Borh magneton

Orbiting electrons form a current loop which give rise to a magnetic field.
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Rutherfod (1911)- Borh model of atom (1913)

1) Borh use the classical mechanics.

2) The only permitted orbital are those
for with L,,;, =nh

3) For these orbitals the electrons don’t
radiate electromagnetic waves

4) The energy of the photon is : E=h f

m,vr = hn| Permitted orbitals

Photon_~ |E = hv| Borh-Einstein interpretation
energy

Increasing energy

of orbits

A photon is emitted
with energy E = h f

Borh radius
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= 52.97 pm




Subshells Schrodinger (1922)

Subshell very important to capture or loss an electron
2 electrons max

Subshell very important for the ligands

Pauli exclusion principle (1925)
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Standard Notation of Fluorine

Number of electrons
In the sub level 2,2,5

//\

132 232




Hund’s rule
Orbital Filling Order (Diagonal Rule).

It is a semi-empirical law with exceptions case

Minimize the coulomb interaction + Pauli exclusion principle.
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Orbital occupancy for the transition metals
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Element Partial Orbital Diagram Unpaired Electrons

3d 4p
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It is preferable to use the exchange model

Paramagnetic

/ Antiferromagnetic !!!!
Néel temperature

—

Antiferromagnetic

” or paramagnetic !1!!
I/ Neéel temperature
5

Ferromagnetic

Diamagnetic

3d ferromagnetism

1) When the sub schell is not full.
2) Depend of the distance between
the atoms and the radius shell 3d.
3) Exchange energy (Heisenberg

1927)



Orbital model for H,

Bonding

Energy

0
O
s —> C..

Energy [eV]

Waves reinforce
Attractive

N 7
(x\.. D
® .
N G Distance
Nuclei
Eo

Pauli exclusion principle forbid
the same spin orientation.

1 Repulsive

ﬂ singlet state ‘
74.6 pm R Distance
: 100 200 pm between
two atoms

-27.2 eV (The atoms are separate)

symmetric for the waves,
antisymmetric for the spin




Orbital model for H,
Antibonding

Node

* ; ﬁ u ﬂ triplet state
e o-900

Waves cancel

Energy [eV]
o

54
0 1 2 3
Proton-proton separation [A]
Distance

/'
Node

Two different orbits 1S allow the same spin

orientation.
Antibonding
Not stable (Coulomb symmetric for the spin,
repulsion between protons) antisymmetric for the waves




Band theory (Solid state phys{_cs)
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together but slightly split in energy. Internuclear distance nm



Sommerfeld model of free electrons (1928)

1) We are in the non relativist case.
2) We don’t consider the full subshells ¥ L;=0 and X S;=0 until the subshell 3p (included).

It is a have a positive ion.
3) We consider the itinerant electrons as a gas (the electrons inside the subshell 3d and

the last subshell 4s). i
4) The itinerant electrons have a kinetic energy only. |

5) Itis a first approximation.

Heisenberg uncertainty principle (1927)
Ap x Ar = h/2

1)The Pauli exclusion principle and the uncertainty principle limit the number of
electrons with a low velocity.

1

g(E) = » g(E)

2) If you increase the number of electrons , you must increase their velocity
because all the states with a lower energy are busy...




Fermi-Dirac distribution (Sommerfeld model)

e Fach state can hold 2 electrons of opposite spin (Pauli’s principle).
eNear zero degree Kelvin the free electrons have a kinetic energy.

For a transition metal, the augmentation of temperature is
created by the nucleus vibrations . These vibrations obey to a
Bose-Einstein distribution.
Only the free electrons near the Fermi are
sensitive to the temperature
(Fermi-Dirac distribution).

E (kinetic energy)

TK=O\

>0
T>>0

The spin of these particles is oriented in the \

sense that the external field. Er

Er (Fermi energy)
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Element

Scandium

Titanium

Vanadium

Chromium

manganese

Fe

Co

Ni

Cu

Zn

Molar volume

m 3/mol
15,00x10-6
10,64x10-6
8,32x10-6
7,23x10-6
7,35x10-6
7,09x10-6
6,67x10-6
6,59x10-6
7,11x10-6

9,16x10-6

electrons

21

22

23

24

25

26

27

28

29

30

density
g/cm?
2.985
4.506
6.01
7.19
7.31
7.874
8.9
8.902

8.96

7.14

Fermi energy calculated

Er[eV]

