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ATOMIC ORIGIN OF MAGNETISM IN MATERIALS

❖ Single electrons: Spin, Angular Momentum, orbits and spin-orbit coupling

❖ Many electrons – the magical power of Pauli

❖ Non-magnetic magnetism : dia-magnetism and Van Vleck paramagnetism

❖ Hund’s rules and effective moment : a 4f lanthanide success story

❖ Crystal field effect : the case of 3d transition metals

❖ Jahn-Teller effect

Slides by Ivica Zivkovic and previous ESM lectures



Most atoms are 
magnetic

Few materials 
are magnetic
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ATOMIC ORIGIN OF MAGNETISM IN MATERIALS Many Electrons

Filled states cancel S and L to effective (almost) zero 
magnetic moment

In solids, ions share or swap electrons to create filled 
shells => eliminating magnetic moments
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Most atoms are 
magnetic

Few materials 
are magnetic



ISOLATED MAGNETIC MOMENTS an atom in a magnetic field

v(-e),me

r +

𝐿 = റ𝑟 × റ𝑝 →෍

𝑖

റ𝑟𝑖 × റ𝑝𝑖

not one but several electrons

ℋ0 =෍

𝑖

𝒑𝑖
2

2𝑚
+ 𝑉𝑖 →෍

𝑖

𝒑𝑖 + 𝑒𝑨 2

2𝑚
+ 𝑉𝑖 + 𝑔𝜇𝐵𝑩𝑺

applying magnetic field

𝐸𝑘 =
1

2
𝑚𝒗2 =

1

2𝑚
𝒑2

kinetic energy

=
1

2𝑚
(𝒑 − 𝑞𝑨)2

𝑨 =
1

2
𝑩 × 𝒓

B > 0
ℋ = ℋ0 + 𝜇𝐵 𝑳 + 𝑔𝑺 𝑩 +

𝑒2

8𝑚
෍

𝑖

𝑩 × 𝒓𝑖
2

choice of gauge:



