Solid State Theory I+II SS 2024

Registration required: https://lv.physik.uni-kl.de/registration/
All material will be found online:  https://www.physik.uni-kl.de/eggert/festkoerper/

Lectures: Mo. 11:45-13:45 in room 46-576 (starting 22.4.2024)
Thu. 10:00-11:30 in room 46-576
Sebastian Eggert, Office: 46-551, Tel.: 205-2375 e-mail: seggert

Excercises: Wed 13:45-15:15 in room 46-387 (starting 8.5.2024)
Larissa Schwarz,  Office: 46-554, Tel.: 205-2299 e-mail: laschwar

Suggested literature:

1. Ashcroft and Mermin: Solid State Physics, Saunders College, 1976.

2. Altland and Simon: Condensed Matter Field Theory (Cambridge)

3. Czycholl: Theoretische Festkorperphysik, Springer 2004

4. Kittel: Quantum Theory of Solids, Wiley, 1963. (Quantentheorie der Festkorper, Oldenburg)
5. Nolting: Grundkurs Theoretische Physik, Bd. 7: Vielteilchentheorie, Springer 2004.

6. Rossler: Solid State Theory, Springer 2004

Springer books are free of charge via the library.

Contents:
1. Lattices and Phonons: Fourier-Transformation, 2Nd Quantization, Phonon thermodynamics

2. Electrons: Calculating Band-Structure, Hubbard interaction
3. Superconductivity: Electron-Phonon-Interaction, BCS and Ginzburg-Landau Theory

4. Magnetism: Magnons, Phase Transitions, Quantum Hall Effect



1. lecture week: Fourier transformations on the lattice: phonons

What is a solid?

—

Def. 1.1 The Bravais lattice: Vectors of the form R= na, + n,a, + nyd;

ni np, ny are integers.

The primitive vectors ¢1>%,, 43 define the lattice.

The unit cell is the volume which is periodically repeated around each lattice point.

The basis is the content of the unit cell.

The Wigner-Seitz unit cell is the volume, which is closest to one lattice point.
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Def. 1.2 The reciprocal lattice:  Vectors G forwhich R -G = 27m m is an integer

Claim: Vectors G is also a Bravais lattice.

The First Brillouin Zone (1BZ) is the Wigner-Seitz unit cell in reciprocal space.

The Bragg planes are the half-planes between two reciprocal lattice points
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1. lecture week: Fourier transformations on the lattice: phonons

One-dimensional example:

v

A discrete Fourier transformation is a linear map of a function on a Bravais lattice to the 1BZ

v
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Def. 1.3 The 1D discrete Fourier transformation on a (finite) lattice

Given: A complex valued function f(’”la) for discrete values, n=1,2,...N integer

~ |
- onis Jr=—7=2.€¢  [f(na) k=27 m __ 1
The Fourier transformation is /N ; Na m N/2, ..., N/2—1 integer

1 —ikna [
Claim: The inverse Fourier transformation is given by f(na) - /N k%; fk
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Generalizationto N — «©

Ze’k”“ f(na)

n_—OO

Inverse transformation:

= [ [

-/la
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Generalizationto N > and a >0

fi = \/g_zel’“f(xwx

Inverse transformation:

17 —ikx
f(x)=\/; j frdk
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Special case: f(x)=f(x+a)is periodic on a lattice

v
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Fourier transformation on a 3D Bravais lattice

TR IR e

0 0]

=

mzka Z m3ka3f(R)

mz—

Inverse transformation'

f(R)= Ze"“

kEVIBZ
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Classical lattice vibrations

Each nuclear position Ej

can be displaced by () ° ° ° ° ° °

Born Oppenheimer approximation:

Electron configuration adjust much faster (instantaneously), so at any time the nuclear positions feel an effective
electrostatic potential of their positions

V(B +ii,(6), R, + i, (0),..., Ry +iiy (1))



1. lecture week: Fourier transformations on the lattice: phonons 11
Harmonic approximation:

Taylor expansion to second order in displacements

V(ﬁl+ﬁl,R +iiy,..., Ry +uN)
A% 3 o, 1 oV . 4
NV(RI,Rz, ) gaxz,yzaRa 7 ;aﬁle,yzaR?aRlﬂujul

o'V

aff _
DJI - OR“OR? couples the components of the displacements between sites j and
j Y

Def. 1.4 The dynamical Matrix
[
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Effective harmonic model:

afp, a, [
sz 2ZZD U u

Jil ap
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Quantum mechanical description: Momentum and displacement operators
[X7,P/1=i6,6,4h

Fourier transformation of operators on the lattice:

lkR 1 -

\/728 J inverse: X?:rgze_lk.RjXE

l?l?

a 1 KR Hya
\/728 ' inverse: 1 :ﬁ ZekR 3

13



1. lecture week: Fourier transformations on the lattice: phonons

Commutators of Fourier transformed operators:

(X 1= 2 e Ve X LB

Jol

14
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Solution by Fourier transformation:

H=Z§j ZZD Xexy
J

Jl af

Kinetic energy:

—»

Ly sepp-lyy 5o

Jj o a=x,y,z J a= x=yzk1,k2€V152

2m 2m

/Pa lk ]P~—

15
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Coupling of dynamical matrix:

—ZZD X Xﬂ——ZZ A 'ﬁfXge_”;'zR”Xg

Jl ap

Jl of

klakzel/le

Define Fourier transformation of DY = D (I_éj —R)=D" (Aﬁﬂ)

~ikR;, ik R e ~ik-R
e e g < et

Jol R..AR.

]7

jl

_ilg'z(ﬁj_ARﬂ)

Daﬂ(A]_éﬂ) =

16
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Decoupled model in Fourier space:

e -
H= ———+—) D¥ (k)X X"
lgeVlBZ Za: 2m 2 gﬂ: ( ) o

Properties of the dynamical matrix: Transverse and longitudinal modes
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Define creation and annihilation operators for independent oscillators

0!

H= ) Z %D“(k)X“X“ =D Z +;m(a)~) X2X°

keVlBZ a keVlBZ a

e ma)g L 1 ) it ma)]‘; L 1 y
2h 2ma)]§‘h - 2h  ~ 2ma)]§‘h

Commutation relations:

GRCNE

18
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Inverse:
mhw? . h . .
Pe =i\ — (@2 -a%) X =i 2—a(“f/;)T+a§)
2 B mao-

k

(24 (24

k* -k 1 aN2 ayva _
H= % > oty m(@f ) XX | =
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Dynamics of a phonon mode:

—_— a A N

H= > Y H: “ = hot((@%) as +1)

- k k k k 2

keVip, «
. Ao rrAa aq __ oo
ind,a; =la:,H:|=hoa:

[24
ma; 1

G2 (1) = e X4i|—p~
k() 2h K 2ma)]§‘h -k
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