10.9
11.15

11.7
11.74
7.04

9.47

Fermi temperature

Te[ 103K]

12.7
12.94
13.58
13.62

8.17

10.9

Fermi Parameters for some metals (Sommerfeld model)

Fermi velocity

1078 cm™1

1.96

1.98

2.03

2.03

1.57

1.82

electrons cm-3

4.01 10722

5.67 10722

7.20 10722

8.33 10722

8.19 10722

8.49 10722

9.01 10722

9.14 10722

8.47 10722

6.57 10722



Fermi surface for Ag Bloch model 1946
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Crystalline structure for A
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px A= h A velocity in a direction
isn’t possible if the wavelength is Iz o

already occupied by a distance
p=hxk between two atoms.
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Free Electrons for the metals in a Magnetic Field (Pauli paramagnetism T =~ OK)

“The difference between paramagnetism and Pauli
Very high paramagnetism is that the latter applies to a
kinetic energy \ c metal because it describes the tendency of free

electrons in an electron gas to align with an
, applied magnetic field.” Inna Vishik (Standford)

N\ Magnetic Spin — Susceptibility
B . \ sl Y R Low temperature
g€ A\ }—uBH 9(E.}) M 3
/ NI TS
Very low Main contribution (Pauli Paramagnetism)
created by electrons

kinetic energy

with a very low kinetic energy

Titanium  Pauli magnetic susceptibility (ymol) 33.4 107° cm3 /mol

Vanadium  Pauli magnetic suéceptibility (ymol) 84.2 107° cm3 /mol



https://en.wikipedia.org/wiki/Magnetic_susceptibility
https://en.wikipedia.org/wiki/Magnetic_susceptibility
https://www.quora.com/profile/Inna-Vishik

Paramagnetism for free electrons.

Fermi gas of electrons without
an external magnetic field.
The electrons are free (no subshell)

1) The order of the Fermi kinetic energy is high T =10 000 K.
2) The reference temperature is =~ 300K.

E (kinetic energy)

Ty =0 3) The thermal energy can increase the kinetic energy
\ only for a very small number of particles.
>0 4) The spin of these particles is oriented in the sense that
the external field.
1>>0 5) The paramagnetism is created by these electrons...
2. XpPauli ~ Xcurie ( ~XPauli 1072
p( 1.) _ OV ..hlf m
Er (Fermi energy) \
T~ 0K T~ 300K

p(E) density of states



Landau diamagnetism (1930) T= 0K

1) A gas of free electrons in a magnetic field.
2) Free electrons move along spiral trajectories.
3) Lenz’s law.
4) Diamagnetic effect.
5) The energy of the free electrons depend of
A) The kinetic energy is principally limited by the energy of Fermi.
B) The quantification of the energy created by the circular movement

of the electrons

XLandau = 3

N z° o XPauli

E =+ Dhwe. Mo =— 2
B'F

Titanium  Landau diamagnetic susceptibility (ymol) —11.1 1076 cm?3 /mol

Vanadium  Landau diamagnetic susceptibility (ymol) —28.6 107 cm?> /mol



https://en.wikipedia.org/wiki/Magnetic_susceptibility
https://en.wikipedia.org/wiki/Magnetic_susceptibility

Landau diamagnetism T = 0K

Fermi gas of electrons without

o Fermi gas of electrons with
an external magnetic field.

an external magnetic field. o
The oscillations

E | — are
Er (Fermienergy)| [Er S =il impossible

/ Kinetic energy / _ | T B

+ oscillator energy

E (kinetic energy)

enerqgy

e H | when we
We = — { : ' ;
me o ] | modifyB

p(E) = density of states Cyclotron frequencies p(E) = density of states
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Haas-van Halphen effect (1930) T~ 0K

The oscillations

are T ;
impossible Er Sﬂ}“P'ﬂ B #HHE@?
E
E;
5
:
w.Tif HT s
e H B (T)
W, = —— { ~ 1 1) The cyclotron frequencies increase with the magnetic field.
mc ...~ 2) The diamagnetic field increase with the energy.

p(E) = desity of state 3) The diamagnetic field stopped with the Ep.
Cyclotron frequencies 4) The diamagnetic field increase again with the next
cyclotron frequency.



Brillouin-Langevin paramagnetism

1) Each atom is independent.

