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Crystal field theory : origin 
Hans Bethe (1906-2005) [2] 

(Nobel Prize in Physics 1967) 
 

 
 I. Approche du champ cristallin

• Hans Bethe (1906-2005)
En 1929 (Université de 
Tübingen): Modèle pour 
expliquer les propriétés 
du cristal de NaCl.

Les ions sont considérés 
comme étant des 
sphères chargées 
indéformables et 

l’interaction entre eux 
résulte simplement du 

potentiel électrique 
généré par ces charges.

(prix Nobel de physique 
1967)
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[1] H. Bethe, Annalen der Physik, 1929 
[2] W. Kutzelnigg, Angew. Chem. 44, 25 (2005) 

In 1929 (University of Tübingen) [1]  
 
“ Either we treat the crystal as a complete 
whole (spatial-periodic potential field and 
wave function) “ (F. Bloch theory) 
 
or 
 
“ one can start from a free atom and treat 
its disturbance in the crystal “  
 
 

“the atom in the crystal is influenced by 
the other atoms by an electric field of 
certain symmetry“ = Crystal field 
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Crystal field : origin 

Na+

Cl-

• Un ion Na+ entouré de 6 ions Cl- comme plus proche voisins
• Ions = sphères chargées indéformables
• Interaction résulte du potentiel électrostatique créé

Cristal de NaCl

Potentiel électrostatique produit par une charge négative:
νi = e / r

(r = distance entre centre de la charge et un point i)

Effet des 6 charges négatives: Vi = Σ νii=1
6

Cl- 
Na+ 

NaCl crystal 

Crystal field (CF) 
 
Electric potential generated by the charges of 
the neighbor atoms 
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Na+ ion surrounded by 6 Cl- ions (nearest 
neighbors 
 

Ø  CF = Electrostatic potential produced by 6 
negative charges: 

 
 

 
      (ri = Na-Cl distance) 

 
Ø  Depends on the local symmetry   

Hans Bethe (1929) : Model used for NaCl crystal. 

H. Bethe, Annalen der Physik, 1929 

<latexit sha1_base64="16vSApWSJtiZssjQfizvura2x6E="></latexit>

VCF =
6X

i=1

e

ri



Crystal field : origin 

Analogy in solid-state or coordination complexes :  
Consider the ligands as charged spheres 
  

Perovskite SrTiO3 
O2- 

Ti4+ 
Fe3+ CN- 

Tp=tris-pyrazolyl borate 

Tp- 
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Crystal field model 
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•  Local model (restricted to the first neighbors /ligands) 

•  A purely ionic model for transition metal complexes. 

•  Ligands are considered as point charge. 

•  Predicts the pattern of splitting of d-orbitals. 

•  Used to rationalize spectroscopic and magnetic properties. 



II.1. Symmetries 
Symmetry : responsible for many physical and spectroscopic 
properties of compounds 
 
Group theory :  powerful tool   
Ø   simplify calculations,  
Ø   predict some properties 
Ø   defines the language of labeling 
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Symmetry operations : some notations to know 

•  E, the identity 
•  Cn, a rotation by an angle 2π/n; 
•  σ reflection in a plane, classified as  

•  σh, reflection through a plane perpendicular to the axis of highest 
rotation symmetry, called principal axis  

•  σv, reflection through a plane to which the principal axis belongs  
•  σd, reflection through a plane to which the principal axis belongs, 

and bisecting the angle between the two-fold axes perpendicular 
to the principal axis.  

•  Sn = σh ⊗Cn, improper rotation of an angle 2π/n 
•  I = S2, the inversion.  

 
  Quanty : http://www.quanty.org/physics_chemistry/point_groups  
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Symmetries : some point groups 
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u A group of symmetry is an ensemble of symmetry operations (group theory) 
u Each group is labeled (in Schönfliess notation) 

u Each group has a table of representations 



Symmetry tree 
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Quanty : 
http://www.quanty.org/physics_chemistry/
point_groups#a_flow_diagram_to_determine_the_point_group  



Octahedral symmetry: Oh 

SrT iO3
<latexit sha1_base64="/GHYR1cYtLS0YAe73WumU6kGa+8="></latexit><latexit sha1_base64="cQv7dI6rzgn6KT+aL1JtkrT7mOA="></latexit><latexit sha1_base64="cQv7dI6rzgn6KT+aL1JtkrT7mOA="></latexit><latexit sha1_base64="yxkT9v83PzUdtTv3T9Gi4ipCoyw="></latexit>

Octahedral  
Group : Oh 

This document is provided by the Chemical Portal www.webqc.org

Character table for Oh point group

E 8C3 6C2 6C4 3C2 =(C4)2 i 6S4 8S6 3σh 6σd
linear,

rotations quadratic

A1g 1 1 1 1 1 1 1 1 1 1 x2+y2+z2

A2g 1 1 -1 -1 1 1 -1 1 1 -1

Eg 2 -1 0 0 2 2 0 -1 2 0 (2z2-x2-y2, x2-y2)
T1g 3 0 -1 1 -1 3 1 0 -1 -1 (Rx, Ry, Rz)

T2g 3 0 1 -1 -1 3 -1 0 -1 1 (xz, yz, xy)

A1u 1 1 1 1 1 -1 -1 -1 -1 -1

A2u 1 1 -1 -1 1 -1 1 -1 -1 1

Eu 2 -1 0 0 2 -2 0 1 -2 0

T1u 3 0 -1 1 -1 -3 -1 0 1 1 (x, y, z)

T2u 3 0 1 -1 -1 -3 1 0 1 -1

You may print and redistribute verbatim copies of this document.
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O2- 

Ti4+ 

Character table  

Symmetry elements Basis functions 

Irreducible representation :  
labeled the symmetry properties of a state in the group 



Point groups: Quanty website 

  
All you need is in the web page Quanty.org  
http://quanty.org/physics_chemistry/point_groups  
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http://quanty.org/physics_chemistry/point_groups/oh 
 

Point groups: Quanty / Orientation 
Oh 



Symmetries 

O2- 

Ti4+ 

Approximative 
Trigonal group : 

C3v 

Fe3+ CN- 

Tp- 

[TpFeIII(CN)3]
�

<latexit sha1_base64="g28XUYhUT28U4iHakU0A3z5rQZ4="></latexit><latexit sha1_base64="g28XUYhUT28U4iHakU0A3z5rQZ4="></latexit><latexit sha1_base64="g28XUYhUT28U4iHakU0A3z5rQZ4="></latexit><latexit sha1_base64="g28XUYhUT28U4iHakU0A3z5rQZ4="></latexit>

SrT iO3
<latexit sha1_base64="/GHYR1cYtLS0YAe73WumU6kGa+8="></latexit><latexit sha1_base64="cQv7dI6rzgn6KT+aL1JtkrT7mOA="></latexit><latexit sha1_base64="cQv7dI6rzgn6KT+aL1JtkrT7mOA="></latexit><latexit sha1_base64="yxkT9v83PzUdtTv3T9Gi4ipCoyw="></latexit>

Octahedral  
Group : Oh 
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II.2. Crystal field Hamiltonian 
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Crystal field Hamiltonian 

HCF =
1X

k=0

kX

m=�k

Ak,mC
m
k (✓,�)

<latexit sha1_base64="zWBP8z0QV3bLXQyRyVwgbAAn2d8="></latexit><latexit sha1_base64="zWBP8z0QV3bLXQyRyVwgbAAn2d8="></latexit><latexit sha1_base64="zWBP8z0QV3bLXQyRyVwgbAAn2d8="></latexit><latexit sha1_base64="zWBP8z0QV3bLXQyRyVwgbAAn2d8="></latexit>
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Ak,m are the crystal field parameters 
 
   

  

<latexit sha1_base64="UFBXF6mG1QIyHr7neMHZu4tHFIM="></latexit>

Ck,m(✓,�) =
⇣

4⇡
2k+1

⌘1/2
Yk,m(✓,�)

CF potential : expanded on the normalized spherical harmonics 

Sum over k infinity  ? 
 

  è CF matrix element   



CF matrix element 

Heidelberg 2022 17 

The crystal field potential        

HCF =
1X

k=0

kX

m=�k

Ak,mC
m
k (✓,�)

<latexit sha1_base64="zWBP8z0QV3bLXQyRyVwgbAAn2d8="></latexit><latexit sha1_base64="zWBP8z0QV3bLXQyRyVwgbAAn2d8="></latexit><latexit sha1_base64="zWBP8z0QV3bLXQyRyVwgbAAn2d8="></latexit><latexit sha1_base64="zWBP8z0QV3bLXQyRyVwgbAAn2d8="></latexit>

 
Angular 
Spherical harmonics 

�i(r,�) =
1

r
Pni`i(r) Y`,m(✓,�) �msi

(�)
<latexit sha1_base64="4n5vocsHMPC8HQqONWT53fGDCs8="></latexit><latexit sha1_base64="4n5vocsHMPC8HQqONWT53fGDCs8="></latexit><latexit sha1_base64="4n5vocsHMPC8HQqONWT53fGDCs8="></latexit>

Radial 
spin 

<latexit sha1_base64="G4LV9fCHyweGNdByyuVR+EJvchc="></latexit>

h�i|HCF |�ji / hY`,mi |Ck,m|Y`,mj i

Basis function (one electron) 

<latexit sha1_base64="L8bRhMJW7kKTYyyh4koFKmAXcs8="></latexit>

6= 0 if k even (2`+ k even), 0  k  2`

For an electron in orbital  
<latexit sha1_base64="USYoLa93GSA+xg/1djLTc7SqMdI="></latexit>

