Complex atoms and the Periodic System of the elements

Non-central forces due to
electron repulsion

Central field approximation
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- "Aufbau” principle




Complex atoms and the central field approximation

The potential energy in a multi-electron atom:

2 Z
Ze
V —
dreg E \ri 47[80 Z ‘rl ‘
attraction  repulsion between
to nucleus

electrons

V is a non-central potential

Schradinger equation
——[Vlz +V% +---+V%}\P+VLP =EY
m

The wave function depends on
3Z spatial coordinates

(R, T, Tz )
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CFA:

The overall effect of V Zﬁ

is centrally directed toward the nucleus

for > ®

Areqr

Then V can be written in terms of an
“effective screened nuclear charge”

Zegr (r)e?
cha(r):_im?

NC
Note: Vatom =Vcfa (r ) +Vee'




Separation of variables in the central field approximation

Product wave function

(R, Pz ) =pa(Rla(R)--wz (F7)
Potential and eigenenergy

Z Z
V=>V(r) E=) E
i=1 i=1
Insertion of trial yields a set of
equations:
h2

— o VPP () +Ve (5 )P(F) = B ¥ (7)

The potential function is not Coulombic
i.e. is not1/r but
Zegr (T)

r
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1. Angular part of the wave function
is the same, hence angular functions

Yiim; (65,6

2. Radial part of the wave function

n? d Zef (r) P00 +1
J{ i t ( ; ) Rl = EniRnj

r 2mr

—

Energy E,, depends on /
Energy E,, does not depend on m

Wave functions for single "orbital”

wi(F)= Rat () Yim, (9i,¢|)T,¢>




Screening in the central field approximation

Hig

Low/

For low ¢ values (and same n)
electron comes closer to the nucleus

More Coulomb attraction

More binding energy

Lower ¢ states > lower energy
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Eteciron probability

Fenafrabion of 25 and 2p siaizs
insiele: first Bonr redius.,




Screening in the central field approximation

Hig

Low/

For low ¢ values (and same n)
electron comes closer to the nucleus

More Coulomb attraction

More binding energy

Lower ¢ states > lower energy
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Eleciren probebility

Fansiration of e ofbifals
infe 1s region.

18

.

o8




Lowering of low ¢ quantum states as an effect of screening

G a4
1 4: o s e i S ____—?E_ A ot

LA DAL < At
-2~ membar dependence
< Around slale

Lithium
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Screening and the quantum defect

Levels described with:

'ml w1 Im@  ImB

- .
- Ey=— RNa 5
R (n—@g)

With quantum defects:

AT daparakre o, = 1.35
5, = 0.86

Sodium
8d = 001

5; = 0.00
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Aufbau principle for multi-electron atoms

Eigenfunctions in multi-electron atom
(R, R Tz )=y (R) vz (Fz)
1) Electrons fill the one-electron orbitals
wi ()= Rat () Yim; (t9i,¢|)“,¢>
into a “"configuration”: HWi (F)
i

2) Pauli principle dictates: single
occupancy

3) For filled shells

mei =0= I:'[O'[ =0
shell

ngi =0= §t0t =0
shell
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Degeneracy 2n? structures
the Periodic System

& M -Table (Perodic System of Elements) Q|§|®
1 2
3 4 5 B 7 g | 10
Li | Be AV ey B C|N|O|F|Ne
1 12 Overlap {+- 70 eV} with all lines i3 14 |18 16 17 18
Na | Mg Al[Si|P | §|Cl|Ar
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K| Ca|S | Ti|V |Cr|[Mn| Fe|Co| Ni |Cu|Zn|Ga| Ge| As | Se | Br | Kr

. a8 28 40 4 42 43 4 48 48 A 51 52 53 b4

44 45 47 i}
Rb|Sr| Y | 2Zr|Nb|Mo| Te|Ru|Rh|Pd|Ag|Cd| In |[Sn|[Sb| Te| | | Xe

55 g7 72 73 74 75 7 78 a0 a1 a3 a4 a5 g6

56, 76 | g2
Cs|Ba|La|Hf [ Ta| W |Re | Os| Ir | Pt |Au|Hg| Tl |Pb| Bl | Po | At | Rn

o [, [ [ [

v 'Ra | TAe | Kul B :
K.overlaps s [sa [en st [e2 sz les. |e5 |se |e7. e [ez [m |7
L-overlaps Ce| Pr|Nd|Pm|Sm|Eu|Gd| Th | Dy | Ho| Er | Tm| Yb | Lu
ETR C 2 EE T 2 R e O = T = R

Pa| U | N Am 3k | ¢ .
.
Note:

this is about ground states of the atoms




Ground state orbital configurations for multi-electron atoms

Noble gases

He com‘igurc(‘rion(ls)2 ; term 1S,
Ne conf. (15)2 (25)2 (2 p)6 ; term 15,
Ar conf. (1s)(2s)(2p)°(3s)*(3p)°

Alkali metals

Li (1s)%(2s) term 25y,
Na (Is)(25)*(2p)°(3s) term 25,
K (s)*(2s) (2p)°(3s)*(3p)° (4s)

