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Outline:

- Maxwell equations with magnhetic media

- Demagnetizing effects

- Ferromagnetism:

- spontaneous magnetization
- exchange
- anisotropy
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Maxwell equations

electric field

magnetic induction field

lectric ch densit
v.gl/ = @ electric charge density Gauss's law (1835)
€0
VBl = 0 absence of magnetic charges
0B
V XIE = o Faraday's law (1831)
t
OE Ampere's law (1826)
VB = p HOC0 5 + Maxwell (1861)

electric current density

o = 4m[1 4 2.0(2.3) x 1071%] x 10" "H/m
_ The speed of light
€0 = 1/(c’po) = 8.85-107" F/m ¢ = 2.99792458 x [08m s-
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where the place for magnetized matter?
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The magnetic induction field (B) produced in space by

- a wire with electric current
“is the same!”

H. C. Oersted (1777 - 1851)

“..then
magnetic materials must be
composed by many microscopic

>\ { <_'* current loops”
N ~.a el
— e
» —>
—> R
¥ A R
p A.M.Ampere (1775-1836)
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Ampere hypothesis

Jmicro AM.Ampere (1775-1836)

“Magnetic materials should be
composed by many microscopic
current loops”
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Magnetized media

magnetizing currents

: 1 :
.]M(r) — A—V Avaicro(r/)dST/

moving averages

1
= A7 ijicrod3
AV /AV g
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Magnetized media

|) Take the moving average of the microscopic currents 0 a %

: 1 :
.]M(r) — A—V AVJmiCTO(r/)dST/ é g

| &> ) B ¥

2) that are defined only inside the magnetic body

VJM(I‘) =0

3) With zero divergence we can introduce M

jMZVXM
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Magnetized media

l) In the Maxwell equation :
we introduce

VXB:MOJ+NO€O%_]? J—=J+im
with jy =V XM
2) Then
V x (B = uM) =uoj+uoeo%—?
or better
VxH=] —I—EQ%—]?

poH =B — poM

/ / o
magnetization

magnetic induction
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Magnetized media

Magnetization M magnetic dipole moment
/ Q /
. Q
jv =V xM

e /Q r’ x (V ;< M(r')) 3.1 _ /QM(T/)CZ?’T/

magnetic dipole moment M is the density of magnetic moment
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Maxwell equations
In matter

DZEOE—{—P

magnetic induction field

= @ electric charge density Gauss’s law (1835)

V -

O absence of magnetic charges

V
V

=R 0O
|

X - @ —— Faraday's law (1831)

oD Ampére's law (1826)

— @ —8?5 + Maxwell (1861)

electric current density

s

V

electric field Constitutive equations

M(H)
P(E)

magnetic field
poH =B — oM

V. Basso, Basic magnetism, AIMAG School Perugia 2025



Maxwell equations
In matter

Magnetostatics

V - B = 0 absence of magnetic charges

Ampeére's law (1826)
+ Maxwell (1861)

VxH =

Qe @
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Magnetostatics

Equations of magnetostatics

V-H
V xH

—V-M conservative

solenoidal

|
Qi o

electric currents
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Magnetostatics

Equations for the magnetostatic field

_V-M

conservative

VXHM

|
-

{V-HM
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Magnetostatics

Equations for the magnetostatic field

-V-M

conservative

|
-

V- -Hy
VXHM

|) Introduce the magnetic scalar potential

Hy = —Vou

: : : : The divergence of M takes the role
2) Obtain a Poisson equation for the scalar potential &

of a charge density

v2¢M:_pM PM = —-—V-M
3) Obtain a formal solution

L[ VM) s, 1[0 ME)

Ar J, v —r| At |5 |r—1/|

VS
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Magnetostatics

|) The solution

o L VME) 1MW)
A7 |y, |r— 1| A7 |5 |r—1/|

contains contributions form the volume and from the surface

n
HM _ —VQ5M T surface

A

2) Both are extremely important in magnetic materials

volume Stl"ay ﬁeldS

suface  demagnetizing field
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Demagnetizing field

with uniform magnetization

n

1
— M- d2 /
2% A7 /E|r—r’| g

the magnetostatic field

Hy = —Vou

is uniform inside the body for ellipsoids!

Hy =-NM

HM BM
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1.0

Demagnetizing factor

Demagnetizing factor

prolate

prolate

Demagnetizing coefficient

/LQH — —NdJ

'r=c/a

© r2_1

oblate

r=c/a=c/b

Ny + Np+ N. =1

1
N, = [T
.
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Maxwell equations
In matter

DZEOE—{—P

magnetic induction field

= @ electric charge density Gauss’s law (1835)

V -

O absence of magnetic charges

V
V

=R 0O
|

X - @ —— Faraday's law (1831)

oD Ampére's law (1826)

— @ —8?5 + Maxwell (1861)

electric current density

s

V

electric field Constitutive equations

M(H)
P(E)

magnetic field
poH =B — oM
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Constitutive equations

M(H)

AM

Ferromagnets are characterized by a particularly high
susceptibility.

ferro Weiss: ferromagnets have saturated regions (magnetic
domains) oriented at random and the magnetic field has
only to orient the regions (and not the single atomic
moments).

para

—1

dia —

Domains were later observed experimentally,
confirming the Weiss hypothesis.

Pierre-Ernest Weiss 1865 - 1940
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Ferromagnetism

What is the origin of the forces keeping the moments parallel?

What is the origin of the atomic magnetic moment?
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Ferromagnetism

What is the origin of the forces keeping the moments parallel?

Forces at the molecular scale keeps the elementary moment parallel

Weiss molecular field theory

Uw 120 N M2
—_—_
V 2

Pierre-Ernest Weiss 1865 - 1940

What is the origin of the atomic magnetic moment?
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Ferromagnetism

What is the origin of the forces keeping the moments parallel?

Forces at the molecular scale keeps the elementary moment parallel

Weiss molecular field theory

Uw 1o 2
W BN M
v g =W

The spontaneous order is lost at the Curie temperature T
where Ms; =0 5 10oew

O o ooo

0.8+
0.6

0.4- N i

0.24

Magnetization, M (T)/M0)

0

0 628
Temperature (K)

Pierre Curie 1859 - 1906
What is the origin of the atomic magnetic moment?
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Ferromagnetism

What is the origin of the forces keeping the moments parallel?

Forces at the molecular scale keeps the elementary moment parallel

Weiss molecular field theory

Uw 200 2
W PO M
v g W

The spontaneous order is lost at the Curie temperature T,
where M; =0 35 107oew

O o ooo

0.8+
0.6

0.4- N i

0.24

Magnetization, M (T)/M0)

0

0 628
Temperature (K)

What is the origin of the atomic magnetic moment?

