












https://commons.wikimedia.org/wiki/File:2d-bravais.svg

Example -  Bravais lattices in d=2

Example -  Honeycomb lattice: not a Bravais lattice

~a1

~a2

Basis: 2 atoms per unit cell





























�

�







�

�



�

�



�

�















• Dynamics of Bloch electrons

Semiclassical equations of motion: 

electron with momentum k and r, in external fields E(r), B(r)

wave packet               :                     

�k ⌧ size of 1st BZ

�r � lattice spacing,
still variation of E(r) and B(r)  on scales larger than   �r

�r,�k

~̇r = ~vn(~r,~k) =
1

~
@En(~k)

@~k

~~̇k = �e ~E(~r)� e

c
~vn(~k)⇥ ~B(~r)

band index n conserved
~k ⌘ ~k + ~G equivalent, i.e., k in 1.BZ

equations of motion:

(no further derivation here)

Example: acceleration in external field E:

d

dt
v↵ =

d

dt

1

~
@En(~k)

@k↵
=

X

�

1

~
@2En(~k)

@k�@k↵
k̇� ↵,� = x, y, z

~̇v = � e

m
~E(~r)

c.f. acceleration of free electrons:
✓

1

m

◆

↵�

=
1

~2
@2En(~k)

@k�@k↵
mass tensor:

�eE�

m =

0

@
m⇤ 0 0
0 m⇤ 0
0 0 m⇤

1

Ae.g. diagonal tensor 
(symmetry)

, ~̇v = � e

m⇤
~̇E

band electrons behave like particles  
with a different effective mass
good metals: m* same order of magnitude 



Bloch-oscillations

consider one-dimensional band

~k̇ = �eE

k(t) = �eEt

~

v(t) =
1

~
@✏(k)

@k
=

2t0a

~ sin(k(t)a)

=
2t0a

~ sin

✓
Eae

~ t

◆

x(t) = const.� 2t0

Ee

cos

✓
Eae

~ t

◆

⌦ =
Eae

~

✏(k) = �2t0 cos(ka)

periodic motion with Bloch frequency

Motion in  more than one dimension

large field:
1kV

cm
a = 1Å ⌦ =

Eea

~ =
10�5eV

~

~
eV

= 0.66fs

2⇡

⌦

� time between incoherent scattering events

�x =
2t0
eEa

a =
1eV

10�5
eV

a = 105a

)

Bloch oscillations usually destroyed by scattering



AC field: E(t) = E0 cos(⌦t)

k(t) = k(0)� E0e

~⌦ sin(⌦t)

(switch on at t=0)

)

) current:

hj(t)i =
X

|k(0)|<kF

v(k(t))

= �
Z kF

�kF

dk

2⇡
2t0a sin

✓
ka� E0ea

~⌦ sin(⌦t)

◆

= � sin

✓
E0ea

~⌦ sin(⌦t)

◆Z kF

�kF

dk

2⇡
2t0a cos(ka)

all odd harmonics present!

GaSe

also even harmonics (band effects)































































































But: Nesting at (pi,pi), i.e. cheque-board ordering (!) This is special for nearest neighbour hopping, otherwise there is no perfect nesting. 

But: Nesting at (pi,pi), i.e. cheque-board ordering (!) This is special for nearest neighbour hopping, otherwise there is no perfect nesting. 





















GL Free energy : vector order parameter in cubic environment

F = a|M |2 + b|M |4 + c(M4
x

+M4
y

+M4
z

)

f(M
x

,M
y

, a, b, c)

just two possible orientations with respect to the lattice, 
depending on values of b and c

M || body diagonal 

M || x or y axis

Note: No breaking of continuous symmetry :  no Goldstone modes







Interaction of matter with magnetic fields:

• Magnetism: definitions, phenomenology

Paramagnets: induced magnetisation  
parallel to external field, fields  
increased inside material

Diamagnets: induced magnetisation  
antiparallel to external field, fields  
decreased inside material

Macroscopic description:



• diamagnetic materials expel magnetic fields >> Levitation 

https://en.wikipedia.org/wiki/Superconductivity#/media/ 
File:Meissner_effect_p1390048.jpg

the other way round … possible for all  
diamagnetic in sufficiently strong fields

Levitating frog in B=16T 
(A. Geim & M. Berry, Ig Nobel prize 2010 )

https://en.wikipedia.org/wiki/Magnetic_levitation#/
media/File:Frog_diamagnetic_levitation.jpg

easy for superconductors (which are  
perfect diamagnets, see bloew)

Magnetic order:

Ferromagnets: permanent magnetization 
“spontaneous alignment of  
microscopic magnetic moments” Wikipedia

Wikipedia

magnetic compass  
(11th century, China)?

Antiferromagnets:“spontaneous  
anti-parallel alignment of neighbouring  
microscopic magnetic moments”

Ferrimagnets:“spontaneous  
anti-parallel alignment of neighbouring  
microscopic magnetic moments”







































Spin-orbital exchange (Kugel-Khomski model  KCuF3)

Cu 3d orbitals 
9 electrons

t2g orbitals

eg orbitals

Low-energy manifold in either of the two e.g. orbitals:

cryst crystcryst cryst

Orbital  
pseudospin:

Spin:

⌧z = 1
2

⌧z = 1
2⌧z = � 1

2
⌧z = � 1

2

sz = � 1
2 sz = � 1

2sz = 1
2 sz = 1

2

Interaction: intra-orbital Coulomb, inter-orbital Coulomb, Hunds-Coupling

Orbital-orbital exchange, and mixed orbital-spin exchange

Orbital-orbital exchange

cryst cryst cryst cryst cryst cryst

t t

cryst cryst cryst cryst cryst cryst

Spin-orbital exchange terms 