`

<latexit sha1_base64="EhCKK95rhmqugoUq3u8WQ933/h0="></latexit>

/
✓

` k `
0 0 0

◆✓
` k `

�mi m mj

◆



Crystal field Hamiltonian 
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<latexit sha1_base64="Y0Cz8ePpiSiUhFCgjy83pdH4ics="></latexit>

HCF =
2X̀

k=0,
k even

kX

m=�k

Ak,mCk,m(✓,�)

Ak,m = (�1)mA⇤
k,�m

Hermitian Hamiltonian 

3d ion 
<latexit sha1_base64="sTN7rv79mpg/q8XM7OXABX30Hw4="></latexit>

` = 2 4f ion   
<latexit sha1_base64="XM0gjZTgA1BMXnWg+1cA/RxAsJk="></latexit>

` = 3
<latexit sha1_base64="KCqvQ1wKeabJaWr4j3HxxFz7Ui4="></latexit>

k = 0, 2, 4
<latexit sha1_base64="+/fOvpkKSRWxmWmqtf8vZtoTewM="></latexit>

k = 0, 2, 4, 6

Exemples 



Crystal field and symmetry 

OiHCF = HCF
<latexit sha1_base64="FpCXxXd4gS6+6eu7x37btacL6MI=">AAAB/HicbZDLSsNAFIZPvNZqNdqlm8EiuCqJG7sRCgXpzgr2Am0Ik+mkHTqZhJmJEEJ9FTcuFHHrA/gI7nwbp5eFtv4w8PGfczhn/iDhTGnH+bY2Nre2d3YLe8X9g9LhkX180lFxKgltk5jHshdgRTkTtK2Z5rSXSIqjgNNuMGnM6t0HKhWLxb3OEupFeCRYyAjWxvLt8q3PUNPPGzdTdL0E3644VWcutA7uEir10meKAKDl21+DYUzSiApNOFaq7zqJ9nIsNSOcTouDVNEEkwke0b5BgSOqvHx+/BSdG2eIwliaJzSau78nchwplUWB6YywHqvV2sz8r9ZPdVjzciaSVFNBFovClCMdo1kSaMgkJZpnBjCRzNyKyBhLTLTJq2hCcFe/vA6dy6rrVN07k0YNFirAKZzBBbhwBXVoQgvaQCCDJ3iBV+vRerberPdF64a1nCnDH1kfP8lGlQM=</latexit><latexit sha1_base64="bcqf6KSoPinUFrwrhkc39AJ83Rk=">AAAB/HicbZDLSsNAFIZP6q1Wq9Eu3QyWgquSuLEboVAo3VnBXqANYTKdtEMnF2YmQgj1VdyIKOLWB/AR3Pk2Ti8Lbf1h4OM/53DO/F7MmVSW9W3ktrZ3dvfy+4WDw+LRsXly2pVRIgjtkIhHou9hSTkLaUcxxWk/FhQHHqc9b9qY13v3VEgWhXcqjakT4HHIfEaw0pZrlm5chlpu1mjO0PUKXLNsVa2F0CbYKyjXi59JpVl4brvm13AUkSSgoSIcSzmwrVg5GRaKEU5nhWEiaYzJFI/pQGOIAyqdbHH8DFW0M0J+JPQLFVq4vycyHEiZBp7uDLCayPXa3PyvNkiUX3MyFsaJoiFZLvITjlSE5kmgEROUKJ5qwEQwfSsiEywwUTqvgg7BXv/yJnQvq7ZVtW91GjVYKg9ncA4XYMMV1KEFbegAgRQe4QVejQfjyXgz3petOWM1U4I/Mj5+ABhglf4=</latexit><latexit sha1_base64="bcqf6KSoPinUFrwrhkc39AJ83Rk=">AAAB/HicbZDLSsNAFIZP6q1Wq9Eu3QyWgquSuLEboVAo3VnBXqANYTKdtEMnF2YmQgj1VdyIKOLWB/AR3Pk2Ti8Lbf1h4OM/53DO/F7MmVSW9W3ktrZ3dvfy+4WDw+LRsXly2pVRIgjtkIhHou9hSTkLaUcxxWk/FhQHHqc9b9qY13v3VEgWhXcqjakT4HHIfEaw0pZrlm5chlpu1mjO0PUKXLNsVa2F0CbYKyjXi59JpVl4brvm13AUkSSgoSIcSzmwrVg5GRaKEU5nhWEiaYzJFI/pQGOIAyqdbHH8DFW0M0J+JPQLFVq4vycyHEiZBp7uDLCayPXa3PyvNkiUX3MyFsaJoiFZLvITjlSE5kmgEROUKJ5qwEQwfSsiEywwUTqvgg7BXv/yJnQvq7ZVtW91GjVYKg9ncA4XYMMV1KEFbegAgRQe4QVejQfjyXgz3petOWM1U4I/Mj5+ABhglf4=</latexit><latexit sha1_base64="lpesQXkvIY8t4/fyiuR3k8UDbMQ=">AAAB/HicbZDNSsNAFIVv6l+tf9Eu3QwWwVVJ3NiNUChId1awtdCGMJlO2qGTSZiZCCHUV3HjQhG3Pog738Zpm4W2Hhj4OPde7p0TJJwp7TjfVmljc2t7p7xb2ds/ODyyj096Kk4loV0S81j2A6woZ4J2NdOc9hNJcRRw+hBMW/P6wyOVisXiXmcJ9SI8FixkBGtj+Xb11meo7eetmxm6LsC3a07dWQitg1tADQp1fPtrOIpJGlGhCcdKDVwn0V6OpWaE01llmCqaYDLFYzowKHBElZcvjp+hc+OMUBhL84RGC/f3RI4jpbIoMJ0R1hO1Wpub/9UGqQ4bXs5EkmoqyHJRmHKkYzRPAo2YpETzzAAmkplbEZlgiYk2eVVMCO7ql9ehd1l3nbp759SajSKOMpzCGVyAC1fQhDZ0oAsEMniGV3iznqwX6936WLaWrGKmCn9kff4AkaiTXw==</latexit>
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<latexit sha1_base64="Y0Cz8ePpiSiUhFCgjy83pdH4ics="></latexit>

HCF =
2X̀

k=0,
k even

kX

m=�k

Ak,mCk,m(✓,�)

Some Akm = 0 due to symmetry 

CF Hamiltonian belongs to G 
  invariant under all symmetry operation of G(Oi)  

 Point group G=Oh 



Crystal field Hamiltonian and symmetry 
 
 
 
 
 
  

           
 
 

  

Only 2 non-zero Akm :  
A00, A40  

This document is provided by the Chemical Portal www.webqc.org

Character table for Oh point group

E 8C3 6C2 6C4 3C2 =(C4)2 i 6S4 8S6 3σh 6σd
linear,

rotations quadratic

A1g 1 1 1 1 1 1 1 1 1 1 x2+y2+z2

A2g 1 1 -1 -1 1 1 -1 1 1 -1

Eg 2 -1 0 0 2 2 0 -1 2 0 (2z2-x2-y2, x2-y2)
T1g 3 0 -1 1 -1 3 1 0 -1 -1 (Rx, Ry, Rz)

T2g 3 0 1 -1 -1 3 -1 0 -1 1 (xz, yz, xy)

A1u 1 1 1 1 1 -1 -1 -1 -1 -1

A2u 1 1 -1 -1 1 -1 1 -1 -1 1

Eu 2 -1 0 0 2 -2 0 1 -2 0

T1u 3 0 -1 1 -1 -3 -1 0 1 1 (x, y, z)

T2u 3 0 1 -1 -1 -3 1 0 1 -1

You may print and redistribute verbatim copies of this document.
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Example : Oh symmetry 

H
Oh
CF

= A4,0C
0
4 +

r
5

14
A4,0(C

�4
4 + C

4
4 )

<latexit sha1_base64="k4FtvbOSjNAgQ7SCUumJNz1KseY="></latexit><latexit sha1_base64="k4FtvbOSjNAgQ7SCUumJNz1KseY="></latexit><latexit sha1_base64="k4FtvbOSjNAgQ7SCUumJNz1KseY="></latexit><latexit sha1_base64="k4FtvbOSjNAgQ7SCUumJNz1KseY="></latexit>