Spin of electron Quantum mechanics
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Magnetism of atoms

Atomic electrons are characterized by:
- N, the principal quantum number (n = [,2,3,..is the shell number)
- |, the orbital angular momentum quantum number
fromOton-1 (0=s;1 =p;2=d;3 =)
- my, the magnetic quantum number (2I+1| values between -| and |)
- S, the spin angular momentum quantum number
s=1/2 for electrons
- Mg, the spin quantum number +1/2 or -1/2

Fe: |s2
2s2 2pb
3s2 3pé 3d°
4s2

Aufbau principle (Bohr)

angular momentum * magnhetic moment
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Magnetism of atoms

Gyromagnetic ratio

orbital
p=yL ¢ H= Hem
2me Bohr magneton
eh
pB = 5—
electron spin 2Mme
M=Y.S _ get€ M= U 2ms pp = 9.27- 10724 Am?
o =
2M

@
ge=2(r+——+”)
2T
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— ] PERIODIC TABLE NIST
1 Atomlc Propertles Of the Elements National Institute of Standards and Technology 18

1A Technology Administration, U.S. Department of Commerce VIIA
7 .
1 7%, Frequently used fundamental physical constants Physics Standard Reference |2 'S,
phy
For the most accurate values of these and other constants, visit physics.nist.gov/constants Lab_OF?ItOfY Data' Group H e
1 [ 1 second = 9 192 631 770 periods of radiation corresponding to the transition physics.nist.gov www.nistgovisrd Heliom
between the two hyperfine levels of the ground state of **Cs
1.00794 2 ; 13 14 15 16 17 4.002602
- speed of light in vacuum c 299792458 ms™ (exact) [] Solids 1s?
13.5984 1A Planck constant h 6.6261x 10*J's (h = hi2m) ] Liquids 1A IVA VA VIA VIIA 24,5874
3 ’,l4 's, elementary charge e 1.6022x107°C 5 ,[6 |7 *s3,[8 ,[9  2r:,[10 s,
a1 Gases
L' B electron mass me 9.1094 x 10~ kg g B C N O F N
2 1 e mc® 05110 MeV L Artificially e
Lithium Beryllium proton mass my 1.6726 x 10" kg Prepared Boron Carbon Nitrogen Oxygen Fluorine Neon
poat | sorznez fine-structure constant @ 11137.036 joan | o | AR R g
s'2s s°2s -1 $°28°2p s°2s°2p’ 1s°2s°2p 1s°2s"2p 1s°2s"2p 1s°2s°2p
53917 9.3027 Rydbetojconstant gwc ;023338222 r1n0‘5H 8.2080 112603 | 145341 | 136181 | 174208 | 21.5645
0 - X z o o o
M 5,12 s, Rre Taeoer ev 13 %, [14_ % [15_'s;,[16_ ¢, [17_735,[18_ 'S,
a g Boltzmann constant k 1.3807 x 102 J K" AI Sl P S CI Ar
3 Sodium Magnesium Aluminum Silicon Phosphorus Sulfur Chlorine Argon
22.989770 24.30520 3 4 5 6 7 8 9 10 1 12 26.9812538 28.082552 30.9727631 32.0265 \ 35.4253 X 39.9?86
[Ne]3s [Ne]3s’ [Ne]3s“3p [Ne]3s“3p [Ne]3s“3p [Ne]3s“3p [Ne]3s“3p [Ne]3s“3p
5.1391 7.6462 1B IVB VB VIB VIIB [ Vil ] IB 1B 5.9858 8.1517 10.4867 10.3600 12.9676 15.7596
= 19 %,,[20 's,(21 °p,,|22 R 23 °‘r,|24 's,|25 °s,,|26 °D,|27 °‘F,,|28 _3F4 29 *,|30 's,|31 °*P;,|32 °P,|33 “s;, |34 °P,|35 °P;, |36 s,
B K|Ca|Sc|Ti |V |Cr| Mn| Fe |Co|[Ni |Cu|Zn|Ga|Ge|As | Se | Br | Kr
qh, 4 Potassium Calcium Scandium Titanium Vanadium Chromium | Manganese Iron Cobalt Nickel Copper Zinc Gallium Germanium Arsenic Selenium Bromine Krypton
o 39.0983 40.078 44.955910 |  47.867 50.9415 51.9961 54.938049 |  55.845 58.933200 | 58.6934 63.546 65.409 69.723 72,64 74.92160 78.96 79.904 83.798
[Arlds [Arj4s? An3dds® | [ansdtas® | [Ansdss® | (Arse’ss | [Ar3d®s® | [Ar3d®s® | [Ar3dTas® | [ansd’as’ | [Ar3d4s | [An30"%s? | [Arj3d"4s%4p | (An3a""as%ap? |[Arj3d *asap’ | [Arj3d"%s%ap® |[Arad %as®ap® | (Arjad %as?4p®
4.3407 6.1132 6.5615 6.8281 6.7462 6.7665 7.4340 7.9024 7.8810 7.6398 7.7264 9.3942 5.9993 7.8994 9.7886 9.7524 11.8138 13.9996
37 *s,|38 's,|39 °D,,[40 °F, |41 °D,[(42 's,|43 °s,,|44 °F, |45 °F,,|46 'S,|47 °s,,|48 's,|49 °P;,[50 °pP, |51 ‘s;, (52 °P,[53 °P;,[54 s,
Sr| Y | Zr [ Nb|{Mo| Tc | Ru|Rh |Pd|Ag | Cd | In|Sn |[Sb | Te | T | Xe
5 Rubidium Strontium Yitrium Zirconium Niobium Molybdenum | Technetium | Ruthenium Rhodium Palladium Silver Cadmium Indium Tin Antimony Tellurium lodine Xenon
