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Crystal field 

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

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

 
3.  Multi-electrons (3d electrons) 

1.  Hamiltonian 
2.  Configurations/ spectroscopic terms 
3.  Symmetry 
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Crystal field : origin 

Hans Bethe (1906-2005) 
In 1929 (University of Tübingen): Model 
to explain the properties of NaCl crystal. 
 
Ions are considered to be undeformable 
charged spheres and the interaction 
between them simply results from the 
electric potential generated by these 
charges. 
 
(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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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 Na+ ion surrounded by 6 Cl- ions as nearest 
neighbors 
• Ions = indeformable charged spheres 
• Interaction results from the created 
electrostatic potential 

Electrostatic potential produced by a 
negative charge: 
 
 
(r = distance between the centered charge 
and a point i) 
 
Effect of the 6 negative charges: 

Vi =
e

r
<latexit sha1_base64="hS5oEUBw9SaQi28VFPKyPwgkeHE="></latexit><latexit sha1_base64="rv4XJre050CmlvW8l5CWR34B1YU="></latexit><latexit sha1_base64="rv4XJre050CmlvW8l5CWR34B1YU="></latexit><latexit sha1_base64="hGjfgLnkHLNRsdronH29HL99mw4="></latexit>

6X

i=1

Vi
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Crystal field : origin 

Analogy for solid-state or complex coordination  
Consider the ligands and the metal as charged spheres 

 Na+ ≈ metal ion - Cl- ≈ ligand 

Perovskite SrTiO3 

O2- 

Ti4+ 
Fe3+ CN- 

Tp=tris-pyrazolyl borate 

Tp- 
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Symmetries 
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Symmetries 
Symmetry is responsible for many physical and spectroscopic 
properties of compounds 
Group theory is a powerfull tool, which not only allows one to 
simplify calculations, but also defines the language of labeling states 
and can predict without calculations if states couple under certain 
interactions or if certain transitions are allowed or not. 
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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  

o  σh,reflectionthroughaplaneperpendiculartotheaxisofhighestrotatio
nsymmetry, called principal axis  

o  σv, reflection through a plane to which the principal axis belongs  
o  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 mathematica : Quanty/guide/PointGroupSymmetry 
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Symmetries : some point groups 

Each group has a table of representations 
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Symmetries : Oh 

Chapter 4   Symmetry and Group Theory          37 

  Copyright © 2014 Pearson Education, Inc.   

 b. Problem 3.42*: a.  PH3:  C3v  b.  H2Se:  C2v  c.  SeF4:  C2v 

 
    d.  PF5:  D3h  e.  IF5: C4v  f.  XeO3:  C3v 

 

    g.  BF2Cl:  C2v  h.  SnCl2:  C2v  i.  KrF2:  Dfh 

 
    j.  IO2F5

2–:  D5h 
 

4.12 a. Figure 3.8: a.  CO2:  Dfh  b.  SO3:  D3h  c.  CH4:  Td 
  
    d.  PCl5:  D3h  e.  SF6:   Oh  f.  IF7:  D5h 
     
    g.  TaF8

3–:  D4d      
 

 b. Figure 3.15: a. CO2:  Dfh  b. COF2:  C2v  c. NO2
–:  C2v 

 
    d. SO3:   D3h  e. SNF3:  C3v  f. SO2Cl2:  C2v 
 
    g. XeO3:  C3v  h. SO4

2–:  Td  i. SOF4:  C2v 
 
    j. ClO2F3:  C2v  k. XeO3F2:  D3h  l. IOF5:  C4v 
 
4.13 a. px has Cfv symmetry.  (Ignoring the difference in sign between the two lobes, the point  

group would be Dfh.) 
 
 b. dxy has D2h symmetry.  (Ignoring the signs, the point group would be D4h.) 
 
 c. dx2–y2 has D2h symmetry.  (Ignoring the signs, the point group would be D4h.) 
 

 d. dz2 has Dfh symmetry. 
 
 e. fxyz has Td symmetry. 

 
4.14 a. The superimposed octahedron and cube  

show the matching symmetry elements. 
 

