History of superconductivity
 Liquefaction of “He

e Heike Kamerlingh Onnes produces liquid “He on
10 July, 1908

« On 8 April, 1911 he discovered superconduct-
Ivity in a solid Hg wire at 4.2 K

* Quantum origins of superconductivity a mystery

until 1957 g5,
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Phenomenology of superconductivity
e Experimental facts

» Vanishing resistivity, at T =0, up to o =
3.5k T/h

//

Tﬂ:T,:

o Zeroresistivity,at T>0,onlyatw =0 | |

* Meissner effect (1933) = expulsion of
magnetic field in the bulk

* Jump in specific heat = 3 times y T

* [sotope effect
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cific heat ¢ (arbitrary units)
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* Energy gap A(T)

T )
A(T) = 3.5kpToy /1~ a0

e Coherence effects




Phenomenology of superconductivity
 Phenomenological theories
o Gorter-Casimir Model (1934) = “artificial” two-fluid model

(2,T) = &/ @ (1— x “Superfluid” free
energy
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» Temperature-dependent critical magnetic field
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Phenomenology of superconductivity
 Phenomenological theories
» The London Theory (1935) =» realistic two-fluid model
» Equations of motion of the two-fluid model
dI,  nge?

gl . E (Js=—engvy)

J,=0,E (J,=—en,vy,)

» Londons’ second equation

VxVxB=—VxJ;
c
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» Gorter-Casimir + Londons theory
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Bardeen-Cooper-Schrieffer (BCS) Theory
« Pairing hypothesis
* Hubbard model with attractive interaction

HBCS = E C Cko‘ + Vk k’ C CJr C_ k’, Ck!/ 4
k,o k,t-k,]
kk

» Composite “boson”
Ak) = Z Vi (c—w/ 10k 1) A*(k) = Z Vi <Ck,TCT—k,¢>
k’ Kk’

o Assuming mean-field works
HEEE" = Zg k)ck Ck,o +ZA (k)c_ k¢ck¢+ZA(k cch k.l
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* Find eigenvalues and eigenvectors!
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Experimental success of BCS as(T) 2

. : on(T) 2@
« Acoustic attenuation rate P LT
* Nuclear magnetic Resonance (NMR) 0
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Part I1: Heavy-fermion Superconductivity
e History

e Local moments and the Kondo lattice
* The Kondo effect
e Poor man’s RG
« Kondo lattice
» Heavy-fermion behavior
e Heavy-fermion superconductivity
e Phenomenology
o “BCS-like” theory

 Superconducting phases of UPt,
 The FFLO phase



Introduction to “Heavy-fermion” systems

e History

o Steglich et al. discovered super-
conductivity in CeCu,Si, with T, =
05K
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o Postulated Cooper pairing of
“heavy quasiparticles”
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L_ocal moments and the Kondo lattice
e The Anderson Model

» Localized f-electrons hybridize with the itinerant electrons

H = Zeknkg + ZV(k) |:Cil-<o_fo' + fickg} —|—\Efnf + UnanNJ
k,o k,o

-~

H atomic
e Quantum states in the atomic limit

Iﬁ)i ggzg z gEf U } non-magnetic
1), 1D E(f') = Ey. magnetic.
» Cost of inducing a “valence fluc- E, + U2

tuation” by removing or adding an
electron to the f! state is positive

£0 E;+U2=U

E(f()) - E(fl) = _Ef > 0= U/2 > Ef + U/2 Charge Kondo effect

E;+U2=-U

E(f)—EB(fYY=E;+U>0=E;+U/2>-U/2 J




L_ocal moments and the Kondo lattice
e The Anderson Model

» Localized f-electrons hybridize with the itinerant electrons

Hesonance
H = Z €ExNko + Z V(k) [CLUfU + ficka} —I—?fnf + Unﬁnf%
k,o k,o e

Hatomic
» Virtual bound-state formation resonance linewidth

A Wzk: V (k)26 (ex — p1) = 7V2%p V (k) = (k|Vasomic|f)
» Two approaches to the Anderson model

« “Atomic” picture =» tune hybridization strength

« “Adiabatic” picture =» tune interaction strength

» Resolution of discrepancy between two pictures = “tunneling” of local
moment between spin “up” and “down”

e, +fi =e +f]



L_ocal moments and the Kondo lattice

« Adiabaticity and the Kondo resonance

 f-electron spectral function

Ap(w) = %Im |G f(w —19)] Gflw) = —i /_OO dt(T f,(t) f1(0))e™!