85.4678 87.62 88.90585 91.224 92.90638 95.94 (98) 101.07 102.90550 106.42 107.8682 112.411 114.818 118.710 121.760 127.60 126.90447 | 131.293
[Kr]5s [Kr]5s? [Krjddss® | [Krad’ss® | [Krlad®5s [Kr4d®ss | [K4d®ss® | [krad'5s [Krj4d®ss [Krjdd™® [Krjad'%ss | [Krjad%ss? | [Krj4d"%5s5p | (Krjdd *5s%5p? | [Krj4d""5s5p° | [Krj4d"5s%5p* | Krj4d5s%5p° | [Krj4d %8s 5p°
41771 5.6949 6.2173 6.6339 6.7589 7.0924 7.28 7.3605 7.4589 8.3369 7.5762 8.9938 5.7864 7.3439 8.6084 9.0096 10.4513 12.1298
55 ’s,|56 s, 72 °r,|73 °F,,|74 °D,|75 °s,,|76 °D,|77 °‘F,|78 °D,|79 °s,,|80 's;|81 °P;,|82 °p,|83 “_S;z 84 °p, |85 °P;,|86 s,
Cs | Ba Hf | Ta | W | Re |Os | Ir | Pt | Au|Hg | Tl | Pb | Bi | Po| At | Rn
6 Cesium Barium Hafnium Tantalum Tungsten Rhenium Osmium Iridium Platinum Gold Mercury Thallium Lead Bismuth Polonium Astatine Radon
132.90545 | 137.327 178.49 180.9479 183.84 186.207 190.23 192.217 195.078 | 196.96655 200.59 204.3833 207.2 208.98038 (209) (210) (222)
[Xel6s [Xe]6s’ [XeJ4f"*50%6s” | [Xe]4f “5d°6s” | Xelaf “5d“6s? | [Xe]4f ‘5d°6s” | [Xe4r *5d°6s” | [XeJaf'“5d"6s? | [XeJaf'‘5a%6s |[xeJaf'“5d'%6s |[Xe]af'“5d%s?|  [Hal6p [Hgl6p” [HgJ6p® [HgJ6p* [HgJ6p® [Hg]6p®
3.8939 5.2117 6.8251 7.5496 7.8640 7.8335 8.4382 8.9670 8.9588 9.2255 10.4375 6.1082 7.4167 7.2855 8.414 10.7485
87 °’s,,|88 s, 104 °r,2|105 106 107 108 109 110 111 112 114 116
Fr | Ra Rf | Db | Sg | Bh | Hs | Mt |Uun|Uuu|Uub Uuq Uuh
7 Francium Radium Rutherfordium| Dubnium [ Seaborgium | Bohrium Hassium Meitnerium [ Ununnilium | Unununium | Ununbium Ununquadium Ununhexium
(223) (226)Z (3531)2 , (262) (266) (264) (277) (268) (281) (272) (285) (289) (292)
[Rn]7s [Rn]7s [Rn]5f'‘6d°7s"9
4.0727 5.2784 6.0 ?
l\?lﬁ?nrgigr Gmlﬂggjlate - 57 2D3/2 58 1G: 59 41;/2 60 514 61 GH§/2 62 7Fo 63 E‘S;/z 64 ng 65 8H‘:s/z 66 513 67 4I;’s/z 68 3H6 69 2F;)/z 70 ‘So m zDa/z
-]
O zfLa|Ce | Pr  Nd |Pm|Sm | Eu |Gd | Tb | Dy | Ho | Er | Tm| Yb | Lu
Symbol 58 G4 < | Lanthanum Cerium  [Praseodymium| Neodymium | Promethium | Samarium Europium Gadolinium Terbium Dysprosium Holmium Erbium Thulium Ytterbium Lutetium
€| 138.9055 140.116 140.90765 144.24 (145) 150.36 151.964 157.25 158.92534 162,500 | 164.93032 167.259 | 168.93421 173.04 174.967
° 2 2 3,2 An 2 5, 2 6, 2 Tn.2 7, 2 9, 2 10, 2 1,2 12, 2 1 2 14, 2 1
e = | [Xe]5d6s [Xe]415d6s [Xe]4f6s [Xe]4f'6s [Xe]4f6s [Xe]4f6s [Xel4f'6s” | [Xe]4f'5d6s” | [Xe]4f'6s xeld'%s® | (xelar"6s” | [xelar%6s’ | [xeldr"’6s” | [Xeldf'6s® | [Xe4r"*5d6s
Name — | Cerium 5.5769 5.5387 5.473 5.5250 5.582 5.6437 5.6704 6.1498 5.8638 5.9389 6.0215 6.1077 6.1843 6.2542 5.4259
Aerife //14()‘116 » 89 2D3/2 90 3Fz 91 4K11/2 92 BL; 93 6|-11/z 94 7Fo 95 BS;& 96 QD; 97 6HTs/z 98 518 99 41?5/2 100 3He 101 ZF;/Z 102 ‘Sn 103 2P:’/z?
) 2 ]
Weight! - [Xe}4f5d6s sflAc | Th | Pa| U |[Np|Pu|/Am|Cm Bk | Cf | Es |Fm |Md | No | Lr
5.5387 = | Actinium Thorium Protactinium Uranium Neptunium Plutonium Americium Curium Berkelium | Californium | Einsteinium Fermium [ Mendelevium | Nobelium | Lawrencium
2 i)
- < (227) 232.0381 | 231.03588 | 238.02891 (237) (244) (243) (247) (247) (251) (252) (257) (258) (259) (262)
Ground-state lonization [Rnjed7s’ | [Rnjea?7s® | [Rn5f6d7s” | [Rn)5r°6d7s® | [Rnjsf'6d7s? | [Rnls7s” | [Rnjsf7s® | [Rnl5f6d7s? | [Rnjsf'7s® | [Rajsf'7s® | [Rulsf"'7s® | [Rn5f'%7s? | [Rnjsf°7s? | [Rnjsf'“7s® |[Rnjsf'7s%7p?
Configuration  Energy (eV) 517 6.3067 5.89 6.1941 6.2657 6.0260 5.9738 5.9914 6.1979 6.2817 6.42 6.50 6.58 6.65 4972
"Based upon '2C. () indicates the mass number of the most stable isotope. For a description of the data, visit physics.nist.gov/data NIST SP 966 (September 2003)
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Frem ] PERIOI.)IC TABLE NISI-
I;]A‘ Atomlc Propertles Of the Elements National Institute of Standards and Technology 18