OiHCF = HCF
<latexit sha1_base64="FpCXxXd4gS6+6eu7x37btacL6MI=">AAAB/HicbZDLSsNAFIZPvNZqNdqlm8EiuCqJG7sRCgXpzgr2Am0Ik+mkHTqZhJmJEEJ9FTcuFHHrA/gI7nwbp5eFtv4w8PGfczhn/iDhTGnH+bY2Nre2d3YLe8X9g9LhkX180lFxKgltk5jHshdgRTkTtK2Z5rSXSIqjgNNuMGnM6t0HKhWLxb3OEupFeCRYyAjWxvLt8q3PUNPPGzdTdL0E3644VWcutA7uEir10meKAKDl21+DYUzSiApNOFaq7zqJ9nIsNSOcTouDVNEEkwke0b5BgSOqvHx+/BSdG2eIwliaJzSau78nchwplUWB6YywHqvV2sz8r9ZPdVjzciaSVFNBFovClCMdo1kSaMgkJZpnBjCRzNyKyBhLTLTJq2hCcFe/vA6dy6rrVN07k0YNFirAKZzBBbhwBXVoQgvaQCCDJ3iBV+vRerberPdF64a1nCnDH1kfP8lGlQM=</latexit><latexit sha1_base64="bcqf6KSoPinUFrwrhkc39AJ83Rk=">AAAB/HicbZDLSsNAFIZP6q1Wq9Eu3QyWgquSuLEboVAo3VnBXqANYTKdtEMnF2YmQgj1VdyIKOLWB/AR3Pk2Ti8Lbf1h4OM/53DO/F7MmVSW9W3ktrZ3dvfy+4WDw+LRsXly2pVRIgjtkIhHou9hSTkLaUcxxWk/FhQHHqc9b9qY13v3VEgWhXcqjakT4HHIfEaw0pZrlm5chlpu1mjO0PUKXLNsVa2F0CbYKyjXi59JpVl4brvm13AUkSSgoSIcSzmwrVg5GRaKEU5nhWEiaYzJFI/pQGOIAyqdbHH8DFW0M0J+JPQLFVq4vycyHEiZBp7uDLCayPXa3PyvNkiUX3MyFsaJoiFZLvITjlSE5kmgEROUKJ5qwEQwfSsiEywwUTqvgg7BXv/yJnQvq7ZVtW91GjVYKg9ncA4XYMMV1KEFbegAgRQe4QVejQfjyXgz3petOWM1U4I/Mj5+ABhglf4=</latexit><latexit sha1_base64="bcqf6KSoPinUFrwrhkc39AJ83Rk=">AAAB/HicbZDLSsNAFIZP6q1Wq9Eu3QyWgquSuLEboVAo3VnBXqANYTKdtEMnF2YmQgj1VdyIKOLWB/AR3Pk2Ti8Lbf1h4OM/53DO/F7MmVSW9W3ktrZ3dvfy+4WDw+LRsXly2pVRIgjtkIhHou9hSTkLaUcxxWk/FhQHHqc9b9qY13v3VEgWhXcqjakT4HHIfEaw0pZrlm5chlpu1mjO0PUKXLNsVa2F0CbYKyjXi59JpVl4brvm13AUkSSgoSIcSzmwrVg5GRaKEU5nhWEiaYzJFI/pQGOIAyqdbHH8DFW0M0J+JPQLFVq4vycyHEiZBp7uDLCayPXa3PyvNkiUX3MyFsaJoiFZLvITjlSE5kmgEROUKJ5qwEQwfSsiEywwUTqvgg7BXv/yJnQvq7ZVtW91GjVYKg9ncA4XYMMV1KEFbegAgRQe4QVejQfjyXgz3petOWM1U4I/Mj5+ABhglf4=</latexit><latexit sha1_base64="lpesQXkvIY8t4/fyiuR3k8UDbMQ=">AAAB/HicbZDNSsNAFIVv6l+tf9Eu3QwWwVVJ3NiNUChId1awtdCGMJlO2qGTSZiZCCHUV3HjQhG3Pog738Zpm4W2Hhj4OPde7p0TJJwp7TjfVmljc2t7p7xb2ds/ODyyj096Kk4loV0S81j2A6woZ4J2NdOc9hNJcRRw+hBMW/P6wyOVisXiXmcJ9SI8FixkBGtj+Xb11meo7eetmxm6LsC3a07dWQitg1tADQp1fPtrOIpJGlGhCcdKDVwn0V6OpWaE01llmCqaYDLFYzowKHBElZcvjp+hc+OMUBhL84RGC/f3RI4jpbIoMJ0R1hO1Wpub/9UGqQ4bXs5EkmoqyHJRmHKkYzRPAo2YpETzzAAmkplbEZlgiYk2eVVMCO7ql9ehd1l3nbp759SajSKOMpzCGVyAC1fQhDZ0oAsEMniGV3iznqwX6936WLaWrGKmCn9kff4AkaiTXw==</latexit>

<latexit sha1_base64="gcLKP3nh/xye6Z/xOID52JK+WKc=">AAACAHicbVDLSsNAFJ34rPEVFVduBlvBVUmKqMtqQbqsYB/QhjCZTtqhk0mYmQglZOOfuBNdiFu/w41/4zTNQlsPXDiccy/33uPHjEpl29/Gyura+sZmacvc3tnd27cODjsySgQmbRyxSPR8JAmjnLQVVYz0YkFQ6DPS9SeNmd99JELSiD+oaUzcEI04DShGSkuedVxpemnjLoMDyuGNlzqjrGKanlW2q3YOuEycgpRBgZZnfQ2GEU5CwhVmSMq+Y8fKTZFQFDOSmYNEkhjhCRqRvqYchUS6aX5+Bs+0MoRBJHRxBXP190SKQimnoa87Q6TGctGbif95/UQF125KeZwowvF8UZAwqCI4ywIOqSBYsakmCAuqb4V4jATCSidm5jE4i08vk06t6lxWL+5r5fptEUgJnIBTcA4ccAXqoAlaoA0wSMEzeAVvxpPxYrwbH/PWFaOYOQJ/YHz+ADXBk8s=</latexit>

HCF 2 A1g

�(�� -�)

�(�� -�)

�(�� �)

�(�� �)

�(�� �)

�(�� -�) �(�� -�) �(�� �) �(�� �) �(�� �)

CF matrix 



Notations for crystal field parameters 

  

HCF =
2X̀

k=0,
k even

kX

m=�k

Ak,mCk,m(✓,�)

<latexit sha1_base64="WlzmZsjs+IRmere6wuLqnjNbv20="></latexit><latexit sha1_base64="WlzmZsjs+IRmere6wuLqnjNbv20="></latexit><latexit sha1_base64="WlzmZsjs+IRmere6wuLqnjNbv20="></latexit><latexit sha1_base64="WlzmZsjs+IRmere6wuLqnjNbv20="></latexit>

 
 
 
 
 
  

           
 
 

  

Vary from an author to the other 

(Haverkort/Quanty) 

HCF(r) =
1X

k=0

kX

m=�k

r
k
Ak,m Ck,m(✓,�) =

1X

k=0

kX

m=�k

Bk,m Ck,m(✓,�)
<latexit sha1_base64="K9Lo7wSLVI3cB2FtdybMFN9GOW8="></latexit><latexit sha1_base64="qoNhGYfr+IZURb2oDD0tNUxT+Vs="></latexit><latexit sha1_base64="qoNhGYfr+IZURb2oDD0tNUxT+Vs="></latexit><latexit sha1_base64="pFSrA8gAwkZOWFbv4fb46x249hE="></latexit>

Parameters used mostly by chemist 
Symmetry-dependent 
(Balhausen, König, Kremer,..) 
 

 10Dq for Oh  
 10Dq, Ds, Dt for D4h  
 10Dq, Dσ, Dτ for D3d or C3v 
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Parameters used in Quanty : 
Orbital energies + off-diagonal elements 
Symmetry-dependent 
 

 Eeg, Et2g for Oh 
 Ea1g, Eeg, Eb1g, Eb2g for D4h 
  
  
  



Crystal field 

1.  Introduction / Definition 
2.  One electron (3d electron) 

1.  Symmetries 
2.  Hamiltonian 
3.  Crystal field splitting of one 3d electron 

 
3.  Multi-electrons ion (3d electrons) 

1.  The spherical ion :  
2.  Crystal field 
3.  Core hole spectroscopy : examples 

4.  Crystal field and magnetism 
1.  Hamiltonian 
2.  Magnetic moment (spin and orbit) 
3.  Zeeman effect / paramagnetism 
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3d atomic orbitals 
Ø  Basis of atomic orbitals 

Ø  3d shell : n=3, ℓ=2   2ℓ+1=5 basis functions ( -2 ≤ mℓ ≤ 2 ) 
 

�i(r,�) =
1

r
Pni`i(r) Y`,m(✓,�) �msi

(�)
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Crystal-Field, Tight-Binding and Jahn-Teller 6.37

y

x

z

Fig. 14: The s (first row), py, pz, px (second row), and dxy, dyz, d3z2−r2 , dxz, dx2−y2 (last row)

real harmonics.

Using the definitions x = r sin θ cosφ, y = r sin θ sin φ, z = r cos θ, we can express the

l = 0, 1, 2 real harmonics (Fig. 14) as

s = y00 = Y 0
0 =

√

1
4π

py = y1−1 =
i√
2
(Y 1

1 + Y 1
−1) =

√

3
4π y/r

pz = y10 = Y 0
2 =

√

3
4π z/r

px = y11 = 1√
2
(Y 1

1 − Y 1
−1) =

√

3
4π x/r

dxy = y2−2 =
i√
2
(Y 2

2 − Y 2
−2) =

√

15
4π xy/r2

dyz = y2−1 =
i√
2
(Y 2

1 + Y 2
−1) =

√

15
4π yz/r2

d3z2−r2 = y20 = Y 0
2 =

√

15
4π

1
2
√
3
(3z2 − r2)/r2

dxz = y21 = 1√
2
(Y 2

1 − Y 2
−1) =

√

15
4π xz/r2

dx2−y2 = y22 = 1√
2
(Y 2

2 + Y 2
−2) =

√

15
4π

1
2 (x2 − y2)/r2

Ø  3d orbitals = real functions, linear combination of  
 

x 
y 

z 
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Y2,m(✓,�) with m = �2,�1, 0, 1, 2
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Y2,m(✓,�)
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dxy dyz dz2 dxz dx2-y2 



Crystal field splitting for Oh 

|� m� � |2 � 2� |2 � 1� |2 0� |2 1� |2 2�
0

BBBB@

A0,0 +
1
21A4,0 0 0 0 5

21A4,0

0 A0,0 � 4
21A4,0 0 0 0

0 0 A0,0 +
2
7A4,0 0 0

0 0 0 A0,0 � 4
21A4,0 0

5
21A4,0 0 0 0 A0,0 +

1
21A4,0

1

CCCCA
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1)  CF matrix in {Y2,m} basis 

2)  Diagonalization 
dx2�y2 dz2 dyz dxz dxy
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Oh crystal field splits the d orbitals in two groups 

{dx2�y2 , dz2} and {dyz, dxz, dxy}
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H
Oh
CF

= A4,0C4,0 +

r
5

14
A4,0(C4,�4 + C4,4) = 21DqC4,0 + 21

r
5

14
Dq(C4,�4 + C4,4)
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Oh Crystal field splitting of 3d electron 
Use of group symmetry This document is provided by the Chemical Portal www.webqc.org

Character table for Oh point group

E 8C3 6C2 6C4 3C2 =(C4)2 i 6S4 8S6 3σh 6σd
linear,

rotations quadratic

A1g 1 1 1 1 1 1 1 1 1 1 x2+y2+z2

A2g 1 1 -1 -1 1 1 -1 1 1 -1

Eg 2 -1 0 0 2 2 0 -1 2 0 (2z2-x2-y2, x2-y2)
T1g 3 0 -1 1 -1 3 1 0 -1 -1 (Rx, Ry, Rz)

T2g 3 0 1 -1 -1 3 -1 0 -1 1 (xz, yz, xy)

A1u 1 1 1 1 1 -1 -1 -1 -1 -1

A2u 1 1 -1 -1 1 -1 1 -1 -1 1

Eu 2 -1 0 0 2 -2 0 1 -2 0

T1u 3 0 -1 1 -1 -3 -1 0 1 1 (x, y, z)

T2u 3 0 1 -1 -1 -3 1 0 1 -1

You may print and redistribute verbatim copies of this document.

