Chapter 2 Atomic Structure




History of
Atomic Models

* Understanding

atomic structure is a
first step to
understand structure
of the matter

e The so-called electron
density is actually the
probability density of
electron wave!
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2.1 The Schradinger equation and its
solution for one-electron atoms

2.1.1 The Schrodinger equation

The Hamiltonian Operator of one-electron atoms

H atom, He* and Li?¢*
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Consider that the electron approximately surrounds the
atomic nucleus, the Hamilton operator can be simplified as
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The Schrodinger equation Hy

Separation of variables ?




Spherical polar coordinates
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Partial derivatives
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Spherical polar coordinates
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2.1.2 The solution --- separation of variables
Substitute ‘¥(r, 0, ¢) =R(r)®(0)d(¢d) into the equation
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a. d(¢) equation C2@ , 4 g
d 2
Its complex form: ¢

® =AetM?  |let m=+|m|, ® =Ae™ ¢
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complex function

real function




SIN 2 = 2SN & COS &
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Table The solution of ®(¢) equation

m complex form real form
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b. ®(0) equation

sind o (sin & a®(9))+ﬂsm 0=m’
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Examples, calculating ®(0)?
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c. Solution of R equation
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R is called as Rydberg constant with the value of 13.6 eV
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Some wavefunctions of hydrogen atom and hydrogen-like ions

TABLE 14.4
NMaormalized Hydrogenlike Wave Functions
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2.2 The physical significance of
quantum numbers



2.2.1 The allowed values of quantum numbers

Quantum Numbers

AN AN

-2-10+1+2 -2-10+1+2
-3-2-10+1+2+3

n2 1 4 9 16



Problem: What values of the azimuthal (/) and magnetic (m) quantum
numbers are allowed for a principal quantum number (n) of 4? How
many orbitals are allowed for n=4?

Plan: We determine the allowable quantum numbers by the rules given

in the text.

Solution: The / values go from 0 to (n-1), and for n=4 they are:
[=0,1,2,3. The values for m go from -/ to zero to +/

For/=0, m =0
[=1, m=-1,0,+1
[=2, m=-2,-1,0,+1, +2
[=3, m=-3,-2,-1,0,+1,+2,+3

There are 16 m; values, so there are 16 orbitals for n=4!
as a check, the total number of orbitals for a given value of n is n?, so for
n = 4 there are 4° or 16 orbitals!



2.2.2 The principal quantum number, n

Also called the “energy” quantum number, indicates the
approximate distance from the nucleus .

* Denotes the electron energy shells around the atom,
and 1t 1s derived directly from the Schrodinger equation.

* The higher the value of “n” , the greater the energy of
the orbital.

* Positive integer valuesofn= 1,2, 3, etc.



Example: Energy states of a H atom.

n = principal

n=12,3...0
n=1:ground state
n = 2 : first excited state

n = 3 : second excited state

Principle

Quantum

Mumber
n

I'.n.'l-h-l'.'l'IE

n
n
n

Continuum

1
VYV VWYV

! N TTT!

Brackett

i

Paschen
SEeries

SEeres

|

|

|

| Balmer

| SETEeSs

i A = 9504
: A = 973A
: A = 1026A
| A = 1216A

VWV ,J—Eunvergence limat

Lyman
SEres

Energy,

-0.54
-0.85

-1.51

-3.39

-13.6

E =-136 | —

"o n
E, =-13.6 eV
E, = -3.40 eV
E,=-151eV
E,=-0.85eV

E. =-0.54 eV




Example: Energy states of a Li%* ion.

Z> [R=136ev

E =—RZ-
l’l
E,=-9R
2s sp_ - (9/ 4)R

E3S= - R




2.2.3 the azimuthal, orbital angular momentum, /

*Denotes the different energy sublevels within the main level “n”

*Also indicates the shape of the orbitals around the nucleus.
orbital angular momentum — degeneracy,
[=0,1,2...n-1 degeneracy =2 /+1

[ 4, 5, 6 ...
type S g, h, iI...
degeneracy 9, 11, 13 ...