2) For each atom, the total magnetic moment yi;(orbitals + spin) is the same for
each atom. It is calculate with the quantum mechanics.

3) The distribution of the magnetic moments obey to the Boltzmann distribution.

4) We calculate < total magnetic moment > for one atom and we multiply by N.

5) We use the Z axis as reference.
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uZT

\
\ Low probability
Ky

_v Uy High probability

Ui=4gjl Up
Uz= g ;jm Up

In gquantum mechanics the number
of orientations is limited




Scandium

Titanium

Electrical resistivity

Paramagnetism

55x10° Q m (at 20 °C)

Magnetic susceptibility (ymol) + 3.956 10_9 m3/mol

Electronegativity

Electrical resistivity

Pauling scale: 1.36
40 x10° Q m (at 20 °C)

Magnetic susceptibility (ymol) +1.919 10_9 m3/mol

Electronegativity

Electrical resistivity

Pauling scale: 1.54

20 x10"° Q m (at 20 °C)

Vanadium Magnetic susceptibility (ymol)  +3.199 10 m3/mol

Electronegativity

Pauling scale: 1.63

1) The valence electrons

are located in the 3d subshell
and 48.

2)The number of electrons
with the same spin
orientation is limited.

Remark:

Electronegativity is a chemical
property that describes the
tendency of an atom to

attract electrons.

Element Partial Orbital Diagram Unpaired Electrons
4 3d 4p

S YBE |

Ti X T[T 2| <&

L4 ™ {11 3

Paramagnetic

http://www.periodictable.com/


https://en.wikipedia.org/wiki/Electrical_resistivity_and_conductivity
https://en.wikipedia.org/wiki/Magnetic_susceptibility
https://en.wikipedia.org/wiki/Electronegativity
https://en.wikipedia.org/wiki/Electrical_resistivity_and_conductivity
https://en.wikipedia.org/wiki/Magnetic_susceptibility
https://en.wikipedia.org/wiki/Electronegativity
https://en.wikipedia.org/wiki/Electrical_resistivity_and_conductivity
https://en.wikipedia.org/wiki/Magnetic_susceptibility
https://en.wikipedia.org/wiki/Electronegativity
https://en.wikipedia.org/wiki/Chemical_property
https://en.wikipedia.org/wiki/Atom
https://en.wikipedia.org/wiki/Electron

Langevin-Larmor diamagnetism

~Borh radius 1)The number of electrons

with the same spin
orientation is limited.

¥ ~-0.9910"°Z\}

2
Lol
—1=<0|-5
1=1 2

Z ag

Atom radius

Electrical resistivity 16.78 nQ'm (at 20 °C) 2) The external field modify
Copper Electronegativity Pauling scale: 1.90 the external orbit.
Magnetic susceptibility -6.86x101! m3/mol | 3) By the law Lenz the
. Electrical resistivity 59.0 nQ-m (at 20 °C) electrons create a magnetic
Zinc Electronegativity Pauling scale: 1.65 f’EId In opposition wit the
Magnetic susceptibility(ymol) - 1.45x1019 m3/mol | external field.
4) The diamagnetism is
Element | Partial Orbital Diagram Unpaired Electrons localized in the atoms.
ds 3d 4p
Cu 7 T T T[T | | 1 : :
< Diamagnetic
Zn R R R 2 R A 0

http://www.periodictable.com


https://en.wikipedia.org/wiki/Electrical_resistivity_and_conductivity
https://en.wikipedia.org/wiki/Electronegativity
https://en.wikipedia.org/wiki/Magnetic_susceptibility
https://en.wikipedia.org/wiki/Electrical_resistivity_and_conductivity
https://en.wikipedia.org/wiki/Electronegativity
https://en.wikipedia.org/wiki/Magnetic_susceptibility

Ferromagnetism Heisenberg model (1932)

Antibonding

Node

@ 0~+OQ

Waves cancel

\} Distance
8- @

/
Node

Antibonding
Not stable (Coulomb
repulsion between protons)

1 ) The antibonding create the possibility
to align the spin in the same direction.

2) The ferromagnetism is the result between
the Coulomb interaction and the Pauli exclusion

principle.

3) The spontaneous spin orientation of the others
electrons create a mean magnetic field called
molecular field by Weiss.

4) The model is anisotropic.

5) The electrons are localized inside the atoms.