Technology Administration, U.S. Department of Commerce VIIA

z .
1 7%, Frequently used fundamental physical constants Physics Standard Reference
For the most accurate values of these and other constants, visit physics.nist.gov/constants Laboratory Data' Gro
1 Hydragen 1 second = 9 192 631 770 periods of radiation corresponding to the transition physics.nist.gov www.nist.gov/srd
100794 2 between the two hyperfine levels of the ground state of '**Cs
- speed of light in vacuum c 299792458 ms' (exact) [ Solids 13 14
13.5984 1A Planck constant h 6.6261x 10 *Js (h = hi27) O Liquids A A
3 ’,l4 's, elementary charge e 1.6022x107°C G
. B electron mass me 9.1094 x 10" kg a??s_
2 1 e mec? 0.5110 MeV L] Artificially
Lithium Beryllium proton mass m 1.6726 x 10 % ki Prepared Boron Nitrogen Oxygen Fluorine Neon
6.941 9.012182 g g P 10.811 1
X } fine-structure constant oo 11137.036 ) 2.0107 14.0067 15.9994 | 18.9984032 | 20.1797
1s%2s 15%2s? 1 15%2s%2 1s%2s%2p? | 1s?2s’2p® | 1s’esap’ | 1sPes’p’ | 1sPas’2p’
59917 03997 Rydberg constant R, 10973732 m~ oo e P Seaeb SLeeD ol S 28 °p
' ' R.c 3.289 842 x 10" Hz . .
1 %s,[12 s, *
R hc 13.6057 eV
3 a g Boltzmann constant k 1.3807 x 102 J K" + +
Soaun | Wagnesn mi= -1,0,+1 ms=-1/2,+1/2
22.989770 24.3050 3 4 5 6 7 8 9 10 14l 12 b A | S b
Ne]3 Nej3s’
vt | P 1B VB VB VIB  VIB j Vil 1 1B IIB | 50858 | 1517 | f04867 | 103600 |T1ZOETE 5759
- 19 °’s,,(20 's,|21 °*D,,|22 _3F2 23 ‘F,|24 7s,|25 °s,,|26 °D,|27 °F,,|28 .3F4 29 *s,|30 's,|31 %P3, |32 °F,|33 “s3, (34 °P,[35 P, (36 s,
B K|Ca|[Sc | Ti |V |Cr| Mn| Fe | Co|Ni |[Cu|Zn | Ga|Ge|As | Se | Br | Kr
s 4 Potassium Calcium Scandium Titanium Vanadium Chromium | Manganese Iron Cobalt Nickel Copper Zinc Gallium Germanium Arsenic Selenium Bromine Krypton
= p
a 39.0983 40078 44.955910 |  47.867 50.9415 51.9961 54938049 | 55845 58.933200 | 58.6934 63.546 65.409 69.723 72.64 74.92160 78.96 79.904 83.798
[Arlds [Arj4s? An3dds® | [ansdtas® | [Ansdss® | (Arse’ss | [Ar3d®s® | [Ar3d®s® | [Ar3dTas® | [ansd’as’ | [Ar3d4s | [An30"%s? | [Arj3d"4s%4p | (An3a""as%ap? |[Arj3d *asap’ | [Arj3d"%s%ap® |[Arad %as®ap® | (Arjad %as?4p®
4.3407 6.1132 6.5615 6.8281 6.7462 6.7665 7.4340 7.9024 7.8810 7.6398 7.7264 9.3942 5.9993 7.8994 9.7886 9.7524 11.8138 13.9996
37 ’s, 388 'S, 39Y2D3/2 4OZ °F, 41N gm 4|2w ’s, 4?:r °S,, 44R °Fg 45>RI";9,2 46Pd'SO 47A ’S,, 48(:d18O 491 s, SOS *P, 5188;2 521_ *r, |53 IZP;Z 54X 'S,
5 Rubidium Strontium Yitrium Zirconium Niobium Molybdenum | Technetium | Ruthenium Rhodium Palladium Silver Cadmium Indium Tin Antimony Tellurium lodine Xenon
85.4678 87.62 88.90585 91.224 92.90638 95.94 (98) 101.07 102.90550 106.42 107.8682 112,411 114.818 118.710 121.760 127.60 126.90447 | 131.293
[Kr]5s [Kr5s® [Krl4dss? | [Krjad?ss’ [KrJ4d*5s [Kr4d®ss | [(Kr4ad®ss? [Krl4d'5s [Krj4d®ss [Krj4d" [Krdd'%ss | [Krjad"%ss® | [Krlad"5s5p |[Krlad'%5s%5p° | [Krldd 5s%5p° | [Krj4d'%5s%6p* | (Krj4d%5s%p° | [Krj4d*6s%5p”
41771 5.6949 6.2173 6.6339 6.7589 7.0924 7.28 7.3605 7.4589 8.3369 7.5762 8.9938 5.7864 7.3439 8.6084 9.0096 10.4513 12.1298
55 %,,|56 s, 72 |73 °‘r,|74 °D,|75 °s,,|76 °D,|77 °‘F,|78 °D,|79 *s,/80 's,|81 °P;,[82 °P,|83 °*s;,([84 °P,[85 %,:, |86 's
Cs | B Hf [ Ta| W |[Re|Os | Ir| Pt |[Au|Hg| TI'|Pb| Bi | Po| At | Rn
6 Cesium Barium Hafnium Tantalum Tungsten Rhenium Osmium Iridium Platinum Gold Mercury Thallium Lead Bismuth Polonium Astatine Radon
132.90545 | 137.327 178.49 180.9479 183.84 186.207 190.23 192.217 195.078 | 196.96655 | 20059 204.3833 207.2 208.98038 (209) (210) (222)
[Xel6s [Xe]6s [xe]4'50%6s” | [Xelaf"*5d°6s? | [Xe]af *5d"6s? [ [Xeldf ‘5°6s” | [Xe4r"5a°6s? | (Xelaf*5d"6s% | [Xelaf™*5d%s |[xeldi"*5d %6s [(Xelaf'5d"%sT  (Hglep [Hgl6p* [Halep® [Hgl6p" [Hal6p’ [Hal6p°
3.8939 5.2117 6.8251 7.5496 7.8640 7.8335 8.4382 8.9670 8.9588 9.2255 10.4375 6.1082 7.4167 7.2855 8.414 10.7485
87 *s,,|88 s, 104 °r,2|105 106 107 108 109 110 111 112 114 116
.| Fr | Ra Rf | Db | Sg | Bh | Hs | Mt |Uun|Uuu|Uub Uuq Uuh
Francium Radium Rutherfordium|  Dubnium Seaborgium Bohrium Hassium Meitnerium | Ununnilium | Unununium | Ununbium Ununquadium Ununhexium
(223) (226)Z (??1)2 ) (262) (266) (264) (277) (268) (281) (272) (285) (289) (292)
[Rn]7s [Rn]7s [Rnsf'*6d°75%)
4.0727 52784 6.0 72
m‘r’n"gigr Gm‘ﬂge:l‘ate ® 57L ’D,, 58C Gy 59P ‘I 60Nd5'14 61P °HZ, GZS F, 63E sy, 64G dQDg 6§r ebH“’s/2 GGD °L, Gi.l ‘I, 68E *H, G_Qr k2, 70Y b‘SO 71L ’D,,
D l 2 a e r m m u V' (o) r m u
=
Symbol 58 1Go 2 Lanthanum Cerium  [Praseodymium| Neodymium | Promethium | Samarium Europium Gadolinium Terbium Dysprosium Holmium Erbium Thulium Yiterbium Lutetium
Y 4 = p
£ | 138.9055 140.116 | 140.90765 144.24 (145) 150.36 151.964 157.25 158.92534 | 162500 | 164.93032 | 167.259 | 168.93421 173.04 174.967
Ce = | [xesdes? | [xelisdes® | (xelafes® | [xelar'ss” | (Xelafos® | [Xelr®ss® | [xelaf'6s’ | (Xelaf'56s’ | [Xelar’ss® | [xelaf'%6s” | [xeldr''6s? | [Xelaf'%6s’ | [Xelaf"®6s? | [Xelaf'*6s’ | [Xel4f'*5d6s’
Name — | Cerium 5.5769 5.5387 5473 5.5250 5.582 5.6437 5.6704 6.1498 5.8638 5.9389 6.0215 6.1077 6.1843 6.2542 5.4259
2 3 4 5 0 6 7 8ao 90 640 5 4ro 3 2o 1 2po
. l -140.116 89 Dy, 90 Fa 91 K 92 Le 93 Li1z 94 Fo 95 S 96 D; 97 His2 98 Iy 99 L 100 He 101 Far 102 Sy 103 P27
Atomic, —| 8
: 2 8
Weight' /- [Xel¢f5d6s sfAc | Th|Pa| U ([Np|Pu|Am |Cm | Bk | Cf | Es [Fm | Md | No | Lr
5.5387 = | Actinium Thorium Protactinium Uranium Neptunium Plutonium Americium Curium Berkelium | Californium | Einsteinium Fermium [ Mendelevium | Nobelium | Lawrencium
2 k3]
e < (227) 2320381 | 231.03588 | 238.02891 (237) (244) (243) (247) (247) (251) (252) (257) (258) (259) (262)
Ground-state lonization [Rnjed7s’ | [Rnjea?7s® | [Rn5f6d7s” | [Rn)5r°6d7s® | [Rnjsf'6d7s? | [Rnls7s” | [Rnjsf7s® | [Rnl5f6d7s? | [Rnjsf'7s® | [Rajsf'7s® | [Rulsf"'7s® | [Rn5f'%7s? | [Rnjsf°7s? | [Rnjsf'“7s® |[Rnjsf'7s%7p?
Configuration  Energy (eV) 517 6.3067 5.89 6.1941 6.2657 6.0260 59738 59914 6.1979 6.2817 6.42 6.50 6.58 6.65 497
"Based upon '2C. () indicates the mass number of the most stable isotope. For a description of the data, visit physics.nist.gov/data NIST SP 966 (September 2003)
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PERIODIC TABLE NIST
Group - .
IL Atomlc Propertles Of the Elements National Institute of Standards and Technology 18