Energy{KJmol}




The operator of angular momentum

M*=M:+M,+M:
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The operator of angular momentum
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MY = Py
A =1+’
[({[+1)h
M|=\Il+Dn  (U=0123--)

When there exist an angular momentum, there is
also a magnetic moment.

e
=——M
“ 2m,
\;4 I(I+Dh=JI(+1)5,
eh —24 -1
p,=——=9274x10"J -T Bohr magneton

2m

e



2.2.4 Magnetic Quantum Number , m

* Denotes the direction or orientation of an orbital

m, = magnetic — type, “orientation in space” —» ORBITAL
m=0,=*1 £2.. %/

[ orbital

3

number of orbitals in a subshell
=2/+1

)

=+ | H-

1s orbital

NINIPIPIOIFRPIFPRP|IO|O

4| | |




2.2.4 Magnetic Quantum Number , m

* Determine the z-component of the orbital angular

momentum of the atom.
* Determine the component pu, of the magnetic moment in
the direction of the magnetic field.

MZ = —ih(xi— yi) = —ihi
oy =~ Ox op

M. ¥ =¥

M =—-in2w = —in rod = —ink0°L = _inre 2 4
0p op Op O

— —iiRO®OAime™ = mhROAe™ = mh¥Y

]\22 Y = mn¥

A =mh

M_=mh U, = M, = —ehm _ —mp,




Space quantization

Hence an atomic electron that
possesses angular momentum
interacts with an external
magnetic field B.



Space quantization of
orbital angular
momentum. Here the
orbital quantum
number is [=2 and
there are accordingly
21+1=5 possible values
of the magnetic
quantum number ml,
with each value
corresponding to a
different orientation
relative to the z axis.

L. =mh

=2
L= I+ )i =on




3 1




2.3 The wave function and electron
cloud



2.3.1 The wave-functions of hydrogen-like ions

_2 Zr

3 Z _=
1 Z 3(2——r)€ 2ay

zray 4\ 2rxa, a,

Fig. (left) The y-r and y2-r diagram of the 1s state of the
hydrogen atom. (right) The y-r of the 2s state .



A Radial
Probability
Distribution
of Apples

Number of apples

in each ring

Distance from trunk




2.3.2 The radial distribution function

» The probability of finding electron in the region of space
r+dr,0+do o+ dop

dr =r” sin Odrd 0d ¢
| de=[R,("]|Y"(0.0)[ r*sin 6drd 6y

« What is the probability of electron at » + dr,(in a thin
spherical shell centered at the origin)?

T T 2
R (r)rdr j; [7[%7(0.9)] sin0d0dp=rR* (r)dr

5 9 ! Normalized spherical harmonics
D =rR l(’” ) «— Radial distribution function



¥ = wave function

Y2 = probability density
r’R? = radial probability
function

Calculating the most
probable radius

oD(7)
or

Expectation value of r

=0

aﬂ;’Z | r
<r>:jl//*l”§”d2'
[ R 19, rdrsinddodg =R



Example: please derive the radial probability distribution
function of the H 1s orbital and the radium of its maximum.

—7
I,
e

Wls — 3

Its radical probability distribution function is
—2r

2m o7 : 4y° —
D(r),. = jo jo w,, [} rdrsin0d0dg = 4rnr’ |y, f=——e
a
To derive the radium of its maximum, we have ’
2r
dD(r 8r — r
( )1S 203—36 “0(1——)20
dr a, a,

r
1#20, . 1-—=0 = r=a,
4y
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4R D)
A
* A spherical surface with '

the electron density of

zero 1s called a node, or 0

Is

2s

nodal surface. .
A 0 / k
The radial distribution E|l |
function has (n-/) maxima i /\k
and (n-/-1) nodal surfaces 0~

3s

OM

' —

Fig. The radial distribution diagram (D(r) - r)



Nodes (cont)
There are a number of radial nodes equalton =1 -1:




2.3.3 The angular function ( Y,,(0,0) )
Y(r,0,p)=ROO® =RY(O,p)

»Angular part

Y,,(0,0)=0,00)0,(p)

It indicates the angular distribution function of an atomic
orbital and is the eigenfunction of M2 and M, operators.