ISOLATED MAGNETIC MOMENTS “Non-magnet magnetism 1” : diamagnetism

ℋ = ℋ0 + 𝜇𝐵 𝑳 + 𝑔𝑺 𝑩 +
𝑒2

8𝑚
෍

𝑖

𝑩 × 𝒓𝑖
2

dominant contribution

small perturbation

ℋ0 ൿหΨ𝑖 = 𝐸𝑖 ൿหΨ𝑖

𝐸0 < 𝐸1 < 𝐸2 < 𝐸3⋯

ground 
state excited states

perturbation theory

1. order Δ𝐸0 = ȁ0ۦ ℋ𝑝𝑒𝑟𝑡 ۧȁ0

2. order Δ𝐸0 =෍

𝑖

ȁ0ۦ ℋ𝑝𝑒𝑟𝑡 ۧȁ𝑖 ȁۦ𝑖 ℋ𝑝𝑒𝑟𝑡 ۧȁ0

𝐸0 − 𝐸𝑖

∆𝐸𝑑𝑖𝑎 = 0
𝑒2

8𝑚
෍

𝑖

𝑩 × 𝒓𝑖
2 0

𝐵 ∥ 𝑧 ⇒ 𝑩 =
0
0
𝐵

𝒓𝑖 =

𝑥𝑖
𝑦𝑖
𝑧𝑖

𝑩 × 𝒓𝑖 = 𝐵
−𝑦𝑖
𝑥𝑖
0

∆𝐸𝑑𝑖𝑎 =
𝑒2𝐵2

8𝑚
෍

𝑖

0 𝑥𝑖
2 + 𝑦𝑖

2 0 =
𝑒2𝐵2

12𝑚
෍

𝑖

0 𝑟𝑖
2 0

spherical symmetry

0 𝑥𝑖
2 0 = 0 𝑦𝑖

2 0 = 0 𝑧𝑖
2 0 =

1

3
0 𝑟𝑖

2 0

𝑑𝑖𝑎 =
𝑀

𝐻
~
1

𝐻

𝜕∆𝐸𝑑𝑖𝑎

𝜕𝐵
~෍

𝑖

0 𝑟𝑖
2 0

𝑑𝑖𝑎~𝑍𝑜𝑢𝑡𝑟
2

Filled shells



ISOLATED MAGNETIC MOMENTS “Non-magnet magnetism 2” : Van Vleck paramagnetism

𝑱 = 0

∆𝐸(1) = 0 𝑱 0 = 0
E

ہ ۧ0

ہ ۧ1

ہ ۧ2 ∆𝐸(2)~෍

𝑖≥1

0 𝑳 + 𝑔𝑺 𝑩 𝑖 2

𝐸𝑖 − 𝐸0

𝑉𝑉~෍

𝑖≥1

0 𝐿𝑧 + 𝑔𝑆𝑧 𝑖 2

𝐸𝑖 − 𝐸0
> 0

temperature and field 
independent

ℋ = ℋ0 + 𝜇𝐵 𝑳 + 𝑔𝑺 𝑩 +
𝑒2

8𝑚
෍

𝑖

𝑩 × 𝒓𝑖
2

dominant contribution

small perturbation

ℋ0 ൿหΨ𝑖 = 𝐸𝑖 ൿหΨ𝑖

𝐸0 < 𝐸1 < 𝐸2 < 𝐸3⋯

ground 
state excited states

perturbation theory

1. order Δ𝐸0 = ȁ0ۦ ℋ𝑝𝑒𝑟𝑡 ۧȁ0

2. order Δ𝐸0 =෍

𝑖

ȁ0ۦ ℋ𝑝𝑒𝑟𝑡 ۧȁ𝑖 ȁۦ𝑖 ℋ𝑝𝑒𝑟𝑡 ۧȁ0

𝐸0 − 𝐸𝑖

Filled shell in the ground state



ISOLATED MAGNETIC MOMENTS Unfilled shells – 4f example : Hund’s rules

1 Maximize S

2 Maximize L

La3+ 0 0 0 0

Ce3+ 1 1/2 3 5/2

Pr3+ 2 1 5 4

Nd3+ 3 3/2 6 9/2

Pm3+ 4 2 6 4

Sm3+ 5 5/2 5 5/2

Eu3+ 6 3 3 0

Gd3+ 7 7/2 0 7/2

Tb3+ 8 3 3 6

Dy3+ 9 5/2 5 15/2

Ho3+ 10 2 6 8

Er3+ 11 3/2 6 15/2

Tm3+ 12 1 5 6

Yb3+ 13 1/2 3 7/2

Lu3+ 14 0 0 0

3

J 
= 

|L
+S

|
J 

= 
|L

-S
|

0 2 4 6 8 10 1412

1

2

4

6

8

0

3

7

5

3 subtract/add



ISOLATED MAGNETIC MOMENTS Landé g-factor

ෝ𝝁 = 𝑔𝐽𝜇𝐵෠𝑱 = 𝜇𝐵(𝑔𝐿 ෠𝑳 + 𝑔𝑆෡𝑺)

total (measured) moment

Landé g-factor

റ𝑱 = 𝑳 + 𝑺 → but also operators!

𝑔𝐽෠𝑱
2 = (𝑔𝐿 ෠𝑳෠𝑱 + 𝑔𝑆෡𝑺෠𝑱) 𝑳 = റ𝑱 − 𝑺 𝑺 = റ𝑱 − 𝑳

𝑺2 = (റ𝑱 − 𝑳)2= റ𝑱2 − 𝑳2 − 2റ𝑱𝑳

𝑔𝐽 = 𝑔𝐿
𝐽 𝐽 + 1 + 𝐿 𝐿 + 1 − 𝑆(𝑆 + 1)

2𝐽(𝐽 + 1)
+ 𝑔𝑆

𝐽 𝐽 + 1 − 𝐿 𝐿 + 1 + 𝑆(𝑆 + 1)

2𝐽(𝐽 + 1)

𝑔𝐽 =
3

2
+
𝑆 𝑆 + 1 − 𝐿(𝐿 + 1)

2𝐽(𝐽 + 1)
for 𝑔𝐿 = 1, 𝑔𝑆 = 2

total angular momentum



ISOLATED MAGNETIC MOMENTS Paramagnetism

E

BBout

E+ = +½gmBBout

E- = -½gmBBout

DE = E+ - E- = gmBBout

the principle of ESR (EPR)

thermodynamics through the partition function:

