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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
iIn Nd

Focus on interplay of theory and experiments



Whether you can observe a thing or not
depends on the theory which you use.
It is theory which decides what can be observed.
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STM image and crystal structure of STM image of graphite

graphite
https://tel.archivesouvertes.fr/te;00196927

You see triangular lattice for graphite and
honeycomb lattice for graphene



Started as a minor problem: Resistivity minimum

- 1933 van den Berg: exp.
. 1964 Jun Kondo: theory
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Spin-flip scattering
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Kondo-resonance
E DOS

Kondo-coherence




.~ PAM vs. SIAM
- Wilson NRG




Kondo temperature
exponentially
depends on parameters:
T, can varied from 0.1 K
till 1000 K
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Fano STM resonance . Single Co atom on Au

STM spectroscopy on and off a Co atom
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Off Coball Atom
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On Cobalt Atom
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STM spectroscopy across one Co atom
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The Kondo
CHOERIAREREU
off over a
distance of
about 10 A



A new view on the origin of zero-bias anomalies of

Co atoms atop noble metal surfaces
1= NATURE COMMUNICATIONS | (2020)11:6112 |

Juba Bouaziz® ', Filipe Souza Mendes Guimaraes 1 & Samir Lounis

el Still many-body physics, still
" Copenmen spin flip processes but perturbative;
the key role of spin-orbit coupling
and magnetic anisotropy

(arbitrary units)

dv

d/

No real contractiction | believe since
the unified description is possible
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PHYSICAL REVIEW B VOLUME 56, NUMBER 13 1 OCTOBER 1997-1

Scaling picture of magnetism formation in the anomalous f-electron systems:

S pl n S are n Ot fre e b ut Stl | | Interplay of the Kondo effect and spin dynamics
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some remnats of Kondo e e o e
p hyS | CS SU rV|Ve PHYSICAL REVIEW B VOLUME 59, NUMBER 14 | APRIL 1999-II

Scaling theory of magnetic ordering in the Kondo lattices with anisotropic exchange interactions

V. Yu. Irkhin* and M. I. Katsnelson

Institute of Metal Physics, 620219 Ekaterinburg, Russia
(Recerved 8: revised manuscript received 5 October 1998)
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Real-space imaging of an
orbital Kondo resonance on the
Cr(001) surface

0. Yu. Kolesnychenko, R. de Kort, M. I. Katsnelson, A. l. Lichtenstein
& H. van Kempen

NATURE | VOL 415|31 JANUARY 2002
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Friedel oscilations away from peak

Two degenerate surface states at the
resonance: xz and yz
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H = a [Eg 1:kJ;ns 1:kms + ekrmcljms Ckms +VS (Cljms 1:kms + ka;ns Ckms )]+% a. Um,m' I‘]ims nim's'
kms

imm.s.s

Periodic
degenerate
Anderson model

Position of d-levels
from FM-surface
Cr(001) calculation

U=1.2eV J=0.4 eV

Two-orbital DMFT
with ED-method




degenerate PAM in DMFT

STM on Cr(001)
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Friedel sum rule: the resonance should be shifted from E

2021 + /7= n 0~ Lawe(72)

Double degenerate Anderson
model, quarter filled
NRG results
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Effect of magnetic field on the -
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PHYSICAL REVIEW B 72, 085453 (2005)

Temperature-dependent scanning tunneling spectroscopy of Cr(001): Orbital Kondo resonance

versus surface state

T. Hinke, M. Bode,* S. Krause, L. Berbil-Bautista, and R. Wiesendanger

There is pure band surface state ofd2c har act er
Huge T-dependence

Low-T data:  Ajternative explanation:
good agreement polaronic effect?!
with us
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PHYSICAL REVIEW B 97, 165438 (2018)

Ab initio study of the electron-phonon coupling at the Cr(001) surface

L. Peters."”” A. N. Rudenko.”*' and M. 1. Katsnelson'*

T-dependence of peak width

We need at least
) @D . | ).
Lo pn(T) =T + Asur— [ dETE=[1 — f(Eo — E \l.ll — O 77 + 0. 16

wp

+2n(E"+ f(Ey + E')].