Technology Administration, U.S. Department of Commerce VIIA

> q
1 7%, Frequently used fundamental physical constants Physics Standard Reference
For the most accurate values of these and other constants, visit physics.nist.gov/constants Laboratory Data' Gro
1 Hydragen 1 second = 9 192 631 770 periods of radiation corresponding to the transition physics.nist.gov www.nist.gov/srd
1.00794 between the two hyperfine levels of the ground state of '**Cs 1 1 1
- 2 speed of light in vacuum c 299792458 ms' (exact) [ Solids 3 4 5
13.5984 1A Planck constant h 6.6261x 10 *Js (h = hi27) O Liquids A A A
3 = (4 s elementary charge e 1.6022x107°C
102 0 31 Gases
i Be electron mass me 9.1094 x 10~ kg I:l Artif "
5 I
MeC 0.5110 MeV rtificially
2| Litiom Beryllium proton mass m: 1.6726 x 10" kg Prepared Boron Nitrogen Oxygen Fluorine Neon
6.941 9.012182 A RS EREETR @ 1/137.036 10.811 12.0107 14.0067 15.9994 | 18.9984032 | 20.1797
1s%2 15%2s? 1 1s%25%2 1s%os%2p® | 1sPes2p® | tsfastept | tslas®ep® | 1s%2s’2p’
59917 03997 Rydberg constant R.. 10973732 m- oo e e gl X0 p b
- - R, 3.289 842 x 10'°Hz
1 %s,[12 s, *
R, hc 13.6057 eV
a g Boltzmann constant k 1.3807 x 102 J K"
3| soaun | wagnesum mi= -1,0,+1 ms=-1/2,+1/2
22.989770 24.30520 3 4 5 6 7 8 9 10 12 v S ’
[Ne]3s [Ne]3s’
5.1391 7.6462 1B IVB VB 5.9858 81517 10.4867 10.3600  ["219676 15.7596
19 ’s,(20 s, “F o ¢ > B 31 °P,132 °P|33 “s;,|34 °P,|35 °P5, |36 s,
3 K| C Ga|Ge | As | S Br | K
o a a e S e r r
qh, 4 Potassium Calcium Scandium Titanium Vanadium Chromium | Manganese Cobalt Nickel Copper Gallium Germanium Arsenic Selenium Bromine Krypton
o 39.0983 40.078 44.955910 47.867 50.9415 51.9961 54.938049 . 58.933200 | 58.6934 63.546 69.723 72.64 74.92160 78.96 79.904 83.798
2 2,2 3,2 5,2 8,.2 10 10, 2 10,2, 2 10, 2, 3 10, 2, 4 10,2, 5 10, 2, 6
[Arl4s [Ar]4s [Ar]3d°4s [Ar]3d”4s [Ar]3d"4s [Ar]3d"4s [Ar]3d "4s Ar]3d “4s"4p [[Ar]3d "4s°4p” |[Ar]3d 4s"4p” [[Ar]3d "4s"4p |[Ar]3d 4s"4p  |[Ar]3d 4s°4p
4.3407 6.1132 223 g7408 4340 5308 &4 4 5.9993 7.8994 9.7886 9.7524 11.8138 13.9996
37 s, 388 s, [39 ) 1 °D,,|42 3 4 5 'Fy|46 'S, |47  's,[49_7P:, |50 P, |51 ‘s;,|52  °p,|53 IP 5:3( 'S,
5 Rubidium Strontium Yi lodine Xenon
85.4678 87.62 88 M — — 126.90447 131.293
[Kr]5s [Krlss® [Kr I O eleCtrOnS Wlth I I ll_ '2,' I ,O,+ I ,+2 I l Is_ - I /2, + I /2 [Krj4d"*5s%5p° | [Krjdd'%5s%5p°
41771 5.6949 6 10.4513 12.1298
55 ’s,|56 s, 85 *r;,|86 s,
Cs | Ba Hf T Ta | W T Re|Os | Ir Pt TAUTHGY TI'Pb | Bi [Po| At | Rn
6 Cesium Barium Hafnium Tantalum Tungsten Rhenium Osmium Iridium Platinum Gold Mercury Thallium Lead Bismuth Polonium Astatine Radon
132.90545 137.327 178.49 180.9479 183.84 186.207 190.23 192.217 195.078 196.96655 200.59 204.3833 207.2 208.98038 (209) (210) (222)
[Xel6s [Xe]6s [xe]4f"50%s | [Xelaf*5d°6s? | [Xe]af "*5d"6s? [ [Xeldr ‘5°6s” | [Xe4r"5a’6s? | (Xelaf*5d"6s% | [Xelaf™*5d%s |[xeldr"*5d %6s [(Xelaf'5d"%sq  (Hglep [Hgl6p* [Halep® [Hgl6p" [Hal6p’ [Hal6p°
3.8939 52117 6.8251 7.5496 7.8640 7.8335 8.4382 8.9670 8.9588 9.2255 10.4375 6.1082 7.4167 7.2855 8.414 10.7485
87 %*,|88 s, 104 °r,2|105 106 107 108 109 110 111 112 114 116
.| Fr | Ra Rf | Db | Sg | Bh | Hs | Mt [Uun|Uuu|Uub Uuq Uuh
Francium Radium Rutherfordium| Dubnium [ Seaborgium | Bohrium Hassium Meitnerium [ Ununnilium | Unununium | Ununbium Ununquadium Ununhexium
(223) (226)Z (??1)2 ) (262) (266) (264) (277) (268) (281) (272) (285) (289) (292)
[Rn]7s [Rn]7s [Rn]5f "6d“7s"
4.0727 5.2784 6.0?
[ i <t 5[57 ,[58_ 'ci[59_°;,[60 ~[61 'n,[62 w63 'S,[64 'D;[65 'r.,[66 °I,[67 Ii,,[68_ w,[69 °F,[70 5 [71 o,
]
O zfLa|Ce | Pr  Nd |Pm|Sm | Eu |Gd | Tb | Dy | Ho | Er | Tm| Yb | Lu
Symbol 58 G4 < | Lanthanum Cerium  [Praseodymium| Neodymium | Promethium | Samarium Europium Gadolinium Terbium Dysprosium Holmium Erbium Thulium Ytterbium Lutetium
c | 138.9055 140.116 140.90765 144.24 (145) 150.36 151.964 157.25 158.92534 162.500 | 164.93032 167.259 | 168.93421 173.04 174.967
Ce S 2 2 3n2 4n 2 5.2 6, 2 a2 7 2 9, 2 10, .2 11, 2 12, 2 13, 2 14, 2 14, 2
[Xe]5d6s [Xe]4f5d6s [Xe]4f"6s [Xe]4f Bs [Xe]4f’6s [Xe]4f°6s [Xe]4f'6s” | [Xe]4f'5d6s” | [Xe]4f 6s [Xe]4f s [XeJ4f 65 [Xe]df “Bs [Xe]4f "6s [Xe]4f '6s” | [XeJ4f "5d6s
Name — [ Cerium 5.5769 5.5387 5.473 5.5250 5.582 5.6437 5.6704 6.1498 5.8638 5.9389 6.0215 6.1077 6.1843 6.2542 5.4259
Atomic —|— 140.116 A 89A2D3/2 99”;5 91P“Kw2 92U5L2 9?N6Lm 91: 'Fy 95A 'S, 9& °D; 97BS|H(75/2 98cf518 99E Tise 1?2 *H, 1?\1” ;;;z 10'3l 'S, 10|3_2F’§’/2?
—— 2 L4
Weight' - [Xe]4f5d6s - C d P u m m S m o r
5.5387 % Actinium Thorium Protactinium | Uranium Neptunium | Plutonium | Americium Curium Berkelium | Californium | Einsteinium Fermium | Mendelevium | Nobelium | Lawrencium
e < (227) 232.0381 | 231.03588 | 238.02891 (237) (244) (243) (247) (247) (251) (252) (257) (258) (259) (262)
Ground-state lonization [Rnjed7s’ | [Rnjea?7s® | [Rn5f6d7s” | [Rn)5r°6d7s® | [Rnjsf'6d7s? | [Rnls7s” | [Rnjsf7s® | [Rnl5f6d7s? | [Rnjsf'7s® | [Rajsf'7s® | [Rulsf"'7s® | [Rn5f'%7s? | [Rnjsf°7s? | [Rnjsf'“7s® |[Rnjsf'7s%7p?