1 0 1 0
sin & 06 sin” @ O¢”

MY, (0,9) =I(l+Di’Y, (6,9)
MY,

z>Im

" 0
M? =—-h’ sin @ —) +
| ( 86’) |

(60,9)=mnY,, (6,9)



Angular function (Y,,(0,p))

s-Orbital (=0, 21+1=1)
YOO l 1

Y = — S = —F/—

p-Orbital (/=1, 2[+1=3)

/3
Yy Yo = ECOS& p. = %cosé’

YllzﬁsinH.Lei¢ px: iSIHQCOS(D
; 2 V47Z'

v N2
1,1 ) \/ﬂ Y V 4
1 V3o
— (Y, +Y )= sin@(e'’ +e '’
\/E( 1,1 1,—1) 4\/; (e & )

1 .
(Yl,l =Y, _|)=-i

Y V3
2 - 4z

sin@(e'? —e'?)



p-Orbital

Px Py P,

d-Orbital (I=2, 21+1=5)
Y2O Y2+1 YZi2

1 (15 . 1 [15 .
N de:Z — sin 20 cos @ dxz_yzz_ /—Slnzé’cos2¢
dzz—\/:(3coszﬁ—1) " Nz
4\

1 |15 1 |15
d =—‘/—sin26?sin d :—,/—sinzﬁsin2
¥ a4\ g v Yoa\ g i



orbital
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P,
Px
Py




d-Orbital

l\/E(S cos’ @ —1)
4\

d,

1 (15 .
d_ :—‘/— sin 260 cos ¢
4\

1 [15
d_=—,|—sin28sin
¥ 4\ r ¥




Nodes
A node is a surface on which an electron is not found.
For a given orbital, the total number of nodes equals n-1.

The number of angular nodes is .




2.4 The structure of many-
electron atoms
(multi-electron atoms)



2.4.1 Schroedinger equation of many-electron atoms

For hydrogen - like atoms :

2 2
- h2 v2_ Ze
87 m e, r

in atom unit (a.u.)

A=-tv: 2  (@=t+p)
2 v

for He atom

A=-Lt@2+v,)-E+Zye L
2 roor

1 ) ho

Ho = \/(xl _x2)2 +(, _y2)2 +(z, _22)2

, o> o 09 0 o’ o
Vie—t—F+—S+—F+—F+—
ox,” oy, 0z  oOx, 0Oy, 0z,




for many —electron atoms

ﬁ:-%Z ) _+z 1

l<] l]

. | .
if — is omitted
v

. 1 7 .
H:Z(__V?__):ZHi
l- 2 v, -
Y=y, v, v, vy, =lly,
E=E +E,+E,+--=> E,



Many electron atoms 2

He, Z=2

Predict: E; =-54.4 eV

Actual: E; =-24.6 eV

Something is wrong with the Bohr Model!



Self-consistent-field (SCF) method

Central field method

ﬁ(l,z---n) =Zl§,- =Z[—%V? +V ()]

A
h, @, =&,
E=¢g +¢&, +---¢

n



Slater approximate method for central field

p__ 2.0 __Z-0, o. Screen constant
oo Vi The presence of other electrons around
. a nucleus “screens” an electron from
/ =/-0 the full charge of the nucleus.

Z*. Effective nuclear charge

: Z-o, n*: Effective principal qguantum number
n*
, n*=n (when n < 3)

E.:(Z—Gi)z. —e

0T dng,a, n*=3.7 (when n = 4)

/-0,
=R-( nff’)2 n*=4.0 (when n = 5)
/-0,

=—13.6eV-(——) How aboutn >9S5 ???

n



Lithium ,Z=3

Predicted: E;, = -30.6 eV

Actual: E; =-5.4 eV




a. Screen (shielding) constant

Slater’s rules for the prediction of ¢ for an electron:

