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Epigraphs

To the theoretical physicists, ferromagnetism

presents a number of very interesting,

unsolved and beautiful challenges. Our 

challenge is to understand why it exists at all.

Make things as simple as possible but not simpler

(Feynman Lectures on Physics)

(A. Einstein)



Magnetite – first known magnet

Very complicated structure, still a lot of open

questions 

Two types of Fe sites (tetra and octa);

Metal-insulator transition;

Charge ordering;

Role of orbital degrees of freedom;

Half-metallicity...



Types of magnetic ordering

Sometimes very 

complicated

α-Mn

Textbook wisdom

Spin spirals

γ-Fe UO2



Types of magnetic interactions

The first term: exchange interactions (Heisenberg model)

Quantum, nonrelativistic (Coulomb interaction plus Pauli principle).

Determine the type of magnetic ordering (mostly)

The second term: magnetic anisotropy

Quantum, relativistic (due to spin-orbit interaction). At least, 

second-order in SOC. Determine “practical” magnetism (hard

and soft magnetic materials, hysteresis loop, etc.)

The third term: Dzyaloshinskii-Moriya interactions

Quantum, relativistic (due to spin-orbit interaction). First-order in 

SOC but require broken inversion symmetry. Responcible for

weak FM, skyrmiones etc. 



How to map fully microscopic 

description to magnetic Hamiltonians? 
The talk is based on theory developed for about 40 years, first of 

all, with Sasha Lichtenstein, and with other friends and colleagues



Quantum Hamiltonians: General

In condensed matter physics we know the basic laws, it is 

laws of quantum mechanics

In solids/liquids/molecules/clusters...

Kinetic energy 

of nuclei
Coulomb repulsion

of nuclei

Electron Hamiltonian at a given 

position of nuclei



How do we work in solids?

(1) Separate motion of nuclei and electrons (adiabatic 

approximation) – well justified, small parameter

(2) For electrons: density functional or Green’s function functional 

– formally exact but unavoidable approximations for the form

      of functionals

In both cases, interaction is important, energy is not the sum of

energy of individual “quasiparticles” Esp but “local force theorem”:

variation of total energy can be expressed via variation of Esp

The idea: consider small rotations of spins with respect to a 

given magnetic configuration, use local force theorem – we come

to explicit expression for torque and compare with model 

expression 



The main conceptual results

1. Mapping of interacting electrons onto effective spin 

Hamiltonians is possible only locally, near given 

equilibrium spin configuration; distinction of local 

and global spin models

2. Even locally, ambiguity in definition of exchange 

parameters: magnon energies (poles of dynamic 

susceptibility) vs energy of static magnetic 

configurations (static susceptibility)

3. In two cases the mapping is unambiguous: (3a) 

small wave vectors (spin-wave stiffness constant is 

unique) and (3b) well-localized magnetic moments 

(Stoner splitting is much larger than characteristic 

magnon energy)

 



Non-Heisenberg exchange
Almost obvious for itinerant-electron magnets



Non-Heisenberg exchange II
Even for insulating metal-oxide compounds

Nomenclature

Fe atoms in elementary cell 

of hematite; green spins down

Polarization of oxygen effects

essentially on superexchange

LDA+U calculations



Iron: some details

Crystal field splitting
DOS for nonmagnetic 

bcc Fe 

Stoner criterion is fulfilled due to eg states only; they should play

a special role in magnetism of Fe (Irkhin, Katsnelson, Trefilov,

JPCM 5, 8763 (1993)) 



Iron: detailed analysis

t2g are itinerant electrons providing (Heisenberg-like) RKKY

exchange with Friedel oscillations; eg are more correlated providing 

(non-Heisenberg) “double exchange” typical for narrom-band systems 



Applications: 2D magnets

Qualitative explanation within

Kugel-Khomskii model

LDA+U results: competing

FM and AFM contributions

to superexchange



Applications: Transition Metal Alloys
Invar problem Heussler alloys

Mean-field estimate of Curie

temperature



Applications: Magnetic monolayers



Applications: rare-earth elements

Nomenclature



Pr: nonmagnetic ground-state?!  
f2 configuration of Pr3+     The ground state multiplet is S = 1, L = 5, J = 4

Experimentally: no magnetic ordering at “normal” temperatures

and nuclear magnetic ordering at millikelvins!

General explanation are known: crystal-field splitting of 3H4 multiplet with singlet ground state but 

(1) interionic interactions can change energetics making magnetic state favorable;

(2) what is the role of various sites is unknown; (3) what is on the surface – neither theory

nor experiment; (4) quantitative theory is absent   

In spirit of our “standard model”;

Hubbard-I-like approach for crystal

field and f-electron-in-the core

calculations of exchange parameters



Crystal field splittings



Exchange interactions in Pr

Exchange energies are smaller

than CF splitting, the ground

state of the crystal remains 

nonmagnetic (without nuclear 

spins)



Surface of Pr: prediction 

Crystal field splittings are smaller than in the bulk but still, singlet ground

state wins, exchange interactions are not sufficient to change it, (0001) 

surface of Pr should be nonmagnetic



Molecular magnets

Example: V15          AFM ground state S = 1/2



Microscopic calculations

Exact diagonalization

for Heisenberg model



Mn12: full calculations

Motivation The prototype molecular

magnet

Dimension of Hilbert

space: 
(2ˣ2+1)8(2ˣ3/2+1)4=108

A real challenge!



Mn12: full calculations II

Inelastic netron scattering data: cannot be explained without 

strong DM interactions (MIK, Dobrovistki & Harmon, PRB 1999)

Eight-spin model: S = ½ dimers from S=2 and S=3/2

Dimensionality of Hilbert space decreases to 104

Cannot be justified quantitatively!

Full LDA+U calculations plus Lanczos ED 



Mn12: full calculations III
Plus anisotropy tensors...

No fitting parameters at all – not

so bad!



Mn12: full calculations IV

Also, thermodynamic quantities can be calculated



To conclude

Starting from the laws of quantum mechanics, 

step by step, we can calculate successfully 

magnetic properties of real materials

Perspective: combining with novel machine 

learning based approaches one can use these 

data to search novel magnetic materials better

than existing (e.g., without expensive rare earths) 

MANY THANKS FOR YOU 

ATTENTION
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