Configuration  Energy (eV) 517 6.3067 5.89 6.1941 6.2657 6.0260 5.9738 5.9914 6.1979 6.2817 6.42 6.50 6.58 6.65 4972
"Based upon '2C. () indicates the mass number of the most stable isotope. For a description of the data, visit physics.nist.gov/data NIST SP 966 (September 2003)
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PERIODIC TABLE NIST
Group - .
1 Atomic Properties of the Elements Netional Insitute of Standards ond Technoloor N
1A Technology Administration, U.S. Department of Commerce VIIA
> q
1 Sip Frequently used fundamental physical constants PhySICS Standard Reference
For the most accurate values of these and other constants, visit physics.nist.gov/constants Laboratory Data' Gro
1 Hydragen 1 second = 9 192 631 770 periods of radiation corresponding to the transition physics.nist.gov www.nist.gov/srd
100794 between the two hyperfine levels of the ground state of '**Cs
- 2 speed of light in vacuum c 299792458 ms' (exact) [ Solids 13 14 15
13.5984 1A Planck constant h 6.6261x10*Js (h = hi27) O Liquids 2 A A
-19 q
3 ’s,,| 4 'S, elementary charge e 1.6022x 10" °C G
. B electron mass me 9.1094 x 10" kg a??s_
2 1 e mec? 0.5110 MeV L] Artificially
‘oot | oot IR IS mp 16726 107k Prepared 1osn | 1soir | 440067 | addes | 1essedose | z0.irer
1;225 .152252 fine-structure constant “« AT 1 1szé322p 152'2522;)2 1szl2522p3 152'2522‘)4 1;22322p5 152-2522;16
Rydberg constant R, 10973732 m™
5.3917 9.3227 ® 2 2020 4524 c1o 4202
M s 12 s R.c 3.289 842 x 10"°Hz
112 0 R, hc 13.6057 eV
Na Mg Boltzmann constant k 1.3807 x 102 J K"
3| Sodium Magnesium ml— - I O + I m — |/2 + |/2
oo | 2430 | 3 4 5 6 i 8 9 10 12 "™ S ’
ejss e|3s
5.1391 7.6462 1B IVB VB 1B 1B 7] 5.9858 81517 10.4867 10.3600  |"219676 15.7596
19 ’s,(20 s, “F o ¢ > B 31 °P,132 °P|33 “s;,|34 °P,|35 °P5, |36 s,
3 K| C Ga|Ge | As | S Br | K
o a a e S e r r
E 4 Potassium Calcium Scandium Titanium Vanadium Chromium | Manganese Cobalt Nickel Copper Gallium Germanium Arsenic Selenium Bromine Krypton
o 39.0983 40.078 44.955910 47.867 50.9415 51.9961 54.938049 . 58.933200 | 58.6934 63.546 69.723 72.64 74.92160 78.96 79.904 83.798
2 2,2 3,2 5,2 8,.2 10 10, 2 10,2, 2 10, 2, 3 10, 2, 4 10,2, 5 10, 2, 6
[Arl4s [Ar]4s [Ar]3d°4s [Ar]3d”4s [Ar]3d"4s [Ar]3d"4s [Ar]3d "4s Ar]3d “4s"4p [[Ar]3d "4s°4p” |[Ar]3d 4s"4p” [[Ar]3d "4s"4p |[Ar]3d 4s"4p  |[Ar]3d 4s°4p
4.3407 6.1132 . 223 g7408 4340 6392 &4 v 5.9993 7.8994 9.7886 9.7524 11.8138 13.9996
37 s, 388 s, [39 ) 1 °D,,|42 3 4 5 'Fy|46 'S, |47 - 's,[49_°P;, |50 |51 sy, |52 °F,|53 fP;Z 5:3( 'S,
r e
5 Rubidium Strontium Yi lodine Xenon
85.4678 87.62 88 M — — 126.90447 131.293
[Kilss [Krl5s® [Kr I O eleCtronS Wlth mi— '2,' I ,O,+ I ,+2 n Is_ = I /2, + I /2 [Krj4d"5s75p° | [Krldd"5s75p°
41771 5.6949 6 10.4513 12.1298
55 ’s,|56 s, 85 *r;,|86 s,
Cs | Ba Hf T Ta | W T Re|Os | Ir Pt TAUTHGY TI'Pb | Bi [Po| At | Rn
6 Cesium Barium Hafnium Tantalum Tungsten Rhenium Osmium Iridium Platinum Gold Mercury Thallium Lead Bismuth Polonium Astatine Radon
132.90545 137.327 178.49 180.9479 183.84 186.207 190.23 192.217 195.078 196.96655 200.59 204.3833 207.2 208.98038 (209) (210) (222)
[Xel6s [Xe]6s [xe]4f"50%s | [Xelaf*5d°6s? | [Xe]af "*5d"6s? [ [Xeldr ‘5°6s” | [Xe4r"5a’6s? | (Xelaf*5d"6s% | [Xelaf™*5d%s |[xeldr"*5d %6s [(Xelaf'5d"%sq  (Hglep [Hgl6p* [Halep® [Hgl6p" [Hal6p’ [Hal6p°
3.8939 52117 6.8251 7.5496 7.8640 7.8335 8.4382 8.9670 8.9588 9.2255 10.4375 6.1082 7.4167 7.2855 8.414 10.7485
87 %*,|88 s, 104 °r,2|105 106 107 108 109 110 111 112 114 116
Fr | Ra Rf | Db | Sg | Bh | Hs | Mt |Uun|Uuu|Uub Uuq Uuh
7 Francium Radium Rutherfordium|  Dubnium Seaborgium Bohrium Hassium Meitnerium | Ununnilium | Unununium | Ununbium Ununquadium Ununhexium
(223) (226)Z (3531)2 ) (262) (266) (264) (277) (268) (281) (272) (285) (289) (292)
[Rn]7s [Rn]7s [Rn]5f "6d“7s"
4.0727 5.2784 6.0?
’\/m;g'gr Gm‘ﬂgg:l‘a‘e y 58 6|59 ‘(60 °L[61 °Hg, 63 °s;, 65 °H;,,|66 °I,[67 ‘I;,|68 °H,[69 °F;, -
O 4 La | Ce | Pr | Nd | Pm Eu Tb | Dy [ Ho | Er | Tm L +
Symbol 58 G-4 Lanthanum Cerium  [Praseodymium| Neodymium | Promethium | Samarium Europium Gadolinium Terbium Dysprosium Holmium Erbium Thulium Ytterbium Lutetium
138.9055 140.116 140.90765 144.24 (145) 150.36 151.964 157.25 158.92534 162.500 | 164.93032 167.259 168.93421 173.04 174.967
N Ce [Xel5d6s® | [Xejaf5des® | [Xelf'ss® | [xelaf6s? | [xelr’ss® | [xelar’ss® | (Xelar'6s® | [Xelaf'5d6s® | [Xelar’ss? | [Xelaf®6s? | [Xelaf"'6s? | [(Xelaf'%6s? | [xelaf'6s® | [xelaf"“6s” | [XeJ4f"*5d6s’
ame —_| . co 2 y o 2 e/ oy 2oao g2 co e 0 Ty £ oo 400
|~ Cerium
B 89 D, - oo o oo cores e SRS S eSS es T
Ato.mic»r/ 140.1162 P 3
Weight [Xe]4f5d6s §o C
m ) \d % 14 el ith mi=-3,-2,-1,0,+1,+2,+3 me=-1/2,+1/2
k3] — - - — -
L o < (227) ) e ectrons Wlt | [ [ ] ’+ ’+ ’+ S [} +
Ground-state lonization [Rnl6d7s
Configuration  Energy (eV) ‘ 517
"Based upon '2C. () indicates the mass number of the most stable isotope. For a description of the data, visit physics.nist.gov/data NIST SP 966 (September 2003)
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Magnetism of atoms