𝑍 = ෍

𝑖

𝑒
𝐸𝑖
𝑘𝐵𝑇 = ෍

𝑚𝐽=−𝐽

𝐽

𝑒
𝑚𝐽𝑔𝐽𝜇𝐵𝐵

𝑘𝐵𝑇

𝑀 = 𝑛𝑔𝐽𝜇𝐵𝐽𝐵𝐽(𝑥)

𝐵𝐽 𝑥 =
2𝐽 + 1

2𝐽
coth

2𝐽 + 1

2𝐽
𝑥 −

1

2𝐽
coth

1

2𝐽
𝑥

Brillouin function

𝑱 = 𝑳 + 𝑺

𝑀 = 𝑛𝑔𝐽𝜇𝐵 𝑚𝐽 = 𝑛𝑔𝐽𝜇𝐵
σ𝑚𝐽=−𝐽
𝐽 𝑚𝐽𝑒

𝑚𝐽𝑥

σ𝑚𝐽=−𝐽
𝐽 𝑒𝑚𝐽𝑥

𝑥 =
𝑔𝐽𝜇𝐵𝐽𝐵𝑜𝑢𝑡

𝑘𝐵𝑇



ISOLATED MAGNETIC MOMENTS paramagnetism

𝑀 = 𝑛𝑔𝐽𝜇𝐵𝐽𝐵𝐽(𝑥)

𝐵𝐽 𝑥 =
2𝐽 + 1

2𝐽
coth

2𝐽 + 1

2𝐽
𝑥 −

1

2𝐽
coth

1

2𝐽
𝑥

PhysRev 88, 559 (1952)

saturation value

E

B

𝑥 =
𝑔𝐽𝜇𝐵𝐽𝐵𝑜𝑢𝑡

𝑘𝐵𝑇



ISOLATED MAGNETIC MOMENTS paramagnetism

𝐵𝐽 𝑥 =
2𝐽 + 1

2𝐽
coth

2𝐽 + 1

2𝐽
𝑥 −

1

2𝐽
coth

1

2𝐽
𝑥

𝐽 → ∞

𝐵∞ 𝑥 → 𝐿 𝑥 = coth 𝑥 −
1

𝑥

Langevin function



ISOLATED MAGNETIC MOMENTS paramagnetism

𝐵𝐽 𝑥 =
2𝐽 + 1

2𝐽
coth

2𝐽 + 1

2𝐽
𝑥 −

1

2𝐽
coth

1

2𝐽
𝑥

𝐽 → ∞

𝐵∞ 𝑥 → 𝐿 𝑥 = coth 𝑥 −
1

𝑥

Langevin function

𝑥 ≪ 1

𝐵𝐽 𝑥 ≈
𝐽 + 1

3𝐽
𝑥 → 𝑀 = 𝑓 𝑇 𝐵

Curie law =
𝑁𝐴𝜇0𝑔𝐽

2𝜇𝐵
2𝐽(𝐽 + 1)

3𝑘𝐵𝑇
=
𝐶

𝑇



ISOLATED MAGNETIC MOMENTS paramagnetism

𝐵𝐽 𝑥 =
2𝐽 + 1

2𝐽
coth

2𝐽 + 1

2𝐽
𝑥 −

1

2𝐽
coth

1

2𝐽
𝑥

𝐽 → ∞

𝐵∞ 𝑥 → 𝐿 𝑥 = coth 𝑥 −
1

𝑥

Langevin function

𝑥 ≪ 1

𝐵𝐽 𝑥 ≈
𝐽 + 1

3𝐽
𝑥 → 𝑀 = 𝑓 𝑇 𝐵

 =
𝑁𝐴𝜇0𝑔𝐽

2𝜇𝐵
2𝐽(𝐽 + 1)

3𝑘𝐵𝑇
=
𝐶

𝑇
Curie law



T

T

T

1/

T

C

 =
𝑁𝐴𝜇0𝑔𝐽

2𝜇𝐵
2𝐽(𝐽 + 1)

3𝑘𝐵𝑇
=
𝐶

𝑇
=
𝑁𝐴𝜇0𝜇𝑒𝑓𝑓

2

3𝑘𝐵𝑇

𝜇𝑒𝑓𝑓
2 = 𝑔𝐽

2𝜇𝐵
2𝐽(𝐽 + 1)



ISOLATED MAGNETIC MOMENTS Hund’s rules

14

deviations (Sm, Eu)

4f6

J = L – S = 0

J = L – S + 1 = 1

J = L + S = 6

.