{dx2�y2 , dz2} 2 eg

{dyz, dxz, dxy} 2 t2g
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Ø  From the Oh group properties, one can guess the splitting of the d 
orbitals 

Ø  d orbitals are called eg and t2g  * 
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(*)N.B. : lower case letter (eg and t2g) for one electron 



Oh Crystal field splitting of 3d electron 
 

10Dq �

(parameter) 

�4Dq

+6Dq

3d (�5)

eg (�2)

t2g (�3)

10Dq

Towards the ligand : destabilized  
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Crystal field strength 

Eeg = A0,0 +
2
7A4,0 = +6Dq

Et2g = A0,0 � 4
21A4,0 = �4Dq
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Oh Crystal field splitting of 3d electron 
Parameters 

Ak,m =

8
>>><

>>>:

2
5Eeg + 3

5Et2g k = 0 m = 0
21
10 (Eeg � Et2g ) k = 4 m = 0

21
10

q
5
14 (Eeg � Et2g ) k = 4 m = ±4

0 True

�4Dq

+6Dq

3d (�5)

eg (�2)

t2g (�3)

10Dq

Quanty : Ak,m defined in function the orbital energies 
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Eeg = A0,0 +
2
7A4,0 = +6Dq

Et2g = A0,0 � 4
21A4,0 = �4Dq
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Tetragonal (D4h) crystal field 

Elongated 
or compressed Oh 

along C4 axis 

Square planar 

D4h 
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Tetragonal (D4h) crystal field 

Elongated 
or compressed Oh 

along C4 axis 

Square planar 

D4h 

This document is provided by the Chemical Portal www.webqc.org

Character table for D4h point group

E 2C4 (z) C2 2C'2 2C''2 i 2S4 σh 2σv 2σd
linears,

rotations quadratic

A1g 1 1 1 1 1 1 1 1 1 1 x2+y2, z2

A2g 1 1 1 -1 -1 1 1 1 -1 -1 Rz

B1g 1 -1 1 1 -1 1 -1 1 1 -1 x2-y2

B2g 1 -1 1 -1 1 1 -1 1 -1 1 xy

Eg 2 0 -2 0 0 2 0 -2 0 0 (Rx, Ry) (xz, yz)

A1u 1 1 1 1 1 -1 -1 -1 -1 -1

A2u 1 1 1 -1 -1 -1 -1 -1 1 1 z

B1u 1 -1 1 1 -1 -1 1 -1 -1 1

B2u 1 -1 1 -1 1 -1 1 -1 1 -1

Eu 2 0 -2 0 0 -2 0 2 0 0 (x, y)

You may print and redistribute verbatim copies of this document.

From D4h table, one predicts the 3d splitting in 4 groups 
{dz2} 2 a1g

{dx2�y2} 2 b1g

{dxy} 2 b2g

{dxz, dyz} 2 eg
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Tetragonal (D4h) crystal field 

CF matrix diagonal in the {d} basis 
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H
D4h
CF = A0,0C0,0 +A2,0C2,0 +A4,0C4,0 +A4,4(C4,�4 + C4,4)
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4 energy levels 
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Ea1g 0 0 0 0
0 Eb1g 0 0 0
0 0 Eeg 0 0
0 0 0 Eeg 0
0 0 0 0 Eb2g

1

CCCCA
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dx2�y2 dz2 dyz dxz dxy



Tetragonal (D4h) crystal field splitting of 3d electron 
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H
D4h
CF = A0,0C0,0 +A2,0C2,0 +A4,0C4,0 +A4,4(C4,�4 + C4,4)
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-*1/2

+*1/2

+2*2/3

-*2/3

)o

)o

eg

t2g

Oh                                                                            D4h

increasing stretch along  z 

eg (dxz, dyz)

b2g (dxy)

a1g (dz2)

b1g (dx2-y2)

Magnitudes of the δ1 and δ2 Splittings

! Both the δ1 and δ2 splittings, which are very small compared
to Δo, maintain the barycenters defined by the eg and t2g levels
of the undistorted octahedron.
• The energy gap δ1 is larger than that of δ2, because the dx2-y2

and dz2 orbitals are directed at ligands.
• The distortion has the same effect on the energies of both

the dx2-y2 and dxy orbitals; i.e. δ1/2 = 2δ2/3.

L As a result, the energies of both the dx2-y2 and dxy rise in
parallel, maintaining a separation equal to Δo of the
undistorted octahedral field.

• Note that δ1/2 = 2δ2/3 implies that δ1 = (4/3)δ2.

10Dq 
10Dq 

D4h (elongation) Oh 

2Ds � 6Dt
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2Ds �Dt
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2Ds �Dt
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�Ds + 4Dt
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(*)The relation with Dq,Ds,Dt in König&Kremer « Ligand field. Energy diagram » 



Crystal field Hamiltonian in Quanty 

Akm = PotentialExpandedOnYlm("Oh",2,{0.6,-0.4});
OpptenDq = NewOperator("CF", NFermion, dIndexUp, dIndexDn, Akm);

Ak,m =

8
>>><

>>>:

2
5Eeg + 3

5Et2g k = 0 m = 0
21
10 (Eeg � Et2g ) k = 4 m = 0

21
10

q
5
14 (Eeg � Et2g ) k = 4 m = ±4

0 True

The Oh potential is defined by: 

1) Pre-defined CF potential  

1) User made CF potential: Akm= 

Akm = {{4,0,21/10},{4,-4,21/10sqrt(5/14)}, {4,4,21/10sqrt(5/14)}};
OpptenDq = NewOperator("CF", NFermion, dIndexUp, dIndexDn, Akm);

H
Oh
CF

= A0,0C0,0 +A4,0C4,0 +

r
5

14
A4,0(C4,�4 + C4,4) = 21DqC4,0 + 21

r
5

14
Dq(C4,�4 + C4,4)
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{{k1,m1, Ak1,m1}, {k2,m2, Ak2,m2}, ..}
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The parameter is 10Dq and the Hamiltonian writes  
 

HCF = 10Dq ⇤OpptenDq
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To lower symmetries 
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Oh   1 parameter (10Dq)     2 energies   
 
D4h  3 parameters (10Dq,Ds,Dt)  4 energies 
 
D3d  3 parameters (10Dq,Dσ,Dτ)  3 energies 
 
 
 
C2v  9 parameters      5 energies (5 orbtials) 
 

😵 
 



Crystal field 

1.  Introduction / Definition 
2.  One electron (3d electron) 
 

3. Multi-electrons ion (3dn) 
1.  The spherical ion :  

1.  Configuration 
2.  Hamiltonian 
3.   |(L,S),J> basis function 
4.  Spectroscopic terms 

2.  Crystal field 
1.  Basis functions, Hamiltonian and matrix element 
2.  Energy diagram (Tanabe-Sugano) 

3.  Core hole spectroscopy : examples 
1.  Spin cross-over 
2.  The limit of the crystal field model : towards ligand field 

 
4.  Crystal field and magnetism 
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Multi-electrons ions 3dn 

A lot of  physical-chemical properties are due to the crystal field 
 
 For example 
-  Color 
-  Magnetic properties 
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Ni(H20)6 

-  Atomic number (Z) 
-  Number of electron (n) 3dn 
-  Crystal field strength (≈10Dq) 

 (ligand) 

UV-visible Absorption spectroscopy 



Ø  Electronic configuration:  complete      simplified (open shell) 
 3d transition metal ions  1s22s22p6 3dn       3dn  

 4f rare earth ions   1s22s22p63s23p63d10 4fn    4fn 
 

Example of term splitting 

Ø  Filling of the 3d orbitals: 

 2ℓ+1=5 |ℓ,mℓ> angular functions 
 2s+1=5 |sms> spin functions 

 
  

 
  

Multi-electrons ions : configuration 

10 functions 

Example :  
 
3d2 ion (V3+, Cr4+) : 
 
degenerate states : C2

10 = 45 

Some possibilites: 
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ml=-2    -1     0     1     2 

<latexit sha1_base64="4Ib9YCaMBI+WwSdT/XRJXB95Tm0="></latexit>

Nb states =

✓
10
n

◆
= 10!

n!(10�n)!



Example of term splitting 

 
 n electron in 10 d orbitals 

 
  

Multiplets 
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Degeneracy => Multiplets (doublet, triplet,…) 
 
 è Name of the model :  
 

  Crystal Field Multiplet (CFM) 
  Ligand Field Multiplet (LFM) 

ml=-2    -1     0     1     2 
3d2 

<latexit sha1_base64="tI863sBc4w+oZ1igrpBTedThqeI="></latexit>

Nb states =
10!

n!(10� n)!