E') the Fermi distribution, and n(E') the Bose-
Einstein distributior

bulk-layer (majority)

Real values of lambda are several pusey
times too weak to explain observed N E -
temperature dependence

bulk-layer (minority)



PHYSICAL REVIEW B 93, 195115 (2016) PHYSICAL REVIEW B 96, 245137 (2017)

Many-body effects on Cr(001) surfaces: An LDA+DMFT study Origin of the quasiparticle peak in the spectral density of Cr(001) surfaces

M. Schiiler,':>" S. Barthel,? M. Karolak.® A. L. Poteryaev,* A. I Lichtenstein,*” M. L. Katsnelson,*” . . _ )
G. Sangiovanni.” and T. O. Wehling"-? L. Peters,!-” D. Jacob,” M. Karolak,® A. I. Lichtenstein,* and M. I. Katsnelson'

FIG. 3. Orbitally resolved local density of states of the surface
atom from (a) GGA., (b) spin-polarized GGA, and LDA+DMFT
simulations at different double-counting energies and temperatures,
(c) =20 eV~ and (d) B =40 eV at E4 ~ 13.5 eV (trace
double counting), and (e) B =20 eV~' and (f) B =40 eV~' at

- Correlation effects are crucially
Important;

: d - 0,2 peak is dominant near E¢ at
=R TSP MRl (catively large energy scales;
' | | - energy resolution of the existing
solvers Is not sufficient to describe
ab initio Kondo orbital physics



Allotropes of carbon

Mother of all
graphitic forms




FIG. 2: (color online) Band structure of a single graphene
layer. Solid red lines are o bands and dotted blue lines are 7
bands.

sp® hybridization, * bands crossing Neglecting intervalley scattering:
the neutrality point e massless Dirac fermions

Massless relativistic

particles (light cones) Symmetry protected (T and )




Spectrum near K (K ppoints is linear.
Conical cross-points: provided by
symmetry and thus robust property




If Umklappprocessesi K0 ar e n e (
2D Dirac massless fermions with the Hamiltoni:
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rather than real spirfpseudospin)
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Trigonal warping, many-body effects and spectrum
reconstruction at small energies

Single-particle Hamiltonian:

Interaction-Driven Spectrum
Reconstruction in Bilayer Graphene

A. S. |"."layor0\n',1 D. C. Elias,* M. |“.’lucha—Kruczynski,2 R. V. Gorbachev,? T. Tudorovskiy,"‘
A. Zhukov,? S. V. Morozov,” M. 1. Katsnelson,® V. I. Fal’ko,? A. K. Geim,? K. S. Novoselov'*

12 AUGUST 2011 VOL 333 SCIENCE



Single-layer graphene

solid angle 1s 2w, so the Be hbhase 18

Bilayer graphene
Rhombohedral N-layer



PHYSICAL REVIEW B 84, 205440 (2011)

5%

PHYSICAL REVIEW B 75, 155424 (2007)

Existence and topological stability of Fermi points in multilayered graphene Berry phase and pseudospin winding number in bilayer graphene

J. L. Mafes.! F. Guinea.> and Maria A. H. Vozmediano® Cheol-Hwan Park'>" and Nicola Marzari**

More accurate language: Winding number (what
happens with pseudospin vector at full rotation)

(a) Graphene (b) Bilayer graphene (c) 2D electron gas




In bilayer graphene winding number is topologically protected

Nithout trigonal warping With trigonal warping With nematic order

Distribution of Berry
vector potential:
1+1+17 1=2

In all cases N=2



Semiclassical quantization condition
IN magnetic field

el




Consequences: zero-energy Landau level (topologically
protected by Atiyah-Singer index theorem)

|
o

Single-layer: half-integer quantization since
zero-energy Landau level is equally shared by
electrons and holes




PHYSICAL REVIEW B 93, 035413 (2016) I nte rval | ey tran S Itl O n S

Friedel oscillations at the surfaces of rhombohedral N-layer graphene

are crucially important
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Opposite signs for different valleys!



Berry phase IN STM |l

Optimized atomic structure

Yazyev & Helm, Phys. Rev.
B 2007