( Energy distribution of state formed by adding one felectron

2 (AL 1@0)|” 6w — [Bx — Eo]): (w > 0)

Ap(w) =5 A )
> A folo) [ 6(w — [Eo — Er)), (w < 0)
A by

N 7

' |

Energy distribution of state formed by removing an felectron |

» f-charge on the ion

\

0
(ng) = 2/_ dw Ag(w)
» Phase and amplitude of spectral function at w =0
sin®(&¢)

Af(w=10) = —=

e Friedel sum rule




L_ocal moments and the Kondo lattice

* Hierarchies of energy scales

* Renormalization concept

T Hamiltonian Flows Excitations
H = [ HL V A Anderson model H(A)
V | Hy o= fl=f2
A =Bt U\ A -
]:] 0 e 1 Infinite U Anderson model Valence fluctuations
i 0 —\ f1
T — L Ny~ -E, =---<-~-~-'-f--T -------------------------------------- Moment formation
H(A) — UH(A)U - 0 ﬁ ! ! 1 Kondo model
H | le = '11 Local moments
« Renormalized Hamiltonian M= T = i1
H(A/) — I::’L = Hp +46H (@) ) (b) Quasiparticles

e Infinite-U Anderson model

H = Z €ExNko 1 Z V(k) |:CLO-XOO' + XO'OCkO’i| =+ Ef ZXO'O'
k,o k,o o

* “Hubbard operators”
Xoo = |f1 o) (f 2 0] Xoo = |f){f1o] Xoo = |f1 o) (f°

* For the symmetric Anderson model we have: A; = A



L_ocal moments and the Kondo lattice

* Hierarchies of energy scales

Schrieffer Wolff transformation
eT_+f¢1Hf2e>eJ+fT1 AEy ~ U+ Ey
h%'_—FfijO(—)hi_—Ff% AEHN—Ef
Energy of singlet lowered by —2J

1 1
_ 2
S=V [AEI + AEH]

Matrix elements associated with valence fluctuations

|f161>:%(ficl—c$ff)l0>, =ity and () = deljo)

(1Y Vebfalftey =vav (A1) Vilelfiet) = Vav
Effective interaction
1 1 1
Hyig =-2J |:Z — 50'(0> ) Sf:| O(O) - N l; Cl];ao-aﬁcklﬁ

Effective interaction induced by the virtual charge fluctuations

Hg =Jo(0)-S; = H=)Y ecd,cx+Jo(0)-S;
ko



L_ocal moments and the Kondo lattice )

_ _ EMA)—>UIHA)UT::J%% o
* Hierarchies of energy scales
Hp| VT
« The Kondo Effect H = [7L H—}
1 H
O0H,, = <CL‘(5H|[)> = § [Tab(Ea) -+ Tab(Eb)]
T
Tab(w) = Z VQAVAb V = PHJS(O) -S4Pr
w — EA
AYE{H}
e Process | ,
R D e R e D
€1t E[A—6A,A]
1
 Process Il E—A
I tll _ 1 2/.b_a a Qb
(5o’ | TV(B) ko) = R ey ] KA Gt R

Dp==6D

_pE==5D




L_ocal moments and the Kondo lattice

* Hierarchies of energy scales

e Combining processes I and 11

_J2,05A
A

in all alll
5H]{I’,tBO'/;kIO¢O' — T —|— T —

2p5A
:2JX O'ga-sglg

o ol SaGb
Ba

« “Anti-screening” of the Kondo coupling constant

A
J(A) = J(A) + ZJQp%

 Introduce coupling constant g = pJ

B
ahi]A = B(9) = —2¢*> + O(g*)
e Define
1 L1
Tio=Dew || = 2N = n(A/Tr)

L]

10D
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L_ocal moments and the Kondo lattice

* Hierarchies of energy scales

« Kondo temperature is the only intrinsic scale

F(T) = Tx® (%)

n€2

.= —7(T, H
p mT( )

