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Superconductivity review |
Simplest (well understood) correlated system: LS
often even when emerges from a strange normal state

e, o pairing of electrons Nontrivial object: pairing amplitude
::‘}{’ ? n near the Fermi surfc
N SN N _ Yir,a;r,, S oc< (r,) (r)>
P Bose-condensation (53t ) {ya (R
2 ‘ of Cooper pairs
[ o

’? Superconductivity

Simplest case: «, =T,¢ ‘{”(rl, a, FZ,B) :(rl — rz)

Cooper pairs have well-defined spin (singlet or triplet pairs)
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Why |mpur|t|es’?
Kondo impurity: \ Il ./ \

local singlet + electrons

e

Simplest superconductor: no spin-orbit  '¥(r, a;r,8) = y,,0(r, —1,)

singlet S=0 0 1
i P AV

triplet S=1 | —dx+idy d
TN Kep =M007)d-0),, 2= d, +id,

Competition of energy scales: : l] : \\
impurities vs pairing R 4 IO Y : //
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Superconductors vs Kondo metals
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Superconductivity review |l e

BCS Hamiltonian: Heacs = EcCraCia — A (K)Crio Clics
‘ ’ | § "' J

band pairing, “anomalous”

singlet/triplet;
Order parameter: Aaﬂ (k) = Zvaﬁ,ﬁ (K, k,)<C—k'5Ck’y> } isotropic/anisotropic;

unitary or not...
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Superconductivity review |l e

BCS Hamiltonian: Heacs = EcCraCia — A (K)Crio Clics
‘ ’ | § "' J

band pairing, “anomalous”

singlet/triplet;
Order parameter: Aaﬂ (k) = Zvaﬁ,ﬁ (K, k,)<C—k'5Ck’y> } isotropic/anisotropic;

unitary or not...

é:k A(k) Cka
Matrix f : H =(c’ C . _ . single
atrix form BCS ( ko K@ { A (k) B g_k kaa glet
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Superconductivity review |l e

BCS Hamiltonian: Heacs = EcCraCia — A (K)Crio Clics
‘ ’ | § "' J

band pairing, “anomalous”

singlet/triplet;
Order parameter: Aaﬁ (K) = Zvaﬁ,ﬁ (K, k,)<C—k'5Ck’y> } isotropic/anisotropic;

unitary or not...

A(k) ) ¢
Matrix form: Hgcs =(C;a Cka{ fgk ( )j( faj singlet
A(K) -y \Chiq

H BCS — Z E(k)j/lja]/k(7 Bogoliubov transformation

Excitation energies E(K)= \/§f+ | A(K) |2 energy gap

2
‘uk‘ electron

- _— * T
Eigenstates Yko = UCye —O Vi C 5 ‘V ‘2 hole
K
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Isotropic vs anisotropic superconductors ﬁ{
LSL)

Connection to pair wave function A,5(1, 1) o< Y(r, a;r,8) = 7,,0(r —1,)

Fermion exchange ILP(rl, a,n,p)=-Y(pr, OK)I Y(r, o r,p) = Zaﬁ§0(r1 —,)

Spin part: 2x2 matrix Spatial part: angular momentum |

singlet S=0 , d,
1=0,2,4 S C ] M

Zs,aﬂ (Iay)aﬂ _ZS Po R X
s, d... wave ..
triplet S=1

Py |
Xiap = [(Io-y)(d c)]aﬂ Xt s | =135... 49\@,
p, f... wave "

hon-s-wave (anisotropic) states favored by strong Coulomb repulsion
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Anisotropic superconductors
LSl

density of states

S-wave ‘ - .
% | No excitations at low T
é 1 Isotropic gap 'A . {| Activated behavior e-4/T
) S——— Al, Be, Nb;Sn tT
U A(K)=4A, <1978
oo 05 1_0(0;‘&1_5 o 25 ewaiaes
dwave , [T N ettt Density of qp o T
£7 , . | Specific heat C(T)o T?
s :NMR T, toc T
g T Gap with A :| universal T
Q A(K) = A, C0s 24 zeroes (nodes)-,.. T
o Cuprates, . . - |Power laws |
/A, :ie;\;ygfermlons, ..............
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Density of states

Density of states

Pure and impure superconductors

Pure superconductor:

density of

4 4
34
24

14

states

Isotropic gap
Al, Be, Nb;Sn
<1978

0 T —
0.0 0.5 1.0

/A

Gap with
zeroes (nodes)
IIIII Cuprates,

15 20 heavy fermions,
0 >1979

What is the effect of:

1) an isolated impurity
(STM spectra)

2) ensemble of impurities
(T., planar junctions)

How is this picture
modified by impurities:

1) locally
2) globally

i
LS
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Classical and quantum impurities ji
LSL)

1. Potential scatterers Hipmp =2 f dri (1) Upoq (1) i, (x)

2. Spin scattering Hipp = 2 drJ (1) Y (1)S - o o z104(x)
2a. Classical spin [Si»S;]=0
2b. Quantum spin [Si;S;]#0

3. Anderson impurity: interpolate H,., = Eo(ny+n, ) +Unn + ZVd;Cko- +h.ec.
between the two regimes k

4. Single Impurity vs. many impurities

5. Conventional vs unconventional superconductors
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Single Impurities

ot

////////
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Single Impurity Problem T