Ferromagnetism Fermi gas (Solid state physics)
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Ferromagnetism Stoner model (1938)

1) The molecular field magnetizes the electron gas
due to the Pauli paramagnetism (bootstrapping
mechanism) without exeternal magnetic field.

2) dn l are flip in 5n T sub-band close Er + SE.

E T on ,=1/29(E;) SE

Er °F The number of electrons moved is on,
3) The potential energy = AE,, = —% Ug((Ep)SE?
B= 3) Kinetic energy cost = AEyi,= %g((EF)SEZ.
B _ 4) AEyin+ AE 0 < 0 A . )
9(E) 9(E) Ug(Er)=1  “Stoner criterion”  gEp [ : ’\
ny =1/2(n+ g(Er)0E) 12r (@) 21: J.\V ﬁf’r\
ny =1/2(n —g(Ep)dE) ¢ [ ™ 2t N (o) S E R S
il = P U-a(ER Fe PA ferromagnetic
AR . Aes ol o1
S I ==
N I




Antiferromagnetism chromium (molecular
Uniform distance between the atoms.

LT
\0|B\B\a!

Density

—
Spin

e R

harge
density

0O00C0O 0 O OO0O0COODO OO OO0OOOOO
// K \\U ® ® ® ® ®
!TI Spin Density Wave Non uniform distance between the atoms.

satellites v Charge/Strain Density
- Wave satellites

TOTAL DOS

8

K

(% g : . :
Reciprocal space g | | |
4 - ()() . : - configuration of magnetic . Jﬁ’\[’\ q\[\k_\w&; Cry04
\1‘»\ " \\ J \,.-4" . V
Vsl \J“ ,\If

(001) (002) and charge reflection of

- SDW/CDW chromium ' A \!
\ _‘% _1'0 éE . (e\é’ ; ][0

The span in energy of the band valence increase when the distance between the atoms
decrease. The gas of electrons have more space and thus the opposite spin are possible.

2]

DOS (Arbitrary Units)
8

8




Ferrimagnetism (molecular guantum)

IRARAR Super-exchange interaction

Oxygen atoms (small sphere in red)
Fe2+ (tetrahedral sphere in blue), Fe3+ (octahedral sphere grey)



Valence Bond Theory (molecular physic)

Hybridisation: the concept of mixing atomic orbitals to form a new hybrid orbitals
Suitable for the qualitative description of atomic bonding properties.

Linus Pauling

Hybridize to form four sp® hybrid orbitals
N

A A
//,’ \ 2. //f [ \ 5
e X

N\
Ssp \ 4= \\\\ /
> /8V \//3‘/‘ (\ 6

- Shown together (large lobes only) -

= Example:
sp3 orbitals.

1 111 Promote 1 11111 Hybridize 11111




Magnetic Periodic Table

Atomic Number —o

Typical ionic change —»1 3 +
Antferromagnetic T,(K)

Atomic symbol
Atomic waght

Femmomagnetic T.(K)

83155 6539
2438 |24 30

Rh [“Pd [Ag ’«sca<
1024 | 1084 J1079 | 1124
e Adr 25408 |V 240 24 4o

5+ 49 Jrvar
5‘W ”5Re ,5'0'# 5’Ir
1818 180.2 190.2

<5°Pt "Au |*Hg

1622 | 1951 1970 | 2008

B [*C [N PO |°F

105 1200 1201 16.00 19.00

\ \ BN .

?.’.A"MSi ‘.15p 1S 17CI

2698 | 2808 | 3087 | 3207 3545

1+ 2p

>—< O : O
¥1Ga |*“Ge |**As |*'Se |Br |*Kr
6972 | 7261 | 7492 | 98 | 7090 | 83so
34 g™

\, J \ A \ \
9In [5°Sn }*'Sb “2Te 51 [%Xe
1148 | 1187 |1218 | 1276 | 1269 | 8380
S+ adv]aeagm

:B'Ti |

2044

3+ 5"

- Farromagnet T, > 200K
-Antnemrnagnet with T, > 200K
= AntiferromagnetFerromagnet with T/T- < 280K
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Pnictogens Chalcogens  Halogénes