* Resistivity

» Universal scattering rate
(T, H) = “L@, (l £>

P Tk Tk
 To leading order in Born approximation; g, is bare coupling
7 =2mpJ2S(S +1) = %S(i b2
At finite temperatures g, — g(A =2xT)
(T) = 275(S + 1) 1

p 41n* (27T / Tk )

« Formation of spin-singlet bound state at large coupling
Jp>>1 nle 5T:5¢:7T/2



L_ocal moments and the Kondo lattice

* Hierarchies of energy scales

» Doniach’s Kondo lattice concept

H = Z ekck Cko + JZ S; (ck O aBCK’ ﬁ) i(k'—k) R,

« No Kondo physics -) Friedel oscillations %T?«\Wm\ﬁ%}
(0(x)) = =Ix(x — Xo)<S<Xo>>

_9 Z ( €k')> pi(k—Kk')-x

kK €k’ — €k

cos(2kpr)
(o(r)) ~ —JPW

* Ruderman-Kittel-Kasuya-Yosida (RKKY) -

JrRKKY (x—x")

A\

~

Hrxky = ,—JQX(X —x')8(x) - S(x')

cos(2kpr
ET

» Two possible ordering temperatures
Tx = De~1/(270) Ty = J°p

A
/
\

Ti < Trkky ' T < Treky



L_ocal moments and the Kondo lattice
 The Large N Kondo Lattice

» (Gauge theories, Large N and strong correlation

e Spin operator representation £ Overlap?
ot o Screening cloud @
S = o (5).,, 7
. Tt
fi > e, TR e,
» Slave boson approach (a) -D &
Xoo(f) = flobis  Xoa(§) = 0} 50 }\
E
T el T _ 1 £0 . ~.
fi0) =1f15) b0y =1[f°5) %
: -Tkz //’ 7
 Conservation of gauge charge }\_/ " Composie heavy
B ¥ ¥ g fermion
Qj - Z fja ij + bj bj -D = New states injected
o (b) into fermi sea

fjg — €i6j fja bj — ewﬂ' bj
Mobility of f-states

VEs
2—3 = Ne + Nspins

(2m)



L_ocal moments and the Kondo lattice

 The Large N Kondo Lattice
» Mean field theory of the Kondo lattice

_ / p[¢]€—NS[¢,q5]

_ ' J :
H = Zekcirwck" + ZHI(]) Hi(j) = + o (1)} gja

Sas(j) = fjafw——éaﬁ = () = 5 (chfin) (Flacse)

—ik-R;
! . e
« Hubbard-Stratonovich transformation T i
7 Cola o'Ca’)
—gATA 5 AtV VA4 — Hi(§) — Hy| Vj (Cjafjoc) I (fjacja) f JJ]
* Path integral =Tx [Texp(~ [ H[V.NJdr)]

\

_ /D[V, )\],/D[c, f]exp [/ (Z f Orcko + ijToanjo— + H[V, A])

HV,A =Y excl oo + Y (Hi[V;, 4] + Aj[ng(5) — Q))
ko J




L_ocal moments and the Kondo lattice

 The Large N Kondo Lattice
« At the saddle point

Z ="Tr [e_BHMFT] : (N — 00)

HMFT = H[V, )\] = ZEkCLUCkG+Z (chﬁfjﬁ + Vf;acja + )\fJTO‘fJCX)_'—Nn (

) ()

Direct gap 2V
)

ko j,Oé

» Matrix form of the Hamiltonian

Hypr = Z (Clto’fL) [ e ) ] (

. VoA
where
1 KR,
o = 2 e
» Diagonalize the Hamiltonian

_ ¥ T Ek_|_ 0 ko
Hypr = Z (a’ka7bka> [ 0 Ey ] ( ko >

ko
2
_|_NNS<‘!/] )\q) n

Cko

fka

4%
— )\
T q

)

E
Indirect
gap

T
f




L_ocal moments and the Kondo lattice
« The Large N Kondo Lattice - / L

Direct gap 2V

« “Heavy-fermion” dispersion

Ay
e
9 1
2
€k — A
k —|— |‘/"|2 Heavy fermion
2 ‘hole’ Fermi surface

By — €x + A 4
2
pU(E) =3 0B = B e
k,+
de V|2 ) 0 (1 + LZ) outside hybridization gap
p*E:p—:pe(1+— ~ E=X) ’
() dE (€ (B —A)? 0 inside hybridization gap,
q. particle density
e~ density ———
~~ N VEs B Q
© (27)3 aP
——
+ve background
e How to find V and A? e
E(k) —(Q+nye

« Compute free energy

J Heavy electrons

—~
x&+ +J}f’f Kondo singlets:
T charged background.