We are solving a scattering problem (drop spin indices)
Himp = [U (1) p(r)dr = [ drU (r)¥; (r)¥,,(r)

(k=K'
= [ drU (Y. ¢ G ™ =3 U GGy
kk' kk'

l
Uy
l

§ \h

For classical impurities (U is a function) this can be solved exactly
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Reminder: Green’s functions

e

Prescription: LSL)
Gaﬂ(rl, 7,1, 7T') = —<Trwa (r,, r)w;(rz,r’)> mp G (1,1, 0,) o,=27T(n+1/2)
Matsubara
« obtain retarded Green’s function lw, > 0+i6 GT(r,r,;w)
« poles=excitation energies N(r,o)=-z2""ImG*(r,r; »)

=—n—1jdk|mGR(k;w)

* density of states=Im part

Example: normal metal Gk o)=lio -&] - |o-¢& +is]"

N(@) = [ dkd(w-&)
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Nambu formalism and matrices | s

p— LSL)
* Mix particles/holes, i) = (. 4, i,
spin up/down (r) (% % ”bT Im)

4x4 matrix G(x,x")=—(T¥(x)¥T(x")) Nambu-Gor’kov

*BCS hamiltonian = f drV ()&= iV )73+ Aro] V()

* Matrices 0j,7; in spin and particle-hole space respectively

* Matrix structure of the impurity scattering:

Potential: U (r)=U(r)z; e.g attracts electrons/repels holes

Magneticc §.g=S.q @=|1+73)0+(1-17;)05060,]/2

e Pure BCS Gal(k,w) = iwn — g(k) T3 — A(k)O’le

6/3/2011 MPIPKS, Dresden



Nambu formalism and matrices I ﬁ X
LSL)

-1 “ ” ’
Green’s function of & (k: ) = @ @ fanorpalogBngeen S
a superconductor o\, W) = - unction,

“normal” particle &
hole propagators
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Nambu formalism and matrices Il j ;
LSL)

-1 b ” ’
Green’s function of & (k ) — @ @ anor_nalogs Gz)een S
a superconductor o(K; @) = - function, ODLR

“normal” particle &
hole propagators

Density of states N(r,o)=-z"[ImG"],(r,r;®) “normal” part

poles: energies — energy gap

Self-consistency “anomalous” part

condition on the Ay :T%:jde k.K)Gy, (K, ) highest T with sol'n —

order parameter transition temperature
Not important for single impurity

Crucial for multiple impurities
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Single impurity
» Key: multiple scattering Hinp = ;U oG + NC.

change of momentum/spin at each scattering event $ ¢

LEy U

Kk kK"

Uhk. $
—.—:—b—+—>—>—+b—>—>—+
K Kk k k Kk k" Kk

GK') = Gy(k) + Go(k) Uy o Go(k')

+ 2 Go(K) Uy Go(K") Upr s Go(K') + =+
k!!

‘can include all the scattering events ... in principle
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T-matrix solution

=T

= —>— + > Gkk') = Gy(k) + Gy(k) Ty, Gy(k')

k k
TJ\L'
U. " U.'!k- A A A A A
= U KK’ + kk k + Tk.k’ = Uk.kf + 2 qukh’G(i](k”) Ukrr.kr + 0

: : L] kff
: k"

=Upr + 2 UpgorGo(K") Tyoryer.
kH
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T-matrix solution ﬁ*
e
LSL)

—p— =+ G(kk') = Gy(k) + Go(k) Ty 1 Gy(k")

k k’
T,
U]x‘k" Uk"k' T - - ~ T
1 = Ukk’ + i + ... Ty = Uk + 2 Uk Go(K") Uprer ++
T ——p K"
kk’ j K"

structure is especially simple for = Uy + 2 U Go(K") Ty e
isotropic scatterers, U, ., =U T-matrix k"
depends on wonly. T, .. =T (w)

T(@) =0 +U TG, (ko) () f(w):{l—OZéo(k,a))} U
k k

T-matrix includes all the effects of multiple
scattering on a single impurity
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T-matrix solution ﬁ*
e
LSL)

= —>— + > Gkk') = Gy(k) + Gy(k) Ty, Gy(k')

| k’
< T“\_ K
U. " U~ A A A A A
1= Uy + kk Ekk + ... Tixr = Ukger + 2 U Go(K") Uprger +
Tkk' '—z"—’- K’
structure is especially simple for =Upp + 2 UpgnGo(K") Tyn .
isotropic scatterers, U, =U T-matrix k"
depends on @ only. T =T (@) Local G allmpurlty site
) { - ~
) I ) / \‘ 1
T(®)=U +U > Gy(k,0)T (@) T(a)):{l—QZGO(k,a))} U
\
\ -—_

T-matrix includes all the effects of multiple
scattering on a single impurity
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Scattering strength N

f(w)={1—02éo(k,w)}0: (UNo) ™" —7, [ dkg (Iz,a))} 7,

phase shift of

_ integral over §(k, )= jdg G, (K&, w)= g7
scattering =

Fermi surface

(UNO)‘1 —cot™t 0, 9generally depends on band structure
strong scatterers (UNO)_1 <<l Og=ml2 unitarity
weak scatterers (UN,)"'>>1 6,=0 Born

Classical impurities: fixed phase shift
uantum impurities: phase shift depends on energy scale
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DOS and T-matrix j iy

