Review: Metals

The simplest model is the free electron model.

Thermodynamic properties depend on electron states near the Fermi surface.
The Fermi surface is spherical.

In 3-D the density of states grows like JE

The dispersion relation is given by the empty lattice approximation.

When the periodicity of the lattice is included, the electron waves
diffract at the Brillouin zone boundaries. The Fermi surface must meet
the Brillouin zone boundaries at 90’ and the Fermi surface distorts from
the spherical shape.



Fermi surface for fcc in the empty lattice approximation
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SC - Fermi surfaces in the empty lattice approximation
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L T~ The flat planes are edges of the Brillouin
D/ zone boundary, not the Fermi surface.
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FCC - Fermi surfaces in the empty lattice approximation
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Hexagonal - Fermi surfaces in the empty lattice approximation
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Band structure calculations

Start with the full Hamiltonian.
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Everything you can know is contained in this Hamiltonian.

Usually this is too difficult to solve.



Electrons in a crystal

Fix the positions of the nuclei (Born Oppenheimer approximation) and
consider the many electron Hamiltonian.
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This is still too difficult. Neglect the electron-electron interactions.



Separation of variables
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The electronic Hamiltonian separates into the molecular orbital
Hamiltonians.

Hepec(r1,r20-- ) = Hyo(ry) + Hyo(r) + ... Hyo(r)

Werec(r1ror--10) = [Wnmo(r)Wmo(2) - Wmo(rn)>
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Solving the molecular orbital Hamiltonian

_hZ
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Band structure calculations:

Plane wave method
Tight binding (LCAO+)



Plane wave method
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volume of a unit cell



Expressing a 3-D periodic function as a
Fourier Series

Example 2: spheres on an fcc lattice

Spheres of radius R are arranged on a fecc lattice.

-

_arc < sin((6]R) [0 R eos(|5]R)

7 of exp(i-7).

http://lampx.tugraz.at/~hadley/ss1/crystaldiffraction/fourier.php



Plane wave method
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Must hold for each Fourier coefficient.
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Central equations (one for every k in the first Brillioun zone)



Plane wave method

The central equations can be written as a matrix equation.

MC = EC
B - =2
Diagonal elements: M. :—(k —Gi)
2m
2
Off-diagonal elements: M; =- %e —
Ve, (G, -G;)

For Z = 0, this results in the empty lattice approximation.



Plane wave method

E Editor - I:\planewave\fcc_plane_wave_script.m
NSH| saR20 | o2 - Aeq | R-BERBRE B sk | BDOGL
BB -0 4 st [x[%E(O,
1 ¥ oclo
&= clear all
3 tolose all ¥ comoent with % if you would like to compare =soke results
4 — tic
5
& % constants in =i units
7
g R R S R R R R R R R N R R R R R R R R R R RN RS
9
10
11 % change to a any value
1z % be sure that 'other' is selected as metal
13 — Z = 6; % atomic number
14 — a = 2ZE-10; % lattice constant a
15
16 % choose 'other' to use the assigned walues for Z and a from above
17 % choose 'copper' 'silwver' 'gold' 'aluminium' 'calcium' or ! lead' to use
15 % preset wvaluess
19 — wetal = 'aluminwn';
20
21 — dist_neighbors = 3; % only nearest neighbors = 1 ; nearest and next nearest = 2 etoc.
22 Y maximuwn iz 1136. Howewver at high nunbers some neighbors are missed
23
z4
25 L L L L L L L L L L L L L L R R R L L R L R L L S L L R R R L R R LR LR LY
Z6
27
28 — switch lower (metal)
29 - case 'copper!
30 - Z = 28:
31 - a = 3.61le-10;
%= case 'silwver!
33 - Z = 47:

[
L3



Plane wave method

fccZ=0

w10 £=10; a=2e-010; Meighbors: 15
T T T T !

empty lattice




Plane wave method bcc

planewave method boe a = 4,23e10m 7 =1 12 neighbours
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Abbildung 4: Planewave-Methode angewandt an Natrium vs. Literaturberechnung [1]



Muffin tin potentials, pseudopotentials

_ 7e? o _ _ _
U(r)= Ry inside a radius R and is constant outside
gyl
.z | cos(|G|R)-1 sin(|G|R)—|C|Rcos(|G|R) -
Uir)= + exp(iZF-7).
() Ve, ;[ |G|2 |G|3 ( )
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Tight binding

Tight binding does not include electron-electron interactions
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Assume a solution of the form.

atomic orbitals:
choose the
relevant valence
orbitals

http://lamp.tu-graz.ac.at/~hadley/ss1/bands/tightbinding/tightbinding.php



Tight binding

o=, exp(i(IK-a+mk-a+nk-&))> c.d, (r -1 —ma, —na)

I,m,n
Hyow = Ew,

(8. |Huo lvi) = Ec(va|wi)

C.(d|Huoldd+ D Co(di|Huo|dyexp(i(hk -& + jK - &, +1k - &,)) +small terms

nearest neighbors m

=E,c,(¢,|4.) +small terms

There is one equation for each atomic orbital



Tight binding, one atomic orbital

C{t|Huold)+ D cu{d|Hyo|dnyexp(i(hk -& + jk -&, +IK - &,)) +small terms

nearest neighbors m

=E,C, (¢,|¢,)+small terms

For only one atomic orbital in the sum over valence orbitals

EcC. (. ]|4:) =Co{d|Huo |4:) + > ¢ {#|Huol|d ) exp(i(hk -& + jk -&, +1k - &,))

nearest neighbors m

one atomic orbital

E, =&t ek
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Tight binding, simple cubic

E = g—tZe"Z'ﬁm
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E =g—t(e"‘xa re "t ey 4 'kza)

= & —2t(cos(k,a) + cos(k,a) + cos(k,a) )
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Effective mass m = 1E ~ 232
0.0 dk2
25 Narrow bands — high effective mass




Density of states (simple cubic)
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Calculate the energy for every allowed k in the Brillouin zone

E = £ —2t(cos(k,a) + cos(k,a) +cos(k,a) )

http://lamp.tu-graz.ac.at/~hadley/ss1/bands/tbtable/tbtable.html



E [eV]

11/ Tight binding, simple cubic

E = £ —2t(cos(k,a) +cos(k,a) + cos(k,a) )

Christian Gruber, 2008



E[eV
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Tight binding, fcc

E = g—tZe"Z'ﬁm




Density of states (fcc)
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Calculate the energy for every allowed k in the Brillouin zone

[ [kﬁcz] {hﬂ] [kxa] [ka} {ﬁfyrﬂ} [%’ r:zn
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2 2 2 2 2 2

http://lamp.tu-graz.ac.at/~hadley/ss1/bands/tbtable/tbtable.html




| Tight binding, fcc
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Christian Gruber, 2008



Tight binding, fcc

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