Earth alkali metals ; b

2(25)2 6(3c)2 term 1S Bindi ies of th
Mg (1s)"(2s)"(2p)°(3s) term S, g o
ca (15)2(25)2(2p)°(35)2(3p)P (45 vary with Z:

Screening effects
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Irregularities and degeneracies

Transition metals; effect of 3d orbitals:
Ca (18)2(2s)2(2p)6(3s)2( |o)6(48)2
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ground term

is,
°D3/2
3F,
*F3/2
s,
®Ss/2
5D,
*Fo/2
3F,
°S1/2
is,

Near degeneracy
of 3d and 4s orbitals

Competition in allocation
of electrons




Tonization Potentials vary over the periodic structures
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20
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-Shell closing for the noble gases;

-Alkali metals
outer electron least binding enegy




Angular momentum coupling

[ byt Tyt t T,
§=§1—|—§2 S +§Z
J=L+S

Filled shells have L =S =0

1S, state

Filled shells: spherical charge

distribution

Veral(r) is oK

Alkali atoms

Alkali = hydrogenlike with

Ze?

VgL =
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Selection rules:

np

ns

4reg 2m%c?r’

Zetf ~1
S.L
with
S. E:l(JZ _ 1 —sz)
2
Al=4+1 Aj=0,%1
AS=0
/ 2P3/2
2P1/2
2S1/2




Deviation from central field approximation

2 Z 2
Ze (T
Vee'=- Z Z ()
47[6‘0 i1 r, 47[80 ‘I‘I ‘
V.. represents the non-central forces (a) 0 r -1
2
Causes a distinction between v,
_\2 2 _J \
v_(%;) and v, ()
. (b) 0 fy =1
Similar is in case of He

w3PACE(E)  has lower energy

Hund rule (1): States of highest multiplicity have lowest energy
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Terms and multiplets: Hund's rules

configurations multiplets
R
(nlfl) (njfj) - 25+1LJ
Z T
ZVC (ri ) VeeI VLS
=1

Hund rule (1): States of highest multiplicity have lowest energy

Hund rule (2): States of highest L lie lower

Empirical, but some semi-classical argument
Higher L composed of highest m,, so less overlap
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Hund rule (3): Ordering of spin-orbit states

-\ ARS L
(VL) <Z§r,8 |_> <S-L>=T[j(j+1)—€(€+1)—S(S+l)]

For: j=jmaclts (Vo )= An’fs If A0 high J up

Spin-orbit inversion for less than half filled shell

electrons electrons holes

Ve ) < 3 ) L> < S ) Lo 35

N—n
i> —<— > s(r)si Ei>
holes

inversion for less than

J=L=5=0 .
for full shell half filled shell
A0 So A=0 for half-filled shell
[ o e o o @
Why A<Q ?
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Holes do the job (positive charge)




Example: structure of the carbon atom

Z=6 : Ground state configuration

(1s)?(2s)%(2p)?

Excited states:

(1s)?(2s)2(2p)(3s)
(1s)3(2s)%(2p)(3p). etc

Angular momenta for the (2p)? configuration

fl =1,51=%

62 =1,52 2%
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So possible terms:
'Se (1) Py (3) D2 (B)

351 (3) 3Pg12 (9) 3Dg.3 (15)
36 states

{€=1,3=%>®‘£'=1,s'=%>}

= 36space

But this does not yet include
the Pauli exclusion principle




Sort out what substates exist for the (2p)? configuration

M,
1 0 -1
1+1-
2 1+1* 1-1* 1-1-
| o 1*0- 041 1-0-
01+ 1-0+ 01 0-1-
1+_1+ 1+ _1- 1- _1+ 1__1_
0 00 171 -1- 1 1-1-
I 00 00 00
_1+0* 1*0- 0* -1- _1-0-
-1 o001 1-0* O -1+ 0 -1-
1+ -1
2| -1t PR 1--1-
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Write (m))™




Sort out what substates exist for the (2p)? configuration; invoke the Pauli principle

Ms
1 0 -1
11-
2
: 10" 1*O- 1-0-
1-0* 01
1+-1* 1+-1- 1--1-
O _1+ 1-
0+0-
-1*0* -1"0- -1-0-
-1 -1-0°
-1 -1-
-2
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Write (m))™




Sort out what substates are allowed by the Pauli principle

M,

1 0 -1
2 1+1-
1+0-

1| 10 o 1-0-
1+ -1-

O g1+ 1+ 1- 1--1-
00
_1*0

1| -1r0° 10 _10-
-2 1+ -1-
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Write (m))™

1. State with the highest Mg
M=1

So there is a state with S=1

ngheST ML:I,
so there exists a state with L=1

So 3P is a Pauli allowed state




Find the existing multiplets

1 1
1 2 1 1
1 3 1 . 2
1 2 1 1
1 Take out the 1
nine states forming
the 3P
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1D2

150




(2p)?

Ground state configuration of the Carbon atom

From Hund's rules First excited state
(2p)(3s)

1P1

3P,

3p
3P, 1

Verify the transitions
Py from selection rules

and consider also
the oxygen atom
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