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This is a material for the class of Takahashi. Bonus point
will be given to the student who has found some mistype
etc... and report it to Takahashi. Thank you.
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Wave function which express a state of system EAmbAl SRS A GBI

Schrodinger equation

ow When Hamiltonian is independent of time.
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\Wave function; Slater determinant
Anti=symmetric property of Fermion
Molecular orbitals must be arbitrary.
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Do you know exact solution ?
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A(r) - A(ry)

N () - Py(ry)

: He, Li, Be, B, C, N, O,,, (isolated atoms )
; general problem we want to solve.
Jellium : approximation for metals
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— OHENORICICONE: : , Li, Be, B, C, N, O,,, (isolated atoms )
— ManyAonicicores : gel lem we want to solve.
Jellium ‘ » : oximation for metals
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T Positive charge density distribution
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; principal g. n.

; azimuthal g. n.

; magnetic g.n.
quantum numbers
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MR GEIE VU R U BN - ossociated Legendre polynomials

;associated Laguerre polynomials
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SPEctialNINESIEMItECNirom hydregen plasma
m e L~r (@885) Johann Jakeb Balmer) n =2 ( Q: Why this is first ? )
N8/Iann SEHESINEO0G, Theodore#@,an)
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n =l
n=3

Lymann-sorozat

410 nm

Balmer-sorozat

Paschen-sorozat

Ref:Wikipedia



PECUINRESIEMILEC rom hydrogen plasma
BalMEISENESIN(BB5, Johiann Jakob Balmer) n =2
NmannISeESENE06; IE0UOTE!
elseniern) serigs  (LIUS, RitZ pelse;

Brackett series (1922) n=4
Pfunt series (1924) n=5
Humphreys series (1953)F n =6
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1 2 3 4 5 6 7 8 9 10 1 2 3 4 5 6
[ 1A [ A [WATWATVATVIAJTVIA]T  viin [ 1B JuB [B [IVB ]| VB [VIB[BIB[ 0 |

He
' B]C[N[O]|F [Ne]
|AI[Si [P [S |Cl[Ar]
[ In[Sn[Sb|Te| I |Xe|
| T [Pb | Bi[Po|At|Rn]

Order of occupation
Energy depends on only principal guantum number n

Quantum numbers
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Orbitals
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2p
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4d

Shell
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Energy level of orbitals for isolated atoms

[ Roothaan Hartree Fock
-1000 F by Clementi and Roetti

0 5 101520253035404550
Atomic number Z
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A T IVA ] VA [ VIA JVIA ] B [ IVB | VB | VIB [ BIIB

B|C|N|]O]|F

Al |Si| P | S |CI

Ga| Ge | As | Se | Br

In | Sn |Sb| Te | |

Tl | Pb | Bi At
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Electioniconfiguration for neutralfisolated atoms