1. Group electron configuration as follows:
(1s)(2s,2p)(3s,3p)(3d)(4s,4p)(4d)(4f)(5s,5p) etc.

2. Electrons in the right shells (in higher subshells and shells) of
an electron do not shield it.

3. For ns or np valence electrons:
a) each other electron in the same group contributes 0.35
(0.30 for 1s)
b) each electron in an n-1 group contributes 0.85
c) each electron in an n-2 or lower group contributes 1.00

4. For nd or nf valence electrons:
a) each other electron in the same group contributes 0.35
b) each electron in a lower group (to the left) contributes 1.00



The basis of Slater’s rules for o

s and p orbitals have better “penetration” to the nucleus than
d (or f) orbitals for any given value of n

l.e. there Is a greater probability of s and p electrons being

near the nucleus  notcontibute

.

1. ns and np orbitals completely shield nd orbitals

2s

This means:

Radial distribution function

Charge
contributes L 1 1

10 15 20
nag

2. (n-1) s and p orbitals don’t completely shield n s and p orbitals



Example : O, Z =8
Electron configuration: 1s? 2s? 2p*

a) (1s°) (2s*2p%)

b) =(2*0.85) + (5*0.35) = 3.45 L*=L-0

1s 2S, 2p
/*=/-0

/*=8—-3.45=4.55

This electron is actually held with about 57% of the
force that one would expect for a +8 nucleus.



Example: Ni, Z = 28
Electron configuration: 1s22s22p®3s23p°®3d84s?

(1s2) (252 2p°) (352 3p®) (3d8) (4s?)

For a 3d electron:

c=(18*1.00) + (7 *0.35) = 20.45 l*=/-0

1s,2s,2p,3s,3p 3d

/*=7-0 /*=28—-20.45=7.55

For a 4s electron:

c=(10*1.00) + (16 *0.85) + (1 * 0.35) = 23.95
1s,2s,2p 3s,3p,3d 4s

/*=7-0 [*=28-23.95=4.05



B. Approximation of the atomic orbital energy

. 290291622 / —0O.
Example: Mg, 1s42s42p°®3s E =-R-(2= ,)2
n
. 2 . 2
Els_—R(lzlf) ~ 136.89R = R 2 120'3) — —136.89R
. . 2 2
E2S2p=—R(12 0.85><22 035x7)" _ 785 _ < ,0m
’ 2

__p(12-1.00x2-0.85x8—0.35)"

- = —0.9025R

E3S



2.4.2 The ionization energy and
the affinity energy



I. Ionization energy:

The minimum energy required to remove an electron
from one of its orbitals (in the gas phase).

A(g) > A (g)+e

The first ionization energy

_ +
I, = E(A4") = E(4)
The second ionization energy

[, =E(A")-E(4")



TABLE 7.2 Luccessive Yalues of lonization Energies, I forthe Elements
Sodium Through Argon (k) mol)

Elerent [4 fa I3 fa g fg Iz
Ma il il [Inrer-shell electnons)
Iﬁlg Ta 1450 | ¥Y30

A 1820 2Yh0 (11,4600
i THA 1580 3230 43460 (16,100
I 1012 1900 2910 494l hT0 22,200
5 1000 A2R00 FE60  dRAL Y010 shoo | 27,100
Cl 1251 2400 E8Z0 0 B1A0 fAhd (] Wlad 11,000
PNy 1521 JA70 EWE0 RYYO r2d0 Y0 12,000



Periodic Trends in Ionization Potentials
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Il. Estimation of ionization energy
Example: C—»C*, 1s522s22p? — 1s522s22p1

1,=AE=E(C*)-E(C) "

E(C")=2E¢+3E,;,,

E(C)=2E¢+4E,;,,

for C”
Zrsrp=2—0=6-(2x0.35+2x0.85)=3.60
for C
Zys2p=2—0=6-(3x0.35+2x0.85)=3.25

3.25

: )2]-R=11.44eV

. 3.6
I, = 3E2S,2P - 4E2S,2P =[3x (7)2 —4x(

1 =11.22eV

actual



Example: Fe™ for lacking of a K electron, Z =26
Electron configuration: 1s' 2s? 2p% 3s? 3p® 4s* 3d°

