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Part I
What is Quantum Magnetism?

1 There is no classical magnetism

Before studying “quantum magnetism” let us try to derive magnetism from purely
classical physics

1.1 Bohr-van Leeuwen Theorem

Consider the system of N classical (charged) particles. A general Hamiltonian for
such a system in magnetic field

H = Z— pr— —Ar | + V(i m, . TN). (1)
o 2m c
Here 7}, p, are positions and momenta of particles and A = /Y(Fk) is a vector

potential at the position of k-th particle. Particles move in external magnetic field
B=V xA. E. g., one can choose vector potential in symmetric gauge A= —B X T

The total magnetization M of the system is

OH
P=3 (2)

M= -
0B

where “hat” © in classical expression means that the quantity is a function of
coordinates and momenta. We find total average magnetization.

" 2, 1
= (M) = 7 / H dp.dry, Me_ﬁH B@%IHZ (3)
where 3 = % and Z is a partition function
N
7 = / IT diedi e~ (4)
k=1

We write partition function as

4 = /1]_\7[ dﬁdek e_ﬁ(ziil ﬁ(ﬁk_eTkgk)2+¥’(Fl,F2,.,,7fN))
k=1

—6 (ZN=1 Qizi +V (71,7207 )) "

N
= / H dﬁkdf)k €
k=1



To obtain the last line we shifted py by %/Yk under the integral.
We see from (5) that partition function Z does not depend on external magnetic

field B. Therefore, from (3) we obtain
M=-—Inz= (6)
0B

because In Z does not depend on B.
We obtained that

Purely classical system does not have a magnetization
even in the presence of magnetic field.

The statement of the absence of magnetism for purely classical system is often
called Bohr-van Leeuwen theorem. This theorem tells that magnetism is always
quantum.

1.2 Dipole interaction between quantum magnetic moments

We show that the dipole interaction between atomic magnetic moments is too weak
to explain strong magnetism, e.g., ferromagnetism. Namely, if we assume that
nearest atoms have magnetic moment of the order of Bohr magneton and are at the
distance 2 — 3A, then the dipole interaction is of the order of 0.1 — 1K. This is too
weak interaction to explain ordering temperatures of the order of 1000K.

On the other hand Coulomb interaction at distance 2 — 3A is very strong. This
can serve as a hint that the origin of strong magnetic moment interaction is in
Coulomb interaction.

2 Exchange interaction

2.1 Direct exchange. Ferromagnetic and antiferromagnetic
interactions

2.2 Superexchange
2.3 Double exchange

3 Spin Hamiltonians

In this section we follow chapter 2.3 of Ref.[4].



3.1 Lande tensor, single-ion anisotropy,
and Van Vleck paramagnetism

On the example of transition metal ions. Zero order Hamiltonian is intraatomic
Coulomb interaction and crystal field. Zeeman coupling and spin-orbit coupling are
treated in second order perturbation theory.

3.2 Exchange anisotropy

4 Conclusion

Spin Hamiltonians considered have been derived from quantum theory. However,
after spin Hamiltonian is written down it can be treated (semi)classically. In
what follows we will review such classical treatments. However, we call “quantum
magnetism” magnetic physics which appear as a consequence of discrete (quantum)
nature of spin. Therefore, in the main part of the course we consider magnetic
phenomena in which quantum fluctuations are strong.

Part 11
Classical Magnetism

5 Curie-Weiss law

5.1 Single spin in magnetic field
5.2 Weiss molecular field approximation (mean field)
6 Static susceptibility. RPA approximation

Definition of static susceptibility. Relation with spin-spin correlators.
In this section we follow Ref.[4], Chapter 4.

6.1 High temperatures

Derivation of static susceptibility in RPA approximation.



6.1.1 Ferromagnetism
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9.3 XY model in 2d
9.3.1 Vortices
9.3.2 BKT transition
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Heisenberg model in 3d
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