The descriptions below are for the  
elements of a cube; each element also  
applies to the octahedron. 
 
E Every object has an identity  

operation. 
 

  8C3 Diagonals through opposite  
corners of the cube are C3 axes. 
 

  6C2 Lines bisecting opposite edges are C2 axes. 
 
  6C4 Lines through the centers of opposite faces are C4 axes.  Although there are only  

three such lines,  there are six axes, counting the C4
3 operations. 

 
  3C2 (=C4

2) The lines through the centers of opposite faces are C4 axes as well as  
C2 axes. 

                                                        
* Incorrectly cited as problem 3.41 in first printing of text. 

C3

C2, C4O2- 

Ti4+ 

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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Crystal field hamiltonian and symmetry 

  

Ak,m = (�1)mA⇤
k,�m

(Almost) All you need is in Quanty-mathematica !!!! 
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Crystal field hamiltonian and symmetry 

  

Ak,m = (�1)mA⇤
k,�m
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Symmetries 

O2- 

Ti4+ 

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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Crystal field hamiltonian 
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Crystal field hamiltonian 

The crystal field potential can be expanded on the normalized spherical harmonics 
 
 
Where to stop the expansion ?  
èWriting the CF matrix element on the basis functions. Depends on :  
 
 
 
 
 
 
 
The crystal fields Hamiltonian thus writes 
  

           
 
 

   with ℓ  the orbital momentum of the shell (2 for 3d ions, 3 for 4f ions) 
         (hamiltonian hermician) 

HCF =
1X

k=0

kX

m=�k

Ak,mCm
k (✓,�)

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

hY`1,m1 |Ck,m|Y`1,m2i = (�1)m1(2`1 + 1)

✓
`1 k `1
0 0 0

◆✓
`1 k `1

�m1 m m2

◆

6= 0 if k even (2`1 + k even), 0  k  2`1
<latexit sha1_base64="3uXkwLk24CXe/0q9pG5TzCMznac="></latexit><latexit sha1_base64="3uXkwLk24CXe/0q9pG5TzCMznac="></latexit><latexit sha1_base64="3uXkwLk24CXe/0q9pG5TzCMznac="></latexit><latexit sha1_base64="3uXkwLk24CXe/0q9pG5TzCMznac="></latexit>

Ak,m = (�1)mA⇤
k,�m

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>

with Ck,m(✓,�) =
⇣

4⇡
2k+1

⌘1/2
Yk,m(✓,�)

<latexit sha1_base64="Udsgf1uRz7Dmo5KU34eh3CBgIbI="></latexit><latexit sha1_base64="Udsgf1uRz7Dmo5KU34eh3CBgIbI="></latexit><latexit sha1_base64="Udsgf1uRz7Dmo5KU34eh3CBgIbI="></latexit><latexit sha1_base64="Udsgf1uRz7Dmo5KU34eh3CBgIbI="></latexit>

hY`1,m1 |Ck,m|Y`2,m2i = (�1)m1
p

(2`1 + 1)(2`2 + 1)

✓
`1 k `2
0 0 0

◆✓
`1 k `2

�m1 m m2

◆

6= 0 if `1 + k + `2 even, |`1 � `2|  k  |`1 + `2| and �m1 +m+m2 = 0
<latexit sha1_base64="YhCYvT1tLzeG9m4dX+oP87KGU0I="></latexit><latexit sha1_base64="YhCYvT1tLzeG9m4dX+oP87KGU0I="></latexit><latexit sha1_base64="YhCYvT1tLzeG9m4dX+oP87KGU0I="></latexit><latexit sha1_base64="YhCYvT1tLzeG9m4dX+oP87KGU0I="></latexit>
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Crystal field hamiltonian and symmetry 

  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>

Not all values of Akm are allowed : many are zero due to the symmetry around the ion 
 Symmetry related:  
 For all symmetry operation (Oi) of the point-group G, we have 

 
 
Example of the cubic case 
 
 
 
 
  

           
 
 

  

O2- 

Ti4+ 
HOh

CF = A4,0C
0
4 +

r
5

14
A4,0(C

�4
4 + C4

4 )
<latexit sha1_base64="k4FtvbOSjNAgQ7SCUumJNz1KseY="></latexit><latexit sha1_base64="k4FtvbOSjNAgQ7SCUumJNz1KseY="></latexit><latexit sha1_base64="k4FtvbOSjNAgQ7SCUumJNz1KseY="></latexit><latexit sha1_base64="k4FtvbOSjNAgQ7SCUumJNz1KseY="></latexit>

Only one nonzero Akm : A40  

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>

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.