Hion = Hcin + He-n + He-e + Hs-o + HCF 

Free ion (spherical) Crystal field 

  
Hcin = −

h2
2m

∇ri
2

i=1

N

∑ Total kinetic energy 

He− n = −
Ze2

4πε0rii=1

N

∑ Coulomb attraction nuclei-electrons 

He−e =
e2

4πε0riji< j=1

N

∑ Electron-electron Coulomb repulsions 

Hs− o = ξi (ri
i=1

N

∑ )li .si Spin-orbit coupling 

Hamiltonian of the ion with N electrons 
Crystal field 
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Multi-electrons ions 
 configuration and symmetry 
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d2 ion in Oh symmetry 
 

  eg 

t2g 

Orbital degeneracy 
 
Spin degeneracy 

3 
 
1 (S=0) 

3x2=6 
 
1 (S=0) 

3x2=6 
 
3 (S=1) 

6 
 
1 (S=0) 



Hamiltonian of the ion with N electrons 

•  Multi-electron functions for N electrons (configuration) 

Ψ(r1,r2,...,rN)

 

•   Linear combination of Slater determinant built from the 
mono-electronic functions 
  

•   Anti-symmetric function to satisfy the Pauli principle 

Basis functions |Ψ>
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�i(r,�) =
1

r
Pni`i(r) Y`,m(✓,�) �msi

(�)
<latexit sha1_base64="4n5vocsHMPC8HQqONWT53fGDCs8="></latexit><latexit sha1_base64="4n5vocsHMPC8HQqONWT53fGDCs8="></latexit><latexit sha1_base64="4n5vocsHMPC8HQqONWT53fGDCs8="></latexit>



somme ⇒ couplage d’opérateurs

ü    

ü    

ü    

For N electrons, L̂ =
NP
i=1

ˆ̀
i

ˆ̀
i 6= `i
ˆ̀
i is the orbit operator defined by
ˆ̀
z,i|`im`i >= m`i |`im`i >
ˆ̀2
i |`im`i >= `i(`i + 1)|`im`i >
�`i 6 m`i 6 `i

Same definitions for Ŝ and Ĵ

Ĵ = L̂� Ŝ operator associated with the spin-orbit coupling
L� S 6 J 6 |L+ S|
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! 

! 

Sum is coupling 
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Ø  Functions |α(L,S)JMJ>  = (L,S)J coupled functions   

Free ion with N electrons : basis functions
 



Free 3dn ion : basis functions, spectroscopic terms
 

Basis functions |L,S,ML,MS> 
 
   

42

letter for L
Γ=S pour L=0
Γ=P pour L=1
Γ=D pour L=2
Γ=F pour L=3

S

Spectroscopic terms  |L,S,ML,MS>   
  2S+1 Γ 

The energy of  |α(L,S) > does not depend on ML, MS 

       
 Degeneracy of |α(L,S)> =  (2L+1) (2S+1) 
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Ex: d1 
L=2, S=1/2 

2D 1 state 

<latexit sha1_base64="jJ9lBMYDxGNtQ82djDJAf95G37o="></latexit>

bL2, bS2Common eigenfunctions with 

Orbital degeneracy Spin degeneracy 

No spin-orbit 

Hcin+He-n+He-e commutes with L̂2, L̂z, Ŝ
2, Ŝz
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Free ion with N electrons : basis functions
 

Ø  Common eigenfunctions with 
bJ2, bJz, bL2, bS2
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(Hcin+He-n+He-e commutes with                           ) L̂2, L̂z, Ŝ
2, Ŝz
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Ø  The energy of  |α(L,S)JMJ> does not depend on MJ 

      Degeneracy of |α(L,S)JMJ> = 2J+1 
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Ex: d1 
L=2, S=1/2 
J=3/2,5/2 

2D3/2 

2D5/2 
2 states 

Basis functions |(L,S)JMJ> 
 
   

Spin-orbit 

letter for L
Γ=S pour L=0
Γ=P pour L=1
Γ=D pour L=2
Γ=F pour L=3

S

Spectroscopic terms  |L,S,ML,MS>   
  2S+1 ΓJ 



Free ion : 3d2 ion 
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S, P,D, F,G terms
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Spin doublet or triplet
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1G, 3F, 1D, 3P, 1S

Ground state (Hund’s rules) 

5 terms 



Free ion  
Spectroscopic terms for 3d2 ion 
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3d2

1S

1G
3P
1D

3F

1S0

1D2

3P2 3P13P0

1G4

3F3
3F4 3F2

3F2

3F3

3F4
⇡ 3/2 ⇣3d

⇡ �1/2 ⇣3d

⇡ �2 ⇣3d

*Landé interval rule 
(neglect off 
diagonal coupling ) 

�E =
⇣3d
2

J

Ground state given by 
third Hund’s rule 

Energy 

No 
Spin-orbit 

 
Spin-orbit 



Crystal field : basis function 
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Ø  Basis functions 
 

    Spherical symmetry: 
   |α(L,S) J MJ> 

 
    Local symmetry around the ion → point group G: 

 Basis functions of the representations of group G 
|α(L,S) J Γ γ > 

  Γ irreducible representation of G 
  Γγ basis function of G 

 
Ø  Thole’s code uses group theory and the {Γ} basis (TTMULT, CTM4XAS) 

Ø Quanty 
•  uses group theory only for crystal field potential building 

•  uses spherical {Yl,m} basis and not the {Γ} basis.  

•  although Quanty is a many body code, the basis set is defined by one particle  

•  uses {Γ} to label the states (spectroscopic terms)
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if �i ⌦ �HCF ⌦ �j 3 A1(g)

Crystal field and group theory 
Matrix elements 
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HCF 2 A1(g)
⇤
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(fully symmetric representation of group G) 
* g only for centro-symmetric group 

Crystal field mixes J states if  �i ⌦ �j 3 A1(g)
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h(Li, Si)Ji�i|HCF |(Lj , Sj)Jj�ji 6= 0
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if �i ⌦A1(g) ⌦ �j = �i ⌦ �j 3 A1(g)

(group multiplication table) 



Ex: d1 (d9) ion in Oh symmetry 

L=2 
S=1/2 
J=3/2,5/2 

eg 

t2g 

eg 

t2g 

O3 Oh 

2Eg 
2T2g 

Orbitals 

= ↵|J =
3

2
, U 0i+ �|J =

5

2
, U 0i
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= |J =
5

2
, E00i
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O3 

2D 2T2g 

2Eg 

U’ 
(4) 

U’ 
(4) 

E’’ 
(2) 2D5/2 

2D3/2 

O3 
+spin-orbit 

Oh Oh 
+ spin-orbit 

= ↵0|J =
3

2
, U 0i+ �0|J =

5

2
, U 0i
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J states mixed by CF and SO 

States (spectroscopic terms) 
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Crystal field and group theory 

3d2

1S

1G
3P

1D

3F

Free ion 
O3 Oh 

 

Example: d2 ion in Oh symmetry 

Ø  Crystal field splitting of the         ground state  
From the group branching table  

3F

eg 

t2g 

eg 

t2g 

eg 

t2g 

Oh 
strong field 

From the multi-electronic state, one can get the electron density on the orbitals of 
the group (it is not necessary integer) 

(spin-orbit omitted for simplicity) 
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Simplified 
orbital scheme 

! 

3A2g

3T2g

3T1g
<latexit sha1_base64="B5d4PexJyjg75qgzxLwEglPJr+0="></latexit>

F
+(L = 3) 2 3+(O3) ! A1g + T2g + T1g(Oh)
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45 states 
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Crystal field : energy diagram 
Ø  Plot of the energy of spectroscopic terms 
as function of crystal field parameter (10Dq,Ds,…) (and B Racah parameter (*)) 
 
Ø  Tanabe-Sugano diagram (1954)       König&Kremer (1970)  
            Oh(Td) , no spin-orbit       Low symmetries+spin-orbit 
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(2S+1� or 2S+1�J)
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(*)B Racah parameters related to the slater integrals (electronic repulsions)  

70 Désordre magnétique dans des nanoparticules de maghémite

souvent exprimée en terme de paramètres de Racah ([122], p. 249) :

A = F0(3d,3d) − 49
441F4(3d,3d)

B = 1
49F2(3d,3d) − 5

441F4(3d,3d)

C = 35
441F4(3d,3d)

Les paramètres de Racah sont donc également réduits du facteur κ. Pour faire le lien avec la

spectroscopie optique, κ peut également être défini par κ = B/B0, où B0 est le paramètre de

Racah « atomique » de l’ion. La spectroscopie optique s’intéresse aux transitions d-d. Dans le

cas de la configuration fondamentale 3d5 de l’ion Fe3+ haut spin, les énergies des premiers états

pour un champ cristallin octaédrique, lorsqu’on ne prend pas en compte le couplage spin-orbite,

dépendent de 10Dq et des paramètres de Racah selon les expressions du tableau suivant ([123],

p. 126). La première colonne indique le terme spectroscopique de l’ion en symétrie sphérique

dont est issu l’état considéré, la deuxième colonne indique la symétrie de l’état dans le groupe

Oh, la troisième colonne indique la configuration « champ fort » dont l’état est issu dans un

modèle monoélectronique et la quatrième colonne donne l’énergie de l’état. L’énergie des états

est croissante de haut en bas ([124], p. 221).

