
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Schrieffer Wolff Transformation: integrate out high
frequency valence fluctuations.
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Schrieffer Wolff Transformation: integrate out high

frequency valence fluctuations.

Virtual Valence fluctuations in the singlet
channel, induced by hybridization
ey +fl o ffoe +fi AE ~U+Ey
Wi+ fl o < hf + ff AEj ~ —E;
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Schrieffer Wolff Transformation: integrate out high

frequency valence fluctuations.

Virtual Valence fluctuations in the singlet
channel, induced by hybridization

ex +fl o ffoe +ff AE,~U+E; 2J,where

From second order perturbation theory, the
energy of c-f singlets reduces by an amount
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Schrieffer Wolff Transformation: integrate out high
frequency valence fluctuations.

Virtual Valence fluctuations in the singlet

_ R From second order perturbation theory, the
channel, induced by hybridization

energy of c-f singlets reduces by an amount
ex +fl o ffoe +ff AE,~U+E; 2J,where
h—Ti_—Fff<—>f0<—>hi_—|-fT1 AE][N—Ef - 1 1 —
J=V? |
AE{ AE,

Conduction sea

Hgx = —2JPs_g = —2J |~ — =G.(0) - S| — J&.(0) - S;

Antiferromagnetic Kondo interaction



Schrieffer Wolff Transformation: integrate out high
frequency valence fluctuations.
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Schrieffer Wolff Transformation: integrate out high
frequency valence fluctuations.

J — - . I . '
H =) extiytho+ 37 ) Si - CeaFaprge’™ T
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Note: can also write Kondo interaction
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Antiferromagnetic Kondo interaction
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_ . DONIACH’S The main result ... is that there should be a second-

ot Hypothesis. order transition at zero temperature, as the
exchange is varied, between an antiferromagnetic
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Large Fermi surtace and the charge of
the f-electron
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Summary of Part 1.

- Heavy Fermions: “Fruit fly” of condensed
matter physics.

~ Interesting physics at the border of
magnetism.

- Local moments can entangle with electrons
to produce new states of matter -
emergent physics that we have only just
begun to explore and understand.






Lecture 2 Quantum Criticality and Strange Metals

1. Lev Landau meets Ken Wilson

2. Quantum criticality as a driver of new states of matter.
3. Quantum critical heavy fermion systems

4. Frustration and Strange Metals

Rutgers

Center for Materials Theory



Lev Landau vs Ken Wilson:

Criticality as a driver of new States of Matter
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Heavy Fermions: magnetically polarizable Landau Fermi liquids.
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Heavy Fermions: magnetically polarizable Landau Fermi liquids.
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Heavy Fermions: magnetically polarizable Landau Fermi liquids.
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Heavy Fermions: magnetically polarizable Landau Fermi liquids.
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20. Moscow, 1956. Freeman Dyson (front, left), talking with I. Pomeranchuk and Lev Landau.
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Quantum Criticality:
divergent specific heat capacity

H. Von Lohneyson (1996)
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Standard Model: Quantum SDW?
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Strange Metal = Unbroken Susy?



Frustration and strange metals.
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Role of Frustration?

M. D. Nunez-Regueiro, C. Lacroix, and B. Canals,
Physica C 282, 1885 (1997).
V. Fritsch et al, PRB 89, 054416 (2014)

(D) ce(1) Ce(3)
\ /ﬁ 5@(
XJ

13

\
\

\

J2

CePdAl

by - \
| \ L\
& spin upct“ ”"f&““ ’”ﬁp
® spin down [\ \




-1 Q u _ fru S.t r a.t | O n Q. Si, Physica B 378-380, 23 (2006)
- J. Custers et al, PRL 104, 186402 (2010)
P. Coleman and A. Nevidomskyy,

JLTP, 161: 182-202 (2010)



-1 Q f .t .t : Q. Si, Physica B 378-380, 23 (2006)
o u - ru S ra I O n J. Custers et al, PRL 104, 186402 (2010)
P. Coleman and A. Nevidomskyy,

JLTP, 161: 182-202 (2010)

< Heavy Fermi Liquid
AFM

- anes
W* -

N

O O
e
O O
9
1

QC1 Kondo screened paramagnet

ST TSI I T I T I I T TS 7 ™

Ke K~ Tk/JH




-1 Q f .t .t : Q. Si, Physica B 378-380, 23 (2006)
o u - ru S ra I O n J. Custers et al, PRL 104, 186402 (2010)
P. Coleman and A. Nevidomskyy,

Q JLTP, 161: 182-202 (2010)

>

Spin Liquid
SIS 7S

Spin Liquid

O
>

AFM

O O
OO
O O




. Q. Si, Physica B 378-380, 23 (2006)
1 = Q u - fru St rat I O n J. Custers et al, PRL 104, 186402 (2010)
Q P. Coleman and A. Nevidomskyy,

: C JLTP, 161: 182-202 (2010)
Spin Liquid

Spin Liquid
SIS SIS SIS/~

o

Large FS
e‘ Heavy Fermi Liquid

e

Kondo screened paramagnet
TSI TSI IS TS TS n—

C K~ Tk/Jn



. Q. Si, Physica B 378-380, 23 (2006)
1 g Q U- fru St rat |ON J. Custers et al, PRL 104, 186402 (2010)
Q P. Coleman and A. Nevidomskyy,

: N JLTP, 161: 182-202 (2010)
Spin Liquid metal

Spin Liquid
ST —>

£

Large FS
P -— Heavy Fermi Liquid

- e
ka

N 4

Kondo screened paramagnet
TSI T IS TSI T I T I T I TS T n—

Ko K~ Tw/Jn




. Q. Si, Physica B 378-380, 23 (2006)
1 g Q U- fru St rat |ON J. Custers et al, PRL 104, 186402 (2010)
Q P. Coleman and A. Nevidomskyy,

: N JLTP, 161: 182-202 (2010)
Spin Liquid metal

Spin Liquid
ST —>

£

Large FS
P -— Heavy Fermi Liquid

- e
ka

N 4

Kondo screened paramagnet
TSI T IS TSI T I T I T I TS T n—

Ko K~ Tw/Jn




Co-existence of magnetic
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Open Challenges.

®» Heavy Fermion QCPs: a new kind of
quantum criticality demands a new kind of
understanding.

®» Needed: Explanation of universality of
C/T ~ Log(To/T), p ~ TM@

» Co-existence heavy fermions & LM AFM =
Two fluid behavior?

® Role of Frustration?






The Physics of Heavy Fermion
Superconductivity

1. Magnetism and Superconductivity: a remarkable convergence.
2. Glue vs Fabric: Good, Bad and Ugly Heavy Fermion Superconductors.

3. The 115 paradox.
4. Composite pairing hypothesis.

Rutgers

Centex for Materials Theory
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We tried to detect any possible magnetic ordering
below 1K. Instead we found a sharp superconducting
transition at 0.97K, which was reduced by about
0.3K only in a field of 60kQOe.

Bell Labs, NJ 1973
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(Received 14 March 1974)
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We tried to detect any possible magnetic ordering
below 1K. Instead we found a sharp superconducting
transition at 0.97K, which was reduced by about
0.3K only in a field of 60kOe. This suggests that the
superconductivity is not an intrinsic property of
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We tried to detect any possible magnetic ordering
below 1K. Instead we found a sharp superconducting
transition at 0.97K, which was reduced by about
0.3K only in a field of 60kOe. This suggests that the
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Magnetic pairing appears ubiguitous
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