(1s) (2s* 2p°) (3s* 3p°) (3d°) (4s%)

Is: 26 — 0%0.30 = 26.00 /*=7 -0
2s,2p: 26 —7%0.35 - 1%0.85 =22.70

3s,3p: 26 —7%0.35 — 8%0.85 - 1*1.0 = 15.75

3d:  26-5%0.35-17*1.0="17.25

4s: 26 —1%0.35-14%0.85-9*%1.0 =4.75

J. C. Slater, Phys. Rev. 36(1930)57



Example: Fe, Z=26
Electron configuration: 1s? 2s? 2p% 3s? 3p® 4s* 3d°

(1s?) (2s* 2p°) (3s* 3p°) (3d°) (4s%)

Is: 26 —0.30 = 25.70 /*=Y7 -0
2s,2p: 26 —7%0.35 — 2*0.85 =21.85

3s,3p: 26— 7%0.35 — 8%0.85 — 2*1.0 = 14.75

3d: 26 -5%0.35-18%1.0 = 6.25

4s: 26 —1%0.35 - 14%0.85-10*%1.0 = 3.75

J. C. Slater, Phys. Rev. 36(1930)57



Estimation of ionization energy E -
Example: Fe—>Fe"

—13.6- 4
n

Fe(Z*) Fe'(Z*) FE(Fe)=-2(25.70/1)-8(21.85/2)

- -8(14.75/3)2-6(6.25/3)*
(1s)~°: 25.70  26.00 -2(3.75/3.7)*= -2497.3

g .
(28,2p)°: 21.85 2270 g pery 526.0011)-8(22.7072)2
(3s, 3p)3: 14.75  15.75 -8(15.75/3)*-6(7.25/3)*

-2(4.75/3.7)*>= -1965.4
Bd)S: 625 7.5

(4s)*: 3.75 4.75

I, = AE = E(Fe*)-E(Fe)
= -1965.4+2497.3=531.9 eV (524.0 expt)

J. C. Slater, Phys. Rev. 36(1930)57



III. Electron Affinity

The electron affinity is the energy change that occurs
when an electron is added to a gaseous atom .

B(g)te 2B (g)+A

* Electron affinity usually increases as the radii of atoms
decrease.

* Electron affinity decreases from the top to the bottom
of the periodic table.

1. EA of an atom can be empirically predicted using the Slater’s rules.

2. In practice, EA of an atom can be measured by measuring the first
ionization potential of its monoanion in gas phase!



IV. The Electronegativity

* Electronegativity was proposed by Pauling to
evaluate the comparative attraction of the
bonding electrons by the atoms.

It can be concluded that:

1. The electronegativities of metals are small while those
of non-metal are large.

2. Generally, the electronegativity increases from left to
right across the periodic table but it decrease from top
to bottom within a group.

3. Elements with great difference in electronegativities
tend to form ionic bonds.




2.4.3 The building up principle
and the electronic configurations



I. The building up principle (for the ground state)
a. Pauli exclusion principle.

Every orbital may contain only two electrons of
opposite spins.

b. The principle of minimum energy.

Whilst being compatible with the Pauli principle,
electrons occupy the orbital with the lowest energy first.



For multi-electron atoms:

The energy level can be estimated by n+0.71. (G.X. Xu proposed.)

Is
1.0
Ss
5.0

2s
2.0

Sp
5.7

2p
2.7
5d

6.4

3s
3.0
5f
7.1

3p 3d  4s 4p
3.7. 44 40

6s 6p 6d 6f
6.0 6.7 74 8.1

4d 4f
6.1

Therefore, the sequence of the atomic orbitals is: 1s,

2s, 2p, 3s, 3p, 4s, 3d, 4p, Ss, Sp, 6s, 41, 5d, 6p




Relative Energies for Shells and Orbitals

*The orbitals have
different energies
and for the d and f
orbitals, the
energies overlap s-
orbital energies in
the next principal
level.

N AI®

S

AL

IQ
Y

———— — — —

— e ——— —

1s,2s,2p,3s,3p,4s,
3d,4p,5s,4d,5p,6s,
41,5d,6p,7s,...

