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Increasing localization >

Ll

Phil Anderson (1961)

Magnetic moments

,Localized Magnetic Ce Pr Nd Pm Sr
o o ; :
States in Metals T
. Increasing
localization

Superconductivity

& T 9 ~d~d
0 (1) (]

gy = 3 (Vielody +he) D 4

it actinide rare earth
k70- transition

Coleman, P. (2015). Introduction to Many-Body
Physics. Cambridge University Press.
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Anderson’s Impurity Model v

Phil Anderson (1961) Impurity density of states (sketch)
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Kondo model: strong antiferromagnetic couplingat 7' = 0.

Ground state is spin singlet!

A w
t t t t

Philippe Nozieres (1974)
Ground state of the Kondo model gives rise to Landau Fermi-liquid.

Why? Hopping is a small perturbation to the singlet ground state,
giving rise to Landau quasi-particles in a straightforward way.

Is there a situation in which this is not the case?
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Consider a case, where the impurity is getting screened by two channels.

t t t t
e " 4"V 4"

What is the ground state? It will be degenerate!
The formation of a FL is not possible anymore.
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Multi-channel Kondo systems are rare, the slightest asymmetry leads to one
channel dominating the ground state.

t t t t
e "V 4"V 2"V

Jo : ‘JQ’ < |J1|

AN w
t t t t

Channel degree of freedom must be conserved in the scattering process.
Real-life realization: Quadrupolar Kondo systems.
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The SIAM can be extended to a lattice of impurities.

Hpam = Y ekl by + ¥ Eadl,d,, + Y Undyin)

1,0 )

k,o
+ Z (Vikeikxié;&aCZw -+ h.C.)
1, k.0
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The SIAM can be extended to a lattice of impurities.
. A g o~ d
Hpam = Z EkaUCk + Z Eddja i T Z Un,mei

+ Z (V ek ckadw + h.c. )

Impurities can now form multiple singlets, potentially a flat band (coherence!).
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m* ~ 10%...10° m.

0.0 » 0.0
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& =y
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00 02 04 06 00 05 1.0 15 2.0
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This effect can fully deplete the Fermi-edge at low temperatures, leading to a
narrow-gap Kondo insulator.

Ell Direct gap E |
2V ~ /Ti D Indirect
gap Ag~Tk
K
e R l
; Large Fermi
surface
K o(E)

Coleman, P. (2015). Introduction to Many-Body Physics.
Cambridge University Press.

19 October 2022 Marvin Lenk 18



Kondo Insulators: More Exotic Effects L

UNIVERSITAT

Kondo insulator:

Hybridization opens gap.

E(k) Direct gap E .
9V ~ /TxcD Indirect
gap 4g~Tk
k
A———— 2V - T l
Large Fermi
surface
k p(E)

Coleman, P. (2015). Introduction to Many-
Body Physics. Cambridge University Press.
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Kondo insulator: Topological insulator:

Hybridization opens gap. Two bands with opposite parity.
Band inversion - bulk insulator.

Efk) Direct gap s £ . (a) (b)
2V ~ /T D Indirect E E
v gap Ag~Tk /
== l | NS
Large Fermi rt « k M Ir M«
surface ’ :
Surface
k o(E) ) L
_ M. Dzero, J. Xia, V. Galitski and P.
Coleman, P. (2015). Introduction to Many- Coleman, Ann. Rev. of Cond.
Body Physics. Cambridge University Press. Matt. Phys. (2016)
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Kondo insulator:

Hybridization opens gap.

Et9 Direct gap E .
2V ~ /TxD Indirect
gap Ag~Tk
k
A 2V - l
Large Fermi
surface
k p(E)

Coleman, P. (2015). Introduction to Many-
Body Physics. Cambridge University Press.

M. Dzero et al. (2009):
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Topological insulator:

Two bands with opposite parity.
Band inversion = bulk insulator.

(a) E/ (b) .
* .F I« \/ r\/ { 7
PR

Surface

M. Dzero, J. Xia, V. Galitski and P.
Coleman, Ann. Rev. of Cond.
Matt. Phys. (2016)

N ) . . VE ool VO( _’E )
- Simple model for TKIs with single
= metallic band hybridizing with sin k,a o
Kramers doublet, opposite parity, ﬁE = [sinkya | 5= (o,
strong SO coupling: sin k.a o.
| PAM + topological hybridization
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John Hubbard (1963)
Derivation of the Hubbard model for s-bands:

H Z ekckgcka + U Z ﬁiTﬁii
P
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John Hubbard (1963)
Derivation of the Hubbard model for s-bands:

H Z ekckgcka + U Z ﬁiTﬁu
i

Walter Metzner, Dieter Vollhardt (1988)

Infinite dimensional Hubbard model gives exactly local
self-energy, good approximation for 3 dimensions.
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John Hubbard (1963)
Derivation of the Hubbard model for s-bands:

H Z chkgcka + U Z ﬁiTﬁu
P

Walter Metzner, Dieter Vollhardt (1988)

Infinite dimensional Hubbard model gives exactly local
self-energy, good approximation for 3 dimensions.

