Heavy Electron Physics:
Electrons on the edge of Magnetism

Piers Coleman, Rutgers CMT, NJ, USA

Boulder, Colorado Lectures will be given on the blackboard
July 2008. These viewgraphs are supplementary.

1. Landau Fermi liquids and Heavy Fermions.
2. Local moments and the Kondo effect.
3. Large N approach to the Kondo lattice.
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Notes:

"Heavy Fermions: electrons at the edge of magnetism.” PC.
cond-mat/0612006.

“Local moment physics in heavy electron systems”, PC, cond-mat/0206003

General reading:

Many Body Physics "unfinished frontier”, PC, cond-mat/0307004.
The Theory of Quantum Liquids, Nozieres and Pines (Perseus 1999).

Quantum Criticality, P. Coleman and Andrew Schofield, Nature, 433,
226-229 (2005), cond-mat/0503002.
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Lecture I:

1. Overview of heavy fermion physics.
2. Landau Fermi liquid Theory.

3. Heavy Fermions from the Landau Perspective.

Rutgers
Center for Materials Theory
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Increasing localization —>

4f

Increasing localization sy
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Superconductivity/ Smith and Kmetko (1983)

A lot of action takes place on the brink of localization!

Heavy Fermions: f-spins are always localized, yet.....
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A lot of action takes place on the brink of localization!

Heavy Fermions: f-spins are always localized, yet.....
High Temperatures : local moment metals.
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Increasing localization —>

Increasing localization sy

2 4d

3d

Superconductivity/ Smith and Kmetko (1983)

A lot of action takes place on the brink of localization!

Heavy Fermions: f-spins are always localized, yet.....

High Temperatures : local moment metals.

Low Temperatures : Spins "quench” to form heavy fermions.
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High Temperatures : local moments

Localized 4f or 5f Moment.
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High Temperatures : local moments

Localized 4f or 5f Moment.

Low lying magnetic multiplet
N=2j+1
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High Temperatures : local moments

Localized 4f or 5f Moment.

Low lying magnetic multiplet
N=2j+1

egCe® |[4fljm>
L=3, 5=1/2, j= L-§ =5/2

N = 6.
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High Temperatures : local moments

xX=n-—— M* = giupl(J+1),

Localized 4f or 5f Moment.

Low lying magnetic multiplet
N=2j+1

egCe® |[4fljm>
L=3, 5=1/2, j= L-§ =5/2

N = 6.
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High Temperatures : local moments

M-

=Ri3r M? =giusl(J+41),

X

So =kpIn(2J + 1) spin entropy

Localized 4f or 5f Moment.

Low lying magnetic multiplet
N=2j+1

egCe® |[4fljm>
L=3, 5=1/2, j= L-§ =5/2

N = 6.
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Low Temperature: Landau Fermi liquids.
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Low Temperature: Landau Fermi liquids.
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Low Temperature: Landau Fermi liquids.

2 *
_ b M pFr
Ep = 2m*’ N(O) m2h3
Y- p5N*(0)
1+ F§
CV 7T2k2B
:L. — e — N O *
y = Limp—o { — 3 (0)
2
Ww=X _ HB !
Y 27‘(’]€B 1—|—F6L

"Wilson" or "Sommerfeld" ratio.

Y (mJ/mole-f-atom- KZ)

- L | Tﬁll] L ITIII] I ey
C B A. JONES et al (1985)
- 415
3 0 e superconducting
3 O ® magnetic
4 A nol superconducting
I000E= or magnetic UBeg g
- l}Cd"“ B
- .Uzlnn ! 7
o .Up's NpBe,3/ i
i s OYDCUAI |
i .l"l.pOs:J Pl CeAl, i
AuAl, o—0
100 —
- *U,P1C, E
~ ‘UIYZ B
- *CeRu,Si, |
oUsFe
- YbAlz -
Ja- Np
a-Ue “oa-Ce
|0 1 1 Lllllll 1 Llllllll Loty
1074 1073 1072

X(0) (emu/mole-f-atom)

10~

Thursday, July 10, 2008




Low Temperature: Landau Fermi liquids.
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Low Temperature: Landau Fermi liquids.
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Low Temperature: Landau Fermi liquids.
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Heavy Fermion Metals  Review: cond-mat/0612006
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Heavy Fermion Metals  Review: cond-mat/0612006
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“Kondo Effect”
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Heavy Fermion Metals  Review: cond-mat/0612006
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Heavy Fermion Metals  Review: cond-mat/0612006
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Material T T., z., B.|Properties p Tn Ref.