-
/ | Shell K L N
~ | Principal Q.N. 1 2 3 4 5 6 7
‘ Azimuthal Q.N. [0 0 1 0 1 2 0 1 2 3 0 1 2 3 0 1 2 0
Orbilals 1s 2s 2p 3s 3p 3d 4s 4p 4d 4f 5s 5p 5d 5f 6s 6p 6d s
L [Z
1 |1 H 1
_ 2 He 2 S d p
S R B I 1 2|1 2 3 4 5 8 7 8 9 10|1 2 3 4 5 8
1A A [ WA T IVA T VA [ VIA JVIIA ] VIl [ B [ us [ mB J1IvB ] VB | VIB [BIB 0
4 Be 2 2
5 |B |2 |2 1 11 H He
6 C 9 9 9 2 | Li | Be B|C|N|O]|F|Ne
7 N 9 9 3 3 | Na | Mg Al |Si| P | S |CI|Ar
8 0 2 2 4 4 | K|CafSc|Ti|V |[Cr Mn Fe|Co|Ni|Cu|[Zn | Ga|Ge]|As| Se|Br|Kr
9 F 2 2 5 5 | Rb|[Sr Y | Zr |Nb|Mo|Tc Ru|[Rh[Pd|Ag|Cd|In|Sn|Sb|Te| I |Xe
10 [Ne |2 12 6 6 |Cs|Ba| * |Hf | Ta| W |RelOs| Ir | Pt |AulHg| 11 | Pb| Bi | Po
3 [11 [Na |2 2 6 1 -
12 |Mg |2 |2 6 |2 7 |Fr|Ra
13 | Al 2 2 6 2 1
14 | Si 2 2 6 2 2
15 | P 2 2 6 2 3 i
16 |S 2 2 6 2 4 7 -
17 |l 2 2 6 2 5
18 | Ar 2 2 6 2 6
4 |19 [K 2 2 6 2 6 1 “
20 [Ca |2 |2 6 |2 6 2 S 01
21 | Sc 2 2 6 2 6 1 2 =
22 | T 2 2 6 2 6 2 2 3
23 |V 2 2 6 2 6 3 2 s
24 | Cr 2 2 6 2 6 5 1 2 a
25 |Mn |2 2 6 2 6 5 2 5
26 | Fe |2 2 6 2 6 6 2 =
27 | Co 2 2 6 2 6 7 2 s
28 | Ni 2 2 6 2 6 8 2 = il
29 |[Cu |2 2 6 2 6 10 |1 2
30 | Zn 2 2 6 2 6 10 |2 °
31 [Ga |2 2 6 2 6 10 |2 1 g
32 | Ge 2 2 6 2 6 10 |2 2 <. -100
33 | As 2 2 6 2 6 10 |2 3 S
34 | Se 2 2 6 2 6 10 |2 4 2 |
35 | Br 2 2 6 2 6 10 |2 5 e [ Roothaan Hartree Fock
36 Kr 2 2 6 2 6 10 |2 6 -1000 F by Clementi and Roetti
5 [37 |Rb 2 2 6 2 6 10 |2 6 1 wnanflnnnallnansflosacllansallannnflnanallnnsallsanaflaaanlnnnnlle
0 5 10 15 20 25 30 35 40 45 50 55

Atomic number Z



1 2 (lj 2 3 4 B 6 7 8 9 10 2 2 3 4 5 6

1A A [ 1WA T IVA T VA [ VIA JVIIA ] VIl [ B [ us [ mBJ1IvB ] VB [ VIB [BIB 0
1
2 | Li | Be B|C|N|]O]|F|Ne
3 | Na | Mg Al |Si| P | S |Cl]|Ar
4 | K |Ca|Sc|Ti|V |Cr|iMn Fe|Co|Ni|[Cu|Zn|Ga|Ge|As|Se|Br|Kr
5 |Rb|[Sr| Y [Zr [Nb|Mo| Tc |Ru|Rh[Pd|Ag|Cd|In |Sn|Sb|Te| I | Xe
6 |Cs|Ba| * [Hf[Ta| W | Re|Os | Ir [Pt |[Au|Hg| Tl |Pb| Bi | Po| At | Rn
7 | Fr |Ra | **

A
Shell K |[L M
Principal Q.N. 1 2 3 5 6
Azimuthal Q.N. |0 0 1 0 1 2 3 0 1 2 3 0
Orbilals 1s 2s 2p 3s 3p 3d 4s 4p 4d 4f 5s 5p 5d 5f 6s
L. [Z >
E 01F
36 |Kr |2 2 6 2 6 10 |2 6 < L
5 [37 |[Rb [2 |2 6 |2 6 10 |2 6 1 o I
38 | Sr 2 2 6 2 6 10 |2 6 2 = r
39 |Y 2 2 6 2 6 10 |2 6 1 2 2 -1F
40 | Zr 2 2 6 2 6 10 |2 6 2 2 S L
41 | Nb |2 2 6 2 6 10 |2 6 4 1 © L
42 | Mo |2 2 6 2 6 10 |2 6 5 1 £ -
43 |Te |2 |2 6 |2 6 10 |2 6 5 2 5 -10F
4 |Ru |2 2 6 2 6 10 |2 6 7 1 o L
45 |Rh |2 2 6 2 6 10 |2 6 8 1 = L
46 |Pd |2 2 6 2 6 10 |2 6 10 2 5
47 | Ag 2 2 6 2 6 10 |2 6 10 1 =, 100
48 | Cd |2 2 6 2 6 10 |2 6 10 2 2 L
[
gg ISI; 3 g g 2 g 18 3 2 18 2 ; o [ Roothaan Hartree Fock
51 Sh 9 92 6 92 6 10 92 6 10 92 3 -1000 F by Clementi and Roetti
T FETTI FETT FRER PR PR FEEEE FEET PN FEET FURed i
O L B G A O B A > 051018 20 2530 35 40 45 50 55
54 |Xe |2 |2 6 |2 6 10 |2 & 10 2 6 _ Atomic number Z
6 |55 |Cs |2 2 6 2 6 10 |2 6 10 2 6 1