.

.

mJ = -1

mJ = 0

mJ = 1

mJ = 0

2J + 1 = 13 states

D

when kBT ~ D, m > 0



ISOLATED MAGNETIC MOMENTS The failure of 3D transition metals



ISOLATED MAGNETIC MOMENTS



CRYSTAL FIELD EFFECTS

image source: wikimedia.org

orbitals

bonding magnetism

❖ based on hydrogen

❖ visualization is not straight-forward

❖ radial and spherical coordinates

❖ complex value



CRYSTAL FIELD EFFECTS

image source: wikimedia.org

orbitals

bonding magnetism

𝑝0 = 𝑅𝑛,𝑙=1𝑌𝑙=1,𝑚=0

𝑝1 = 𝑅𝑛,𝑙=1𝑌𝑙=1,𝑚=1

𝑝−1 = 𝑅𝑛,𝑙=1𝑌𝑙=1,𝑚=−1 𝑝𝑧 = 𝑝0

𝑝𝑥 =
1

2
−𝑝1 + 𝑝−1

𝑝𝑦 =
𝑖

2
𝑝1 + 𝑝−1

𝑑0 = 𝑅𝑛,𝑙=2𝑌𝑙=2,𝑚=0

𝑑1 = 𝑅𝑛,𝑙=2𝑌𝑙=2,𝑚=1

𝑑−1 = 𝑅𝑛,𝑙=2𝑌𝑙=2,𝑚=−1

𝑑2 = 𝑅𝑛,𝑙=2𝑌𝑙=2,𝑚=2

𝑑−2 = 𝑅𝑛,𝑙=2𝑌𝑙=2,𝑚=−2

𝑑𝑥𝑦 =
−𝑖

2
𝑑2 − 𝑑−2

𝑑𝑦𝑧 =
𝑖

2
𝑑1 + 𝑑−1

𝑑𝑥𝑧 =
−1

2
𝑑1 − 𝑑−1

𝑑𝑥2−𝑦2 =
1

2
𝑑2 + 𝑑−2

𝑑3𝑧2−𝑟2 = 𝑑0

❖ based on hydrogen

❖ radial and angular coordinates

❖ complex value

❖ visualization is not straight-forward



CRYSTAL FIELD EFFECTS charged environment

3z2-r2 xz yz xy x2-y2



CRYSTAL FIELD EFFECTS charged environment

-
-

-
-

---

-
-

-
-

- - -

-
-

-
-

---

-
-

-
-

- - -

DEel.stat.
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CRYSTAL FIELD EFFECTS charged environment

-
-

-
-

---

-
-

-
-

- - -

-
-

-
-

---

-
-

-
-

- - -

----- --

----- --

DEel.stat.

3z2-r2 xz yz xy x2-y2



CRYSTAL FIELD EFFECTS charged environment

-
-

-
-

---

-
-

-
-

- - -

-
-

-
-

---

-
-

-
-

- - -

----- --

----- --

DEel.stat.

3z2-r2

xz yz

xy x2-y2

3z2-r2 xz yz xy x2-y2

away from charges

close to charges



CRYSTAL FIELD EFFECTS charged environment

-
-

-
-

---

-
-

-
-

- - -

-
-

-
-

---

-
-

-
-

- - -

----- --

----- --

DEel.stat.