SO3 Oh configuration énergie (eV)
6S 6A1g (t2g)3(eg)2 0
4G 4T1g (t2g)4(eg)1 −10Dq + 10B + 6C − 26B2/10Dq
4G 4T2g (t2g)4(eg)1 −10Dq + 18B + 6C − 38B2/10Dq
4G 4Eg,4A1g (t2g)3(eg)2 10B + 5C

L’énergie des états a une expression identique pour un ion Fe3+ en symétrie tétraédrique. Les

énergies des états impliqués dans les transitions électroniques d-d dépendent à la fois de 10Dq et

de B. En présence de couplage spin-orbite sur la couche 3d, l’état fondamental de l’ion Fe3+ est

de symétrie U′
g(Oh). Il n’y a pas d’expression simple de l’énergie des états de la configuration

excitée 2p53d6 de l’ion Fe3+ aux seuils L2,3. Il y a en effet six intégrales de Slater à prendre

en compte au lieu de deux dans la configuration fondamentale. Il faut également prendre en

compte le couplage spin-orbite sur la couche 2p, qui est de l’ordre de grandeur des intégrales

coulombiennes.

Les valeurs des paramètres de Racah et de champ cristallin déduits de la spectroscopie

optique et de la spectroscopie d’absorption X ne sont pas identiques. En effet, la configuration

excitée aux seuils L2,3 présente un trou sur une orbitale de coeur, trou qui est absent dans le

cas des transitions d-d. Les calculs multiplets permettent d’évaluer les paramètres Bt et 10Dqt

pour la configuration excitée en présence d’un trou 2p. Ces paramètres diffèrent des paramètres

Bopt et 10Dqopt déduits des transitions de spectroscopie optique. Dans nos calculs, le paramètre

de Racah atomique Bt
0 en présence d’un trou 2p vaut :

Bt
0 = (1/49)F2(3d,3d) − (5/441)F4(3d,3d) = 160 meV

Bt, Bt
0 et κ sont reliés par Bt = κBt

0.

d) Ajustement de κ et 10Dq

L’écart énergétique entre les niveaux de la configuration excitée dépend des paramètres de

Racah. La réduction de ces paramètres par le facteur κ revient à reserrer les niveaux d’énergie de

la configuration excitée 2p53d6. La dispersion en énergie des transitions multiplets aux seuils L3

et L2 est alors plus faible. Les signaux isotropes et dichroı̈ques calculés en théorie des multiplets

pour un paramètre 10Dqt(Fe3+
B ) = 1,5 eV et des valeurs de κ variant de 50% à 70% sont reportés

Ø    

d2 

3T1g 
3F 

3A2g 

3T2g 

Δ/B 

E/B 



Crystal field : energy diagram 
Ø  Plot of the energy of spectroscopic terms 
as function of crystal field parameter (10Dq,Ds,…) (and B Racah parameter (*)) 
 
Ø  Tanabe-Sugano diagram (1954)       König&Kremer (≈1970)  
            Oh(Td) , no spin-orbit       Low symmetries+spin-orbit 
 
 
 

Heidelberg 2022 51 

(2S+1� or 2S+1�J)
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Ø    

Tutorial Monday afternoon :  
02_Energy_Level_Diagram_Tanabe-Sugano.Quanty  
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Crystal field : multi-electron and orbitals 
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Multi-electron ions 
 
 

One electron/orbitals 
 

 •  Spectroscopic terms : 
 
Term written with capital letter in Mulliken 
notation. Ex : 
 or Koster notation :  
 
 
•  Electron density / orbitals 
 ex : 
 
 
 
•  L,S,J,ML,MS,MJ not « good » 

quantum numbers.  
  Expectation values: 

 
  
  

 
 

�i 2 G
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•  Orbitals :  
 
Small letter 
  ex:  
 
 
 
 
 

�i 2 G
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Crystal field multiplet 
 applied to core hole spectroscopies 
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Calculations including the core-hole (ex : 2p53dn+1, 3d94fn+1,…) 

Transitions : electric dipole, electric quadrupole, magnetic dipole… 

 

ü  Racah/Bander (Theo Thole) : core of CTM4XAS (Frank de Groot)  

Based on group theory (Butler “Point group symmetry applications”) 

Difficult to modified the core in order to adapt to new spectroscopies since 

Theo Thole died in1996 

 

ü Quanty (Mauris Haverkort) : core of Crispy (Marius Retegan) 

       and CTM4RIXS (Frank de Groot) 

Flexible for the need of the new spectroscopies/physical properties 

 



Example of crystal field effect 
 
 

From spherical to Oh symmetry 

Heidelberg 2022 54 



Heidelberg 2022 55 

3d9  

Spherical symmetry 

4 
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 edges
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2
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5.  Give all the transitions that will lead to the L2 edge and to the L3 edge (without selection 

rules). Make a scheme. 

6.  
In the case of Cu2+, the expression of the spin-orbit coupling hamiltonian on a specific 

shell can be written: 

 Hspin-orbite = -λ/2 [J2 - L2 -S2]   

where λ is the spin-orbit coupling constant of the shell (note that the expression can be 

applied when J comes from only one L and one S, which is the case for Cu2+). 

The spin-orbit energy of one 2S+1ΓJ term is given by (4) : 

EJ =-λ/2[J(J+1)-L(L+1)-S(S+1)] 

Find the energies of the terms in the initial and in the final states as a function of λ2p and 

λ3d. give an analytical and a numerical result (λ2p = 13.5 eV and λ3d = 0.1 eV). 

Which are the initial state which have to be considered for the L2,3 edges recorded at room 

temperature (25 meV corresponds to 300 K) ? 

What is the energy separation between the L3 and the L2 edges? (analytical and numerical 

result). Search the L2 and L3 edges on figure 1. 

Ni metal atom +1 e- 

3d9  

≈Oh symmetry 

No L2 
 

 L2 

Example of crystal field effect: 
d9 ion at L2,3 edges (2p->3d) 

 

Can be understood via symmetry consideration using group theory 
  



Example of crystal field effect 
 

Spin crossover 
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Example of crystal field effect : spin crossover 
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FeII(phen)2(NCS)2 

 
   

 
 
 
 
 

 

 
Figure 7.  Thermal spin crossover in 3d6 transition metal complexes. 

 
Indeed, at room temperature, one signal with a large quadrupole doublet, typical of HS Fe(II) ions is 
observed (figure 8c) [15].  Upon cooling, the spin sate converts to the LS one as observed at 77 K.  We 
also learn that the lifetime of the spin states is longer than 10-7s, the characteristic time window in 57Fe 
Mössbauer spectroscopy, because well resolved resonance signals are observed [15, 16].  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8.  (a) Mössbauer spectra of [Fe(phen)3]X2 recorded over the temperature range 300-5 K. (b): 
View of the crystal structures of: (top) : [Fe(phen)3]

2+ and (bottom): [Fe(phen)2(NCS)2]. (c) Mössbauer 
spectra of [Fe(phen)2(NCS)2] recorded over the temperature range 300-77 K [16]. 
 
Another typical example concerns [Fe(ptz)6](BF4)2 (ptz = 1-propyl-1H-tetrazole) where 6 N-donor 
ligand molecules surround the iron(II) ion.  The compound remains in the HS state at room tempera-

6

T = 300 K 
High spin S = 2 

 

T = 77 K  
Low spin S = 0 

Fe2+ d6 

Fe-N distance  
 

CF strength  
 

Color change 

Color 

Ex of application: thermochromic painting  



Example of crystal field effect : spin crossover 
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Magnetism:   
 
§   switch between “0”(LS) and “1”(HS) 
§   driven by external stimuli (temperature, light, …) 
§   couple to surface (insulating or conducting) 

   for molecular spintronic 



5T2
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Crystal field : spin crossover 

Fe2+ ion (3d6) in Oh symmetry 
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eg 

t2g 

eg 

t2g 

5T2
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S=2 
High spin 

S=0 
Low spin 

Ø  Magnetic properties goes from paramagnetic to non-magnetic 

Temperature   
 

Fe-N distance 
(observed by DRX)  

 
CF strength 

(10Dq)  

10Dq 



Crystal field effect : spin crossover 
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Table 3. Dominant Components (> 1%) of Each Basis That 
Transforms as the T2g and AI, Irreps of the oh Point Group I A  
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Figure 4. Comparison between experimental and calculated (3d6 to 
2p53d7 multiplet) L2.3 edge spectra for the high-spin Fe(phen)z(NCS)z 
isomer. Calculation is made considering Oh symmetry with a lODq 
cubic crystal field parameter equal to 0.5 eV. 

I n 

Figure 5. Comparison between experimental and calculated (3d6 to 
2p53d7 multiplet) L2.3 edge spectra for the low-spin Fe(phen)z(NCS);? 
isomer. Calculation is made considering oh symmetry with a lODq 
cubic crystal field parameter equal to 2.2 eV. 

above. These broadening calculations are done by trial and 
error, not by an automatic fitting procedure; one u and r fwhm 
parameters set that seems to fit the best has been obtained within 
the limit of expected core hole and experimental broadenings, 
which are u = 0.125 eV, rl = 0.1 eV, and r2 = 0.3 eV. This 
broadening description, as Voigt profiles (Lorentzian-convolved 
by Gaussian profiles) for the L3 and L2 edges, is very rough 
because it assumes that effects on the spectral shapes such as 
lifetime, hybridization, and vibration are the same for all final 
multiplet lines. Since previous work32 showed some disagree- 
ment with this approach for do compounds, we can expect 
similar results for 3d6 compounds. 

Nevertheless, despite the difficulty in the determination of 
the broadening parameters, the agreement between calculated 
and experimental spectra can be considered satisfactory because 
it reproduces the main experimental changes observed during 
the spin transition. Below the spin transition temperature, 
sharper structures at the L3 edge appear and the L2 white line 
increases strongly in intensity. 

