Models of hydrogen atom, stimulated emission, laser. Multielectron
atoms, Periodic table of elements, rules for electronic orbitals in
atoms, Pauli exclusion principle, Hund’s principle. Franck — Hertz
experiment, ionization energy. Band structure of solids and its
consequences. Chemical bonds — covalent, metallic and ionic.
Characteristic properties of metals, semiconductors and isolators.



Atom physics 1s based on quantum effects and
deals with atom properties

- chemical bonds, chemistry

- 1sotopes, physical parameters of atoms
- radiation spectra



Atomos = indivisible particle
Deémocritos

* Division of solids into parts, combination of
solids (Avogadro’s law)

* Experiments with particle scattering
(Rutherford, Thompson ,,plum-pudding*
model)



* Nucleus (10-1°m), built by nucleons (proton,
neutron), most of the atom mass

 Electron orbitals (10-'?m), built by electrons
with discrete energies (electron energy
levels — shells, subshells), electron levels
are responsible for the characteristics of
radiation, periodic table of elements



1898 — J.J.Thompson
“plum-pudding* model of atom

Atom 1s built by continuous positively
charged material and negatively charged
“plums” distributed randomly 1n 1t



folie
terciku

1911 — E.Rutherford, /dopadajici a-Lstice

Experiment - Marsden and Geiger

a-particles scattering
at thin Au-foil I s_ N
Y

zlata folie -




Some a-particles are scattered by high angles
up to 180°, most particle did not scatter at all
(without any direction change)

— model of atom as an object with very small
nucleus (positively charged) and electrons as
satellites

Scattering of a-particles depend on atomic
number Z



Scattering experiments allow for the estimate of nucleus size

b = scattering distance
t2e /o/‘g’i
@

T ... kinetic energy

A b
A\ 4 .

Scattering angle

5 wze 0...scattering angle

cot(1 0) = 47[83T b
2 Ze

Scattering cross-section zbh? = area with scattering angle of
minimum magnitude 6




Kinetic energy at the closest distance between

a-particle and nucleus 1s equal to the potential

energy of electrostatic repulsion

1 (Ze)(2e) 27e”

T — > ]/'O —
472'6‘0 N0 472'80T

For T7=7.7MeV it is r,=3.0-10"“m

Gold atomic number Z=79




Rutherford — electrons move similarly to planets around nucleus

Hydrogen Centripetal force = electric attractive force
mv? 1 e e
— —> YV =
g r 47e 7‘2 J47Z’80m1”
Total electron energy
2 2
1 e e
E="m?’- =—
2 472'6’01" 872'6‘0}”

For hydrogen £ =-13.6eV itis r =5.3-10""'m

Misconception: Electron (accelerated charge) radiates energy —
atom unstable!



Electron as a planet moving around nucleus, but at constructive
interference as standing wave

De Broglie’s wavelength

1 = h _ h 472'807'
my e m

for r=5.3-10"'m

itis A=33-10"""m~2zr

quantum condition

2nr, = ni



N.Bohr, 1913
classical planetary model with quantum condition

| Electron energy (Z=1)
L E =- 1 e
dre, r

Quantum condition for angular
momentum (Planck’s constant)

myr = nh, n=12.3,...
27T




* (Quantized radii of electrons

goh” 2 11
¥y = 5 17 = agn ,ap =5.3-10 ""m
m,Jte
e Quantized speeds of electrons
e 1
Vo=
2¢,h n
* Quantized energies of electrons (principal quantum
number n) s
1 13.
E:EK+EP:—eme _ 3628V

e h” n’ n
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Energy increases with principal quantum number 7

uv UV-Vis IR IR IR
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\AAAAAA
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n

Emitted radiation

Ef_

E

C

hc

) h=6,626-10"*Js



Wavelength of spectral lines

1 me4 1 1

/1_85(%ch3 njzr ”12

Series of spectral lines — limit wavelength in series (n.—©)
n~=1 Lyman series (UV)

n~=2 Balmer series (visible)

n=3 Paschen series (IR)

n~=4 Brackett series (IR)

n=5 Pfund series (IR)



Energy needed to release the weakest bonded
electron from 1ts orbital

2500, ..
Pedod 2fPeriods|  Period 4 Period 5

Perod 6

:

lonization energy (kJ/mole)