3z2-r2

xz yz

xy x2-y2

point-charges
(crystal field theory)

cation-anion orbital mixing
(ligand field theory)

3z2-r2 xz yz xy x2-y2

away from charges

close to charges



CRYSTAL FIELD EFFECTS octahedral environment

❖ 6 point charges

❖ equal distance from the magnetic ion (ideal case)

M



CRYSTAL FIELD EFFECTS octahedral environment

❖ 6 point charges

❖ equal distance from the magnetic ion (ideal case)

❖ ABO3 (perovskites, new solar-cell materials) M

Nature 592, 381 (2021)



CRYSTAL FIELD EFFECTS octahedral environment

❖ 6 point charges

❖ equal distance from the magnetic ion (ideal case)

❖ ABO3 (perovskites, new solar-cell materials)

❖ high-Tc superconductivity in cuprates

M



CRYSTAL FIELD EFFECTS octahedral environment

❖ 6 point charges

❖ equal distance from the magnetic ion (ideal case)

❖ ABO3 (perovskites, new solar-cell materials)

❖ high-Tc superconductivity in cuprates

❖ colossal magnetoresistance in manganites

M

J. Phys. Soc. Jpn. 67, 2582 (1998)



CRYSTAL FIELD EFFECTS

image source: wikimedia.org

octahedral environment

M

3z2-r2 xz yz xy x2-y2

❖ 6 point charges

❖ equal distance from the magnetic ion (ideal case)

❖ ABO3 (perovskites, new solar-cell materials)

❖ high-Tc superconductivity in cuprates

❖ colossal magnetoresistance in manganites



CRYSTAL FIELD EFFECTS

image source: wikimedia.org

octahedral environment

3z2-r2

xz yzxy

x2-y2

M

Do

3/5Do

2/5Do

eg

t2g

3z2-r2 xz yz xy x2-y2

❖ 6 point charges

❖ equal distance from the magnetic ion (ideal case)

❖ ABO3 (perovskites, new solar-cell materials)

❖ high-Tc superconductivity in cuprates

❖ colossal magnetoresistance in manganites



CRYSTAL FIELD EFFECTS octahedral environment

d0

Sc3+/Ti4+/V5+

S = 0



CRYSTAL FIELD EFFECTS octahedral environment

d1

Sc2+/Ti3+/V4+/Cr5+

S = 1/2



CRYSTAL FIELD EFFECTS octahedral environment

d2

Ti2+/V3+/Cr4+

S = 1

!!! maximize S !!!



CRYSTAL FIELD EFFECTS octahedral environment

d3

V2+/Cr3+/Mn4+

S = 3/2



CRYSTAL FIELD EFFECTS octahedral environment

d4

Cr2+/Mn3+

S = 2

??? maximize S ???



CRYSTAL FIELD EFFECTS octahedral environment

d5

Mn2+/Fe3+

S = 5/2



CRYSTAL FIELD EFFECTS octahedral environment

d6

Fe2+/Co3+

S = 2



CRYSTAL FIELD EFFECTS octahedral environment

d7

Co2+

S = 3/2



CRYSTAL FIELD EFFECTS octahedral environment

d8

Ni2+

S = 1



CRYSTAL FIELD EFFECTS octahedral environment

d9

Cu2+

S = 1/2



CRYSTAL FIELD EFFECTS octahedral environment

d10

Cu1+/Zn2+

S = 0



CRYSTAL FIELD EFFECTS octahedral environment

d0 d1 d2 d3 d4 d5 d6 d7 d8 d9 d10

Sc3+/Ti4+/V5+ Sc2+/Ti3+/V4+/Cr5+ Ti2+/V3+/Cr4+ V2+/Cr3+/Mn4+ Cr2+/Mn3+ Mn2+/Fe3+ Fe2+/Co3+ Co2+ Ni2+ Cu2+ Cu1+/Zn2+

S = 0 S = 1/2 S = 1 S = 3/2 S = 2 S = 5/2 S = 2 S = 3/2 S = 1 S = 1/2 S = 0



CRYSTAL FIELD EFFECTS

d0 d1 d2 d3 d4 d5 d6 d7 d8 d9 d10

Sc3+/Ti4+/V5+ Sc2+/Ti3+/V4+/Cr5+ Ti2+/V3+/Cr4+ V2+/Cr3+/Mn4+ Cr2+/Mn3+ Mn2+/Fe3+ Fe2+/Co3+ Co2+ Ni2+ Cu2+ Cu1+/Zn2+

