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Outline

1. Many-body quantum physics: Orbital Kondo 

resonance on Cr(001) surface

2. Topology and geometry matters: Berry phase 

manifestation in Friedel oscillations at 

graphene surface

3. Complexity of magnetic patterns and self-

induced spin-glass state: Spin-polarized STM 

in Nd

Focus on interplay of theory and experiments



Epigraph
Whether you can observe a thing or not

depends on the theory which you use. 

It is theory which decides what can be observed.

(A. Einstein)

STM image and crystal structure of 

graphite (thesis L. Scifo) 
https://tel.archives-ouvertes.fr/tel-00196927

STM image of graphite

(E. Andrei et al, Rep. Prog.

Phys. 75 (2012) 056501)

You see triangular lattice for graphite and

honeycomb lattice for graphene



I. Kondo effect: Many-body 

physics in metals

¸1933 van den Berg: exp.

¸1964 Jun Kondo: theory

Started as a minor problem: Resistivity minimum



Kondo effect: theory
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Kondo-resonance
Spin-flip scattering

Kondo-coherence



Periodic Anderson Model

¸PAM vs. SIAM

¸Wilson NRG

Th. Pruschke, R. Bulla and M. Jarrell, PRB 2000



Kondo energy scale
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Kondo temperature 

exponentially

depends on parameters:

TK can varied from 0.1 K 

till 1000 K



Quantum Dots

L. Kouwenhoven and L. Glazman, Physics World, Jan. 2001



STM: impurity Kondo (M. Crommie)

¸Fano STM resonance ¸ Single Co atom on Au



Kondo coherence: Co atom on Au

¸M. Crommie:               

¸The Kondo 

resonance is fall 

off over a 

distance of 

about 10 A



Recent criticism of interpretation

Still many-body physics, still 

spin flip processes but perturbative;

the key role of spin-orbit coupling

and magnetic anisotropy

No real contractiction I believe since

the unified description is possible

Spins are not free but still

some remnats of Kondo

physics survive



Quantum mirage (D. Eigler, IBM)

¸48 Co atoms on 

Cu(111) 

confined in the 

quantum corrals 

plus one extra 

Co atom



Orbital Kondo resonance?

Atomically

clean 

surface

Suppressed near

terrace edge (breaks

degeneracy between

xy and xz states

Disappeared at high

temperature



STM: orbital character

¸ Friedel oscilations away from peak

¸ Two degenerate surface states at the 
resonance: xz and yz



Orbital Kondo Effect

¸ Periodic 

degenerate 

Anderson model

¸ Position of d-levels 

from FM-surface 

Cr(001) calculation

¸ U=1.2 eV J=0.4 eV

¸ Two-orbital DMFT 

with ED-method
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Formation of orbital Kondo resonance

¸ STM-Kondo peak

¸ Protected xz-yz
degeneracy on 
Cr(001) surface
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degenerate PAM in DMFT



Kondo resonance for orbitally 

degenerate system

Double degenerate Anderson 

model, quarter filled

NRG results

(Zhuravlev, Irkhin, MIK,

Lichtenstein, PRL 2004) 

Effect of magnetic field on the

Kondo resonance

Friedel sum rule: the resonance should be shifted from EF



Further studies

There is pure band surface state of dz
2 character buté

Huge T-dependence

Low-T data:

good agreement 

with us

Alternative explanation:

polaronic effect?!

Strong spin-orbit

coupling is required

How real is it?



Checking polaronic hypothesis

T-dependence of peak width We need at least

Real values of lambda are several

times too weak to explain observed

temperature dependence



First principles DFT+DMFT 

calculations

- Correlation effects are crucially 

important;

- dz
2 peak is dominant near EF at

relatively large energy scales;

- energy resolution of the existing

solvers is not sufficient to describe

ab initio Kondo orbital physics



II. Graphene

Allotropes of carbon

Diamond Graphite Fullerenes Nanotubes
Graphene

Mother of all

graphitic forms

Honeycomb lattice



Massless Dirac fermions

sp2 hybridization, ˊbands crossing

the neutrality  point 
Neglecting intervalley scattering:

massless Dirac fermions

Symmetry protected (T and I)
Massless relativistic

particles (light cones)



MasslessDirac fermions II

Spectrum near K (Kô) points is linear. 

Conical cross-points: provided by 

symmetry and thus robust property

Undoped Electron Hole



MasslessDirac fermions III
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If Umklapp-processes K-Kô are neglected:

2D Dirac massless fermions with the Hamiltonian

ñSpin indicesôô label sublattices A and B

rather than real spin (pseudospin)



Bilayer grapheneïTB description

(neglecting ɔ3)

Gapless, parabolic Electric field perp. layers



Bilayer grapheneII

Trigonal warping, many-body effects and spectrum 

reconstruction at small energies

Single-particle Hamiltonian:



Berry phase and winding number in 

graphene

For two-band Hamiltonian

Single-layer graphene

Bilayer graphene

Rhombohedral N-layer



Berry phase and winding number in 

graphene II

More accurate language: Winding number (what

happens with pseudospin vector at full rotation)



Berry phase and winding number in 

graphene III
In bilayer graphene winding number is topologically protected

Without trigonal warping With trigonal warping With nematic order

In all cases N=2

Distribution of Berry

vector potential:

1 + 1 + 1 ï1 =2



Berry phase and winding number in 

graphene IV

Semiclassical quantization condition 

in magnetic field

For 

(n integer, including zero)



Berry phase and winding number in 

graphene V
Consequences: zero-energy Landau level (topologically 

protected by Atiyah-Singer index theorem)

E =0N =0

N =2

Single-layer: half-integer quantization since 

zero-energy Landau level is equally shared by 

electrons and holes (Novoselov et al 2005, 

Zhang et al 2005)



Manifestations of Berry phase in STM

Intervalley transitions

are crucially important

for K and Kô 

Dirac wave functions

Berry phase 

Opposite signs for different valleys!



Berry phase in STM II
Rhombohedral N-layer graphene

Berry phases

To induce intervalley transitions one need

atomically sharp defects (vacancy, H adatomé)

Optimized atomic structure

Yazyev & Helm, Phys. Rev.

B 2007