16

17

18

1 Atomigue 2
H Sym i : =] “mé 2713 | [He
oy C | Solide [ Métaux || 5/[Non-métaux] | je= o e

1,008 [Masse o =| 2= Lanthanides|| T=|(3 D||£|| Z 0 4,0026
3 4 Hgqumde R S& Lo 9|5 - 5 6 7 8 9 10
Li Be c||5c =C| za| ®| 3 = B C N o] F Ne
Lithium  |B&ryllium || o o™ e = Bore Carbone |Azote Cooyaéne  |Fluor Meon
5,94 5,0122 H | Gaz L'z |[Actinides J/a = o @ 10,81 12011 14007 [15899 [18998  |20,180
11 12 W g g = 13 14_ 15 16 17 18
Na Mg Rfl Inconnu & = Al Si P S Cl Ar
Sodium MESILIM — — Auminum  (Silicium Soufre Chlore Argon
22000 [243205 26,0682 [2RDB5 30974 [32.06 3545  [30.047
19 20 21 22 23 24 25 26 27 EE_ 29 S0 ] 32 33 34 35 35
K Ca [Sc [Ti V Cr Mn Fe Co Ni Cu Zn Ga Ge As Se Br [Kr

| Calcium  [Scandium |Titane ‘anadium  |Chrome Fer Cobalt Mickel Cuivre Zinc Gallium  |Gemmanum |Arsenic |Selenium [Brome Krypton
309,095 |40.073 [440655 [47867 |50.842 51,895 |5493% 55845 58533 58693 [63546 65,25 |B9.723  [72630 (74022 [7BS71 (78804 33,793
37 34 39 40 41 42 43 44 45 A5 A7 48 49 50 51 52 a3 54
Rb Sr Y Zr Nb Mo Tc Ru Rh Pd Ag Cd |In Sn Sb Te | Xe
Rubidium |Strontium  |Yttrium  |Zirconium [Mickium gne (Technsiium |[Futhénium |Rhodium (Palladium [Argeént  [Cadmium |Indium  |Etain Antimoing | Tellure lode XE&nan
55,468 |3TE2 88,806 [912774 |92806 [9585  |(98) 101,07 [|10291 [10642 [107.87 [11241 |11482 |11871 (12176 [12760 [12680 [131.29
5 56 72 73 74 75 76 Ik 78 79 a0 a1 a2 83_ a4 a5 a5
Cs Ba 771 HF Ta W Re 0Os |Ir Pt Au Hg Tl Pb [Bi Po At Rn
Cesium  [Baryum Hafnium |Tanfale [T = Rhénium (Osmium |Iridium  |Platine Or Mercure (Thallium |Plomb Bizmuth (Polonium |Astate Radon
13291 [137.33 17849 [180.95 [183.34 [18621 |19023 [|19222 [19508 |19697 |20059 20438 [72072  [20898  |(209) (210} (222}
af oa 104 105 106 107 108 109 110 111 112 113 114 115 116 117 118
Fr Ra go—103Rf Db (8 Bh Hs Mt Ds R Cn [Nh |FI Mc |[Lv Ts Og
Francium |Fadium Futherfordu | Dubnium T [Bohrium [Hasgium  [Meineium j i (Copemiciunt |Mihonium [Flercvium [Moscovium (Livermonur |Tennsssine
(223} |(228) (267) (268}  l(26%) 270y (277 278} l(281) (252) (235} (288) (289)  |[(290) (293) (294) {294)

Les masses atomigues entre parenthéses sont celles de l'isotope le plus stable ou le plus commun.

o7 54 59 G0 61 62 63 54 G5 66 o7 (g [afe] 71

La Ce Pr Nd Pm 8Sm Eu G&Gd Tb Dy Ho |[Er Tm Yb Lu
Lanthane |Cerium MNecdyme |Promediur |Samanum  |Europium |(Gadoinium | Terbium um [Holmium  |[Erbium |[Thulium  |Yiterbivm |Lutecium
138,91 |14D12 |14D,91 (14424  |{145) 150,36 |151.956 |157.25 [158.95 |16250 |18453% |[167.26 [188.95 [173.05 |174.97
a9 =] [} 92 o3 04 a5 el o7 a8 99 100 101 102 103

Ac Th |Pa U N Pu Am Cm Bk Cf Es [Fm Md |No |Lr
Actinium  (Thorium  |Protsctinier Uranium ium (Plutonium|&méncium  [Curium  (Berkeélium (Caifomium [Enstenium [Fermium  |Mendsievia (Nob&lium |Lawmencium
(227) 73204 [23104 23803 (2370 |i744) (743 (247) (247) (251) (252) (257) (258) (259) (268)