LSL)
 Density of states  N(w,r) = -7 ImG,(r,r;»)
* T-matrix in real G(r,r;o) =G, (r,r; o) + Gy (r,1y; )T (0)G, (1, T; ®)
space
* With impurity N(@,r) = Ny (@) — 771 Im[G, (1, ry; )T (@) G, (1, ;@)

e Impurity-induced N (@,r) oc ImT ()G, (@, r)\z

Impurity-induced new states appear at energies

where T-matrix has imaginary part: poles of T(®)

6/3/2011
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DOS and T-matrix j iy

 Density of states  N(w,r) = -7 ImG,(r,r;»)

* T-matrix in real G(r,r; o) =Gy (r,r;m) + G, (r,ry; ®)T ()G, (1, ;@)
space
o With impurity N(@,r) = Ny(®) — 7 Im[G, (r, 1y; @) T (0)Gy (I, 1 )]
e If for some w No(@) =7 ImG,(r,r;w) =0
-- -7 Friedel
* New states e e ImT(a!ﬂGO(a), r)\j\, oscillations

Impurity-induced new states appear at energies

where T-matrix has imaginary part: poles of T(®)
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2D Metal: experiment JL
LSl

real space Fourier transform
P. Sprunger et al. 1997

Spatial oscillations with kcr: Fourier transform gives
image of the Fermi surface
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2D superconductors

E(K) =/ &2+ | A(K) [

Tight binding dispersion
& =—2t(cosk, +cosk, ) — u

d-wave gap

A(k) = A,(cosk, —cosk,)

Follow dominant wave vectors
as a function of energy

k, (n/a)

e

-=1,1) » (0,7) (1.1)

(1,0)

’ large DOS

~1.-1) : : (1,-1)

k. (n/a)

K. McElroy et al. 2003
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Simple example: potential scattering J

_ LSl]
4x4 — 2x2 f(w) _ Yo%~ %t — (UN,) 173
spin is not “active” (UNo)_2 - gg - 912
~ | ~ A(K
go(w)=— [dk —  g,(w)=-[dk ( )A :
FS \/ o° —\A(k) FS \/a)z —‘A(k)

> A(k) =0= g, vanishes
Kk

Different structure of T-matrix for
conventional and nodal superconductors:

check for new poles
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Potential scatterer: s-wave
LSl

= % U G A(K) = const

Zar

((UN ) +1\

-

no new poles

T(w)=

~k )

)

Physics: we are pairing time-reversed states: ‘k T>,
potential impurity makes states not simply ‘ >
n

|k>, but does not violate time-reversal.

The only situation where impurities are not harmful to
superconductivity at all: no impurity states

P. W. Anderson, 1957
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Resonant impurity: s-wave
: LSl
Non-magnetic Himp = Eo(Niy £ ) + ZVd;CkG +h.c.
“resonant scattering’ k

Machida & Shibata 1972, H. Shiba 1973

Hybridization with

F=x|VFN, T>A
the conduction band

1
T(w)=|V [ 73{0)_ Eyz—|V B T3ZGo(k’a))Ts} T3
k

N 0)=7"'T/(I?+E}) ‘

wy= + A{l = 27[AN(0)]}}

ensity of states
Ly*]

v
~10°°
Bound state pinned to the gap edge: |,

0.0 05 1.0 15 20 25

largely irrelevant o/A

1
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Potential scatterer: d-wave

e

Himp = ZU Cll_ack'a A(¢) — AO COS 2¢ F'LdRA(RF):O

Kk’
Poles of T-matrix ? Yes Wait, no gap!
. cl2 iz /2 .
Q,=Q, +1Q, =—A 1+ — -
0T TR 0In8/ﬂc[ In8/7zc} ¢ =(UNy)
resonance| |energy | |Iifetime |

strong scatterers €2, <<€,  sharp

weak scatterers €25, 2L smeared

Density of states

well-defined state

P. Stamp 1987, J. Byers and D. Scalapino 1993, 58 © ok~ 10 - 15~ 26
A. V. Balatsky et al. 1995 @/A,
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Experiment: d-wave m
Zn impurity in BSCCO LSU

2.5-

Spatial dependence

——typical region | On Zn |
is poorly understood:

—o—an center of Zn atom

2.0 -

1.5- | far from Zn |

Differential Conductance (nS)

0.0
-100

Sample Bias (mV)

S. Pan, E. Hudson et al., 2000
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Message: part | L
LSl

Potential (electrostatic) scattering

* Isotropic s-wave gap: normally no bound state, never states
deep in the gap

* Anisotropic states with sigh changing order parameter: all
scattering produced bound states, these states are deep in
the gap for strong scattering

Now on to spin-dependent scattering starting with classical spin

6/3/2011 MPIPKS, Dresden



Classical spin: isotropic gap J I
LSl

Hing =32 €S040  classical spinS A(K)=A s-wave
kk'

(9S/2) 35 ()
1- 35§, () /2]

Ey _ 1 - (JSWN(:}/2)2
Ay 1+ (ISTNy/2)?

f(w) oC

new poles €)=

Time-reversal violated: new states below the gap edge
E, =0 E;=A,

JSN, =1 state in midgap

Density of states

JSN, <<1 state near gap edge

A. Rusinov, 1968; H. Shiba, 1968, L. Yu 1965 00 05 10 15 20 25
®/A
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2L By | %} H % 1 Vol. 21, Ne.