L_ocal moments and the Kondo lattice

 The Large N Kondo Lattice -

« “Heavy-fermion” dispersion

Direct gap 2V

€x + A
2

+

Eyy =

2
( 2 )+!V|

Heavy fermion
‘hole’ Fermi surface

Indirect
gap

1

(a)

pH(E) =8B - EY)
k,+

€ 2 V2
p*(E> :pj_E :P(E) (1—|— %) ~ { P<1‘|‘ (E—X)?

0
« Compute free energy

_ BE
N Tg 1n[1+e ki] +/\/;(—J )\q)
E

k,+
0 2
0 * |V|
_ EVE + (25
NN, )PP +(J q)
E 0 0 E V|?
°_ depEdE dEp|V|? ——— —_——
NN /_D Ep +/_D 4 '<E—A>2+< 7
E./(NNs) Ex/(NNs)
D2 A 7 ) 9
o e E
_ 2P 2 (29 o _
2 +7rn(TK) 1 o 0 =

k

(b)

p*(E)

) outside hybridization gap,
inside hybridization gap,




3.0
Heavy-fermion superconductivity ]
UBe,3
* Phenomenology S20- Specificheat |
° Spln entl’opy é 1.5~ for% dT’ = Spin entropy (T) 7
;- o) S
o P
oG-y
/0 dTT =0

« London penetration depth agrees with enhanced mass

1 ne? dw ne?
== P <™
HoAT, m weD.P T m

» Coherence length reduces

o “BCS-like” theory
H=3" ecflofio+ 3 [HlaBas(6)f 1o + Fies Aol fuo]
k,o k

A(k)(io2)as (singlet),

Ey = \/612{ + |Ak‘2 Aaﬁ(k) — {d(k) ) (i020>a6 (triplet).

« Example: UPt; Ax o« ko(ky £iky),  |Awf® o< k2(k2 + k)



Heavy-fermion superconductivity

e Phenomenology
» Density of states near line nodes
N*(E)=2) §(E—Ex) xE
k

dA

By ~ \/(vpk1)? + (aks)? o= —
dko

» Specific heat

xT
—
Cy

T X (F) ~T

e NMR .
1 —
7T N(E)?2 ~T°
1

e “Molovik effect”

h
Ek—>Ek—|—p-Vs:Ek—|-VF-§V¢
UF h
AE ~ h— = — 2 o
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H 1 1 | H
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2TAINQR g
o)
10" b 8 \
g &
r S Ty=145K
L ko)
. T,.=198K ¢
O
ol oS!
10 E \C;CQJ
- $
—~ ¢
T
3
12 1071
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Heavy-fermion superconductivity

e Phenomenology

e “VMolovik” effect

h
Ek—>Ek+p'Vs:Ek+VF‘§v¢
(O h
H 1 1 H
Eg~A — o~
" Hc2 R € H02

» Density of quasiparticle states

H

N*(H) ~ NO) | 77

* DOS depends maximum when
magnetic field and node
perpendicular

7THC2€2 ~ (I)O

0.335

0330 ¢

-90 45 0 45 90

Angle (degrees)
CeColng



Superconducting “phases” of UPt,
e Symmetry breaking In super-
conductor
» Three superconducting phases
« Ty=5K
¢ T.=054K

2.5

o Antiferromagnetic  order is
Instrumental for the symmetry
breaking between the different
superconducting phases

—y

.

o
=

Magnetic field (T)

0.9

0 0.1 0.2 03 D4 03 06
Temperature (K)



Fulde—Ferrell-Larkin—Ovchinnikov (FFLO) state
 FFLO properties

» Superconductor in a large Zeeman field (B)

o Cooper pairs have finite momentum
A e(k)

» Spatially oscillating order parameter
» Proposed candidate: CeColn;

» Unfortunately even the slightest disorder destroys the FFLO state
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