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Diatomic Molecule

(ID_("-’} Basis Wave function
o) (i j)=9, W)= |1)+c,|2)

Schrodinger Equation

I—AI|‘P>=E|‘P> oc, + fc, = Ec,

2

;H|j>=E;|j> E—a+p
>

H|j)=E E,=a-p

Bc, +oc, = Ec,

Tight binding approximation > e ;

"IN

<P| H | P> = on site energy
(1 I:1| 2)=B<0 hopping integral



Infinite chain->infinite ring

Linear chain of N Hydrogen atoms

O O O e O O O
2 4

l 3 N-2 N-1 N

Note that NOT all atoms are equivalent. But if N->co there are not edge atoms and all
of them should be equivalent: this define Periodic Boundary Conditions
(Born—von Karman)

Sutton, Adrian P. Electronic structure of
materials. Clarendon Press, 1993.



Infinite ring

au_

Each H atom is associate with an “s” state. Assume that set of
these states are orthonormal and form a complete basis set.

=Sl )=

Goal: to find the C; that solve the Schrédinger equation
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Infinite ring

A

(p|H|p)=0 on site energy
(p|H|p+1)=B <0 hopping integral

co+cyB+c,f=Ec, (p=1)
cB+co+c,f=Ec, (p
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(\)
~

* .
) apremrapzre (=) Srepes

because N->oco

CN_1,3+CNOC+01'B:ECN (p=N)



Infinite ring
solve:
c,Bt+ca+c,,p=Ec, N-

— — k-«
c,,—xc,+c;,, =0, x=53

with the boundary conditions:

Cni1 — €

a good guess for the solution is: Cj — €lJ ka Li=~—1

ei(N+1)ka _ ei(l)ka
kNa =2nm :

o :Lexp(izmmj:Lexp(ik ja)
k=2 012, N1 JN N ) N

Na



Infinite ring: Summary

lk]a

et
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E =0 +2pcos(ka)= (x+2ﬁcos( Zlm)
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Infinite ring: Summary
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First Brillouin Zone:k-space

-JT
T m U a-28
——<k—<
a N a -
X a
: w
A E(k)
- » First Brillouin zone : a+28
" L > k =JT
~Tt/a n/a K

For finite N the reciprocal space is discrete. k has to be a multiple of 2rn/Na
The numbers of states that fit in a unit distance of k-space is Na/2mn
Density of states in the k-space is

Na L

DOS (k)= Syl




What states are occupied?

Depends on the number of electrons per atom, v
The Pauli principle say that every state can be occupied by at most 2

electrons.
Then, for a given number of electrons per atom, there will be M states

occupied such that

2M
V=—
N
A E(k) |
: "\ Unoccupied
Eg f} states
o i
~kg kg | » Occupied

states

\
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Fermi Level and Fermi Energy

: :} Unoccu pied
Na vn . — states
2—k. =M — |k, -' =

2T 2a 5 G ; —
v kg kg | > Occupied
: '| states

E,=a+2Bcos(k.a)
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Density of states

Na_ L
2n 2w

Density of states in the k-domain DOS(k) —

Density of states in the energy domain: number of states in E and E+dE.

dk|_2Na 1 N 1

DOS(E)= DOS (k)

| “2m 2psin(ka) 7 [ap(£-ay)

Qa

DOS(E)/N

_26

~ a+2B
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Bloch’s Theorem .. f>

|‘P(x+ ma)‘2 =“P(x)|2
therefore, W (x) and W (x+ma) differ in a phase
‘P(x + ma) = eid’m“‘{’(x) >

expand ¥ (x)in the atomic base

=écj<x|j> and ‘I’(x+ma)=icj<x+ma|j>=Zi‘;cj<x|j—m>=gcj+m<x|j>

j=1
then

26J+m (x| j) —e"”Zc (x| j) = C,+m( )_1=ei¢m"

c.=A ezj¢ma — 1 eijkma
J

JN -




Bloch’s Theorem

¥ (x+ma)= """ (x) = ¥ (x) N-

R 1s a "latice vector"

or
b4 (x = ¢ u
Plane wave wnth wave vector k Periodic function: Bloch functions

\VAMMM,\VN\
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3D: Cubic Solid

First Brillouin Zone:

T T
——<k <—
a a
T T
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Cubic Solid: Bands

E(lz) =0+ Zﬁ(cos(kxa)+ cos(kya)+ cos(kza))

First Brillouin Zone:
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Lattice

FCC: Lattice and Reciprocal Space

© ?Z_ e, X1, © =
1_—> — —
(1, x1,)
e PNy 7 ? ©
© ?:_ 27Tf3><f1 t2 :
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Reciprocal Space

First Brillouin Zone:
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Silicon Mininal Basis set.

each atom has AO: 2s,2px,2py, 2pz

—

1 ik{R,~b; ,
“Pn’]—é>=ﬁ22C?,Aoek(R b )|m,],A0>

m j=1,2
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ISy (x)+ 1 (3w, ()= B, (3)

2m

A particle in a box: 1D Case

v, (x)=
8mzL2 gt
h n=
16
14
12
10 n=
8
6
n:
4
2 n=
0

V(x)

0,—L/2<x<L/2
oo, outside
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A particle in a box: 3D Case

vy ()47 () (£)= Ew (1)
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The Density of States: DOS

Number of states
Be the number of states per unit volume = =
Volume
dG .
DOS=g(E)= B Number of statesin E and E + dE
ek’
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The Density of States: DOS

_dG

DOS = g(E)=—== Number of statesin Eand E + dE
dE

1-Dimension

m
ng(E):\/2E2h2E

2-Dimensions

m
82D (E) = 2 i

3-Dimensions

3/2
polr= (2]
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