1965 45 1 A ACTA PHYSICA SINICA january, 196%

SREREBSE P RES"
oo

2 =

AR X ERIZER MBI AR, HRTE BN AR, ERAR
RHSE W RERAR— D R EATOMR , SR BT FBERZ . R T SRRl E e o A
SER s FEEHET RACRDRETS [RAH IR, S5 T 557 2R S i 5 by
BET3»3RF T IR B L B K 40 o B e BB BB, '

—. 5l

i
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BOUND STATE IN SUPERCONDUCTORS WITH LSL)
PARAMAGNETIC IMPURITIES

AN

i ¥

Yu Lun

,r f

. wl
fm e 20— —— =

TN

R % AR
| 1 ’

6/3/2011

MPIPKS, Dresden



Quantum phase transition

i
LS

Ey 1-(JSuNy/2)?

Bound state energy €)=

Ay 1+ (ISTNy2)*

Critical value

EO,I

S—1/2

J, = [ﬂNOS / 2]_1 Occupied to unoccupied transition

Spin Sz |V

Spin S

1

WIW,

crit

In both cases similar bound state spectra (extra Cooper pair does not count)
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dl/dV Difference (10 -7 ohm™1)

-0.2

0‘2_ r=0A B

Experiment: s-wave

Voltage (mV)
A. Yazdani et al, 1997

Mn & Gd magnetic, Ag non-magnetic

Asymmetric spectra: extract/inject e
2

U, |

2
Vi

|||||| T T T — g T T g T T 1
0.0 0.5 1.0 1.5 2.0 2.5

®/A

Decay of the state on the scale:

MZ oc exp(—r/r,)
ro ~ & y1= (Ey 1 Ap)?
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Quantum impurities

why can’t we do the same for quantum impurities? LS
Recall: single ion Kondo model perturbative RG A
H,pp =JS-6(r) =J %;S-caﬁc;ack,ﬂ D
dJ value of coupling depends on

_ 2
==p(D)I" hat energy we are looking at

dInD

oD
constant density of states: pP(E) =N,

J
1-JIN,InD/T

J =

) mourit 3
ARM J>0 Joo TexDexp(-1/Ng) JE0Y . L ee
0 00
M J<0 J-50 —> Impurity
decouples
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Quantum impurities

Lsu

why can’t we do the same for quantum impurities?

Recall: single ion Kondo model perturbative RG

A
H,pp =JS-6(r) =J %;S-caﬁc;ack,ﬂ D
dJ — _p(D)J 2 value of coupling depends on
dinD what energy we are looking at
oD
constant density of states: p(E) = N,
- J
J I IN.InD/T T, = Dexp(-1/JN,)
superconductor: P(E <A) << N,

Ty >> A  impurity screened

Ty << A  impurity not screened

6/3/2011 MPIPKS, Dresden



Quantum character of spin L
LSL)

Classical spin:
T-matrix result

Ey 1-(JSmNy2)°
Ay 1+ (ISTNy/2)?

€)=

Does not depend on sign of
the exchange interaction

Expect: difference between AFM (J>0) and FM (J<0) exchange

H_J

Renormalizes to large J
Competition with pairing
May be Kondo screened

Renormalizes to small J
Always unscreened

Need new approaches: numerical RG etc.

K. Satori et al. 1992, 0. Sakai et al 1993

6/3/2011
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Kondo S=1/2 spin: NRG

Classical spin: . E, 1-(JSmNy/2)*
0:

T-matrix result A T g (JSTN,y/2)*

Ferromagnetic:

Ey _7r2 J/D
A 8 | 1+(J/D)In[D/A]
RG flow stops at 4

bound state close to gap edge

e

6/3/2011

MPIPKS, Dresden



Kondo S=1/2 spin: NRG

Classical spin: E, 1-(JSmNy/2)*

T-matrix result 0= Ay T g (JSTN,y/2)*
Ferromagnetic:
E, , J/D 2
A 8 | 1+(J/D)In[D/A]
RG flow stops at 4

bound state close to gap edge

Antiferromagnetic:

critical value of coupling

i
LS

Antiferromagnetic:

bound state

ground state

K. Satori et al. 1992, 0. Sakai et al 1993

6/3/2011
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Kondo S=1/2 spin: NRG

Classical spin: E, 1-(JSmNy/2)*

En = =
T-matrix result ! Ay 1+ (JSTNY2)*

Ferromagnetic:

E T

N | —

J/D
1+(J/D)In[D/A]

—0 ~
A 8
RG flow stops at 4

bound state close to gap edge

Antiferromagnetic:

critical value of coupling

2 2

i
LS

Antiferromagnetic:

0 dOU = \ -

‘unscreened

%s(T =0) = o

singigt

N

screened bound state

. (T =0) — const

ground state

K. Satori et al. 1992, 0. Sakai et al 1993
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A(r=0)/A,

1.0

0.8

0.6 |

0.4

0.2 |

0.0

—p.z2 L

n-phase

1 | i 1 |
L
L]

. 1 __emm & & & & & & @
0.0 0.5 1.0 1.5 2.0
ﬂNFw

M. Salkola, A. Balatsky, J. R. Schrieffer 1997

Self-consistent calculation
including OP suppression

shifts

Cf. n-Josephson junction L. Bulaevskii et al. 1983

I

Cooper pair tunneling via the spin

SC1 SC2

Ground state: order parameters
have opposite sighs on both
sides of the junction
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Gapless superconductors | il
LSl