Oi 
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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>

 
 
 
 
 
  

           
 
 

  

The notations vary a lot from an author to the other 

(Haverkort/QUANTY) 

HCF(r) =
1X

k=0

kX

m=�k

rk 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>

And symmetry dependent parameters like (Balhausen, König, Kremer,..) 
 10Dq for cubic  
 {10Dq, Ds, Dt} for tetragonal symmetry D4h  

 
…. etc. 
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3d transitions metal ions 

In material made of 3d transitions metal ions, a lot of  physico-chemical 
properties are due to the crystal field, 
 For example 
-  Color 
-  Magnetic properties 

Ni2+
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3d orbitals 

Ø  Basis of atomic orbitals 

Radial part 
Angular part 
Spherical harmonics 

Spin part 

�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>

Rni`i(r) =
1

r
Pni`i(r)

<latexit sha1_base64="Sxm4+UGYVOiaUjCfWhKkqa+L/As="></latexit><latexit sha1_base64="B6iy4Vjcxu6tVHH3NjVTSsjBH2s="></latexit><latexit sha1_base64="B6iy4Vjcxu6tVHH3NjVTSsjBH2s="></latexit><latexit sha1_base64="IJVT4rWvNph0DouMk98BzDweJ9c="></latexit>
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3d atomic orbitals 
Ø  Basis of atomic orbitals 

Ø  3d levels : n=2, ℓ=2  2ℓ+1=5 basis functions ( -2 ≤ ℓ ≤ 2 ) 
See Quanty/tutorial/hydrogen_wavefunctions 

�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 are linear combination of  
(real harmonics = tesseral harmonics Z) 

Y2,m(✓,�) with m = �2,�1, 0, 1, 2
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Oh crystal field splitting of 3d electron 

|� 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)  Matrix elements 
hY`1,m1 |Ck,m|Y`1,m2i = (�1)m1(2`1+1)

✓
`1 k `1
0 0 0

◆✓
`1 k `1

�m1 m m2

◆
= (�1)m1

p
10/7

✓
2 k 2

�m1 m m2

◆
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2)  Diagonalization 

CF matrix in {Y2,m} basis= 

d
x

2�y

2 d
z

2 d
yz

d
xz

d
xy
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èThe Oh crystal field split the d orbitals in two groups of orbitals 
 

0

BBBB@

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

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

0 0 A0,0 � 4
21A4,0 0 0

0 0 0 A0,0 � 4
21A4,0 0

0 0 0 0 A0,0 � 4
21A4,0

1

CCCCA
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z
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, d
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HOh
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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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.

{d
x

2�y

2 , d
z

2} 2 e
g

{d
yz

, d
xz

, d
xy

} 2 t2g
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Ø  From the Oh group properties, one could have guessed 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 
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

From the diagonalization, one get 

10Dq � adjustable parameter 

�4Dq

+6Dq

3d (�5)

eg (�2)

t2g (�3)

10Dq

Towards the ligand : destabilized  

Towards the ligand : 
stabilized  

In QUANTY, the Ak,m are defined in function the orbital energies (this choice can be modified)  
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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 splitting of 3d electron 

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 the D4h table, one can predict the 3d splitting in 4 groups 
{d

z

2} 2 a1g

{d
x

2�y

2} 2 b1g

{d
xy

} 2 b2g

{d
xz

, d
yz

} 2 e
g
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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.

