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In Russian: a methaphor of honest, true rating 

Legend invented by writer and literary theorist 
Viktor Shklovsky (1893-1984) 

on secret matches of circus wrestlers in one of 
Hamburg innes (not confirmed historically)  

to establish a true hierarchy 

The Hamburg Score 



Hamburg Prize for Theoretical Physics 

 

 

 
 

 
 
 
 

Ship me somewhere East of Suez, where the best is like the worst 
(R. Kipling) 

There is no theoretical physics in this country East of Utrecht  
(conventional wisdom) 

OK... I am a materials scientist... But Nijmegen is beautiful 

How materials scientist can receive a prize 
in theoretical physics?  



Theory of condensed matter group  
http://www.ru.nl/tcm/ 



What is “true” theory? Should it be 
“fundamental”?  

 

 

 
 

 
 
 
 
Knowledge begins, so to speak, in the 
middle, and leads into the unknown - 
both when moving upward, and when 
there is a downward movement. Our 
goal is to gradually dissipate the 
darkness in both directions, and the 
absolute foundation - this huge 
elephant carrying on his mighty back 
the tower of truth - it exists only in a 
fairy tales (Hermann Weyl) 



What does it mean for condensed 
matter physics and materials 

science? 
 

 

 
 

 
 
 
 

Everything follows from quantum mechanics 
plus electrodynamics; QED is enough to explain 

all properties of matter around us 

That is all. Please tell me why iridium is brittle and platinum is  
ductile, copper is red and silver is white, iron is ferromagnetic 
and vanadium is not... Not talking on biochemistry and biophysics! 



Does it help? 

 

 

 
 

 
 
 
 

Navier-Stocks equations: 
Turbulence is here! 

Can you explain this? 



Scylla and Charybdis 

 

 

 
 

 
 
 
 

Understanding “in general” 
Everything is from water/fire/earth/gauge 
fields/quantum space-time foam/strings... 
and the rest is your problem. 

But why silver is white, copper is red an gold is yellow? 
Density functional calculations 

Cu Ag Au 
Taken from C. Ortiz, O. Eriksson and M. Klintenberg  

Comput. Mater. Sci. 44, 1042 (2009).  



Scylla and Charybdis II 

 

 

 
 

 
 
 
 

(Nobel lecture) 



Periodic Table 

 

 

 
 

 
 
 
 

Can we understand something elementary? 

D. I. Mendeleev 



Carbon, an elemental solid 

 

 

 
 

 
 
 
 

Graphite 

Diamond 

Fullerenes Nanotubes Graphene 

Crystal lattices 



Why graphene is interesting? 
1. Applications (modern electronics is 2D, bulk is ballast) 
2. Prototype membrane (new drosophila for 2D statistical 

mechanics) 
3. CERN on the desk (mimic high energy physics) 

 
 

Fasolino, Los & MIK,  
Nature Mater. 6, 858 (2007) 

Ripples 

Klein tunneling 
MIK, Novoselov, Geim, Nature Phys. 

2, 620 (2006) 



Honeycomb lattice  

 

 

 
 

 
 
 
 

 
 

Two equivalent sublattices,  
A and B (pseudospin) 



Massless Dirac fermions 

sp2 hybridization, π bands crossing 
the neutrality  point  

 

Neglecting intervalley scattering: 
massless Dirac fermions 

 
Symmetry protected (T and I) Massless relativistic 

particles (light cones) 



Massless Dirac fermions in “real life” 

 

 

 
 

 
 
 
 

Any particle can be considered as practically massless if it is  
ultrarelativitic, that is accelerated almost to velocity of light 

Building accelerators and colliders, detectors of cosmic rays... 
Neutrinos are always massless 

Can solid-state realization be useful and instructive? Yes!!! 



Theoretical physics as a variety of 
mistique experience  

 

 

 
 

 
 
 
 

Beloved, believe not every spirit, but try the spirits whether they 
are of God (1 John 4:1) 

 
Ye shall know them by their fruits. Do men gather grapes of thorns, 

or figs of thistles? (Matthew 7:16) 

Fruits: to predict something correctly (like Maxwell  
electromagnetic waves, and then – applications) 

Top pleasure and top dream for a theoretician 

1. Klein tunneling 
2. Pseudomagnetic fields due to deformations 
3. Relativistic collapse at a supercritical charge 

Graphene 



Predicted and confirmed 

 

 

 
 

 
 
 
 



Electronics: heterostructures (p-n-p junctions etc.) 

