
Orthogonal iced plane wave method

- In ID
,
we discussed expanding in a basis of plane

waves

- 3D generalization is straightforward !
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& expand crystal Wavefunction at E.

PE () = C* Wie ("

A solve secular equation:
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=0
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dr

-But there is a problem with this method:
Treatment of core states requires way too many
plane waves!"

* Why?Come states are very localized.
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· Thus we need to solve 100 x 100 secular matrix to
have a basis that describes sils orbital



- How can we avoid this issue ? In any case
,
we are

most interested in properties of Valente electrons
,
not core

.

* solution :

• Assume we know the form of the core states
,
i. e.

,

they remain atomic - like (tight - binding picture)

• Obtain a new basis that is orthogonalized WRT

the core orbitals

* orthogonal ization :

• Assume we know the first no eigenfunctions of H :
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· so we can write the secular equation in terms of

original basis functions:

det) (Pil H+URP 18;3 - E5isl =0

· Note that eigenvestors of
or

gives coeft of 14. ) =Cj157
· Prep for EXEc is a repulsive potential, increases
energy above core states

· Note rrep is a nonlocal potential!I.e., in position
basis.
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see discussion
* Description of core and valence states on tight

binding
· Lore - Block sums of atomic orbitals ofIF
· Valence + Orthogonalized plane waves:

place wave ul Ej= kt hi
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• secular equation : det / LÑE:/ HIÑKI > - ELWE:/ WE;>1--0
• or alternatively !
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• Core atomic - like orbital can be written as a

radial part times spherical harmonic :

Oc (F) = Rne lit Yem (F) ( for nem quantum numbers)

• Can also write plane wave in terms of spherical
harmonics ! spiepeijsael function
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• Then we have :
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many other methods ( see G and P Ch , V ) have
similar spirit of combining plane waves for itinerant
valence / conduction electrons with radial /atomic functions
for core States



Pseudo potential method

- OPW allows us to separate
"

inert
"

core from
valence States /or unoccupied

" conduction
"

States)

- Problem : we still have to deal with the full
Crystal potential Vcrs

* Atomic - like so strong in the core region

* Also
,
Valence - electron wavefunctions will have

oscillations in core region since they need to

be orthogonal to core

- Solution : replace Crystal potential in core region
with a weaker "pseudopotential

"

* Eigenstates will be
"

pseudo wavefunctions ,
"

only required
to match true wavefunctions outside of core region

* we kind of did this w / OPW
,
MP cancels

some of vW→) in the core region
* replace ✓ + UMP with UPSP :

det / fh¥÷ - E) si; + Ee - ilhi-tii-div.PH/h-i-hj)/=Odi

* can often choose VPSP to have few Fourier
components

• Example in G and P Sec
.

V.4 / and HW ) :
band structure of Si with just three

parameters and ~ 40 reciprocal lattice vectors



-How do we determine UPSP?

A mpirical pseudopotentials: fit to experiment or other

calculations (S: example)

* Atomic/ab-initio pseudopotentials:Calculate U of free atom,
take exact v outside of radius is from core,
use approximate (weaks form inside of rc

S
A for rC Vc· simplest form: UPP1 =
-of for >r,

· Another prescription: Parametrize radial pseudowavefunctions
as:

RPSP (H) = S reePCr for < rc

Lparametersadjustab R
a Cr or v >ic

↳
where plot = to +1zr+ gr3+1pr4

Plug into radial S.E. to get:

-energy of atomic radial wavefuction

UPSP (r) - S
E a t2'Pir +P"r+(Pr)" for var,

T
term in P

vacr) no linear for r >Vc
so Pillar
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· Choose t's so wavefunction is normalized to 1 to

conserve charge in core region, and lid and

↓erivatives are continuous

· Note: RPSO has no nodes:

amiisr
all-electron R



• Note : VPSP is different for different angular momentum .
In practice ,

it will have a nonlocal part of the form
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- Most popular modern

"

ab initio
"
treatment of

solids use plane waves and pseudo potentials !



Methods for describing bands in 3D what have we learned ?

- can describe bands in 3D empirically with relatiely
few free parameters

- Tight - binding : make Bloch sums for different types
of orbitals

, parametrize matrix elements
based on orbital type and direction

* Often most convenient for lsemi) analytical description
of solids

- plane - wave expansion : Have to combine localized atomic - like

functions for core electrons with itinerant

plane waves

* often most convenient for full numerical treatment of
solids