Type .
mJmol 'K 7
Simple HF )
Metal CeCug 10K - Y 1600 1]
Metal
CeCusSisy 20K T.=0.17K | First HFSC T2 800-1250 (2]
Super- Incoherent Pe ™~
UBea 2.5K T.=0.86K 800 3]
conductors metal +HFSC [150u:8cm
| —
CeColng 38K T.=2.3K |Quasi 2D HFSC| T 750 4]
e
Fully Gapped .
Ces Pty Biy T, ~80K - ~ et/ . (5
Kondo KI
Insulators Poor
CeNiSn T, ~ 20K - Nodal KI . 6]
Metal
Chemically : T
CeCugrAur | To ~ 10K | z.=0.1 T ~ In (-f’l) (7]
Quantum tuned QCP l
Critical B, =0.06T| Field-tuned ) -
YbRhySis || T, ~ 24K T ~ 7 1n (%) 8]
B, =0.66T Qcp
Tap=14K,
SC + U Pd, Al 110K AFM + HFSC | T? 210 9]
T,e=2K
other
T,=17.5K, |Hidden Order & '
Order URu3Sis 75K T? 120/65 10]
T..=1.3K HFSC
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Tour of Heavy Fermion Systems
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Material T T., z., B.|Properties p Vn Ref.
Type .
mJmol 'K
Simple HF )
Metal CeCug 10K - T2 1600 1]
Metal
CeCusySis 20K T.=0.17K | First HFSC T? 800-1250 (2]
Super- Incoherent Pe ™~
UBe3 2.5K T.=0.86K 800 3]
conductors metal +HFSC [150u:8cm
CeColng 38K T.=2.3K |Quasi 2D HFSC T 750 [4]
Fully Gapped e
CesPtyBiy | T, ~ 80K - ~ B/ . (5]
Kondo KI
Insulators Poor
CeNiSn T, ~ 20K - Nodal KI - 6]
Metal
Chemically : T
CeCugrAur | To ~ 10K | z.=0.1 T ~ 7= 1n (79-) (7]
Quantum tuned QCP ‘
Critical B, =0.06T| Field-tuned ) -
YbRh,Si, T, ~ 24K T 7+ In (L) 8]
B, =0.66T Qcp '
Tap=14K,
SC + U Pd, Al 110K AFM + HFSC | T? 210 9]
T,.=2K
other
T,=17.5K, |Hidden Order & '
Order URuySis 75K T2 120/65 [10]
T..=1.3K HFSC
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30 fr——— I
25+ 3
g r UBe 13
‘\; 20k spectfic heat
~ 15} T Cy
:— | ?’ dT" = Spin Entropy (T)
< 40
) % “
.
W27
O 2 3 :
Ott et al, (1985)

Spin entropy contributes to the Superconducting and Fermi liquid
thermodyanmics. Spins are forming the heavy fermions which are themselves

pairing!
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Material T" T., z., B.|Properties p Vn Ref.
Type .
mJmol 'K 1
Simple HF )
Metal CeCug 10K - T2 1600 1]
Metal
CeCu,Siy 20K T.=0.17K | First HFSC T2 800-1250 2]
Super- Incoherent Pe ™~
UBes 2.5K T.=0.86K 800 [3]
conductors metal -HFSC [150pQcm
CeColng 38K T.=2.3K |Quasi 2D HFSC| T 750 4]
Fully Gapped .
C(.’;;Pt.jBi;; rk' ~ 80K - ~ ﬁA" 1 - [5]
Kondo KI
Insulators Poor
CeNiSn T, ~ 20K - Nodal KI - 6]
Metal
Chemically T
CeCug- - Au: | To ~ 10K | z.=0.1 T ~ - In () [7]
Quantum tuned QCP !
Critical B,=0.06T | Field-tuned )
YbRh,Si, Ty ~ 24K T ~#In (L) 8]
B, =0.66T Qcp ‘
Tap=14K,
SC + UPd,Aly 110K AFM + HFSC T? 210 9]
T,e=2K
other
T,=17.5K, |Hidden Order & )
Order U Ru,Si» 75K T? 120/65 10]
T..=1.3K HFSC :
Rutgers