Chiral tunneling and Klein paradox  
MIK, Novoselov, Geim, Nat. Phys. 2, 620 (2006) 

(C) Florian Sterl 



Klein paradox II 

Ultrarelativisic 

Nonrelativistic 

Tunnel effect: momentum and coordinate  
are complementary variables, kinetic and potential 
energy are not measurable simultaneously 
 
Relativistic case: even the coordinate itself is not  
measurable, particle-antiparticle pair creation 
 



Klein paradox III 

Transmission probability 
 
Barrier width 100 nm 
 
Electron concentration 
outside barrier 0.5x1012 cm-2 
 
Hole concentration 
inside barrier 1x1012 cm-2  

(red) and 3x1012 cm-2  (blue) 
 



Klein tunneling: Experimental 
confirmation 

 
 



Relativistic collapse for supercritical 
charges 

 

 

 
 

  

Naive arguments: Radius of atom R,  
momentum ħ/R. Nonrelativistic case: 

E(R) ~ ħ2 /mR2 – Ze2/R  
Minimum gives a size of atom. 

Relativistic case: E(R) ~ ħc*/R – Ze2/R  
Either no bound state or fall on the center. 

Vacuum reconstruction at Z > 170 
 

following Shytov, MIK & Levitov, PRL 99, 236801;  
246803 (2007) 

Coulomb potential 



Supercritical charges II 

 

 

 
 

  

Superheavy 
   nuclei 

Graphene:  
v  ≈ c/300, 
αeff ≈ 1 



Supercritical charge III 

 

 

 
 

  



Exper.: Tuning Z by Building Artificial Nuclei from Ca Dimers 
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Dirac pt. 

n=1 n=2 n=3 n=4 n=5 

Y. Wang et al, Science 340, 734 (2013) 



Gauge fields from mechanics: back 
to Maxwell 

Review: Vozmediano, MIK & Guinea, Phys. Rep. 496, 109 (2010) 

Electromagnetic fields as deformations 
in ether; gears and wheels 



Zero-field QHE by strain engineering 
F. Guinea, MIK & A. Geim, Nature Phys. 6, 30 (2010) 

Can we create uniform (or almost uniform) pseudomagnetic field?  

If you keep trigonal symmetry, 
quasi-uniform pseudomagnetic field 

can be easily created 

Normal stress applied to three edges 
size 1.4 μm, DOS in the center (0.5 μm) 
 
 



Experimental confirmation 

Graphene on Pt(111) 
STM observation of pseudo-Landau 

levels 



From atoms to solids 
Atoms: 
 
Electron-electron 
interaction plays 
crucial role 
 
Optimal filling 
 
Terms, multiplets 
 
Hund’s rules 
 
Making solids 
from atoms:  
electrons at given  
site 

Crystals: 
 
Bloch waves 
propagating 
through the 
crystal 
 
Dispersion law 
 
Fermi surface 
 
Electron-electron 
Interaction just  
renormalizes 
parameters 
(Fermi liquid)... 

How to combine?! 



The beginning: “Polar model” 

S. P. Shubin (1908-1938) S. V. Vonsovsky (1910-1998) 



The beginning: “Polar model” II 
Schrödinger equation in “atomic representation” (double f, hole g, 

spin right k, spin left h) 
 

Metal-insulator transition and Mott insulators 

Metal 

Insulator 



When do we have a problem?  
sp metals (empty or completely filled df shells):  

purely itinerant behavior 

http://www.phys.ufl.edu/fermisurface/periodic_table.html 

4f (rare earth) metals: f electrons are atomic like, spd electrons  
are itinerant 

Photoemission (red) and 
inverse photoemissin (green) 

PES 



Itinerant-electron magnets: coexistence 

 

 

 
 

 
 
 
 

4f electrons are normally pure localized but not 3d 

Local magnetic moments do 
exist above TC (Curie-Weiss 
law, spectroscopy, neutrons…) 
 
d electrons are itinerant (FS, 
chemical bonding, transport…) 