Classical spin: potential Ni impurity in BSCCO

part of scattering needed

U,>J

2.5+

—— typical region
—O— on center of Ni atom

T-matrix result:

°
@
§
Ay S
Oy,=- -
2Ny(Uy = NIn|8Ny(Up = J)| S
M. Salkola, et al. 1997 £ S—"
0.0 T T v T v T L) 1
-100 -50 0 50 100
Splitting of the resonances (one Sample Bias (mV)
for each Spin spemes) E. Hudson ,et al. 2001
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Kondo effect in gapless superconductors ’ﬁi

Density of states

N (@) o const

N(w) < ol A,
N T T

o:a/A0

Pseudogap Kondo models

=00 Hard gap
r=0 Normal metal
r=1

Semimetals, d-wave superconductors...

LSl
Density of states suppressed,
does not vanish: Kondo or not?

RG until A4 J ~ !
1-IN,InD/A

After that?

r D. Withoff and E. Fradkin 1990
L. Borkowski and P. Hirschfeld 1992
K. Ingersent 1996
C. Gonzales-Buxton and K. Ingersent 1998
R. Bulla and M. Vojta 2001
L. Fritz and M. Vojta 2004

N(w) oc @

Inaccessible from r<<1

6/3/2011
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Pseudogap Kondo model

r>1/2

i
LS

ASC

- screened

J>J,

critical coupling J N, ~T

critical fixed point

z

» | No Kondo screening for p-h symmetry

Including potential scattering
Particle-hole asymmetry

f Kondo coupling J

|

unscreened J < J.

C. Gonzales-Buxton and K. Ingersent 1998
R. Bulla and M. Vojta 2001
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Pseudogap Kondo model

i
LS

r>1/2

ASC

- screened

J>J,

critical coupling J N, ~T

critical fixed point

Including potential scattering
’ Particle-hole asymmetry
<

» | No Kondo screening for p-h symmetry
f Kondo coupling J J

Screened if _
1-JIN, InD/A

| J

unscreened J < J.

>J. ~r/N,

Urr Similar to the
A<e T ~ Tk gapped case

C. Gonzales-Buxton and K. Ingersent 1998
R. Bulla and M. Vojta 2001
M. Vojta and L. Fritz 2004
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Impurity density of states

150 T
F =T

Lo

pr{®)

pri®)

Localized states
on both sides

T'[K]

40 F

50 ———

30 |
20 F

10}

Li:-callI moment e . strong coupling

1
1
\ )
“ Quantum critical .
\
\
1
'
\
\

\ -~ .

\ R ]

"\ e Asymmetric
\

0.05 0.1 0.15 0.2 0.25
Kondo coupling J [eV]

M. Vojta and R. Bulla 2001
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Message: part Il

Spin-dependent scattering

Isotropic s-wave gap:
— FM coupling: bound state near the gap edge
— AFM coupling: screening requires critical Kondo coupling,
bound state deep into the gap if T, /A=0.3

Gap with nodes: need potential scattering, form bound
states, screening requires critical Kondo coupling.

e

6/3/2011
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N
[

What about anomalous propagators? £

j
=T

—|>

2 Recall: if interaction is local,
U Zk: (k’ a))T (a)) T-matrix depends on local

Green’s function

vanishes if

G, (r,r; ®) = Z(Iw Sk

Ay jl Off-diagonal part ZA =0
Ay lo, + &

For local coupling only density of states matters

For non-local coupling anomalous propagators are relevant

' +
=2, I(k.K)S 6,000 M. Vojta and R. Bulla, 1998-2001
Kk M. Vojta & L. Fritz 2004

Multichannel Kondo etc.
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K (ppm)

Why may this be relevant?

et

Question: can one get Kondo behavior from a non-magnetic impurity?

Answer: non-magnetic impurity in a correlated host can generate a
magnetic moment distributed around it

Example: Li or Zn in high-temperature superconductor

4. n.n. satellite =

2 z

300F o4 E
i - A

£ ) i ——————-

200F  fe, te

Curie-Weiss

-100

__4_4-:
0"' pq__i.‘.' -

L
| %% mainline

11800

I' T v
- i main line
941 nn satellite fl.ll‘fllt‘,l'\lm I'-.
0.0k ']—_'---.”__..I__- a |.- I
15625 15630 15635
. v (kHz)
A} ] ‘ 2 & A
LV L L
£40 4
r_':+'\'f“l:F L
~pPPTe
P e

same as pure

100 150

200

250 300

J. Bobroff et al. 1999-2001

Moment distributed over
nearest neighbors

HA{#YBEI Cu30( . : x,=1%

lines: scaled from Cu:Fe alloys
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a)

b)

e

Kondo vs potential scattering

otential
so, ondo — P ——
: 000 20- 30 o060
400 - & . o & -
Z 300t e 1 2 50f
5 ' : 2 | : l § |
£ 200f -. 2 o WO . 2
[ ] 5 104 A U E o 10 _
100 - k ; 5 e ¥ . ]
. 1 L 1 . 8 ¢ f‘ 0"
0 _10 _5 0 5 10 0.54 %% : L\ -10 -5 0 5 10
Sample bias [meV] :
0.0 T T T T T T 1
4 -200 -100 0 100 200 4 |
Sample bias (mV) L30
3 300 3 -,
2 S.-H. Pan etal. 2 .
£ —— |
21 - 2000 3
il Y0
& 1 & 1
3 100 -2
=3 -3
-4 -4