Center for Materials Theory
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CeCus : From dilute impurity to
dense “Kondo lattice”, showing
Development of coherence
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Material Ts T., z., B.|Properties p Tn Ref.
Type .
mJmol 1K
Simple HF )
Metal CeCug 10K - T? 1600 1]
Metal
CeCuySiy 20K T.=0.17K | First HFSC T3 800-1250 2]
Super- Incoherent Pe ™~
UBe3 2.5K T.=0.86K 800 (3]
conductors metal-HFSC |150ucm
CeColng 38K T.=2.3K |Quasi 2D HFSC| T 750 4]
Fully Gapped .
CGaPthth TX ~ 80K - ~ B/ - [5]
Kondo KI
Insulators Poor
CeNiSn T, ~ 20K - Nodal KI - 6]
Metal
Chemically T
CeCug-zAuz | To ~ 10K | z.=0.1 T ~ = In () 7]
Quantum tuned QCP ‘
Critical B, =0.06T | Field-tuned . -
YbRh,Si, Ty ~ 24K T 7+ In (%) 8]
B, =0.66T Qcp ‘
Tap=14K,
SC + UPd,Aly 110K AFM + HFSC | T? 210 9]
’I.m‘=2K
other
T,=17.5K, |Hidden Order & )
Order URuySis 75K T2 120/65 10]
T..=1.3K HFSC :
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CeBisPt3 : Kondo Insulator.
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Material T T., z., B.|Properties p Vn Ref.
Type .
mJmol 'K
Simple HF )
Metal CeCug 10K - T2 1600 1]
Metal
CeCuySiy 20K T.=0.17K | First HFSC Y 800-1250 2]
Super- Incoherent Pe ™~
UBes 2.5K T.=0.86K 800 (3]
conductors metal +HFSC |150u:8cm
CeColng 38K T.=2.3K |Quasi 2D HFSC| T 750 4]
Fully Gapped .
Ce3PtyBiy | T, ~ 80K - ~ B/ - 5]
Kondo KI
Insulators Poor
CeNiSn T, ~ 20K - Nodal KI - 6]
Metal
Chemically . T
CeCug-zAu; | Top ~ 10K | z.=0.1 T ~ 7= In () [7]
Quantum tuned QCP !
Critical B, =0.06T| Field-tuned ) -
YbRh,Si, Ty ~ 24K T 7+ In (L&) 8]
B, =0.66T Qcp !
Tar=14K,
SC + UPd,Aly 110K AFM + HFSC | T2 210 9]
Tse=2K
other
T,=17.5K, |Hidden Order & )
Order U Ru»Si» 75K T? 120,65 10]
T,.=1.3K HFSC :
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115 Materials: layered heavy
electron superconductors.

Ce(Co,Rh,Ir)In

Co 0.5 Rh 0.5 [ o 0.5 Co

P. Paglia(so et al.
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115 Materials: layered heavy
electron superconductors.

CeRhln

Phase Diagram

Ce(Co,Rh,Ir)In ST

resistivity
210

Co 0.5 Rh 0.5 Ir 0.5 Co

P. Paglia(so et al.

Data: Tuson Park
Figure rendition: Mathias Graf
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Material Ts T., z., B.|Properties p Tn Ref.
Type .
mJmol 1K
Simple HF )
Metal CeCug 10K - T? 1600 1]
Metal
CeCuySiy 20K T.=0.17K | First HFSC T3 800-1250 2]
Super- Incoherent Pe ™~
UBe3 2.5K T.=0.86K 800 (3]
conductors metal-HFSC |150ucm
CeColng 38K T.=2.3K |Quasi 2D HFSC| T 750 4]
Fully Gapped .
Ce3PtyBiy | T, ~ 80K - ~ B/ . 5]
Kondo KI
Insulators Poor
CeNiSn T, ~ 20K - Nodal KI - 6]
Metal
Chemically T
CeCug-zAuz | To ~ 10K | z.=0.1 T ~ = In () 7]
Quantum tuned QCP ‘
Critical B, =0.06T | Field-tuned . -
YbRh,Si, Ty ~ 24K T 7+ In (%) 8]
B, =0.66T QCP
Tap=14K,
SC + UPd,Aly 110K AFM + HFSC | T? 210 9]
’I.m‘=2K
other
T,=17.5K, |Hidden Order & )
Order URuySis 75K T2 120/65 10]
T..=1.3K HFSC :
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YbRh2Si2 : Field tuned quantum
criticality.

2.0
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Custers et al, (2003)
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Material T T., z., B.|Properties p Tn Ref.
Type .
mJmol 'K
Simple HF )
Metal CeCug 10K - T3 1600 1]
Metal
CeCuySiy 20K T.=0.17K | First HFSC T? 800-1250 [2]
Super- Incoherent Pe ~
UBeg 2.5K T.=0.86K 800 [3]
conductors metal +HFSC |150u8cm)
CeColng 38K T.=2.3K |Quasi 2D HFSC| T 750 [4]
Fully Gapped .
CesPtyBiy | T, ~ 80K - ~ B/ . [5]
Kondo KI
Insulators Poor
CeNiSn T, ~ 20K - Nodal KI - 6]
Metal
Chemically : T
CeCug-zAu: | To ~ 10K | z.=0.1 T ~ 7= 1In () [7]
Quantum tuned QCP !
Critical B, =0.06T | Field-tuned ) -
YbRh,Si, Ty ~ 24K T 7 In (%) 8]
B, =0.66T Qcp !
Tap=14K,
SC + UPd,Aly 110K AFM + HFSC | 717 210 9]
T,e=2K
other
T=17.5K, |Hidden Order & )
Order URu,Si» 75K / i 120/65 110]
T..=1.3K HFSC
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UPd2Al3 : Coexistent
antiferromagnetism and nodal
superconductivity.
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Landau Fermi Liquid Theory
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Landau Fermi Liquid Theory

20. Moscow, 1956. Freeman Dyson (front, left), talking with I. Pomeranchuk and Lev Landau.
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Landau Fermi Liquid Theory

20. Moscow, 1956. Freeman Dyson (front, left), talking with I. Pomeranchuk and Lev Landau.

Thursday, July 10, 2008




Landau Fermi Liquid Theory

s brikosov

.
Saal \!