S = 0 S = 1/2 S = 1 S = 3/2 S = 2 S = 5/2 S = 2 S = 3/2 S = 1 S = 1/2 S = 0

JH

Do

S = 2

Do

JH

S = 1

❖ if there would be no electron-electron repulsion (JH = 0) → S = 1

❖ if JH > 0 but JH < Do → S = 1

❖ if JH > Do → S = 2

low spinhigh spin

S = 1 S = 1/2 S = 0 S = 1/2

high spin/low spin



CRYSTAL FIELD EFFECTS

d0 d1 d2 d3 d4 d5 d6 d7 d8 d9 d10

Sc3+/Ti4+/V5+ Sc2+/Ti3+/V4+/Cr5+ Ti2+/V3+/Cr4+ V2+/Cr3+/Mn4+ Cr2+/Mn3+ Mn2+/Fe3+ Fe2+/Co3+ Co2+ Ni2+ Cu2+ Cu1+/Zn2+

S = 0 S = 1/2 S = 1 S = 3/2 S = 2 S = 5/2 S = 2 S = 3/2 S = 1 S = 1/2 S = 0

JH

Do

S = 2

Do

JH

S = 1

low spinhigh spin

S = 1 S = 1/2 S = 0 S = 1/2

intermediate spin

high spin/low spin



d0 d1 d2 d3 d4 d5 d6 d7 d8 d9 d10

Sc3+/Ti4+/V5+ Sc2+/Ti3+/V4+/Cr5+ Ti2+/V3+/Cr4+ V2+/Cr3+/Mn4+ Cr2+/Mn3+ Mn2+/Fe3+ Fe2+/Co3+ Co2+ Ni2+ Cu2+ Cu1+/Zn2+

S = 0 S = 1/2 S = 1 S = 3/2 S = 2 S = 5/2 S = 2 S = 3/2 S = 1 S = 1/2 S = 0

CRYSTAL FIELD EFFECTS orbital quenching
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 =
𝑁𝐴𝜇0𝑔𝐽

2𝜇𝐵
2𝐽(𝐽 + 1)

3𝑘𝐵𝑇
=
𝐶

𝑇
=
𝑁𝐴𝜇0𝜇𝑒𝑓𝑓

2

3𝑘𝐵𝑇

𝜇𝑒𝑓𝑓
2 = 𝑔𝐽

2𝜇𝐵
2𝐽(𝐽 + 1)



d0 d1 d2 d3 d4 d5 d6 d7 d8 d9 d10

Sc3+/Ti4+/V5+ Sc2+/Ti3+/V4+/Cr5+ Ti2+/V3+/Cr4+ V2+/Cr3+/Mn4+ Cr2+/Mn3+ Mn2+/Fe3+ Fe2+/Co3+ Co2+ Ni2+ Cu2+ Cu1+/Zn2+

S = 0 S = 1/2 S = 1 S = 3/2 S = 2 S = 5/2 S = 2 S = 3/2 S = 1 S = 1/2 S = 0

CRYSTAL FIELD EFFECTS orbital quenching

L = 0 L = 2 L = 3 L = 3 L = 2 L = 0 L = 2 L = 3 L = 3 L = 2 L = 0



d0 d1 d2 d3 d4 d5 d6 d7 d8 d9 d10

Sc3+/Ti4+/V5+ Sc2+/Ti3+/V4+/Cr5+ Ti2+/V3+/Cr4+ V2+/Cr3+/Mn4+ Cr2+/Mn3+ Mn2+/Fe3+ Fe2+/Co3+ Co2+ Ni2+ Cu2+ Cu1+/Zn2+

S = 0 S = 1/2 S = 1 S = 3/2 S = 2 S = 5/2 S = 2 S = 3/2 S = 1 S = 1/2 S = 0

CRYSTAL FIELD EFFECTS orbital quenching

L = 0 L = 2 L = 3 L = 3 L = 2 L = 0 L = 2 L = 3 L = 3 L = 2 L = 0



d0 d1 d2 d3 d4 d5 d6 d7 d8 d9 d10

Sc3+/Ti4+/V5+ Sc2+/Ti3+/V4+/Cr5+ Ti2+/V3+/Cr4+ V2+/Cr3+/Mn4+ Cr2+/Mn3+ Mn2+/Fe3+ Fe2+/Co3+ Co2+ Ni2+ Cu2+ Cu1+/Zn2+