-100

Energy level of orbitals for isolated atoms

-1000

. o =F
| Shell K L M N (6] P Q
Principal Q.N. 1 2 3 4 5 6 7
Azimuthal Q.N. 0 0 1 0 1 2 0 1 2 3 0 1 2 3 0 1 2 0
Orbilals 1s 2s 2p 3s 3p 3d 4s 4p 4d 4f 5s 5p 5d 5f 6s 6p 6d s
. L. | Z
¥
2 2 6 2 6 10 2 6 10 2 6
6 55 Cs 2 2 6 2 6 10 2 6 10 2 6 1
56 Ba 2 2 6 2 6 10 2 6 10 2 6 2
57 La 2 2 6 2 6 10 2 6 10 2 6 1 2
" 58 Ce 2 2 6 2 6 10 2 6 10 1 2 6 1 2
59 Pr 2 2 6 2 6 10 2 6 10 3 2 6 2
60 Nd 2 2 6 2 6 10 2 6 10 4 2 6 2
61 Pm 2 2 6 2 6 10 2 6 10 5 2 6 2
62 Sm 2 2 6 2 6 10 2 6 10 6 2 6 2
4 63 Eu 2 2 6 2 6 10 2 6 10 7 2 6 2
64 Gd 2 2 6 2 6 10 2 6 10 7 2 6 1 2
65 Tb 2 2 6 2 6 10 2 6 10 9 2 6 2
66 Dy 2 2 6 2 6 10 2 6 10 10 2 6 2
67 Ho 2 2 6 2 6 10 2 6 10 11 2 6 2
68 Er 2 2 6 2 6 10 2 6 10 12 2 6 2
69 Tm 2 2 6 2 6 10 2 6 10 13 2 6 2
70 Yb 2 2 6 2 6 10 2 6 10 14 2 6 2
71 Lu 2 2 6 2 6 10 2 6 10 14 2 6 1 2
. 16 2 6 10 2 6 10 14 2 6 2 2
-6 2 6 10 2 6 10 14 2 6 3 2
16 2 6 10 2 6 10 14 2 6 4 2
6 9 A 10 9 A 10 14 9 A A 9
16 S d p
= 1 2 1 2 8 4 B 6 7 8 9 10 1 2 3 4 5 6
6 1A A [ WA T IVA T VA [ VIA JVIIA ] VIl 1B [ 1B [ B [IVB ] VB [ VIB | BIIB 0
16 1 H He
I, 2 [Li[Be BIC|NJ|OJ|F |Ne
4 3 | Na|Mg Al |Si| P | S |CI]|Ar
6 4 | K|Ca|Sc|Ti|[V |Cr|Mn|lFe|Co|Ni|fCu|Zn|Ga|Ge|As|Se]|Br|Kr
6 5 |Rb|SrfY |Zr |Nb|Mo| Tc |[RuU/Rh|Pd|Ag|Cd|In | Sn|Sb|Te| I | Xe
1% 6 |Cs|Ba| * |Hf|Ta|W Re Os|Ir |Pt|Au|Hg| Tl | Pb|Bi|Po]|At|Rn
I 7 [Fr|Ra[®
[ Roothaan Hartree Fock 1
[ by Clementi and Roetti ]
ananllananflannallananllannallananflaanallanaaflannallnannflannally 6
0 5 10 15 20 25 30 35 40 45 50 55 7