So, what happens
| when the interaction
"\ becomes large?

e

20. Moscow, 1956. Freeman Dyson (front, left), talking with I. Pomeranchuk and Lev Landau.
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Landau Fermi Liquid Interactions can be turned on

Theory : adiabatically, preserving the excitation
spectrum. Landau, JETP 3, 920 (1957)
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Landau Fermi Liquid
Theory :

Interactions can be turned on
adiabatically, preserving the excitation

spectrum. Landau, JETP 3, 920 (1957)

States labelled by same quantum nos
as non-interacting Fermi liquid

V= ‘npl(?'l? Npyogs - >
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Landau Fermi Liquid Interactions can be turned on

Theory : adiabatically, preserving the excitation
spectrum. Landau, JETP 3, 920 (1957)

States labelled by same quantum nos
as non-interacting Fermi liquid

V= ‘np10'17 Npyogs - >

“Quasiparticle”

/\/\,Q/\/\ Interactions

adiabatically
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Landau Fermi Liquid Interactions can be turned on

Theory :

adiabatically, preserving the excitation

States labelled by same quantum nos
as non-interacting Fermi liquid

V= ‘np10'17 Npyogs - >

“Quasiparticle”

Interactions

adiabatically

spectrum. Landau, JETP 3, 920 (1957)
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particle quasi-particle

L]
A 11
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hole

quasi-hole

(a) Fermi Liquid (b) Landau Fermi Liquid
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particle

hole

(a) Fermi Liquid

INTERACTIONS

quasi-particle

quasi-hole

(b) Landau Fermi Liquid

V= |np1017 Npyogs - - >
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particle

hole

(a) Fermi Liquid

Ground — state ¥,

quasi-particle

quasi-hole
(b) Landau Fermi Liquid
oo 4] (p < pr)
P 0 (otherwise p > pr)

V= |np1017 Npyogs - -

)
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particle

hole

(a) Fermi Liquid

Ground — state ¥,

Quasi — particle : ¥y, ..
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INTERACTIONS

quasi-particle

quasi-hole

(b) Landau Fermi Liquid

V= |np1017 Npyogsy - -

(P < pr)
(otherwise p > pr)

(p < pr and p = po,0 = 0,)
(otherwise)

)




particle

quasi-particle

V= |np1017 Npyogsy - - >

hole

quasi-hole

(a) Fermi Liquid (b) Landau Fermi Liquid
| _f1 (b < pr)
Ground — state W, S { 0 (otherwise p > pr)
. . 1 (p < pr and p = po, 0 = 0,)
Quasi — particle : W, o, Mpo = { 0 (otherwise)

) = B — = E(p,) — &, Quasiparticle excitation energy.
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Key observation of Landau:

Pauli principle drives quasiparticle scattering
rate to zero at the Fermi surface. Quasiparticles
are well defined at the Fermi surface.

771 (e) o (€2 + 72T7)
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Key observation of Landau:

Pauli principle drives quasiparticle scattering

rate to zero at the Fermi surface. Quasiparticles
are well defined at the Fermi surface.

OMpe = Nps — n(o)

E = 50+Z E(O)

)0 po —I_ 9 Z fpo,p'a’0Mps0Npor + .
pp 0,0’
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Key observation of Landau:

Pauli principle drives quasiparticle scattering

rate to zero at the Fermi surface. Quasiparticles
are well defined at the Fermi surface.

OMpo = Npo

E = 50+Z E(O)

)0 po —I_ 9 Z fpo,p'a’0Mps0Npor + .
pp 0,0’

QP energy
eg)g = Elg?j) — U=

o0&

OMpo

5’np/0/ =0

ey =€V —oppB
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Key observation of Landau:

771 (e) o (€2 + 72T7)

Pauli principle drives quasiparticle scattering
rate to zero at the Fermi surface. Quasiparticles
are well defined at the Fermi surface.