Hund’s rules:

rule (i) The electrons occupies states in order to give the maximum total S

rule (ii) The electrons occupies states in order to give the maximum total L

rule (iii) S and L combine to give ] as |]= L=S if the shell less then half occupied and J= L+ S if

the shell is more then half occupied.

spin orbit energy L-S

+2 4f electrons

mij

-1/2 +1/2

Ms
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Magnetism of atoms

Hund’s rules:

rule (i) The electrons occupies states in order to give the maximum total S

rule (ii) The electrons occupies states in order to give the maximum total L

rule (iii) S and L combine to give ] as |]= L=S if the shell less then half occupied and J= L+ S if

the shell is more then half occupied.

spin orbit energy L-S
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Magnetism of atoms

Hund’s rules:

rule (i) The electrons occupies states in order to give the maximum total S

rule (ii) The electrons occupies states in order to give the maximum total L

rule (iii) S and L combine to give ] as |]= L=S if the shell less then half occupied and J= L+ S if

the shell is more then half occupied.

spin orbit energy L-S

+3
4f electrons
+2
+1 Pr+3 4f2
m, 0
| S=2/2
) L=5
2 N
3 f
-1/2 +1/2
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Magnetism of atoms

Hund’s rules:

rule (i) The electrons occupies states in order to give the maximum total S

rule (ii) The electrons occupies states in order to give the maximum total L

rule (iii) S and L combine to give ] as |]= L=S if the shell less then half occupied and J= L+ S if
the shell is more then half occupied.

? spin orbit energy L-S

4f electrons

S=7/2
L=0

?

? +3 7
m 0 ? Gd*+3 4f

?

?

?

-1/2 +1/2

Mms
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Magnetism of atoms

Hund’s rules:

rule (i) The electrons occupies states in order to give the maximum total S

rule (ii) The electrons occupies states in order to give the maximum total L

rule (iii) S and L combine to give ] as |]= L=S if the shell less then half occupied and J= L+ S if
the shell is more then half occupied.

spin orbit energy L-S
|

4f electrons

S=6/2
L=3

?

? +3 7
m 0 ? Tb*3 4f

?

?

?

-1/2 +1/2

Mms
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Magnetism of atoms

Hund’s rules:

rule (i) The electrons occupies states in order to give the maximum total S

rule (ii) The electrons occupies states in order to give the maximum total L

rule (iii) S and L combine to give ] as J= L-S if the shell less then half occupied and J= L+ S if
the shell is more then half occupied.