-4 2 0 2 4
(r-rg),

A. Polkovnikov, M. Vojta, S. Sachdev 2001
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a)

b)

s00 ., HONdo : 5
: 00 ;
400 - ® . o
2 3001 - z
- . 5
g 200p ; £
100 | !L :
0 L L I 1 .
-10 -5 0 5 10
Sample bias [meV]
)
4 = E —o— Gap node direction : J)
=F §_ § —o— Gap maxima direction
3 300 2
2 R /s S.-H. Pan et al.
2 1 E Yoq, D 2
< ) 200 8 ] 000 S
= 1 g
-2 10( § I"l“".
-3 3 ird
ik 8 %ﬁj
0 -“E: 0.01 , . L i :
g : o 5 10 15 20 25
* 4 (r e r ) 2 g (20 Distance from scatterer A
“P0/x

A. Polkovnikov, M. Vojta, S. Sachdev 2001

30
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10
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5 |
1
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-4
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(r-rg),

Neither fits experiment
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Message: part Il o

Sometimes moments appear unexpectedly in
correlated systems with magnetic tendencies

But that does not mean that
Kondo can explain everything

Corollary: draw conclusions about cuprates at your own risk

6/3/2011 MPIPKS, Dresden



Many Impurities

ot

////////
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From single to many impurities

e

4 -
Individual bound states around the - 1
impurities broaden into a band

The bandwidth grows with the
impurity concentration. Depending on
the location of the single imp state:

— either touches Fermi energy first N R
(8apless superconductivity) 00 05 10 15 20 25

— or mixes with continuum first ®/A

Density of states

6/3/2011 MPIPKS, Dresden



From single to many impurities

Individual bound states around the
impurities broaden into a band

The bandwidth grows with the
impurity concentration. Depending on
the location of the single imp state:

— either touches Fermi energy first
(8apless superconductivity)

— or mixes with continuum first

Density of states

4 -

0.0

e

®/A

At the same time impurities affect superconductivity

6/3/2011
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Scattering mixes gaps at
different points at the FS

anisotropic s-wave d-wave
clean

A®) [ clean Al0) |
L\ dirty 0 F——= _dirty

0

angle on FS ¢ — angle on FS ¢ —=

Anisotropy smeared out,

Gap and T. suppressed
T, slightly suppressed P ¢ SUpp

6/3/2011 MPIPKS, Dresden



Self-consistent approximation

1rI|
dilute impurities -

u(r,) N lj(rl)i(ﬁ)
= ——, — i, >,
e il e A 0 (Al SR
U(r) U(r,) U(r,) U(r) U(r,) U(ry)
4+ —=0 *a—(\ﬁj—’+ e OOt O,
r r r I
UA(r1) ] 2 lj(ﬁ)
+ r’

Improbable: ignore

Then average over random positions of all impurities

6/3/2011 MPIPKS, Dresden



Self-consistent approximation

1rI|
dilute impurities -

u(r,) N lj(rl)i(ﬁ)
= ——, — i, >,
e A A AR
U(r) U(r) U(r,) U(r) U(r,) U(ry)
+ rﬂ-(;ﬁ\ﬁﬁcﬁ?,+ rﬂ-@ﬁ*@ﬁﬁﬂrﬁ +...

Self-consistent T-matrix

— o,
—— el

—y —-—
b R — -
_— e e o o ==

2(p,w)= Rimp L p p Gap and order parameter
are not the same.

A A

Tp,p’ = Up,p’ + J' dplUp’plG(pl,a)) TPPP'

Full Green’s function with
scattering on all other impurities:
P. Hirschfeld et al., S. Schmitt-Rink et al. 1986 | heed self-consistency
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Abrikosov-Gorkov theory ,ﬁi
LS

Isotropic s-wave. Weak scatterers: Born approximation (2"9 order)

Potential scattering does not affect T, or gap: Anderson’s theorem |

6/3/2011 MPIPKS, Dresden



Abrikosov-Gorkov theory
-

Isotropic s-wave. Weak scatterers: Born approximation (2"9 order)

Potential scattering does not affect T, or gap: Anderson’s theorem

| (Weak) magnetic scattering destroys superconductivity and the gap |

—n 2 FM coupling or small Normal state
%s = Nimp NoJ“S(S +1) effective AFM coupling | scattering rate

single parameter: impurity Abrikosov, Gorkov, 1960
concentration and strength

appear together. Only in Born

T 1 1 o General equation:
In—= Vi— |yl <+ > heeds correct
Tco 2 2 27TTco definition of o

6/3/2011 MPIPKS, Dresden



Abrikosov-Gorkov theory
-

Isotropic s-wave. Weak scatterers: Born approximation (2"9 order)

Potential scattering does not affect T, or gap: Anderson’s theorem

| (Weak) magnetic scattering destroys superconductivity and the gap |

—n 2 FM coupling or small Normal state
s n'mp NOJ S (S + 1) effective AFM coupling | scattering rate
Gap for excitations (pole of Order parameter (solution of self-
Green’s function) vanishes at consistency equation) exists up to

a;=ay=Aexp(-7/4) K as=a,=A,/2~=11a,

S

| There exists a regime of gapless superconductivity! |

Abrikosov, Gorkov, 1960

6/3/2011 MPIPKS, Dresden



s-wave, weak magnetic scattering L
LSU

1O transition temperature

- order parameter

Gap for excitations f~
.5

Skalski et al 1964

0 K 2 3 4 5

pure superconductivity
o destroyed
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s-wave, weak magnetic scattering JL
LSU