Atomic number Z
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1 2 3 4 5 6 7 8 9 10 | 1 2 3 4 5 6 g 01F 3
1A A [ WA T IVA T VA [ VIA JVIIA ] VIl [ B [ us [ mBJIvB ] VB | VIB [BIB 0 = |
H He|_ 3
Li | Be B|C|N|O|F|Ne|l___= L
Na | Mg Al|Si|P|S|CI|[Ar]|3_8 -F
K|CafSc|Ti|V [Cr|Mn Fe|[Co|Ni|Cu|Zn | Ga|Ge|As| Se|Br|Kr £§ -
Rb | Sr ¥ | Zr [Nb Mo | Tc [Ru|Rh|PdAg[Cd]|In|Sn |Sb|Te| | |Xe| —3 i
Cs|Ba| * |Hf [ Ta| W |Re Os| Ir [Pt {AufHg| Tl |Pb | Bi | Po | At |Rn e 10k
Fr | Ra | ** [~ L
o
% [
1 <, -100 F
S = L
4 | 2
, , , , B [ Roothaan Hartree Fock
62 |Sm |2 2 6 2 6 10 |2 6 10 |6 -1000 | by Clementi and Roetti
T FETTI FETT FRER PR PR FEEEE FEET PN FEET FURed i
PSR T I R S B S A S 0510 185055 3035 40" 4556 55
65 [T |2 2 6 2 6 10 |2 6 10 |9 Atomic number Z
66 Dy 2 2 6 2 6 10 2 6 10 10 2 6 2
67 Ho 2 2 6 2 6 10 2 6 10 11 2 6 2
68 Er 2 2 6 2 6 10 2 6 10 12 2 6 2
69 Tm 2 2 6 2 6 10 2 6 10 13 2 6 2
70 Yb 2 2 6 2 6 10 2 6 10 14 2 6 2
71 Lu 2 2 6 2 6 10 2 6 10 14 2 6 1 2
72 Hf 2 2 6 2 6 10 |2 6 10 14 |2 6 2 2
73 Ta 2 2 6 2 6 10 |2 6 10 14 |2 6 3 2
74 W 2 2 6 2 6 10 |2 6 10 14 |2 6 4 2
75 Re 2 2 6 2 6 10 |2 6 10 14 |2 6 5 2
76 Os 2 2 6 2 6 10 2 6 10 14 2 6 6 2
77 Ir 2 2 6 2 6 10 2 6 10 14 2 6 7 2
78 Pt 2 2 6 2 6 10 2 6 10 14 2 6 9 1
79 Au 2 2 6 2 6 10 |2 6 10 14 |2 6 10 1
80 Hg 2 2 6 2 6 10 |2 6 10 14 |2 6 10 2
81 Tl 2 2 6 2 6 10 |2 6 10 14 |2 6 10 2 1
82 Pb 2 2 6 2 6 10 |2 6 10 14 |2 6 10 2 2
83 Bi 2 2 6 2 6 10 |2 6 10 14 |2 6 10 2 3
84 Po 2 2 6 2 6 10 |2 6 10 14 |2 6 10 2 4
85 At 2 2 6 2 6 10 |2 6 10 14 |2 6 10 2 5
86 Rn 2 2 6 2 6 10 |2 6 10 14 |2 6 10 2 6
7 87 Fr 2 2 6 2 6 10 |2 6 10 14 |2 6 10 2 6 1
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" 1A A [ WA T IVA T VA [ VIA JVIIA ] VIl [ B [ us [ mBJIvB ] VB | VIB [BIB 0 E,
a. 1 [ H He | i &
2 | Li | Be B|C|N|]O]|F|Ne =

3 | Na | Mg Al | Si| P | S |Cl|Ar L

4 | K |Ca|Sc|Ti|V |Cr|iMn Fe|Co|Ni|[Cu|Zn|Ga|Ge|As|Se|Br|Kr ﬁ

5 |Rb|Sr Y [ Zr |[Nb[Mo| Tc |Ru|[Rh|Pd|Ag|[Cd|In |Sn|[Sb|Te| |I [ Xe| N2

6 |Cs|Ba| * [Hf[Ta| W | Re|Os | Ir [Pt |[Au|Hg| Tl |Pb| Bi | Po| At |Rn ..g

7 | Fr|Ra|** =
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Roothaan Hartree Fock
by Clementi and Roetti
TR FETTI FETT FRTR PR FEETY FERN FEET PN FERT fene |

5 10 15 20 25 30 35 40 45 50 55
Atomic number Z
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Shell