Iron, majority spin FS 

Fe 

Co 

Ni 



Dynamical Mean Field Theory 

A natural generalization of the familiar MFT 
to the problem of electrons in a lattice 

A.Georges, G.Kotliar, W.Krauth and M.Rozenberg, Rev. Mod. Phys. ‘96 

Key idea: take one site out of a 
lattice and embed it in a self-
consistent bath = mapping to an 
effective impurity problem 

Effective impurity: atomic-like 
features, many-body problem 
 
Putting into crystal: itinerant 
features, single-body problem 
 
 



Combination with realistic calculations 
A.Lichtenstein and MIK, PRB 57, 6884 (1998); JPCM 11, 1037 (1999) 
V.Anisimov et al, JPCM 9, 7339 (1997)  

PRB 57, 6884 (1998)  JPCM 11, 1037 (1999) 



   Ferromagnetism of transition metals: LDA+DMFT 
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Ferromagnetic Ni DMFT vs. LSDA: • 30% band narrowing 
• 50% spin-splitting reduction 
• -6 eV sattellite 

LDA+DMFT with ME 
J. Braun et al 
PRL (2006) 

Lichtenstein, MIK, Kotliar, PRL (2001) 

Very good for Ni 



DMFT Effective Magnetic Moments: T>Tc 
W exp eff loc DLM Tc exp

Fe 3.13 3.09 2.8 1.96 1900 1043
Ni 1.62 1.5 1.3 1.21 700 631
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We are still in iron age 

 

 

 
 

Steel (basically, Fe and a bit C) is one of the main materials of  
our civilization  



Iron is polymorphous metal 

 

 

 
 

The only polymorphous metal where bcc 
phase is stable at lower temperatures than 
fcc or hcp: Role of magnetism (Zener) 

Crucially important for Fe-C phase diagram 
and therefore for metallurgy 

Should follow from electronic structure 
(quantum mechanical energy spectrum) 



Morphology of two-phase state 

 

 

 
 

Magnetic free energy plays 
crucial role in kinetics of 

transformation and morphology 
of the final structure in pure 

iron 



What about steel? 

 

 

 
 

 
 
 
 

Steel: composite material (hard carbide phase in ductile bcc Fe) 
Morphology determines mechanical properties and therefore  

applications 
 

Razumov, Gornostyrev, MIK 
Autocatalytic mechanism of 

perlite growth 
 

arXiv:1605.07508 



30 years of high-temperature 
superconductivity 

 

 

 
 

Bednorz and Müller 
Zeitschrift für Physik  
B 64, 189 (1986) 
 

Magnetic levitation (Meissner 
effect) at liquid nitrogen  

temperature 



High-Tc superconductivity II 

 

 

 
 

Cu-O compounds seem to be special! 

(Very recently – H3S under pressure, different physics) 



High-Tc superconductivity III 

 

 

 
 

Electronic structure in superconducting 
state (ARPES) 

Damascelli et al., Rev. Mod. Phys 75, 2 (2003) 

Visualization of the 
order parameter  

around Zn impurity  
by STM 

S. Davis group, Nature 2000 

Also, Josephson junctions etc 

Btw, another example of massless 
Dirac fermions in cond. matter  

d-wave pairing 



High-Tc superconductivity IV 
d-wave paring itself is nonlocal effect (cannot be 

introduced on site) 
 
 
 
 
 
 
 
 
Important role of (antiferro)magnetic fluctuations, 

interplay of magnetism and superconductivity 
 
Pseudogap formation, node and antinode points at the 

Fermi surface, shadow Fermi surface etc. etc. 
 

Cluster DMFT as the first step 
Order parametrer on the bond 

rather than on site 



High-Tc superconductivity V 

 

 

 
 

Quantum critical point in  
plaquette? 

“Understanding?!” – 
The simplest model which  

catches the essence  



High-Tc superconductivity VI 

 

 

 
 

Pseudogap as “Fano anti-resonance” 



Relation to ultracold gases 

 

 

 
 



What to do next? 

 

 

 
 

Out-of-equilibrium phenomena... 
 
Topological matter... 
 
Quantum theoretical design of new materials... 

Materials science not only uses  
quantum physics, it stimulates 

its further development 
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