S = 0 S = 1/2 S = 1 S = 3/2 S = 2 S = 5/2 S = 2 S = 3/2 S = 1 S = 1/2 S = 0

CRYSTAL FIELD EFFECTS orbital quenching

L = 0 L = 2 L = 3 L = 3 L = 2 L = 0 L = 2 L = 3 L = 3 L = 2 L = 0

❖ J = L + S does not work

❖ L is ‘quenched’

❖ point charges break the rotational symmetry

𝑉𝐶𝐹
𝑜𝑐𝑡 𝑟 ~𝑥4 + 𝑦4 + 𝑧4 −

3

5
𝑟4 ෠𝑳 = −𝑖ො𝒓 × ∇

Hermitian, so ȁ0ۦ ෠𝑳 ۧȁ0 ∈ ℝ ȁ0ۦ ෠𝑳 ۧȁ0 = 0only if

imaginary

real

ℋ0 > ℋ𝐶𝐹 > ℋ𝑆𝑂 ≫ ℋ𝑍



d0 d1 d2 d3 d4 d5 d6 d7 d8 d9 d10

Sc3+/Ti4+/V5+ Sc2+/Ti3+/V4+/Cr5+ Ti2+/V3+/Cr4+ V2+/Cr3+/Mn4+ Cr2+/Mn3+ Mn2+/Fe3+ Fe2+/Co3+ Co2+ Ni2+ Cu2+ Cu1+/Zn2+

S = 0 S = 1/2 S = 1 S = 3/2 S = 2 S = 5/2 S = 2 S = 3/2 S = 1 S = 1/2 S = 0

CRYSTAL FIELD EFFECTS orbital quenching

L = 0 L = 2 L = 3 L = 3 L = 2 L = 0 L = 2 L = 3 L = 3 L = 2 L = 0

❖ in practice: incomplete quenching

• t2g subset (n=1,2,6,7), ‘effective’ L = 1
• spin-orbit coupling

❖ reflected in g > 2 and often anisotropic



CRYSTAL FIELD EFFECTS other environments
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CRYSTAL FIELD EFFECTS 4f orbitals
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CRYSTAL FIELD EFFECTS 4f orbitals

r(r)

r

4f
5s

5p

5d
6s

shielding of 4f electrons from the 
crystal-field potential

ℋ0 > ℋ𝑆𝑂 > ℋ𝐶𝐹 > ℋ𝑍

6 states

8 states

J=5/2

J=7/2

DECF << DESO

DESO

9 states

11 states

J=4

J=5

number of electrons
J evenJ odd

Kramer’s theorem:

2-fold degeneracy (at least)

possible 1-fold degeneracy
(singlets → non-magnetic ground states!)

Ce3+ Pr3+



CRYSTAL FIELD EFFECTS other environments
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CRYSTAL FIELD EFFECTS Jahn-Teller effect

no degeneracy

doubly degenerate

∆𝐸𝑑= 𝑓 𝑧 − 𝑧0 = ±𝑎 𝑧 − 𝑧0 + 𝑏(𝑧 − 𝑧0)
2+⋯

𝑧 − 𝑧0 =  ≪ 𝑧0
one orbital down

one orbital up

no degeneracy

no degeneracy

M

Orbital energy gain

M

z0
k 𝐸𝑒𝑙𝑎𝑠 =

1

2
𝑘(𝑧 − 𝑧0)

2Elastic energy cost

𝐸𝑡𝑜𝑡 = ±𝑎+
1

2
𝑘2

𝑑𝐸𝑡𝑜𝑡
𝑑

= ±𝑎 + 𝑘 = 0

𝐽𝑇 = ±
𝑎

𝑘
static JT

Magneto-elastic effects



ATOMIC ORIGIN OF MAGNETISM IN MATERIALS

❖ Single electrons: Spin, Angular Momentum, orbits and spin-orbit coupling

❖ Many electrons – the magical power of Pauli

❖ Non-magnetic magnetism : dia-magnetism and Van Vleck paramagnetism

❖ Hund’s rules and effective moment : a 4f lanthanide success story

❖ Crystal field effect : the case of 3d transition metals

❖ Jahn-Teller effect
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