10 s transition temperature

- order parameter

Gap for excitations f~
.5

Skalski et al 1964 [ | | 8apless
’ | SUperconductor
0 LLLLLLLLL
P
pure /AW superconductivity
o destroyed
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Comparison with experiment

theory

=
™

T/ALT)

111 PR I SN S
LO

NN TS M ST S

20

Skalski et al 1964

5 : L5
@ /AT

LSL)
tunneling
qm 6:”
g V) T T T T | T |] T T
1.4 AT T - -
/1| r/a 7
t b| 083 | 013 /"
L2 d| 0.44 | 0,54 ’ —
expt
Pb-Gd
1 I I
1.2 1.4 1Lé 1.8
V(107 7eV)

M. Woolf and F. Reif, 1965

MPIPKS, Dresden
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Shiba bands

e

Abrikosov-Gorkov: smearing out of the gap edge @, = Njy,, NgJ 2S(S +1)
Growth of impurity band from the position of the bound state: hopping
Weak scattering: bound state

: near the gap edge, smearing of
continuum the gap

>
@

Strong scattering: growth of
impurity band from the position
of the bound state in the gap

- X » A. Balatsky, IV, J-X. Zhu 2006
& " Egy W
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g
= 2l

= 113 ®K]
T Da2ew
T =065

,-" If'—l:r 0,40

a } i
A
: |
05 W)
-
L. Dumoulin et al., 1977

Experiment

ZBMH THEORY
C=Tppm
D.Er rnlu“

theory

= = S

'lr{mh']

Norm. Conductance og/0y —=

o
I

=)
-~

e
w

o
)

0.1

]
05 1.0 15
Voltage [mV] —=

W. Bauriedl et al., 1981
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Conduction electron

Many impurities: Kondo 1
Reminder: quantum effects mean that scattering depends on LSL)
energy/temperature, is strongest for T~T,

1 .
(]
=
» 0.8f
o
£
(5} {_.?0.6' s g =-0.74, I'=280 peV
£ 3 o &9 =-091
.l('-é © &g =-1.08
- 0.4r _
c * &g =-0.98, T'=215peV
(]
g 0.2} — €p=-1.00, NRG results .,
= ~gp= 000 -
0 i
107 10 10° 10'
T/Tk

D. Goldhaber-Gordon et al 1998
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Conduction electron

moment at the imp site

Many impurities: Kondo 1
Reminder: quantum effects mean that scattering depends on LSL)
energy/temperature, is strongest for T~T,

Scattering rate depends on the

impurity spin nearly .
screened: weak scattering ratio of TC/TK

it " strong scattering of o ~nN TS(S+1)

~conduction electrons Imp In?T,/T,+72S(S+1)
0.8 ¢ . onimpurity
. J. Zittartz and E. Miiller-Hartmann 1971
{_.?0.6' s §g=-0.74, T'=280peV
E:? o &g =-0.91
© &g =-1.08
04 . & =098, T=215peV impurity spin nearly
decoupled: weak scattering
0.2t — &p=-1.00, NRG resuits ‘.
= gg= 0.00 :
05 TE— - i Determine T, self-consistently
K

D. Goldhaber-Gordon et al 1998
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Many impurities: Kondo i

i
LS

"0} 10T
T, /T,>1 O
05 05
5100
R
0 kaTCO-l I f n 0 - (3 : = = n
0 05 10 5 limp 0 0l 02 03 04 imp

At T=0 fully screened impurity:
no pairbreaking

Lower T, : less efficient
scattering

Approximation questionable

J. Zittartz and E. Miiller-Hartmann 1971
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Many impurities: Kondo Il
Te/Teo T/ T ISJ

O\ T [Ty >1 N T /e <1

0.57 0.5

kaTco'l >
03 05 0 5 Nimp %o ol 02 03 o5 Mimp
At T=0 fully screened impurity: Reentrance:
no pairbreaking a) Superconducting at T>T,

b) Approach T, : scattering

increases, back to normal
_ _ _ c) At T<T, screening,
Approximation questionable scattering decreases:,back
to superconductor

Lower T, : less efficient
scattering

J. Zittartz and E. Miiller-Hartmann 1971

6/3/2011 MPIPKS, Dresden



Many impurities: Kondo i

i
1 I
K. Winzer -~ -

K. Winzer, 1973 /7

¢ Co
15 0 INL]
o[- N T, /T,<1
T 063 at%Ce 02
1.0 yone
g -04
E? =
= 08 0.5
0.5
0.8
0 1[sL]
10 7/K
0 T T T T T T T T 1 I[IJJ— 00 0l 02 03 :.5‘: nlmp
o.ax {LaCe] Al 1
08} M. B. Maple, 1976 Reentrance:
07F W | a) Superconducting at T.>T
0.6 b 8 .
Sl N | b) Approach T : scattering
04l %ﬁ( | increases, back to normal
03 [ NN 1 c) AtT<T, screening,
il ,. ) N scattering decreases:,back
o fgﬁ"’“% L to superconductor
R J. Zittartz and E. Miiller-Hartmann 1971
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Many impurities: Kondo Il