Principal Q.N.
Azimuthal Q.N.
Orbilals

—|o|—
[}
N[O [
w
D [
=
|o|=|=

L. | Z
86 Rn 2 2 6 2 6 10 2 6 10 14 2 6 10 2 6
7 87 Fr 2 2 6 2 6 2 6 2 6 2 6 1
88 Ra 2 2 6 2 6 2 6 2 6 2 6 2
89 Ac 2 2 6 2 6 2 6 2 6 2 6 2
90 Th 2 2 6 2 6 2 6 2 6 2 6 2
91 Pa 2 2 6 2 6 2 6 2 6 2 6 2
92 U 2 2 6 2 6 2 6 2 6 2 6 2
93 Np 2 2 6 2 6 2 6 2 6 2 6 2
94 Pu 2 2 6 2 6 2 6 2 6 2 6 2
95 Am 2 2 6 2 6 2 6 2 6 2 6 2
96 Cm 2 2 6 2 6 2 6 2 6 2 6 2
97 Bk 2 2 6 2 6 2 6 2 6 2 6 2
98 Cf 2 2 6 2 6 2 6 2 6 2 6 2
99 Es 2 2 6 2 6 2 6 2 6 2 6 2
2 2 6 2 6 2 6 2 6 2 6 2
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Roothaan Hartree Fock
by Clementi and Roetti

0 5 10 15 20 25 30 35 40 45 50 55
Atomic number Z

Quantum numbers

|
0
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1
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Orbitals

1s
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3s
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3d

4s
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4d

Shell




icrerAnalyzer (EPMA)

'-)r )‘ﬁ,’)% /2.8

Auger Electron Spectroscopy: (AES)
Secondary Electron Micrescope (SEM)
Cylindrical Mirror Analyzer (EMA) or HEA
Ultra High Vacuum (UHV) and Introduction chamber
Ion sputtering
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Ar® for etching
Metal film
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Si-LVV peaks
Ar ion sputtering
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Si-LVV peaks
e~ bombardment
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E (eV)

Vacuum level
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Si in Si-slid or Ti-silicide

L3M23Ma3
Eb(e ) vacuUm level /
Se KL23|§23
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S :
_g9 L23 g, : (_L3+2M23)
[+7] I ;
K :é L 4 B T L. A
_1839 N 70 100 1500 1700 |
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-34F> D
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: L Roothaan Hartree Fock

\Vanraermaarsiradius by Clementi and Roetti

0O 5 10 15 20 25 30 35 40 45 50 55
Atomic number Z

lonization energy

d

( Work function')

Electro negativity AP S A
Pauling [ ]
Mulliken

Etc...




— Atomic radius decreases — lonization energy increases — Electronegativity increases —

Group (vertical)

4 Period (horizontal)
“ 1

Lanthanides

Actinides

1 2 3 4 5 6 7

H

2.20

Li Be

0.938 1.57

Ma Mg

0.93 1.31

k. Ca Sc T v Cr Mn

082 1.00 1.36 1.54 1.63 166 1.55

Eh Sr %Y Zr HNb (Mo | Tc

0.82 0.95 1.22 1.33 1.6 EN& 19

Cs Ba * Hf Ta [W Re

0.79 0.8% 1.3 1.5 @5 1.9

Fr Ra Rf Db Sg Bh

0.7 09

* La Ce Pr MNd Pm Sm
11 112113 114 113 1147

= Ac Th Pa U HMNp Pu
11 13 15 138 1.36 128

g 9 10 11 12 13 14 15 16 17 18

He
B C e
2.04 255
Al 5 P s Ar

Fe Co Mi Cu Zn

Fu Rh Pd Ag Cd In Sn 5Sb
2.2 2298 220 1.93 1693 1.75 1.96 2.05

Os Ir Pt (Ao Hg Tl Pk Bi
2.2 220 228 254 200 162 233 2.02

Hs Mt Ds Rg Uub Uut Uug Uup

Fao
20 22 22

Uuh  Uus Uuo

Eu Gd Th DOy Ho Er Tm Yb

12 12 11 122123124125 11 127

Am Cm Bk Cf Es Fm Md Mo Lr
113128 1.3 1.3 13 13 1.3 1.3 1.291

Lu

Feriodic table of electronegativity using the Pauling scale
See also Periodic table