All features observed for the high-spin form are well- 
reproduced (Figure 4). Therefore, although the iron site 
symmetry for the high-spin isomer is far from an octahedron, 
the o h  crystal field approach gives a good description of all 
spectral details presented in Figure 4. The agreement for the 
low-spin one (Figure 5) is not so good. Indeed, the very small 
peaks (A) at the low-energy side of the L3 edge and (C) at the 
high-energy side of the L2 edge are not reproduced in the 
calculated spectrum. Furthermore, the intensity of the calculated 
peak (B) at the high-energy side of the L3 edge is too low and 
not very well located in energy. The small disagreement 
between the experimental spectra of the Fen(phen)2(NCS)2 
complex and the octahedral symmetry simulation can be 
ascribed to a distorsion of the iron site andor to hybridization 

irrep Tz, irrep AI, 
at lODa = 0.5 eV at IODa = 2.2 eV 

5DJ=2 2.6% 'SJ=O 3.7% 
5D~=3 16.2% 'SJ=O 5.8% 
'DJ=~ 81.2% ' G J ~  31.2% 

'G,4 21.8% 
'4=6 36.2% 

between the metal 3d orbitals and the (NCS)  ligand^$^,^ which 
was not taken into account in our calculations. 

Beyond the agreement between experiments and calculations 
and the determination of the lODq parameter, the multiplet 
approach offers new insight into the knowledge of the ground 
state of the materials. We can understand, for each spin state, 
the values of (S) and (15)~~ and the ground state energy. 

Interesting average values such as (S) and (L)47 can be 
calculated. The (S) values obtained for lODq = 0.5 eV and 
lODq = 2.2 eV are 1.999 and 0.0266, respectively, meaning 
that the spin states in each spin form of the Fen(phen)2(NCS)2 
complex are very pure, minor differences with pure singlet or 
quintet spin states being due to the introduction of spin-orbit 
interaction, which makes (5') a bad quantum number. Below 
the lODq spin conversion value, the angular momentum (L)  is 
constant and equal to 2. Above the lODq spin conversion value, 
(L) decreases slowly from 4.6. 

We have access to a precise determination of the ground state. 
It can be decomposed on the basis of the LS vectors associated, 
in the considered point group, with the 3d6 ~onfiguration.~~ 
During the spin conversion, the oh irreducible representation 
(irrep) of the ground state changes. For the high-spin state, it 
is the Tzg i r r e ~ ; ~ ~  for the low-spin form, it is the AI, i r r e ~ . ~ ~  In 
the case of the high-spin form, the ground state corresponding 
to the 3d6 configuration in octahedral symmetry is obtained by 
mixing 27 basis vectors. But for the low-spin form, the ground 
state is a mixture of only 14 basis vectors (there are a number 
of ways to branch the LSJ terms of 3d6 to Tzg and AI,, 
respectively). Although the nature of this ground state can be 
properly specified only by giving the complete basis function 
expansion, some components are clearly dominant in these 
mixtures. We have reported in Table 3 the weight of the 
dominant components in each mixture. 

For a small lODq, the dominant eigenvector is 5D~=4 with 
(S) = 2 spin as expected from Hund's rules. For the low-spin 
state, the dominant eigenvectors are ~('SJ=O), 2(1GJ=4), and IIJ,~ 

(45) Jo, T.; Sawatzky, G. A. Phys. Rev. B 1991,43, 8771. 
(46) van der Laan, G.; Thole, B. T. J .  Phys.: Condens. Matter 1992, 4,  

(47) (S) is such that (S)((S) + 1)h2 = (Ground I Sx2 + Sy2 + S:l Ground) 
4181. 

where 

is the spin momentum operator. (L) is such that (L)((L) + l)hz = (Ground 
lLx2 + h2 + L21 Ground) where 

E=($) 

is the orbital momentum operator, (L) should not be confused with (LJ = 
(Ground ILL/ Ground). 

(48) For high-spin configuration after crystal field splitting, the ground 
state is 'Tzg (15-fold) that splits into Tzg (3-fold) under spin-orbit coupling. 
It is to this Tz, that we refer, and similar definition for low-spin AI,. These 
Tz, and AI, ground states are constructed from several ILliJM) states because 
of spin-orbit interaction. 

T = 300K S = 2 
High spin 
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Figure 4. Comparison between experimental and calculated (3d6 to 
2p53d7 multiplet) L2.3 edge spectra for the high-spin Fe(phen)z(NCS)z 
isomer. Calculation is made considering Oh symmetry with a lODq 
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Figure 5. Comparison between experimental and calculated (3d6 to 
2p53d7 multiplet) L2.3 edge spectra for the low-spin Fe(phen)z(NCS);? 
isomer. Calculation is made considering oh symmetry with a lODq 
cubic crystal field parameter equal to 2.2 eV. 

above. These broadening calculations are done by trial and 
error, not by an automatic fitting procedure; one u and r fwhm 
parameters set that seems to fit the best has been obtained within 
the limit of expected core hole and experimental broadenings, 
which are u = 0.125 eV, rl = 0.1 eV, and r2 = 0.3 eV. This 
broadening description, as Voigt profiles (Lorentzian-convolved 
by Gaussian profiles) for the L3 and L2 edges, is very rough 
because it assumes that effects on the spectral shapes such as 
lifetime, hybridization, and vibration are the same for all final 
multiplet lines. Since previous work32 showed some disagree- 
ment with this approach for do compounds, we can expect 
similar results for 3d6 compounds. 

Nevertheless, despite the difficulty in the determination of 
the broadening parameters, the agreement between calculated 
and experimental spectra can be considered satisfactory because 
it reproduces the main experimental changes observed during 
the spin transition. Below the spin transition temperature, 
sharper structures at the L3 edge appear and the L2 white line 
increases strongly in intensity. 

All features observed for the high-spin form are well- 
reproduced (Figure 4). Therefore, although the iron site 
symmetry for the high-spin isomer is far from an octahedron, 
the o h  crystal field approach gives a good description of all 
spectral details presented in Figure 4. The agreement for the 
low-spin one (Figure 5) is not so good. Indeed, the very small 
peaks (A) at the low-energy side of the L3 edge and (C) at the 
high-energy side of the L2 edge are not reproduced in the 
calculated spectrum. Furthermore, the intensity of the calculated 
peak (B) at the high-energy side of the L3 edge is too low and 
not very well located in energy. The small disagreement 
between the experimental spectra of the Fen(phen)2(NCS)2 
complex and the octahedral symmetry simulation can be 
ascribed to a distorsion of the iron site andor to hybridization 

irrep Tz, irrep AI, 
at lODa = 0.5 eV at IODa = 2.2 eV 

5DJ=2 2.6% 'SJ=O 3.7% 
5D~=3 16.2% 'SJ=O 5.8% 
'DJ=~ 81.2% ' G J ~  31.2% 

'G,4 21.8% 
'4=6 36.2% 

between the metal 3d orbitals and the (NCS)  ligand^$^,^ which 
was not taken into account in our calculations. 

Beyond the agreement between experiments and calculations 
and the determination of the lODq parameter, the multiplet 
approach offers new insight into the knowledge of the ground 
state of the materials. We can understand, for each spin state, 
the values of (S) and (15)~~ and the ground state energy. 

Interesting average values such as (S) and (L)47 can be 
calculated. The (S) values obtained for lODq = 0.5 eV and 
lODq = 2.2 eV are 1.999 and 0.0266, respectively, meaning 
that the spin states in each spin form of the Fen(phen)2(NCS)2 
complex are very pure, minor differences with pure singlet or 
quintet spin states being due to the introduction of spin-orbit 
interaction, which makes (5') a bad quantum number. Below 
the lODq spin conversion value, the angular momentum (L)  is 
constant and equal to 2. Above the lODq spin conversion value, 
(L) decreases slowly from 4.6. 

We have access to a precise determination of the ground state. 
It can be decomposed on the basis of the LS vectors associated, 
in the considered point group, with the 3d6 ~onfiguration.~~ 
During the spin conversion, the oh irreducible representation 
(irrep) of the ground state changes. For the high-spin state, it 
is the Tzg i r r e ~ ; ~ ~  for the low-spin form, it is the AI, i r r e ~ . ~ ~  In 
the case of the high-spin form, the ground state corresponding 
to the 3d6 configuration in octahedral symmetry is obtained by 
mixing 27 basis vectors. But for the low-spin form, the ground 
state is a mixture of only 14 basis vectors (there are a number 
of ways to branch the LSJ terms of 3d6 to Tzg and AI,, 
respectively). Although the nature of this ground state can be 
properly specified only by giving the complete basis function 
expansion, some components are clearly dominant in these 
mixtures. We have reported in Table 3 the weight of the 
dominant components in each mixture. 

For a small lODq, the dominant eigenvector is 5D~=4 with 
(S) = 2 spin as expected from Hund's rules. For the low-spin 
state, the dominant eigenvectors are ~('SJ=O), 2(1GJ=4), and IIJ,~ 

(45) Jo, T.; Sawatzky, G. A. Phys. Rev. B 1991,43, 8771. 
(46) van der Laan, G.; Thole, B. T. J .  Phys.: Condens. Matter 1992, 4,  

(47) (S) is such that (S)((S) + 1)h2 = (Ground I Sx2 + Sy2 + S:l Ground) 
4181. 

where 

is the spin momentum operator. (L) is such that (L)((L) + l)hz = (Ground 
lLx2 + h2 + L21 Ground) where 

E=($) 

is the orbital momentum operator, (L) should not be confused with (LJ = 
(Ground ILL/ Ground). 

(48) For high-spin configuration after crystal field splitting, the ground 
state is 'Tzg (15-fold) that splits into Tzg (3-fold) under spin-orbit coupling. 
It is to this Tz, that we refer, and similar definition for low-spin AI,. These 
Tz, and AI, ground states are constructed from several ILliJM) states because 
of spin-orbit interaction. 