_ ()
OMpo = Npo Npo

E=&E + Z E(O) 5npa + 5 Z fpa p’ U’5np0'5np ol T

p p o, o’
QP energy QP interaction: 52¢
6&03 = Elgoa) — K= L fpoplor =
5np0 5’np/0/=0 5np05np,0/ 57’Lp//0// =0

ey =€V —oppB
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Forward scattering/ F.P Hamiltonian

Mpo = Npg — n(0)

PO

E=E+ Z (EQ) — 1)onp, + = Y foopoOnpednger +.

pp O'O'
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Forward scattering/ F.P Hamiltonian

Mpo = Npg — n(0)

PO

E=Ey+ Z EY — 1)dng, + = Y Jfoopo0npednpo + .

pp O'O'

QP interaction:

6%E

5npa5np/0/

fpa,p’a’ —

5np//0.// — O
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Forward scattering/ F.P Hamiltonian

Mpo = Npg — n(0)

PO

E=E+ Z (B — pu)dnp, + = Y Jfoopo0npednpo + .

pp O'O'

PO p'o’
QP interaction:
f 62E _ o
po,p’oc’ —
5np05np,0/ 5np//0// =0
1949 p'o’
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Forward scattering/ F.P Hamiltonian

SMpe = Npe — N

PO

g = 50+Z (B — 5npg+— Y foopio!OitpeOiprar - .

p,p’,0,0’

PO p'o’
QP interaction:
f 62E _ o
po,p’oc’ —
6np05np,0/ 5np//0// =0
po p,(T/

“Fixed point” Hamiltonian (Shankar, RMP 94)

1 A
HFP Z(E(O) /,L)'njpo- 5 Z fpa,p’a’ npgnpxa,

po p,o,p’o’
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Interaction feedback on QP energy

SMpe = Npe — N

PO

E=E+ Z (EQ) — 1)onp, + = Y foopoOnpednger +.

pp O'O'
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Interaction feedback on QP energy

Mps = Npe — N

(0)

PO

E =& —|—Z E(O)

1) 0N + - Z Foo.p'o!OTpe0ng gr + .

pp O'O'

o0&

OMpo

— €po = Epa

— W
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Interaction feedback on QP energy

Mps = Npe — N

(0)

PO

pp O'O'

g = 50+Z (B — 5npg+— Y foopio!OitpeOiprar - .

o0&

OMpo

= €po = Lpe — 1

_6(0)+prap o 0Ny
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Interaction feedback on QP energy

Mps = Npe — N

(0)

PO

E =& —|—Z E(O)

1) 0N + = Y Jfoopo0npednpo + .

pp O'O'

o0&

OMpo

= €po = Lpo

— W

€po = E(O) T prap o ONpror[€pror]

pO'
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Interaction feedback on QP energy

SMpe = Npe — N

PO

g = 50+Z (B — 5npg+— > foopior0MpaOiiprar -+ .

pp O'O'

o0&

OMpo

= €po = Lpe — 1

€po _E(O)+prap o ONpror[€pror]

pO'
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—ntropy and gp occupancy

S = —kB Z[npalnnptf + (1 o npa)ln(l o npa)}

p,o0

0F =d& —TdS = Zénpa [epa + kBTln( !'po )] + D (dnp,~) = 0.
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—ntropy and gp occupancy

S = —kB Z[npalnnptf + (1 o npa)ln(l o npa)}

p,o0

0F =d& —TdS = Zénpa [epa + kBTln( !'po )] + D (dnp,~) = 0.
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—ntropy and gp occupancy

S = —kB Z[npalnnptf + (1 o npa)ln(l o npa)}

p,o0

Npo
OF =d€ —TdS = dnp, [epa + kBTln( P )] + D(6nps2) = 0.
o 1 —npe
1
po = eBepo 4 1 =/ (EPU) Note the strong feedback implicit
/ in this statement.

_ 6(0) _|_ Z fpap O'/(Snp o’

pO'
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Linear Specific

1

Mo = €5€pa +1 B f(epa)

eat
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Linear Specific Heat

Npo = ePepo + 1 — f(epa)
Npo — f(eg))) (T — 0 5np — O)
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Linear Specific Heat

1
Npo = ePepo + 1 — f(epa)
npo = f(ey)) (T — 0, dnp — 0)

nk‘

Age ~T

1
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Linear Specific Heat

1
Npo = eﬁepa +1 — f(epa)
npo = f(ey)) (T — 0, dnp — 0)
dez(ﬂo) PF
’UF = p— "
dp m
P=DPF

Age ~T
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Linear Specific Heat

fy, i Ae ~T
1
p— p— 1
npo- eﬁepa _l_ 1 f(epO')
npo = f(ey)) (T — 0, dnp — 0)
K
7.0 "
Vp = ;I; — f;i N* (()) — 7:2]7;5 Density of states.
P=PF
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Linear Specific Heat

fy, i Ae ~T
1
p— p— 1
npo- eﬁepa _l_ 1 f(epO')
npo = f(ey)) (T — 0, dnp — 0)
K
7.0 "
Vp = ;I; — f;i N* (()) — ?:225 Density of states.
P=PF
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Linear Specific Heat

