


Notation : G= RLV
Nearly free electrons E

=Elit with
i(k-6) r bi . =Yu-toe -A Block if
Prove :Y

These states satisfy The eqration f e in a

periodic potential H = -
22

, V(r) ; HY = En Tre
T zi

[ (t-6)
2

Ei] Go Voc (ro =04)
I
This is the eg . That we solve to compute The eigevalves
for eaca point.
-> For Fixed # There are G equations like ()
m = # ofeigenstates = #6's or place waves inthe

expansion. i Gr

·Fre : UC : EU, e =o Vo=)=

Then () ((K-6)
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E(g)=-
6-oh (oMl
6 = 1(() - E =t

=

(x -7)
Im

-> This in the free electron solution (0,4/2)



What happens if we have more than onedo for
which E-c =Er Note EK6)=

↑For electron solution
.



earlyFree eous
· What happens when the externalpotential
is periodic, but very week .

We can solve our

problem by applying perturbation th. to the
free I approximation.

· We still have :

i(k-6)r

Y(=E o 2

-E Fire

· We solved this for the energy , obtaining
E= with

The wave functions for each energy , when there in
wo degeneracy (Eic Exc for all 6)

-

Then In 2
i(k -6)r



->Ef There are degeneracies , Then in will be a linear
combination of all Ge that have the same eigenvale
-> That is, The (Cr-o) will be an set of sizem,
m being the degeneracy.
·
Let's do This

,
will were perturbation Th , and the

notention as im Ziman (chapter 3). iGr

· VC = Periodic potential VC)-EVoe
ikr

· (k) -- P ) = 2

· Ech) - Free e energies

not order parturbation The

(c) = Ei + (k(VI) DO
(IV)= *Ve)edirv

-Ve()dr =EVS
N
,
k- G

[K(VIK) =&Vo Gr.. = Vo = - (by definition)



This gives us :

NVI
E = ech) :E··() -E(k-)

This expansion is valia if (E) -E(K-6)) (V) K

i. e in valid not near a degeneracy
also V

.

->p for large 6 (the actualpotential
seen by i it smoth

!

)

e(n) =2
°

(t) +O(rz)
· Degeneracy condition
=> IK) =DK-6) - This is The Lave Condition !

-> Bragg difraction K= k -6

* t lis on the perpendicular birector
of a reciprocal lattice rector 6.

This parpendicular bisector definesThe
zene boundaries



->Perforative expansion fails near the zone
boundaries

K andKo are strongly coupled>we need to find a
linear combination of these two states that are decoupled
at low order.
Note : Valence - in crystals are diffracted by thecrystal
exactly the same as if they would be diffracted if they
were incident with wave rector in from outside

· implest degeneracy (m =2) (k), Ik-6)
E() - E(k- 6) - Va

i -> a
->
Find a solution wear the zone Boundary

⑫) +Evoo
676 - Potential only

· Now we consider in our solution mixes states that

only The 2D space spanned by 1K) and differby a RIV
IK-6)
,
we ignore the coupling to all other states

(solution is a linear combination of incident& difracted (Bragg)
states)



6 = 6

3 C) Go + Vote 6

-))G +Vas

V = V
*

= Visral

pic-Er) Cro + VCn = o

(Ein-En)C + Vote =o

/En-six
-

v.) =0- V En-Exe
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i(k-Gr
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=> TheTwo states eiter
iSK-G

are combined
into Two other states &" and 4-



This is the dominanteffect of a weak periodic potential
for nearly degenerated levels when they are close to a

Bragg plane only there degensaries happen
· Exact degeneracy (k) = 1- 6) Ei =Exc
E = EiVol

· At all points on the Bragg place we open a gap
Eg = 2 (Vol <IVg) (Pot order effect

· Wave function coefficient?

(3-Ei) =VoCre VolVotre ;
(3-Eis)Go = V

*

C C=1 ingV, Cre
k= 1/26

V
= =(ee]

4"= ve sinter : Per cost Gr



Y'= e around etoms => Slive Jares (525
%)

Y' I in between atomo-p-like vites (2"s.)
-> charge densities

·
All this can be earily generated for us2 degenerated
states

.

· Gaps are formed ifTip of in lies on a Bragg plane
Sperpendicular bisector ofa)

· The faces of the 1st BE are
Bragg planes , this is where

gaps open!



· Summary : (let's review the NEE model in ID)
O K away from BZ boundarie (Bragg planes)
e() = E(x) + 0()

② Kon Bragg planes (ID-K==
I : /K-6) ,

Two and only z degenerate states

--...
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E(k-) +En =E) = (k) - V=j

③ k
very

close to Gm
.

E-eit*
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Extended zoue Reduced zone

Wit



EC) is a sweek function

pot B2 bands : Fires of E() in with BZ . Using
The extended

zone scheme , reduce (unfold) Them to pot
Brillowin zone and join smoothly , represents the with band
in The reduced

zone
scheme.

· Reduced
zone

: each level is indexed with a t within the
BZ

e
Extended
is extremeloneemphasize

ThecntirvityfE
S

·3 : E Vok is platted for free e along high
symmetry directions in a space .

There are highly
degenerated bands. Not all degeneracies are broken by the
free e

model, some remain

· Gentrical stone fate ,nuemoatomiclitics with
basis
-

UCF => atomic potentials at the atomic positions repeated
periodically



Basis of identical atoms atlj

UH-Ed(r-R -dj)T
:dreared)
all
·p(orperallvolome))w = rud;; esrid)Grid is

V
. =&(5) so
5. =Zeidj

=Sir
I

J ↓
* cometrical Fourier Transform of the atomicstructure factor potential
So if The basis leads to a 5(6) = 0 for some Bragg planes
Then the Ferrier component of the periodic potentialasociated
with These planes is =o => The lowest order splitting disappears



Symmetry operations and ECU)
- if a crystal in invariant under rotation
Or= Rotation sparator OrY(r) = P(air)
R = Rot . matrix

R(6)-(
-Sing O

Icost &

oo &

OrHO = H HOR-Ort

Or HY() = OrEn Yn(r)
# (8Yn()] = En[OrYC]
=> OrYk in also an eigenfunction , with the same
eigenvalre ikRn

OrY(k) =Or(e)] =eng
E(Riv) =(i) · (R &"r) -Rir

stillperiodic

Or Tr()= e(R)
.
Un (Rv)=OmYE) is a Block

state with F = RK



=> E(r) =E() ; En(RE) = En() with a properly
chosen

term : E
. (RR) = En (i) if the crystal is invariant

under Or

Or-rotation, reflection ,
inversion , any pointoperation

En (h) =Or En (x) = En()
Theor : En (K) surfaces in I space have the point
symmetries of the crystal in real space.
Examples
· inversion symmetry En (h) = En (k)
· reflection abouty-z : En (*x / Ky ,K2) : EnEx , ty ,ko)
·Time Reversal symmetry :

O ignore spin = Pr and In are degenerate E(x) =E(X)
② if spir orbit interaction is included = Mrs # The
Time reversal => Emp =E-



*
· Translational symmetry :

Ye can be written as Us , I a Buster.

En() = En(k +5) = Yan = M(v)
= En(n) is periodic in reciprocal space.

Fumunary : En() has translational Sym . En()=En (x6)
En (E) has the point symmetryof the crysal