T = 77K S = 0 
Low spin 

From Briois V., J. Am. Chem. Soc., 117 (1995) 

XAS at Fe L2,3 edges (2p->3d) 

eg 

t2g 

5T2
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S=2 
High spin 

10Dq=1eV 
eg 

t2g 
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S=0 
Low spin 

10Dq=2.2eV 

CFM calculation 
 Fe2+ (3d6) 

Oh symmetry 



(covalent)   CrIII-C≡N-NiII (ionic)  

Limit of the crystal field model: towards ligand field model 

Example : prussian blue analogues  

CrIII

AII

C
N

CrIII

AII

N
C

CsI[NiIICrIII(CN)6].xH2O

C N

CrIII 

NiII 
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Weak covalent bond  

CN-NiII in Cs[NiCr(CN)6] 

0
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  calcul
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°°°°°°° expérience

L3 L2 

NiII L2,3 edges (2p to 3d) 

C N

CrIII 

NiII experiment 
Calculation 
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d8 Oh 
10Dq =1.4 eV 



Weakness of crystal field theory
Strong crystal field

570 575 580 585 590 595 600
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Energy (eV)

(a)

(b)

(c)

CrIII L2,3 edges 

Exp. 

κ = 0.5 

C N

CrIII 

NiII 

experiment 

Crystal field calc. 

Ligand field calc. 

q  Crystal field : Oh, large 10Dq (=3.5eV) + strong slater reduction (50%) 
    Incomplete model due to the strong metal to ligand charge transfer  
q   Ligand field : metal to ligand charge transfer  

 d3d0 + d2d1 
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Ligand field multiplets 
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•  To account for electron coming from ligands or neighbor metal 
 
•  Multi-configurations approach  

 also called cluster model 
       charge transfer model (CT) 

 
•  Two types of charge transfer (CT): 

  
 Metal to ligand : MLCT 
 Ligand to Metal : LMCT 
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2p 6 3d n 

2p 6 3d n+1 L _ 
Δ 

|i> = α |2p63dn> + β |2p63dn+1L>

L = 3d9    « ligand hole »

Parameters 
 Δ energy (eV)  

Charge transfer integral (symmetry dependent) 

V = < 3dn⏐H⏐3dn+1L > (also called T)

In Oh symmetry:  Vt2g et Veg 

Ligand to metal charge transfer LMCT 
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Ligand to metal charge transfer LMCT 

2p 5 3d n+1 L 

|f1> 

|f 2 > 

Δf 2p 5 3d n 

Core spectroscopies : excited state 2p for L2,3 edges 
1s for K edge 
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Metal to ligand charge transfer MLCT 

2p 6 3d n 

2p 6 3d n-1 L-  

Δ 

|i> = α |2p63dn> + β |2p63dn-1L- >

L- = 3d1    

Parameters 
 Δ energy (eV)  

Charge transfer integral (symmetry dependent) 

V = < 3dn⏐H⏐3dn-1L-  >

In Oh symmetry:  Vt2g et Veg 
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calcul avec hybridation
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d8+d9L Oh 
 

Cs[NiIICrIII(CN)6] 



Weakness of crystal field theory
Strong crystal field

570 575 580 585 590 595 600

N
or

m
al

iz
ed

 A
bs

or
pt

io
n 

(a
.u

.)

Energy (eV)

(a)

(b)

(c)

CrIII L2,3 edges 
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CrIII 

NiII 

experiment 

Crystal field calc. 

Ligand field calc. 

q  Crystal field : Oh, large 10Dq (=3.5eV) + strong slater reduction (50%) 
  
q   Ligand field : MLCT d3+d2L- 
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Crystal field and magnetism 

1.  Introduction / Definition 
2.  One electron (3d electron) 

1.  Symmetries 
2.  Hamiltonian 
3.  Crystal field splitting of 3d electron 

 
3.  Multi-electrons ion (3d electrons) 

1.  Hamiltonian 
2.  Configurations/ spectroscopic terms 
3.  Symmetry 
4.  Examples 

4.  Crystal field and magnetism 
1.  Hamiltonian 
2.  Magnetic moment (spin and orbit) 
3.  Zeeman effect / paramagnetism 
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Magnetism 
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Hion = Hcin + He-n + He-e + Hs-o + HCF        +HZeeman  +HExchange 

Free ion (spherical) Crystal field 

Ø  Hamiltonian  

HZeeman = ��!
m.

�!
H = µB(L̂+ g0Ŝ).

�!
H

= µB(Lx + 2Sx)Hx + µB(Ly + 2Sy)Hy + µB(Lz + 2Sz)Hz
<latexit sha1_base64="ERH0n+h+DSl92Bosii/xYnIW1Kk="></latexit><latexit sha1_base64="ERH0n+h+DSl92Bosii/xYnIW1Kk="></latexit><latexit sha1_base64="ERH0n+h+DSl92Bosii/xYnIW1Kk="></latexit><latexit sha1_base64="ERH0n+h+DSl92Bosii/xYnIW1Kk="></latexit>

d1 S=1/2 mS=+1/2 

mS=-1/2 

1 electron (S=1/2) 
spherical 

<latexit sha1_base64="BcnRSQ0zXGeMELtPCbvko5oqWIE="></latexit>

HExchange = SxHx + SyHy + SzHz



Magnetic moments 
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Ø Definitions 

Ø Crystal field effect 

hi|L̂z|ii 6= mL
<latexit sha1_base64="JKvge592ZgYFQjdH0XN6quTpmfs="></latexit><latexit sha1_base64="0Gy9z4Ee/e/Z7Ms0B0Lh69AtLNE="></latexit><latexit sha1_base64="0Gy9z4Ee/e/Z7Ms0B0Lh69AtLNE="></latexit><latexit sha1_base64="L8fwMjwvXQ1jy4DosfLkJEmzgjU="></latexit>

m = morbit +mspin

morbit = �hi|L̂z|iiµB

mspin = �gohi|Ŝz|iiµB = �2hi|Ŝz|iiµB
<latexit sha1_base64="cWc2yHYRz+RFM6kOIVyALEgXGtE="></latexit>

<latexit sha1_base64="9uU513AOJGVe7ifHio2Go6FXI/M="></latexit>

|i >= |(L, S)J��i are not eigenfunctions of L̂z or Ŝz

<latexit sha1_base64="gggExDOAKn5ek3umj3/jYVBYD9s="></latexit>

hi|Ŝz|ii 6= mS

(Hcin+He-n+He-e commute with                           ) L̂2, L̂z, Ŝ
2, Ŝz

<latexit sha1_base64="vP9u8gZWFJadCVX+Js68FfAqLMM="></latexit><latexit sha1_base64="vP9u8gZWFJadCVX+Js68FfAqLMM="></latexit><latexit sha1_base64="vP9u8gZWFJadCVX+Js68FfAqLMM="></latexit><latexit sha1_base64="vP9u8gZWFJadCVX+Js68FfAqLMM="></latexit>

Hcin+He-n+He-e+Hs-o commute with bJ2, bJz, bL2, bS2
<latexit sha1_base64="VeJHSQfB6eFpPPsA3aIVlExFbUw="></latexit><latexit sha1_base64="PGU2GypC2m2Ui82YuGhM0CgYGEE="></latexit><latexit sha1_base64="PGU2GypC2m2Ui82YuGhM0CgYGEE="></latexit><latexit sha1_base64="OAGT/5k7wRAdEHDbHNx3mcwcfOE="></latexit>



Magnetic moments and spectroscopies 
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Ø Magnetic core spectroscopies  
XMCD, RIXS-MCD, XMLD, XMχD 
 
à  access to 

 Spin and orbit magnetic moment  
  Anisotropies + Angular dependences 

Ø  For 3d ions, the orbital magnetic moment is quenched (nul) in most 
cases. 

    Some 3d ions have significant orbital magnetic moment 
   (Co2+, low spin Fe3+, Fe2+) 

 
 à magnetic anisotropy 



Magnetic moments in Quanty 

Ø  Quanty:  any operator (     ) and its expectation values 

 
 

Ô
<latexit sha1_base64="lYIGaz2LrP+nAa9il81i3Wmqjq4="></latexit><latexit sha1_base64="8a8W5d3ssEvcwIaT2clWYf6W+eE="></latexit><latexit sha1_base64="8a8W5d3ssEvcwIaT2clWYf6W+eE="></latexit><latexit sha1_base64="JJzn6GdLJ65dGwuCJXonYSMJ03g="></latexit>

hi|Ô|ii
<latexit sha1_base64="XEcYSTPsIgY1kqnP/gwboXWdngY="></latexit><latexit sha1_base64="5zSSjPxYMytErCVXKhoaeFBpnok="></latexit><latexit sha1_base64="5zSSjPxYMytErCVXKhoaeFBpnok="></latexit><latexit sha1_base64="CRToWzUN246qNAWMP42vdLtrP5o="></latexit>
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Ex : spin operator 

Tutorial 07_Expectationvalues.Quanty  
(Monday morning) 



Crystal field and magnetism 
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Morbit 

Mspin 

<latexit sha1_base64="1mngpLXm1+bgTNqHg3vmF4bZdeU="></latexit>

B?C4

<latexit sha1_base64="7aRtRG5e0z0NQXuLmeXC8+YTApE="></latexit>

B k C4

<latexit sha1_base64="1mngpLXm1+bgTNqHg3vmF4bZdeU="></latexit>

B?C4
<latexit sha1_base64="1mngpLXm1+bgTNqHg3vmF4bZdeU="></latexit>

B?C4

Oh 
Tetragonal distortion : D4h 

compression elongation 

<latexit sha1_base64="7aRtRG5e0z0NQXuLmeXC8+YTApE="></latexit>

B k C4
<latexit sha1_base64="7aRtRG5e0z0NQXuLmeXC8+YTApE="></latexit>

B k C4



Conclusion / remarks 
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Following Lectures 