Relative
Energies of
orbitals






I. The building up principle (for the ground state)
a. Pauli exclusion principle.

Every orbital may contain only two electrons of
opposite spins.

b. The principle of minimum energy.

Whilst being compatible with the Pauli principle,
electrons occupy the orbital with the lowest energy first.

¢. Hund’s rule.

In degenerate energy states, electrons tend to occupy as
many degenerate orbitals as possible. (The number of
unpaired electrons is a maximum)



II. The electronic configuration (for the ground state)




The Periodic Table of the Elements

H Electronic Structure He
Li| Be
NaMg

Rb| S

Cs|Ba

FriRa

““s” Orbitals
. “ d” Orbitals

. “p” Orbitals
. “f” Orbitals




Electron Configuration using the Periodic Table

Main-Group Elements __Main-Group Elements
1 18
|A VIIA
2 13 14 15 16 17
1A WA IVA VA VIAVIA

Transition Metals

3 4 5 6 7 8 9 10 11 12
e IVB VB VIBVIB™ VIIE 1B 1B

W N -

Period
N o o s

Inner-Transition Metals

*Lanthanides
**Actinides




2.5 Atomic spectra and spectral
term



@ The Nobel Prize in Chemistry 2013
Martin Karplus, Michael Levitt, Arieh Warshel

The Nobel Prize 1in
Chemistry 2013

© Nobel Media AB Photo: Keilana via Photo: Wikimedia
Martin Karplus wikimedia Commons Commons
Michael Levitt Arieh Warshel

o . .. , Solution
The Nobel Prize in Chemistry 2013 was awarded jointly to Martin Karplus,

Michael Levitt and Arieh Warshel "for the development of multiscale
models for complex chemical systems".
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2.5.1 Total Electronic Orbital and Spin Angular Momenta

a. Addition of two angular momenta:

The coupling of two angular momenta characterized by
quantum number j, and j, results in a total angular momentum
whose quantum number J has the possible values:

J=j 1 Ji L e

A

JitJ2 |

N

»
Ll

N




Example: Find the possible values of the total-angular-
momentum quantum number resulting from the addition

of two angular momenta with the quantum numbers |, = 2
and |, = 3.

Solution: j;+j,=2+3=5
J1-J2l=12-3|=1
The possible J values are: 5, 4, 3, 2,1



Example: Find the possible values of the total-angular-
momentum quantum number resulting from the addition of

two angular momenta with quantum number j, =2 and |, =
3/2.

Solution: j,+j,=2+3/2=7/2
J1-12l=[2-3/2|=1/2
The possible J values are: 7/2, 5/2, 3/2, 1/2




B. The total electronic orbital angular momentum

The total electronic orbital angular momentum of an n-electron
atom 1s defined as the vector sum of the angular momentum of
the individual electron:

The total-electronic-orbital-angular-momentum quantum
number L of an atom is indicated by a code letter:

L 0 1 2 3 4 5 6 7

Letter S P D F G H | K

For a fixed L value, the quantum number M; (M, h---the z
component of the total electronic orbital angular momentum)
takes on 2L+1 values ranging from —L to L.




Example: Find the possible values of the quantum number L for

states of carbon atom that arise from the electron configuration
15°2s°2p3d.

Solution:

[=0 p [=1 d [=2

l Addition of two angular momenta rule

The total-orbital-angular-momentum quantum number ranges
from 1+2 =3 to |1-2| =1

|




C. The total electronic spin angular momentum

The total electronic spin angular momentum S of an n-electron
atom 1s defined as the vector sum of the spins of the individual
electron:

For a fixed S value, the quantum number Mg takes on 2S+1
values ranging from —S to S.




Example: Find the possible values of the quantum number S for

states of carbon atom that arise from the electron configuration
15°2s°2p3d.