ny, i Age ~T
. 1
N*(0) = 7:225 Density of states.
K
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Linear Specific Heat

g, i Ae ~T
. 1
m pr ,
N* — Density of states.
0)= 55 v
> N0 [ de
po
K
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Linear Specific Heat

hy, i Age ~T
. 1
N*(0) = 7:2]725 Density of states.
S - NY(0) / de
po
K

At low temperatures

Of (e
1E = eWbng, =3 0 QT ) it
po

PO
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Linear Specific Heat

Ae ~T
e 4 -
. 1
N*(0) = 53 Density of states.
S - NY(0) / de
po
K
At low temperatures
01 (epo)
_ 0 _ 0 P
d€ = %‘:eéa)&lpa = 2 eég o7 dT

— OO

de Of (epo ey [ O (¢)
CV—M—Z%‘?}( o ))ﬁNm)/ dee(25)
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Linear Specific

N*(0) =

Z‘: — N*TO) / de

At low temperatures

Density of states.

eat

(0)
dE = Z €§)00)5npa _ Z €<O) 8f(€p0)dT
po

Ae ~T

n
K A ——

1
K
pe 9T
po

k%T/_Oodx(e Fh)er+1) 3 kBT

L ) (af<e§92>> L N(0) /O@ o (ag’;))
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Linear Specific Heat

hy, i Ae ~T
. 1
N*(0) = m;j;lj Density of states.
>N [
K
At low temperatures
Of (epo)
_ 0 _ 0 P
d€ =Y eWonp, =Y ) o dT
PO po
kQT/_Oodx(e +1)gze_ +1) :%k%T
| |
de 0f (o) > O (e)
- (0) | & N*
Cy e %; €bo ( o7 — N*(0) /_OO de € o7 )
2]€2
Oy =~T,  v=-32N"(0)
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| andau Parameters

The interaction can be expanded in
terms of a small set of Landau
Parameters which parameterize
permit the low energy effects of
interactions.
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| andau Parameters

The interaction can be expanded in
terms of a small set of Landau
Parameters which parameterize
permit the low energy effects of
interactions.

fPG:P’,U’ — f;,p’ + fIC)L,p’O-O-/‘
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| andau Parameters

The interaction can be expanded in
terms of a small set of Landau
Parameters which parameterize
permit the low energy effects of
interactions.

f(p7 p/)a,ﬁ,fy,n 7_— f;yp/(saﬂ(sfyn + flg’p/o_"aﬁ . 5’7”
Rotational invariance

pr’,p/,O" — f;’p/ —|_ fIC)L7p/0-0-/.
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| andau Parameters

The interaction can be expanded in
terms of a small set of Landau
Parameters which parameterize
permit the low energy effects of
interactions.

f(p7 p/)a,ﬁ,'y,n 7_— fg’p/(saﬂ(sfyn + f;,plo_:aﬁ .

Rotational invariance

fPG:P’,U’ — fS,p’ + fIC)L,p’O-O-/‘

forn = f5%(cos0)

~/

cosd =p-p

O~n
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| andau Parameters

The interaction can be expanded in

_ S a /
terms of a small set of Landau Jpo,p.ol = fp’p/ + fp7p/00 :
Parameters which parameterize

permit the low energy effects of

interactions. f;,,c;/ — 5%(cos 6)
cosf =p-p’
1 oo
f*(cost) = Z(Ql + 1)F,"“ Py(cos 0).

N*(0) mrl

Landau Parameters
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| andau Parameters

The interaction can be expanded in
terms of a small set of Landau
Parameters which parameterize
permit the low energy effects of
interactions.

f%%(cosf) =

1
/ dc PZ(C)PZ/(C> = (2l + 1>_15l,l’
1

N | —

fPG:P’,U’ — f;,p’ + fIC)L,p’O-O-/‘

forn = f5%(cos0)

cos =p-p’

RS
N*—(O);(Qflntl)ﬂ Pi(cos ).

Landau Parameters
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| andau Parameters

The interaction can be expanded in
terms of a small set of Landau
Parameters which parameterize
permit the low energy effects of
interactions.

f%%(cosf) =

1
=240 [ e poop(e)

pr',p’,O" = f];’p/ -+ fg7p10'0'/.

forn = f5%(cos0)

cos =p-p’

RS
N*—(O);(zfzﬂ)ﬂ Pi(cos ).

Landau Parameters
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| andau Parameters

The interaction can be expanded in

_ S a /
terms of a small set of Landau foop ot = fopr T fo.p 00
Parameters which parameterize

permit the low energy effects of

interactions. f;,,c;/ — 5%(cos 6)
cosf =p-p’
1 oo
f*(cost) = Z(Ql + 1)F,"“ Py(cos 0).