Anoine Georges, Gabriel Kotliar (1991)

Exact mapping of an infinite dimensional Hubbard
model onto an effective SIAM:
Dynamical mean-field theory (DMFT)

19 October 2022
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Cavity construction:

Single out a single site in the lattice.

Hopping to neighbors is an effective
hybridization between the local site
and the surrounding effective bath.
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Cavity construction:

Single out a single site in the lattice.

Hopping to neighbors is an effective ‘
local electron .
G (w)

hybridization between the local site
cavity ﬁ background mpurity solver (NCA)
construction \

and the surrounding effective bath.
local full G¢(w) local ¥¢(w) = VG4(w

momentu k jDMFT i
sum e assumption
g w GE
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| A Solving the SIAM

Different approaches to solve the single impurity Anderson model (SIAM):

Bethe Ansatz

Conformal field theory mappings

Renormalization Group techniques (NRG, fRG, DMRG, perturbative RG)
Quantum Monte-Carlo (in various flavors)

Exact diagonalization

Slave-boson mean-field (SBMF)

Non-crossing approximation (NCA) and higher orders

Conserving T-matrix approximations

In our group, we mostly use Slave-boson based methods, mainly NCA.
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Different approaches to solve the single impurity Anderson model (SIAM):

Bethe Ansatz

Conformal field theory mappings

Renormalization Group techniques (NRG, fRG, DMRG, perturbative RG)
Quantum Monte-Carlo (in various flavors)

Exact diagonalization

Slave-boson mean-field (SBMF)

Non-crossing approximation (NCA) and higher orders

Conserving T-matrix approximations

In our group, we mostly use Slave-boson based methods, mainly NCA.

What are Slave-bosons and why do we need
them?

19 October 2022 Marvin Lenk 29



p| Auxiliary particles v

UNIVERSITAT

\bct

Alexej Abrikosov (1965)
Pseudo-fermion representation for spins in the Kondo model.

Hilbert-space is enhanced, projection

5 At & A
Sp = anﬁsﬁﬁ Gy p onto physical space is necessary!
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)} Auxiliary particles

Alexej Abrikosov (1965)
Pseudo-fermion representation for spins in the Kondo model.

A

_ AT 4. A Hilbert-space is enhanced, projection
Sn_ nﬁsﬁﬁlanﬁ’ P PTo)

onto physical space is necessary!

John Hubbard (1963)
Derivation of the Hubbard model for s-bands:

H = Z ekckacka +U Z M T|

Problem. degenerate bands (e.g. d- and f-bands) can have more
than two electrons on-site! Not easily impementable.

Solution: Use operators for individual valence states.
Xop=lay(b|=el ...él é  ...¢, forfermions!

Problem: non-canonical commutation relations...

19 October 2022
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Alexej Abrikosov (1965)
Pseudo-fermion representation for spins in the Kondo model.

5 At d - Hilbert-space is enhanced, projection
Sn_ nﬁsﬁﬁlanﬁ’ P PTo)

onto physical space is necessary!

John Hubbard (1963)
Derivation of the Hubbard model for s-bands, proposal of
valence-state operators w. Non-canonical commutators:

Xap = |a) (0] = ¢ho...el e, ...¢, forfermions!

O-n 01 Om
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Alexej Abrikosov (1965)
Pseudo-fermion representation for spins in the Kondo model.

Hilbert-space is enhanced, projection

5 At & A
Sp = an5355 g onto physical space is necessary!

John Hubbard (1963)
Derivation of the Hubbard model for s-bands, proposal of
valence-state operators w. Non-canonical commutators:

Xap = |a) (0] = ¢ho...el e, ...¢, forfermions!

T O0n 01 Om

Piers Coleman (1983) based on Steward Barnes (1976)
Application of the Hubbard operators to the SIAM

XO,O — ‘O> <O’ 9 XO',O'/ — ‘0'> <0',‘
PRl Auxiliary particles (slave-bosons and pseudo-fermions)
' bT ‘VaC> — ‘O> : f; ‘V&C> — ‘0‘> = XO,O — [;]LZ;, o
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HSIAM ﬁ Zek Ck o Cko‘ + ZEdXJJ -+ VZ Ck JXO,J —|—h.C.)
Represent the Hubbard operators via auxmary particles
Xoo =00 Xoor = f1fo Xoo=0b'f,
They have to satisfy the holonomic constraint
Q=i+ Y fif, =1

Which can be implemented using a chemical potential )\(Q —1), A > o0

A

Xoo = flb

19 October 2022 Marvin Lenk 34



gbctBj' Auxiliary particles vV

UNIVERSITAT

In terms of the auxiliary particles, we get

H=Y el cka+ZEdfT +VZ ol b f, +hie) + MQ — 1)
k,o

19 October 2022 Marvin Lenk 35



R

\

P.eil

- Auxiliary particles L

bctp) ..
N UNIVERSITAT

In terms of the auxiliary particles, we get
0= adl  ixe+ Y Baflfe +VY (G ,bf, +he) +AMQ-1)
k,o o k,o