8

o

Atomic Number Z

-25

|
&>
lonization energy (eV)



 Orbital quantum number /

L=nJ/I(l+1) forb,z = —M{MB i
Lz e mlﬁ
Bohr magneton g = % —0,274.1072 1.7~

* Magnetic quantum number m,

* Spin quantum number
S=hys(s+1)  p.=—2msup
S. =mgh




Quantum states of electron 1in atom

Number Symbol Possible Values
Principal Quantum Number n |1, 2, 3, 4,...
Angular Momentum Quantum Number|[ ¢ 0, 1, 2, 3, ceey (n — 1)
Magnetic Quantum Number m |—¢,...,—-1,0,1,....,¢
Spin Quantum Number mg +1/2, —1/2

Numbering of shells and subshells
Shells: 1,2,3....
Subshells: s,p,d,f



Electronic conﬁ%uration of potassium:

Minimum cnergy principle 1520520p53523pbds!

4f
4d
4p
4f
4d - 4s 4
4p
N i 3p Moyt
Energy 3p Ensigy
3s N
% 3s
2s
Electrons occupy sub-shells in
1s order of increasing energy levels. 2p N N H
2s t

111

1s ty




Pauli exclusion principle — no two electrons in
an atom can occupy the same quantum
state.

Hund’s rule — the lowest energy atomic state
1s the one that maximizes the total spin
quantum number for the electrons in the
open subshell.



Periodic Table of the Elements

Atomic  Boiling Point
Number

Normal boiling points are in *C.

SP = Triple Point

Pressure is listed if not 1 atm.

Allotrope is listed if more than one allotrope.

3 4 5 6 7 8 9 10 11 12
B VB VB VIB VIB o VIl ——— 1B 1B
3B 4B 5B 6B 78 8 1B 2B
21 == 122 2 23 G820 2 W 2= 126 = & = 28 =y 28 2=s a3y =
. .
Sell bl M Gl Nl _Eel Col _hil _Cus _Zn
Scandium Titanium Iron Cobalt Nickel Copper Zinc
4435 4788 50942 519% 54938 55933 58933 58693 63,546 65.39
39 3 40 &2 4 M 46%. 43 5 a4 4% 45 5 45 2% 4 262 43 7
Zrl bNbe Mol Je# Rud Rh# Pd A@ Cd
Zirconium Niobium Molybdenum  Technetium Ruthenium Rhodium Palladium Si ‘Cadmium
91224 92906 9595, 98907 10007 102906 10642 107.868 112411
72 ot 33 B8 72 2 {s e 56 B ) Mk 74 == gy G a e
Hifie JTa \We _Red Oso _Indl Pt Au Hg
Hafnium Tantalum Tungsten Rhenium Osmium Tridium Platinum Gold Mercury
17849 180948 18385 186.207 19023 19222 19508 196,967 20059

Rf Db

Rutherfordium Dubnium
1262] 1262)

unknawn 108 unknown 109 unknown 110 unknown

57 M4 58 343 59
Lanthanide
Series
Actinide
Series

© 2014 Todd Helmenstine
sciencenotes.org
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Electron level occupation

E,

energy

| e

2 hf

spontaneous induced

absorption .. .
emission emission



Stimulated electron emission

Energy
(Neon)
ES 3.391 microns ES
Meta | E4 E4
Stable 632.8 microns
States Helium atom e
& /'y » 1.152 e
It produenez
population
inversion
needed for Spontaneous
lasing
E1
Ground State

Photon has the same properties as stimulating one



1914 — J.Franck, G.Hertz, collisions of accelerated electrons
with atoms — maxima/minima in current

Franck-Hertz Data for Mercury

g

Collected current (mA)
]

8

Accelerating Apparatus

5 10 15
Accelerating voltage



Electrons emitted from cathode collide elastically with atoms
of gas in tube

Expected — monotonous increase of current with increase of
voltage

Experiment — current increased non-monotonically with distinct
minima!

