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Review
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➢ Electronic states in magnetic ions

LS coupling approach

j-j coupling approach

➢ Paramagnetism by magnetic ions in insulators

Curie law

Breakdown of LS coupling approach in 3d transition metals

➢ Ligand field approach

Octahedron potential



Agenda
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➢ Ligand field approach to 3d orbitals in octahedral potential

➢ High-spin/ Low-spin state in ligand field potential

➢ Van Vleck (anomalous) paramagnetism

➢ Group theoretical approach to level splitting

➢ Experiments on and applications of paramagnetism



Electronic states in magnetic ions (continued)
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Periodic table of elements



3d transition metals
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The discrepancy tells 

that we need to take the 

effect of crystal field 

into account before 

going into the spin-

orbit interaction. 



Octahedral ligand field
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ligand

ion
R

Potential generated by ligands at an octahedron vertices:

Diagonalization in the space of 3d wavefunction

We are considering: Open shell 3d electrons

Single (3)d electron in 𝑣cb(𝒓)

m = 0 m = ±1 m = ±2

d



Looking for eigenfunction in tetrahedral potential
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Linear combination of d-orbitals Radial part → common for 5 orbitals

Angular part → second order in (𝑥, 𝑦, 𝑧)

Possible terms: 𝑥2, 𝑦2, 𝑧2, 𝑦𝑧, 𝑧𝑥, 𝑥𝑦

(1)

(2)

(3)

Candidates: Easily obtained by adding/subtracting (2), (3)

In order for vanishing off-diagonal term of 𝑥4 + 𝑦4 + 𝑧4, we should take differences 

between 𝑥2, 𝑦2, 𝑧2 : 

𝑥2 − 𝑧2, 𝑦2 − 𝑧2 orthogonalize            3𝑧2 − 𝑟2, 𝑥2 − 𝑦2

Obtained from (1) (itself), (3) (addition)

First order in x, y, z → disappearance of off-diagonal term by integration of odd-function



Octahedral ligand field (2)
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x
y

z



Energy level splitting and quenching of orbital magnetic moment
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l =2

spherical octahedral

6Dq

4Dq

d

Orbital angular momentum:

e.g.

Neither 𝑡2𝑔 nor 𝑒𝑔 orbital does not have 

angular momentum

Explanation of quenching of orbital 

angular moment



High-spin and low-spin states
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𝑛 = 4 𝑛 = 5 𝑛 = 6 𝑛 = 7
high low high low high low high low

(Effect of crystal field) > (Coulomb repulsion)

Low spin state

Ex) hemoglobin

No oxygen: Fe2+(𝑡2𝑔
4 𝑒𝑔

2) high spin

With oxygen: Fe2+(𝑡2𝑔
6 ) low spin



Topics in paramagnetism from 3d, 4f ions
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Jahn-Teller distortion

Distortion energy = energy lowering 

by symmetry lowering

B.Bleaney, Proc.Phys.Soc.London A63,408(1950).

CuSiF66H2O



Van Vleck (anomalous) paramagnetism

12

LS coupling approach

In the case of Eu3+ (J =0)

Excited state → finite moment



Very short review of point group theory
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Group:

(existence of inverse element).

Set A with operator *

Element 𝑎𝑖 𝐷(𝑎𝑖)

projection

square matrix
Representation of group A



Symmetry operation of point group
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A set of symmetry operations around a point in space is called a point group

In crystals: requirement of (discrete) translational symmetry 32 crystal point groups



Crystal point groups
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Reducible/irreducible representations
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R

R: symmetry operator Symmetry operation on functions

If then can be a representation basis of R

If block diagonalization is possible: 

reducible representation

If block diagonalization is impossible: 

irreducible representation

Direct summation:

: character of representation



Symmetry operations in group O
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Simplification to irreducible representation by character table

18Simplification of representation



Symmetry operation and level degeneracy
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Symmetry operator R

Transformation of 

operator:

Assume the system is invariant by operator R

: degenerated function set with eigenvalue E of 

Symmetry connected eigenfunctions

must be irreducible

otherwise
not symmetry-connected

accidental degeneracy



d-level splitting in various crystal fields
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5-fold level

spherical 

symmetry axial tetrahedral octahedral binary

1

2

2

3

2

2

3

1

1

1

1

1

Simplification of representation
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Experiments of magnetic moments on 

atoms/ions and applications



Magnetic resonance
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J

B0

𝜔L

J

Larmor precession

If we observe from rotational coordinate

with frequency 𝜔L

Precession stops: the effect of magnetic field is 

renormalized into the rotation

z



Magnetic resonance (2)
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J

High frequency magnetic field in xy-plane

On the rotational coordinate: 

Two rotational 

magnetic fields

Ignore 2wL component: rotational wave approximation

Precession around 𝑩1

Total motion: spiral



Summary

➢ Ligand field approach to 3d orbitals in octahedral potential

➢ High-spin/ Low-spin state in ligand field potential

➢ Van Vleck (anomalous) paramagnetism

➢ Group theoretical approach to level splitting

➢ Experiments on and applications of paramagnetism