K. Winzer, 1973 K. Winzer

i
LS

T/ T
15 0 INL]
{La,Ce] Al, r—-— 107 R I TK / TCO < 1
T 063 at%Ce 02 1
o J. Zittartz and E. Miiller-Hartmann 1971
e Thos
E X
~
= 05 0.5
0,5
08
o] 1 IsL]
10 7T/K
0 T T T T T T T T T I[IJJ— 00 0r| - 0‘2 03 :.Sz nlmp
ng {LaCe) Al 1
' 1.=001 M. Jarrell, 1990
0.8 M. B. Maple, 1976 10w T:o=0.15 i I
07 \ ] g Numerical results:
' Y 0.8
08 e . S : More pronounced
Sos Ny RN at strong coupling
04 AN . E.o
03 i \\\ | 04 [
' BN - X A,=2.80
0.2 A 1 r O A,=1.80
0.1 ") \ | 0% 0 A,=0.80
. R AT TN T T R T
% o0 0z 03 04 u.swg.’s 07 08 05 10 T 0.0 025 05 o076 ) 1 25 nimp
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Dirty superconductors with nodes
i

All impurities are pairbreaking I scattering rate in the normal state

|Always gapless (in self-consistent T-matrix) |

Born limit (weak scattering)
Nsc (O) ~ A0 eXp|:— ﬁ:l
N, T r

L. Gorkov and P. Kalugin, 1985,
T. Rice and K. Ueda, 1985

Density of states

Unitarity limit (strong scattering) | | /A
0

N.(O) [T
N, A

P. Hirschfeld et al., 1986,
S. Schmitt-Rink et al, 1986
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Gapless behavior in nodal SC

P. Hirschfeld et al., 1989, LS

200 T T T T '
Polar Axiol
(g0l state 1 state

| Finite DOS at &=0 (gapless) |

120F

N[UJ}:’NQ

080
Y-

040

| Impurity bandwidth |

y=0 —
000 00 02 04

. 00 . 000 020 040
000 040 060 120 160 000 040 060 120 160 200
() w/Bo (b)
y N.(0) Born: small
200 T T T T T T ~y SC

H‘;brfld Hexil:;I A . .
teof S0 { state B 7t - Ao No Unitarity: large

"~y

120 T 1

040 L
owTO\/ j Can be experimentally

(/316
0002 O O —sio measured

000 040 060 120 160 000 040 080 120 160 200
{c) w/bg (d)

N(w) /Ny

080}

y:1
040
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Penetration depth in superconductors

Density of states

i
LS

Magnetic field is screened at the length

2{2 oc N, density of superconducting electrons

Aﬂ{z oc T

atlow T

Axl[zocTzlj/ atlow T

n®/n
0.7 0.8

1.0

0.9

0.6

-~ ure
-

.01~

_ “-\.

o
C

P, Hirschfeld and
-N. Goldenfeld

1993

0.5

0.0 0.1 0.2
T/Te

MPIPKS, Dresden
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AM [A]

Penetration depth in superconductors
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AM [A]

Penetration depth in superconductors
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AM [A]

Penetration depth in superconductors

00

=02 r

I

120
100
80
60
40
20

LK)
0 30 10 Q0

20

T

clean nodal
YBCO

O(“
(o]
o°
e

0

fully gapped

| MgB,

80

T T - T v )

A,

40 t
strong impurity |
20 +

V)

A,

60

40
weak impurity |
20

0

11290 with Zn | |
60 .

Nni:rease Zn |
L=
a = L -

D. Bonn et al,
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Transition temperature suppression e

LSL)
Non-maghnetic impurities suppress unconventional superconductivity
just as magnetic impurities suppress isotropic pairing
0.00 e HTﬂ (self-'cc;nslls:c;t)'r I :
120 + @ AG theory assumes uniform sup-
O—OT/T,, (uniforn) . .
100 > | =u T/T, (AG theory) pression of the gap in the bulk
B A= =4 /A, (self-consistent)
g 0.80 + ==A NA; (uniform)
3% 0.60 - -
i A -
040 | For short coherence length, a local
020 - @ 1 suppression (“swiss cheese”
00 L | superconductor) may be better

0. ) L L L ! L P B
0.00 0.02 004 006 0.08 0.10 012 0.14 0.16

M. Franz et al. 1997
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Message: part IV

e

Impurity bands in superconductors:
— s-wave: due to magnetic impurities
— d-wave: due to any impurities

Transition temperature suppressed by these
impurities in a similar fashion for both cases.

Gapless superconductors:
— s-wave: above critical concentration not counting tails
— d-wave: at any concentration small for Born

6/3/2011 MPIPKS, Dresden



Final Summary

j

Impurity bound/resonant states grow into impurity bands LSl
— s-wave: due to magnetic impurities
— d-wave: due to any impurities

Screening of the local moment competes with pairing: from
local moment + pairs to local singlet + unpaired electron

Understanding of single impurity Kondo in s-wave systems, open
questions (pseudogap Kondo, quantum criticality) in d-wave.

Re-entrant superconductivity in Kondo s-wave superconductors

Impurity-controlled physics at low T in nodal systems

And now what happens if we have Kondo ion on each site?
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