N*(0) mrl

Landau Parameters

1
=240 [ e poop(e)

—1

oo =2 Z f;:g,Pl(cos Op.p )0 (€p’)- (%)

p
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| andau Parameters

Each Landau Parameter captures
the change in the quasiparticle
energy corresponding to a given
distortion of the Fermi surface.
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| andau Parameters

Each Landau Parameter captures
the change in the quasiparticle
energy corresponding to a given
distortion of the Fermi surface.

If we plug
56&2 = b; P;(cos 0)

deps = a;Py(cosf)
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| andau Parameters

Each Landau Parameter captures
the change in the quasiparticle
energy corresponding to a given
distortion of the Fermi surface.

If we plug
56&2 = b; P;(cos 0)
deps = a;Py(cosf)
into

Sepo = 06W) + Y fooprordflepior].

plo-/
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. andau 3arameters
Sa—ZZ o Pr(cos Op )6 (epr).

Each Landau Parameter captures
the change in the quasiparticle
energy corresponding to a given
distortion of the Fermi surface.

If we plug
56&2 = b; P;(cos 0)
deps = a;Py(cosf)
into

Sepo = 06W) + Y fooprordflepior].

plo./
Then using (*), we find that this
relation can be rewritten:

a; — bl — Flsal
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| andau Parameters

Each Landau Parameter captures
the change in the quasiparticle
energy corresponding to a given
distortion of the Fermi surface.

If we plug
0
56%0) = b; P;(cos 0)
deps = a;Py(cosf)
into
0
Sepo = 06W) + Y fooprordflepior].
plo./
Then using (*), we find that this or:
relation can be rewritten:
by
— — S a,l = —
a; = b, — Fy a 1+ Fp
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Renormalization of

Susceptibilties

The feedback effects renormalize . a(N T N 1 ) o ON
the Fermi surface susceptibilities. Xs — UB a B Xec — —alu
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Renormalization of

Susceptibilties

The feedback effects renormalize . a(N T N 1 ) o ON
the Fermi surface susceptibilities. Xs — UB a B Xe — —alu

_ upN*(0)

= uBN*(0)(1 — Ag
1 + E@ KB (O)( 0)

Xs
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Renormalization of
Susceptibilties

The feedback effects reno.rrrlw;allize X — ,UB a(N T~ Nl) XC — 8_N
the Fermi surface susceptibilities. S a B a M
2 *
MBN (O) 2 * a
, = = 5 N*(0)(1 - A
X 1 1 F¢ ppN*(0)( 0)
_NTO) s
Xe= 1y ps = VOO -4
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Renormalization of

Susceptibilties

The feedback effects renormalize
the Fermi surface susceptibilities.

Xs

Xec

where the quantities
S
s __ F, 0
V4 F

are interpreted as the t-matrix
amplitudes for s-wave scattering

~ 9(Ny —N)) N
2 *
MBN (O) 2 *
= — A N*(0)(1 — A2
1+ F¢ Hp (O)( 0)
_ NT0) s
= 1y p = VO - 4
o« fo
1+ Ry
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Table. 8.1 Key Properties of the Fermi Liquid .

PROPERTY NON-INTERACTING [ LANDALU FERMI LIQUID
Fermi momentum PE unchanged

Density of particles _’(\—l&ﬁ;- unchanged

Density of states V(D) = & “ NH0) = _7«_
Effective mass m m* = m(l+ F})

Specific heat Coefficient

Cy =T v = TkEN(0) v = ZkEN*(0)
Spin susceptibility X2 = ;z N(D) Y2 = ;1, 1\+;U]
(harge Susceptibility vo = N(0) O = 1\-;(10)

Collective modes

Sound (wr << 1)
>> 1)

Zero sound (wr
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Heavy electrons: “Local Fermi Liquids”
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ocal Landau Fermi Liguid

e Single scale 7™ The quasiparticle density of states p* ~ 1 /7™ and scattering amplitudes

Akoktor ~ T scale approximately with a single scale 7.

e Almost incompressible. Heavy electron fluids are “almost incompressible™, in the sense
that the charge susceptibility \. = dN,/du << p* is unrenormalized and typically more
than an order magnitude smaller than the quasiparticle density of states p*. This is because
the lattice of spins severely modifies the quasiparticle density of states, but leaves the charge

density of the fluid n.(u), and its dependence on the chemical potential g unchanged.

e Local. Quasiparticles scatter when in the vicinity of a local moment, giving rise to a small
momentum dependence to the Landau scattering amplitudes. (Engelbrecht and Bedell, 1995;

Yamada, 1975; Yoshida and Yamada, 1975) .
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ocal Landau Fermi Liguid

e Single scale 7™ The quasiparticle density of states p* ~ /T and scattering amplitudes

Ako kot ~ T scale approximately with a single scale 1.

e Almost incompressible. Heavy electron fluids are “almost incompressible™, in the sense
that the charge susceptibility \. = dN_./dy << p* is unrenormalized and typically more
than an order magnitude smaller than the quasiparticle density of states p*. This is because
the lattice of spins severely modifies the quasiparticle density of states, but leaves the charge

density of the fluid n.(u), and its dependence on the chemical potential g unchanged.
e Local. Quasiparticles scatter when in the vicinity of a local moment, giving rise to a small

momentum dependence to the Landau scattering amplitudes. (Engelbrecht and Bedell, 1995;

Yamada, 1975; Yoshida and Yamada, 1975) .