Grand canonical expectation values can be decomposed into sub-sectors
(AD)e = —tx ( AQQ—MIH(@—M)
Za
1 R .
= — {O eP M r (Ae_ﬁH)
e Q=0

+ 2 e B r (Ae_ﬁﬁ)

+1 eVtr (Ae_ﬂﬁ)
Q=1

1 3e 2By (Ae_ﬁﬁ) —I—}

Q=2 Q=3
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) Auxiliary particles

In terms of the auxiliary particles, we get
0= adl  ixe+ Y Baflfe +VY (G ,bf, +he) +AMQ-1)
k,o o k,o

Grand canonical expectation values can be decomposed into sub-sectors

(AD)e = —tx ( AQG—B(ﬁ+A(Q—1)))
Ae

1 A R ) R
= {O ePrtr (Ae_BH) +1e%r (Ae_BH)
ZG Q=0 Q=1
+ 2 Prr (fle—ﬁﬁ) I L (fle‘ﬁﬁ) + .. }
Q=2 Q=3

In particular, we get

<Q>G = Zi [(H—tr (1 : e_ﬁﬁ)

. +0 (e—ﬁ/\)]

Q=1
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Grand canonical expectation values can be decomposed into sub-sectors

(AD)e = —t ( AQB—/ﬂ(ﬁM(@—n)))
Za

1 ) R
= — {O eP M r (Ae_ﬁH)
Zg Q=0

+ 2 e Brr (Ae_ﬁﬁ)

+1 eVtr (Ae_5ﬁ>
Q=1

1 3e 2By (Ae—ﬂﬁ) —|—}

Q=2 Q=3

In particular, we get

<Q>G — ZLG [O + tr (1 - e_Bﬁ)Q:1 + O (6@\)]

This allows us to write canonical, i.e. physical, expectation values as

. - {AQ)q
Ao = lim -
Ao = lim Do
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Expansion of the Luttinger-Ward functional to the lowest order in the hybridization.

Uy, + Wiy, T
///‘\\\

SAVAVAVAV, W N Vo VL Gb

> GC‘. - —p- V - —-- * ‘/6 ll Z/,Ln \ ‘/(-1'*

G =G+ Go°sG Wn @7

The self-energies are then given by functional derivatives w.r.t. Green functions, i.e.
cutting lines in diagrams.

Grand canonical conduction electron self-energy vanishes in the limit A — oo

Im E?(U,w) = W!V!Q/_OO de (1 —np(e))Ap(w — e)AS,a(e)
Im 27 (w) = 27T]V\2/_OO de np(€)As(e + w)AQ (e)
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T. Onimaru, H. Kusunose, J. Phys. 85 2016 160 5'0
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Large coordination number of Pr:
4f2 electrons with small CEF splitting.

4f?

Point group is T4, Eigenstates are:
I'; singlet, I"'sdoublet, ', & I'striplets.

T

Not Kramers degenerate!
Quadrupolar mag. moment.
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Large coordination number of Pr:
4f2 electrons with small CEF splitting.

412
Point group is T4, Eigenstates are:
I'; singlet, I"'sdoublet, ', & I'striplets. T
T Z% 40K
Not Kramers degenerate! Y
I3 a

Quadrupolar mag. moment.
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@ Valence fluctuations & CEF

Large coordination number of Pr: 4f3
412 electrons with small CEF splitting.

Point group is T4, Eigenstates are:
I'; singlet, I"'sdoublet, ', & I'striplets.

T r;

Not Kramers degenerate!
Quadrupolar mag. moment.

The 4f2 configuration fluctuates with 413, CEF ground state similar to 4f*:
Kramers degenerate 1’7 state with dipole moment.

Strong hybridization with Vanadium d-orbital conduction electrons:
Quadrupolar 2-channel Kondo effect.

19 October 2022 Marvin Lenk
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20
-- experiment
— theory
£ 15 @
2 2
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PRELIMINARY!
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@ Bulk DMFT for TKIs

D- (A, + A) 00
03| 175
| 15.0
0.0 125
- 03 10.0
75
06 F o
—09 + 25
0
(0,0,0) X(0,1,0) M(rt, T, O)
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' Bulk DMFT for TKls

L,_‘__ _
_ K. 3
0010 - D-(A.+ A, BD =5-10 10
9
3
0.005 -
% 0.000 -
—0.005 -
~0.010
[(0,0,0) X(0,m,0) M(m, 1T, 0) (0,0,0)
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' Bulk DMFT for TKls

L:-._ .
ty/t. = —0.1 : D="7-10°
0.010 ta/ D-(A, +A) 3 7-10 10
9
X
0.005
% 0.000 -
—0.005 -
—0.010
[(0,0,0) X(0,1,0) M(mt, 1T, 0) [(0,0,0)
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