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Abb. 6.11: Die Bandstruktur (links) und die Zustandsdichte (rechts) von Silizium mit
kubischer Diamantstruktur, abgeleitet mit den Parametern fiir den Hamilton-Operator
aus den Gl. (6.6.1-6.6.2). Die Rechnungen stammenr von Dr. A.T. Paxton (1994), private

Mitteilung.
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N-gliedriger Polyenring

Ex =0+ 203 - cosZn% k=0,£1,%2,... n even

H Nz

k=0,£1%2,... % n uneven

N N |k .
Wi = 2Cj- X = Xexp| 22mig-j) - X
j=1 j=1

Modell fur 1-dim periodisches System
mit einem Orbital und einem Elektron pro Zelle
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N-membered Polyene Ring

Ex = a+ 2B - 00327:% k=0,£1%2,... n even

H Nz

k=0,£1%2,... % n uneven

N N K
Wi = XCj- Xj = 2exp| E2mig-j| -
i=1 j=1

Model for 1-dim periodic system
with one orbital and one electron per cell
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N-membered Polyene Ring - Real orbitals

_ N_
M=12..G-1
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HMO solution for benzene (N=6)

&[814

3 “_Zﬂ »
L 7
5 1

1} a-f 1

o
atg T
w+18 +

© Joachim Sauer 2010 - Chemische Bindung, HMO-FK « Humboldt-Universitat - Folie 9

Orbital energies for cyclic systems as a function of N
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Orbital energy as a function of parameter k - band structure

(E-ot)/fl
-2
one orbital
O per unit cell
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Exk = o+ 2B - cosZnN k:O,J_r1,J_rZ,...E n even

© Joachim Sauer 2010 + Chemische Bindung, HMO-FK + Humboldt-Universitat « Folie 11

Reciprocal space

lattice vector (cell size)

2r
a=—

N shifts by one cell

ajz%-j=a-j shifts by j cells
a-b=2r  (a-b=2r-§)

defines reciprocal cell

k is vector of reciprocal space BRILLOIN zone
k-space b=2r/a=N
k
_NN e, NN iak includes permitted k values
Vi zjzle A Zj_le % O... N;- N/2 et N/2
0...2% 5 ™ oo + ™,
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Density of states

! £ (k) ! DOS(£)

0 K — w/a O DOS —
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lllustration of c; along infinite structure for orbitals with different k
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How do the bands run ?

Vo = Xo* Xot Xp*t Xzt °o
e N et Het,)
t
Vr = Xo~ Xyt Xa= X3+ -
: ° Bl e
Cv O Cv @O

w/a

K ——

For chains of p orbitals along the periodic direction the crystal
orbital for k=0 has the maximum number of nodal planes

is therefore highest in energy

forms the top of the band
The orbital for k=N/2 has no nodal planes across the bonds (only
within the atom)

forms therefore the bottom of the band
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p and d bands :
k=0 y)—-z k =7/a Ky

(o] k —= w/a

Note:
Increase or decrease with increasing k is determined by nodal behaviour

Band width is determined by strength of interaction (magnitude of ()
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Band dispersion (band width)

o U U U2 il

(o} k —= w/a
Difference between the highest point and the lowest point of a band

For our model: 4 3
Magnitude of B depends on strength of interaction
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Figure 7 The band structure of 2 four-layer Ni slab that serves as 2 model for a
Ni(100) surface. The flac bands are derived from Ni 3d; the more highly dis-
persed ones above these are 4s, 4p.
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Two dimensions

crystal lattice reciprocal lattice
(direct space) (k space)

a,-b,=2rm; a,-b,=2xn

T T
— =<k, S+—

12 —
a'1/2 1/2
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The band structure of a square lattice of H atoms, H-H separation 2.0

E(k)=o + 23 (cos k,a+cosk,b)
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ke =7/12a)ky =0 ky, ky = T /(20) ky =0, ky= w/(2a)