1

Apa,p’a’ — N*—(O) 8 —I— O'O-/A(S)
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ocal Landau Fermi Liguid

e Single scale 7™ The quasiparticle density of states p* ~ 1 /7™ and scattering amplitudes

Ako kot ~ T scale approximately with a single scale 1.

e Almost incompressible. Heavy electron fluids are “almost incompressible™, in the sense
that the charge susceptibility \. = dN_./dy << p* is unrenormalized and typically more
than an order magnitude smaller than the quasiparticle density of states p*. This is because
the lattice of spins severely modifies the quasiparticle density of states, but leaves the charge

density of the fluid n.(u), and its dependence on the chemical potential g unchanged.

e Local. Quasiparticles scatter when in the vicinity of a local moment, giving rise to a small
momentum dependence to the Landau scattering amplitudes. (Engelbrecht and Bedell, 1995;
Yamada, 1975; Yoshida and Yamada, 1975) .

1 S I AS
'g! — T~ + 00
po,p' o 7\ T (O) 0 0
Moreover, in local scattering the Pauli principle dictates that quasiparticles scattering at the same

point can only scatter when in in opposite spin states, so that
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ocal Landau Fermi Liguid

e Single scale 7™ The quasiparticle density of states p* ~ 1 /7™ and scattering amplitudes

Ako kot ~ T scale approximately with a single scale 1.

e Almost incompressible. Heavy electron fluids are “almost incompressible™, in the sense
that the charge susceptibility \. = dN_./dy << p* is unrenormalized and typically more
than an order magnitude smaller than the quasiparticle density of states p*. This is because
the lattice of spins severely modifies the quasiparticle density of states, but leaves the charge

density of the fluid n.(u), and its dependence on the chemical potential g unchanged.

e Local. Quasiparticles scatter when in the vicinity of a local moment, giving rise to a small
momentum dependence to the Landau scattering amplitudes. (Engelbrecht and Bedell, 1995;

Yamada, 1975; Yoshida and Yamada, 1975) .

A ! % "A
) ! =
Moreover, in local scattering the Pauli principle dictates that quasiparticles scattering at the same

point can only scatter when in in opposite spin states, so that

A = A0+ A0 =0
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ocal Landau Fermi Liguid

e Single scale 7™ The quasiparticle density of states p* ~ 1 /7™ and scattering amplitudes

Ako kot ~ T scale approximately with a single scale 1.

e Almost incompressible. Heavy electron fluids are “almost incompressible™, in the sense
that the charge susceptibility \. = dN_./dy << p* is unrenormalized and typically more
than an order magnitude smaller than the quasiparticle density of states p*. This is because
the lattice of spins severely modifies the quasiparticle density of states, but leaves the charge

density of the fluid n.(u), and its dependence on the chemical potential g unchanged.

e Local. Quasiparticles scatter when in the vicinity of a local moment, giving rise to a small
momentum dependence to the Landau scattering amplitudes. (Engelbrecht and Bedell, 1995;
Yamada, 1975; Yoshida and Yamada, 1975) .

1 S I AS
'g! — T~ + 00
po,p' o 7\ T (O) 0 0
Moreover, in local scattering the Pauli principle dictates that quasiparticles scattering at the same

point can only scatter when in in opposite spin states, so that

(0) _ 40 0 _
Ay = A+ 4. =0 Xe~ (1 —A3) ~0

and hence A? = — A, The additional assumption of incompressibility forces

so that now Aj = —AJ ~ | and all that remains is a single parameter p*.

S
0

=1
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"

A (UQemVK")

n
L

LS - )

N=2 .

> 5 CeCuy .
AfY = 1x10 ) CeAl, -
uem(K mol.l_mJ ) Yth,Si;

YbCuy sAgos

N :
/ \ CeNi,Si, ’
\ YbNi,Ge, -

, F

Cesﬂs N=8

AMY =0.36x10"
puQem(mol K/mJ)”

Tsuji et al (05)

2 3 456
100 1000

¥ (mJ/mol Kz)

2
w

Kadowaki Woods (1986)

p(T) = po+AT?
Co(T) = 1T
A . 2
ARw = 7z ~ (1x107°) pQcm(molK*/mJ)
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