Solution:
1s electrons: M, =+ % - %2 =0
2s electrons: M=+ % - % =0

2p electrons: m;=%  3d electrons: m, = %

l Addition of two angular momenta rule

S=1,0



D. The total angular momentum

J=L+S
J=(L+S), (L+S)-1,...| - S|
Spin — orbit coupling




2.5.2 Atomic term and term symbol

A set of equal-energy atomic states that arise from the same
electron configuration and that have same value of L and the
same S value constitutes an atomic term.

Term symbol: 23*1L

Each term consists of (2L+1)(25+1) atomic states. (spin-
orbit interaction neglected)

D - L=2, 8=1
’P: L=1,8§=1/2



2.5.3 Derivation of Atomic term

a. Configurations of Completely filled subshells
ME=Em;=0 --> S=0
M;=Zm;=0 --> L=0
Only one term: IS

b. Nonequivalent electrons.

| |
(2p)'(3p) We need not worry about any restrictions
imposed by the exclusion principle

[=1, ,=1 L=2,1,0 3D, ID, 3P, 'P, 38,
m,=% m,=% S=1,0 'S

terms




(np)' (nd)’

l=1,1,=2 L= 3,2,1

m,=% m,=% S=1,0

l

3F, IF, 3]), ID, 3P, 1p




¢. Equivalent electrons.

1s?2s%2p? > np> (two electrons in the same subshell)

The number of microstates:

Equivalent electrons

have the same

value of n and the same value of [. Two
electrons should avoid to have the same

four quantum numbers.

4




* The terms arising from a subshell containing N electrons are
the same as the terms for a subshell that is N electrons short
of being full.

Term: p’ === p°



1,=2

m,= 1 0 -1 -2
4 3 2 1 0
""" 3152 1 0§ -l

______

S=1
Take off-diagonal numbers:
3,2,1,0,-1,-2,-3 3F

1,0, -1 M

2
1 S=0

Take diagonal and off-diagonal
0 l,=2 humbers:
-1
, 4,3,2,1,0,-1,-2,-3,-4 1G
|'| 2,1,0,-1,-2 D

0 IS



d. Energy level of microstates: (terms).
Hund’s Rule:

1. For terms arising from the same electron configuration the
term with the largest value of S lies lowest.

2. For the same S, the term with the largest L lies lowest.

2 m =3
3 e ———— T T2
b o %,
s ST —— - 4
34Q 21 2 T TR P
np*“S , 2D, 2P > ——
9 5 ‘P /// 2 2
/o T —— 7 —— 1
/ TUm s e T 2
J  TTme——— _l
// 5 ’
2
/ Zn . —_ Z 2
/ D-:')' —‘S:—:""-—-— 21
L g==="—=—"" 2 _1
ﬂp3 / 9 — e ——— "7 3
ip T EESSEIoo- — 2 -3 &
_--—‘—-—:’ 9 9 - _-.l_)—
~ 4 b <
\ ~ eI 71
N — T — — D
\ == Z 3
\ 4§ 2
— ?'S. - — _{
S 3 — 2 1
~— 9 —_—— e ——— 9
~— L L

2 . ™ i< TTEs=EET
p- . 3P9 D, 'S e TR REiRa Btp



e. Spin-Orbit interaction.
The spin-orbit interaction splits an atomic term into levels.

The splitting of these levels gives the observed fine structure
in atomic spetra.

2S+17, = 2S+1LJ J=L+S, L"‘S-l, ceey |L'S|
np> 2P, 2D, 4S
4S -2 4S3/2, 2D - 2I)S/Za 2I)3/2 >



f. The ground state of terms
Hund’s Rule:

3. For the same L and S values, when the number of
electrons 1s half-filled or less, the term with the smallest J
lies lowest; whereas when the number of electrons is more
than half-filled, the term with the largest J lies lowest.

nd® °f 0t [t L=3, S=3/2 —“F,,

np* [ttt L=1, S=1  —?3P,



The ground-state term Refer to Page 55

(np)2 3PO Hund’s Rules
less than half-filled:
m ; f -1 Large S;Large L;Small J
more than half-filled:
(np)? 3P, Large S;Large L;Large J
m; 1 0 -1
(nd)® "D,
4
(nd) °D, m 2 1 0 -1 -2
mj 2 1 0 -1 -2 T¢ T T T T




slsls!