4f electrons

Element z | e configuration | 4fof T3ion | S | L | J g7 grJ
Lanthanum (La) 57 | [Xe] 4fY 5d' 652 0 0 |0 0 - 0.00
Cerium (Ce) 58 | [Xe] 4f! 5dt 652 1 /23| 5/2 | 6/7 | 2.14
Praseodymium (Pr) | 59 | [Xe] 4f3 5d° 652 2 2/2 | 5| 8/2 | 4/5 | 3.20
Neodymium (Nd) | 60 | [Xe] 4f* 5d° 652 3 3/2 16| 9/2 | 8/11 | 3.27
Promethium (Pm) | 61 | [Xe] 4f° 5d° 652 4 4/2 1 6 | 8/2 | 3/5 | 2.40
Samarium (Sm) | 62 | [Xe] 4f% 5d° 6s2 5 5/2 | 5| 5/2 | 2/7 | 0.71
Europium (Eu) 63 | [Xe] 4f” 5d° 652 6 6/2 | 3 0 3/2 | 0.00
Gadolinium (Gd) | 64 | [Xe] 4f7 5d! 652 7 7/2 10| 7/2 2 7.00
Terbium (Thb) 65 | [Xe] 4f 5d° 652 8 6/2 | 3 |12/2 | 3/2 | 9.00
Dysprosium (Dy) | 66 | [Xe] 4f10 5d° 6s? 9 5/2 | 5 | 15/2 | 4/3 | 10.00
Holmium (Ho) | 67 | [Xe] 4f'1 5d° 62 10 4/2 | 6 | 16/2 | 5/4 | 10.00
Erbium (Er) 68 | [Xe] 4f'2 5d° 62 11 3/2 6| 15/2 ] 6/5 | 9.00
Thulium (Tm) 69 | [Xe] 4f13 5d° 652 12 2/2 | 5 | 12/2 | 7/6 | 7.00
Ytterbium (Yb) 70 | [Xe] 4 5dY 652 13 1/2 | 3| 7/2 | 87 | 4.00
Lutetium (Lu) 71 | [Xe] 4f1* 5d! 6s? 14 0 |0 0 - 0.00
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Magnetism of 3d metals

3d electrons

n of 3d electrons ions S |L| J gr | g5J
0 Sc3t 0 |0] O -1 0.00
1 Ti3*t, V4t 1 1/2 1 2 | 3/2 | 4/5 | 1.20
2 V3t T2t | 2/2 13 | 4/2 | 2/3 | 1.33
3 Cr3*, V2t | 3/2 1 3 |3/2]2/5| 0.60
4 Mn3*, Cr?* | 4/2 | 2| O - 1 0.00
5 Fe3™, Mn?* | 5/2 | 0 | 5/2 | 2 | 5.00
6 Co3t, Fe?t | 4/2 | 2 | 8/2 | 3/2 | 6.00
7 Ni3*, Co?* | 3/2 | 3 | 9/2 | 4/3 | 6.00
8 Cut, Ni?* | 2/2 | 3 | 8/2 | 5/4 | 5.00
9 Zn3T, Cu?t | 1/2 | 2 | 5/2 | 6/5 | 3.00
10 Ga’t, Zn** | 0 | 0| O -1 0.00
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Magnetism of 3d metals

3d electrons

n of 3d electrons ions S |L| J gr | g5J

0 Sc3F 0 |0] 0 - 10.00

1 Ti3*t, V4t 1 1/2 1 2 | 3/2 | 4/5 | 1.20

2 V3t T2t | 2/2 13 | 4/2 | 2/3 | 1.33

3 Cr3*, V2t | 3/2 1 3 |3/2]2/5| 0.60

4 Mn3*, Cr?* | 4/2 | 2| O - 1 0.00

5 Fe3*, Mn?t | 5/2 1 0 | 5/2 | 2 | 5.00

6 Co®t, Fe?t | 4/2 | 2 | 8/2 | 3/2 | 6.00

7 Ni3t, Co?t [ 3/2 | 3 [9/2 | 4/3 | 6.00

8 Cut, Ni*t [ 2/2 | 3 [ 8/2 | 5/4 | 5.00

9 Zn3t, Cu*t | 1/2 | 2 | 5/2 | 6/5 | 3.00

10 Gat, Zn2t | 0 0| O -1 0.00

poMy(4 K) (T) | 6 (kgm™3) | m (kg mol™?t) | n,

Fe 2.22 7874 0.0558 2.24 _
Co 1.85 8900 0.0589 1.75 | Non integer values!!
Ni 0.64 8908 0.0587 0.60
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Atomic orbitals

unquenched quenched

For 4f almost unquenched For 3d almost quenched

- almost only the spin matters
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Exchange energy

Electronic wave functions must be antisymmetric under exchange!

Y(ri,r2) = - Y(ra,r)
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Exchange energy

Electronic wave functions must be antisymmetric under exchange!

Y(ri,r2) = - Y(ra,r)

antibonding

bonding
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Exchange energy

Electronic wave functions must be antisymmetric under exchange!

Y(ri,r2) = - Y(ra,r)

antibonding

H> molecule

bonding * low energy state
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Exchange energy

Electronic wave functions must be antisymmetric under exchange!

Y(ri,r2) = - Y(ra,r)

A Fermi
level
antibonding h|gh energy *
solids
bonding low energy
A B antibonding electrons contribute to magnetic moment!
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Slater-Pauling curve

magnetic moment per atom (3d)

. FeCo
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antibonding electrons contribute to magnetic moment!
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Exchange energy

Electronic wave functions must be antisymmetric under exchange!

Y(ri,r2) = - Y(ra,r)

Heisenberg model

~J;;Si - S,

antibonding

Jii> 0 Coulomb interaction between electrons
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Exchange energy

Electronic wave functions must be antisymmetric under exchange!

Y(ri,r2) = - Y(ra,r)

Heisenberg model
antibonding _Jijsz' . Sj

Jii> 0 Coulomb interaction between electrons

Continuum

fex = const. + A(|Vm.|? + |[Vmy,|* + |Vm.|?)

m= — normalized magnetization
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Anisotropy energy

magnetocrystalline

Crystal axis
A

Ksin20
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Anisotropy energy

magnetocrystalline

bcc Iron hcp Cobalt fcc Nickel
. . : _ |
N0 BERD
MW" ¢ 4
MO

FFFFF T — "¢—e0." O8O .
L, o VTI\/ VT
e ZoSo gl Sk
v @/ XIXL | IXIX
v eq at'a el

Ki=0.48-105Jm3  K;=5-105)m3  K;=-0.057- 105 Jm-3

cubic uniaxial cubic

V. Basso, Basic magnetism, AIMAG School Perugia 2025



Anisotropy energy

L is linked to the crystal axis

S is linked to L spin orbit energy L-S

4f inner orbitals outer orbitals 3d
S S
weak strong
- T
strong spin-o rbit 4 weak =L
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Energy terms of a ferromagnt

1
Gr = / (A(Vm)Q + fan(m,n) — §M0HM M — noH, - M> d°r
%

exchange

anisotropy

magnetostatic field

applied field
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thanks for your attention !
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