Explanation — certain values of electron kinetic energies are
absorbed by electrons in gas atoms, electron is excited to higher

energy level and emits photon, these absorbed electrons have lower
energies and current decreases subsequently

Example: mercury £ =4.9¢V for A =254nm



Energies of electron orbitals in atoms
overlap — bands

Energy bands might overlap

Band gap separates two bands without any
overlap

Valency and conductivity bands of energies



Sodium — metal

krystal
sodiku

3s b

=

s Wz

ls e ——————

atom
sodiku

diamond - insulator

band gap 6eV

|

2s

1s

l6eV

[z

NN

g




electron energy

conduction
band

overlap band Fermi level

\ .ll\'llL e
band

conductor semiconductor dielectric



Lowers energy of atomic system in molecule

Bond types:
*Covalent bond — one or more electrons common for both atoms

eJonic bond — one or more electrons 1s transferred from one to
another atom, ions interact more or less electrostatically

*Metallic bond — many electrons shared within all volume of solid
*Combined bond types (Van der Waals, hydrogen bonds)
*No bond — e.g. due to Pauli exclusion principle



Energy needed to release the weakest bonded
electron from 1ts orbital

2500, ..
Pedod 2fPeriods|  Period 4 Period 5

Perod 6

:

lonization energy (kJ/mole)
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15t group of Periodic table — one electron at partially filled
valency energy level

;Li 18?2 2s!

(Na  1s? 2s?22p® 3s!

oK 182282 2p® 352 3pb 4s!

Inner shells are fully filled and their charges screen valency

orbital, effective charge +e only — low energy needed to
lonize atom

Alkali metals can easily built 1+ valent ions (Na'*, K!*, etc.)
and 1onic bonds



7% oroup of Periodic table — one electron is missing to
complete valency energy level

oF 1s% 2s% 2p°
7Cl  1s? 2s% 2p® 3s? 3p°
;sBr 182 282 2p® 352 3p® 4s? 3d1Y 4p3

Atoms can easily complete valency orbital (non-complete p-
shell), they built 1- valency ions (F!-, Cl!'-, etc.) and ionic
bond

LiF, L1Cl, NaCl, NaF, KBr, K1, ...



Energy released by adding electron to the atom.
Higher affinity means stronger electron bond

F 3.45eV

Cl 3.61eV
Br 3.36eV
I 3.06eV

E.g. in NaCl ions Na" and Cl are not close each
other to overlap electron orbitals, electric dipole
structure



E.g. NaCl — two 10ns build dipole, attractive forces in dipole
are stronger than repulsive forces between neighboring
dipoles

[onic crystals — hard, but brittle, high melting point, soluble in
polar solvents (e.g. H,O)



Overlap of electron orbitals and by sharing
elektrons between two atoms, directional

bonds
E.g. C (diamond), S1C, S1, Ge
C

| covalent crystals are hard,
C— ¢ high melting point,
N not soluble 1n liquids



Week attractive (short range) forces between atoms,
polar molecules are attracted by oppositely charged
ends

These week forces may cause e.g. gas condensation,
viscosity, surface tension etc.

Molecular crystals have low melting
and boiling point, low mechanical
‘ strength

C—H

7N

H H e.g. methane CH,



E.g. H,O, ammonium NH;, hydrogen fluoride HF

Hydrogen atom combines easily with electronegative
clements, that all negative charge 1s located on such
atom and hydrogen stays almost as single proton

Strongly polar bond, water anomaly
O 15?252 2p*

o*
/ \ cach water molecule may create
hydrogen bonds with up to 4
H* H*
other molecules



Electrons are sheared by all metallic crystal volume
,,electronic gas* of free electrons

Collective interaction of electrons in crystal volume

Electronic energy levels build continuous band of
energies, possibility of absorption of any photon and
non-transparency of metals

Crystals are very good electrical and heat
conductors, ductility, non-transparency, reflecting
surface, but lower hardness than 1onic crystals



*Short-range (interatomic forces, chemical bond, phase
structure)

*Long-range (crystallographic lattice, amorphous solids)

Liquid crystals have partial atomic/molecular arrangement in
1D or 2D — solids between crystallic and amorphous materials

*Nematic LC — molecular arrangement in one direction (1D)
*Smectic LC — molecular arrangement in layers (2D)

Chiral, cholesteric LC — molecular arrangement in screw
structure



Pictures used from the books:

A Beiser: Uvod do moderni fyziky, Academia Praha
1975

Ch.Kittel: Uvod do fyziky pevnych latek, Academia
Praha 1985

HALLIDAY, D., RESNICK, R., WALKER, J.:
Fyzika (Cast 5 — Moderni fyzika), Vutium, Brno
2000



