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Background: Atomic Orbitals
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Hydrogen Eigenstates
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See notes on (1) Laplacian in spherical coordinates & (2) Schrodinger equation for spherically
symmetric potentials



https://aiichironakano.github.io/phys760/Laplacian112599.pdf
https://aiichironakano.github.io/phys760/Schrodinger12999.pdf
https://aiichironakano.github.io/phys760/Schrodinger12999.pdf

Herman-Skillman Solutions for Atoms

e Hartree approximation (v, = 0) for many-electron interaction
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m Neutral Zinc Normalized Radial Wave Functions
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Outer shells (i.e., larger n) still spread outward

For the inclusion of xc¢ potential, see notes on (1) Numerical integration of radial wave
function & (2) Kohn-Sham potential



https://aiichironakano.github.io/phys760/RadialWF113099.pdf
https://aiichironakano.github.io/phys760/RadialWF113099.pdf
https://aiichironakano.github.io/phys760/Potential120199.pdf

Atomic Orbitals
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e p orbital (/= 1): Cartesian representation
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sp® Hybridization: Pauling’s Note (1930)
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Charge Density at GaAs/Si (111) Interface
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* Highest occupied states in Si
have the hybrid sp?

character 1 o
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* Occupied GaAs states are As Si
p-like (lowest unoccupied z:

states are s-like) L& & [111]
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Projection of Kohn-Sham wave functions onto atomic orbitals

Band Ga 4s Ga 4p Ga 4d As 4s As 4p As 4d Total
1150 0.0000 0.1157 0.0708 0.0000 0.8033 0.0101 1
1151 0.0000 0.1158 0.0709 0.0000 0.8033 0.0100 1
Occupied | 1152 0.0000 0.1166 0.0713 0.0000 0.8017 0.0104 1
Unoccupied | 1153 0.6763 0.0000 0.0000 0.3236 0.0001 0.0000 1

Z.Yuan et al., J. Appl. Phys. 114, 074316 ('13); Nano Lett. 13, 4925 ('13)



Wave Functions in MoSe, Bilayer

* Highest occupied states (blue) are d,,-like
* Lowest unoccupied states (red) are d,,-like

Electron
Hole

M.-F. Lin et al., Nature Commun. 8, 1745 ('17)



Valence Electrons

e Example: Silicon — 1s?2s?2p%3s23p?
WebElements™ periodic table

Group 1 o 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18
Period
1 http://www.webelements.com &

2 5 6 7 8 9 10
B © N 0 F Ne

3 13 14 15 16 17 18
Al Si P S Cl Ar

4 21 || 22 || 23 || 24 || 25 || 26 || 27 || 28 | 29 | 30 | 31 2 33 34 || 35 || 36
Sc Ti A Cr [Mn | Fe || Co || Ni || Cu || Zn GCe || As || Se Br Kr

s 39 |[40 |[ 41 |[ 42 |[ 43 |[ 44 | 45 || 46 || 47 || 48 J49 | 50 | s1 52 53 54
Y Zr || Nb || Mo || Tc || Ru || Rh || Pd || Ag In || Sn || Sb || Te | Xe

6 « [N 720 (E73 8 72| (£75 76 || 77 || 78 || 79 80 | 81 | 82 || 83 || 84 | 85 | 86
Lu || Hf || Ta || W Re | Os Ir Pt Hg || TI Pb Bi Po || At || Rn

- % 103 104 105 106 107 108 || 109 1 111 T2 NTT3N NI (NTTSH (116N 117 || 118
Hs | Mt | Rg || Uub || Uut || Uuq || Uup || Uuh | Uus Uuo

*Lanthanoids

**Actinoids

The following represents the electronic configuration and its associated term symbol for the
ground state neutral gaseous atom. The configuration associated with silicon in its
compounds is not necessarily the same.

e Ground state electron configuration: [Ne].3s2.3p?
e Shell structure: 2.8.4



Abstraction: Pseudopotential

o Silicon — 1s?2s?2p%3s23p?
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e Consider only (chemically active) valence electrons

* Pseudopotential Vjsc,q0 & pseudowave function W\, 4, are

constructed such that the latter agrees with the all-electron

21 wave function W, beyond a cutoff radius r,

e Itis not necessary to orthogonalize ¥s., 4, to inner orbitals;
resulting in a much more slowly varying function than W,g




Norm-Conserving Pseudopotential

Construct pseudopotentials such that:
1. Pseudowave functions, RF P(r) (l=0,1,2,...), contain no nodes

2. RPP(r) coincides with the all-electron wave function R;*"(r) beyond a cutoff
radius 7,

3. The charge enclosed within 7, for the AE- & pseudo-wave functions must be
equal

fOTCl Amr2dr|R;F (1) |2 = ford Arrr2dr|RpE (r)|2

4. AE- & pseudo-eigenenergies must be identical
ElPP — ElAE

5. Conditions 2 & 4 imply: the logarithmic derivatives of the two wave

functions must match at r;
1 dRIP(rED B 1 dRPE(ED

PP - pAE
R; " (1r,Ep) ar r=rep R;i*™(r,Ep) ar

r=Trcl
Troullier & Martins, Phys. Rev. B 41, 1993 ('91)

See notes on (1) Norm-conserving pseudopotential & (2) Logarithmic derivative



https://aiichironakano.github.io/phys760/NCPP120499.pdf
https://aiichironakano.github.io/phys760/LogDerivative120299.pdf

Local & Nonlocal Pseudopotentials

e Jonic pseudopotential operator
VER(r) = ViEh jocal () + Z [1m) AV, Gr(iml

Common to all Angular-momentum
angular momenta dependent

. (Example) Polyethylene slab without & with external electric field

ﬁ“ -— &‘“ s é‘ 0.5 — 1 T 1 7 T
49~ e € £ =006/~
V%y jii“ g ook (V/A) i

N AN ()
TeT e T el
E 0.5 =
e Fully nonlocal pseudopotential ~ projection :;) s I |
| Saliiiiie

VNL = Z | Xtm X Xim| [ W R
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Kleinman & Bylander, Phys. Rev. Lett. 48, 1425 ('82) x (A)

See notes on (1) Nonlocal pseudopotential & (2) Fully nonlocal pseudopotential



https://aiichironakano.github.io/phys760/NLPP121399.pdf
https://aiichironakano.github.io/phys760/FNLPP121499.pdf

Projector-Augmented Wave (PAW)

e Core-charge correction significantly increases the transferability
ﬁxc(r) — vxc([pPS]» l‘) + [VXC([,DPS + pcore]» l‘) _ vxc([pPS]: l')]
Louie, Froyen & Cohen, Phys. Rev. B 50, 1738 ('82)

* An “all-electron” electronic structure calculation that separates smooth
pseudowave functions & rapidly varying all electron wave functions by
using projection function

detail (all electron)-out smooth-in
WAE) = [9PP) + > (161F) - 9FF)) (el ")
o/ /
Atomic Projection
partial wave function

Blochl, Phys. Rev. B 50, 17953 ('94)

e For practical construction of pseudopotentials, see T. Sugahara et al., Phys. Rep.
Kumamoto Univ. 12, 279 ('06)