7
DO
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Different nodal behaviour depending on
minimum/maximum Kk value in one, the other, two directions
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FERMI surface

includes all k values in the Brillouin zone which
belong to occupied states

E(k)=0 + 2 (cos k,a+cosk,a)

half of the states occupied
only a few states occupied Erermi(K)=
(lowest energy for k=0) cos k,a+cosk,a=0

X
-
I
-+

QN
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Double unit cell - two solutions per k value
only half of the k values - "folding" of band structure
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o v/{20) /g
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We use the double cell to study the effect of distortion
(bond alternation)

o -8 *» - > -+ > -—0
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Peierls Distortion

“before" \\ I .
| —o—o o o oo ' . Alternation of long (weak - small B)
£ AN and short (strong - large B) bonds
. leads to a splitting for large k values:
eafter Band gap
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Jahn-Teller Effect
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2 of the 4 electrons are in degenerate orbitals. Distortion of symmetry lifts
degeneracy. The 2 electrons occupy the stabilized orbital while the desta-
bilized orbital remains empty - this is the driving force for the distortion.
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One-dimensional chain of sp-hybrid orbitals

B=B, o,
B'=p,
p'= Bpp o,

Figure 2.32. p,- and s-atomic orbitals orientated along the z axis.

Hlckel equation for one s and one p orbital per cell

(2BcosL+a,—E)c (L) —i2B'sinLc (L) =0
i2f'sinL c(L) (-2B"cosL+ o, —E)c,(L)=0
L=2kz/N
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No interaction between s and p at neighboring sites:
2 separate bands, s and p, that we know already
(2BcosL+ o —E)c (L) =0

(—2p"cosL + o, —E)c,(L)=0

1 ap—‘Zﬁ"
Tp — R
Ag—2p
ap+2ﬁ” ><—p—
As -
As+2 8
| [ 1
x v
2 T

Figure 2.33. Overlapping non interacting s and p atomic valence electron bands™



General solution for s-p-interaction

E,o=2(0+ a)+2(B—B")cosL £ —at2p
+ %\/ (o, - 01, +2(B + B")cosL] +16°sin>L | Ideal hybridisation
B=B=p" a,=a,
T ap-2p"
A
Op — l
a,-—2,6 : \v-r.'f:f:. . /
ap+2ﬁ' /-—-%;.;;;--r A(L ) 4ﬂ
as+28 |
T P
x v ox
2 »

Figure 2.34. Overlapping crossing s- and p-atomic valence electron bands.
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Ketten von sp-Hybridorbitalen -
Modelle fir Halbleiter (Si) und Isolatoren (C)

Weaire-Thorpe-Modell (3-dim., mit sp3-Hybriden)

E,=0-2B E,(0)=E,-A

E.(V,)=E, + A Bandlicke
— woem Eo(V,)- Ex(Vy)
N = Ea - Eb +2A

E(Vp)=E,-a T TAPTEA

- 1/2(agto )

Ep=0+2p
E,(0)=E,+A
sp-Hybridorbitale
A=A, +Ap =050+ BS-BP

Antibindende u. Bander antibindender
bindende Linearkomb. und bindender Linear-
von sp-Hybridorbitalen komb. von sp-Hybrid-
benachbarter Atome orbitalen
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Vergleich Si - C (Diamant-Struktur)

Parameter in eV nach Sutton [5]

Si C
-48 +7,55 +14,5  Uberlappung
2A -5,34 -8,9 2s/2p-Aufsplatung
Licke 2.21 5.6
EXp. 1.2 5.4
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Shockley-Oberflachenzustand

OO dongling bond

z

Figure 2.35. Shockley surface state or dangling bond in the almost ideal hybridization
limit.

Das Ende einer Kette - Modell fir eine Oberflache
Hybridorbital ohne Bindungspartner besetzt mit einem Elektron
(entspricht einem c-Radikal)
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