slsl: 3S, IS

sl: L=0; S=1/2

£$3S: L=0; S=1; s': L=0; S=1/2}—
—{L=0; S=3/2, 1/2}—-{S—1S,,, S-S ,}
1S: L=0; S=0; s!': L=0; S=1/2}—
—{L=0; S=1/2}—{*S —°S,,}



p'p'p’

plp!: 3D, D, 3P, P, 38, IS

plz L=1; S=1/2

£8D: L=2, S=1; p!': L=1, S=1/2}—{L=3, 2, 1; S=3/2,1/2}—
—{4F, *F; ‘D, D; ‘P, 2P}

1D: L=2, S=0; p!': L=1, S=1/2}—{L=3, 2, 1; S=12}—
{%F; D; 2P}

£$P: L=1, S=1; p': L=1, S=12}—{L=2, 1, 0; S=3/2,12}—
D, D; ‘P, 2P; S, 2S; }

1P: L=1, S=0; p': L=1, S=12}—>{L=2, 1, 0; S=1/2}—
{D; 2P; S}

£3S: L=0, S=1; p!': L=1, S=1/2}—-{L=1; S=3/2, 1/2}—
—{4D; 2P}

1S: L=0, S=0; p!': L=1, S=1/2}—{L=1; S=1/2}—-{P}
pipip!  {*F(1), *D2).P(3), S(1), F(2) 1D(4),P(6), 3S(2) }



plpldl

plp1: 3D’ ID’ 31)’ IP, 3S’ IS

di: L=2; S=1/2

£D: L=2, S=1; d': L=2, S=12}—{L=4, 3, 2, 1, 0;
S=3/2, 1/2}—{*G F, “D,*P, *S; 2G F }DP’S }

(ID: L=2, S=0; d!: L=2, S=1/2})—{L=4,3, 2, 1,0 ;S=1/2}—
—{*G ,’F ,’D,?P,’S }

GP: L=1, S=1; d': L=2, S=12}—{L=3,2, 1; S=3/2, 1/2}—
—{*F, ‘D,*P ; *F ,’D, *P }

(1P: L=1, S=0; d': L=2, S=1/2}—{L=3,2,1; S=1/2}—
—{*F ,?D, *P}

£3S: L=0, S=1; d': L=2, S=1/2)—{L=2; S=3/2, 1/2}—
—{‘D; °D}

(1S: L=0, S=0; d': L=2, S=1/2)—{L=2; S=1/2}—{D}

p'p'd"  *G,'F(2), ‘D@3),*P(2), *S;*G(2) ,’F(4) ,*D(6),’P(4),°S(2)



p'd!d!
p'd': 3F2D,P, 'F,'D,!P
d: L=2; S=1/2
BF: L=3, S=1; d': L=2, S=1/2}—{L=5,4, 3, 2, 1, 0;
S=3/2, 1/2}—{*H.*G ,*F, *D,*P ; 2H G F 2D 2P}
£8D: L=2, S=1; d': L=2, S=1/2!—{L=4,3, 2, 1,0; S=3/2,
1/2)—{4G 4F, ‘D 4P, *S; 2G 2F 2D 2P2S }
BP: L=1, S=1; d': L=2, S=1/2!—{L=3,2, 1; S=3/2, 1/2}—
—{*F, ‘D,*P ; °F ,’D, *P }
(IF; L=3, S=0; d': L=2, S=1/2}—{L=5,4,3,2,1; S=1/2} —
—{*H ,*G ,’F ,’D,*P}
1p: L=2, S=0; d': L=2, S=1/2}—{L=4,3.2.1, 0 ;S=1/2} —
—{*G ,*F ,*D,’P,’S }
(P; L=1, S=0; d': L=2, S=1/2}—{L=3,2,1; S=1/2}—
—{*F,*D, *P}
p'd'd' {*H(1) ,*G(2) ,"F(3), “D(3),*P(3), *S(1);

*H(2) ,*G(4),*F(6),°D(6),°P(6),S(2) }
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