Ref:Wikipedia
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a [cjer e]ggtﬁ)ﬂr@' ityA(@or smaller ionization energy ),
- =DackesuichureN(fce hcp,bcc sc,dia.,,, ),

p
3 4 5 6 7 8 9 10 1 2 3 4 5 6
[ 1A [WATIVATVATVIATVIA]T  vin [ 1B [uB [mB [IVB ]| VB [VIB[BIB[ 0 |

He
' B[CINJOJF [Ne|
AL[Si | P [S |CI[Ar]
K [CalSe | Ti [V [CrMn|Fe|Col|Ni CulZn Ga|Ge]|As|Se|Br|Kr|
Rb [ Sr ¥ [ Zr [Nb[Mo | Tc Ru[Rh[Pd[Ag[Cd| In|Sn[Sb[Te| I [Xe]
=-mmmmm
**
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Difference between energy. levels.
Large difference seems charge transfer.

Distribution of frontier electrons Covalent bond Metallic bond
Spherical or localized to directions
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Figure 1-17 Energy level diagrams of one-electron atoms and jons.

One electron systems
G.C.Pimentel, R.D.Spratley, "Chemical Bonding clarified through quantum mechanics”, Holden-day Inc.
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Figure 2-3 Energy levels, orbital occupancy and ionization energies for first-
row elements. (Notice scale compression with rising energy.)

Multi-electron systems




10 DI eICANBIECHIES

EEN0)
On e—eler'i" ONNaPPOXIMALION
Multi=electronreiect

Do you know “w-bond and c-bond” ?



E = Haa+be_28abH (H a+be) Hab_sabHaa Hab_sabeb

ab ﬁ 1+
21_ Sab2 21_8ab2 (Haa_ be)2

When BESEaRss  jonic bond

Large binding energy is due to ...
large difference between energy levels
or
large overlap of wave functions




\/\Q(ZPX) ¢B(ZPX)
i

M~ nodal plane

(a) Separated H atoms in 2p, state

g (2px) = Bl’A(sz) +¢B(2px)

=y (1s)+yg(ls a* =y, (1s)—yg(ls)
Tvatiert el A ? o*(2P,) = LA (2Py) — V(2P

!
!
AN
= S~ \J
h
N\
~
Ny o S

P o N ‘ . \
\‘\Jib—\__ nodal surfaces 44'/’
(b) In-phase, bonding (c) Out-of-phase, antibonding
Co MO combination MO combination
(b) In-phase, bonding (¢) Out-of-phase, antibonding
MO combination MO combination Figure 4-3 Sigma molecular orbitals from axial p orbitals. (The relative phases
of the wave functions are shown by shading.)

Figure 4-1 Approximate molecular orbitals in H.. (Phase refationships are
shown by shading in the probability plots.)
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Figure 4-4 Pi molecular orbitals from perpendicular p orbitals. (The relative
phases of the wave functions are shown by shading.)
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Figure 4-5 Molecular orbitals from 2p orbitals. The boundaries represent approximately the 95 percent probability surface. Within, there is a 95 percent

chance of finding an electron. The relative phases are shown by plus and minus signs. These signs have nothing whatsoever to do with charge—they
simply point out that the wave function which describes the orbitals has phase properties.
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Figure 4-11 Orbital occupancies and bond properties of first-row homonuclear diatormic molecules.
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Figure 4-11 Orbital occupancies and bond properties of first-row homonuclear diatomic molecules.

Figure 4-12 Trends in bond properties and predicted bond orders in first-
row homonuclear diatomic molecules.




Figure 4-13 The oxygen molecule is magnetic, the nitrogen molecule is not.
(a) Liquid nitrogen (bp = 77 degK) can be poured directly between the poles
of a strong magnet. (b) Liquid oxygen (bp = 90 degK) is attracted by the
magnet and fills up the gap between the two poles. This easily performed
demonstration confirms the molecular orbital approach. Oxygen has two
unpaired electrons (in antibonding orbitals) and is magnetic. Nitrogen has
all its electrons paired and is not magnetic.




p-molecular orbitals

Predicted: Bond Order 2

Experimental:

Bond energy (kcal/mole) 150
Bond length (R) 1.24
Force constant (mdyne/R) 9.3

Figure 4-15 Orbital occupancy and bond properties of some heteronuclear diatomic molecules.
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Figure 4-15 Orbital occupancy and bond properties of some heteronuclear diatomic molecules.
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