Tetragonal (D4h) crystal field splitting of 3d electron 

The CF matrix is diagonal in the {d} basis and the energies are : 
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HD4h
CF = A0,0C0,0 +A2,0C2,0 +A4,0C4,0 +A4,4(C4,�4 + C4,4)
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� 2D
s

� 6D
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(d
z

2)

E
b1g = 6D

q

+ 2D
s

�D
t

(d
x

2�y

2)

E
b2g = �4D

q

+ 2D
s

�D
t

(d
xy

)

E
eg = �4D

q

�D
s

+ 4D
t

(d
xz

, d
yz

)
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A0,0 = 1/5(Ea1 + Eb1 + Eb2 + 2Ee)

A2,0 = Ea1 � Eb1 � Eb2 + Ee

A4,0 = 3/10(6Ea1 + Eb1 + Eb2 � 8Ee)

A4,4 = A4,�4 = 3/20(
p
70Eb1 �

p
70Eb2) (1)
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with 

The relation with Dq,Ds,Dt can be found in the book of König&Kremer « Ligand field. Energy diagram » 

10Dq 
10Dq 

D4h (elongation) 
Oh 

2Ds � 6Dt
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2Ds �Dt
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�Ds + 4Dt
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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);

HOh
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}, ..}
<latexit sha1_base64="YKmYVAuLEx8E4B+Hb5MFpEuEbhk="></latexit><latexit sha1_base64="1uQcepK+0NiFzodn8yl6u+EpcMM="></latexit><latexit sha1_base64="1uQcepK+0NiFzodn8yl6u+EpcMM="></latexit><latexit sha1_base64="VjItlWZ8AKIRgWc/EUL6beJvyBU="></latexit>

The parameter is 10Dq and the hamiltonian writes  
 

HCF = 10Dq ⇤OpptenDq
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à In this Oh case, the hamiltonian is similar but it can be different for lower 
symmetries (Ei(d) vs 10Dq,Ds,Dt,…). Anyway, the results should be the same. 



Multi-electrons ions 
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1.  Configuration : simple picture 
2.  The spherical ion : L,S,J basis function 
3.  Crystal field : basis functions and matrix element 
4.  Energy diagram (Tanabe-Sugano) 
5.  Spectroscopic terms and orbitals 

6.  Example of LS/HS FeII



Ø  Electronic configuration:  complete      reduced to open shell 
 3d transition metal ions  1s22s22p6 3dn       3dn  

 4f rare earth ions   1s22s22p63s23p63d10 4fn    4fn 
 

Example of term splitting 

Ø  Many possibility of filling of the 3d orbitals 
 2ℓ+1=5 |ℓ,mℓ> angular functions 
 2s+1=5 |sms> spin functions 

 
 Nb states = Cn

10 =   
 

 Degeneracy = multiplets 

Multi-electrons ions : configuration 

ml=-2    -1     0     1     2 

10 functions 

10!
n!(10− n)!

Example of a d2 system (V3+, Cr4+) : 
 
degenerate states : C2

10 = 45 

Some possibilites: 
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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) 



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 
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Hamiltonian of the ion with N electrons 

•  Multi-electron functions for N electrons 

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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Ion with N electrons : operators
 

somme ⇒ couplage d’opérateurs

ü    

ü    

ü    

For N electrons,

ˆL =

NP
i=1

ˆ`i

ˆ`i 6= `i
ˆ`i is the orbit operator defined by

ˆ`z,i|`im`i >= m`i |`im`i >
ˆ`2i |`im`i >= `i(`i + 1)|`im`i >
�`i 6 m`i 6 `i

Same definitions for

ˆS and

ˆJ

ˆJ =

ˆL� ˆS operator associated with the spin-orbit coupling

L� S 6 J 6 |L+ S|
<latexit sha1_base64="FA7GZ1DivjWAsZhfgYUpbSwRx9c="></latexit><latexit sha1_base64="FA7GZ1DivjWAsZhfgYUpbSwRx9c="></latexit><latexit sha1_base64="FA7GZ1DivjWAsZhfgYUpbSwRx9c="></latexit><latexit sha1_base64="FA7GZ1DivjWAsZhfgYUpbSwRx9c="></latexit>

! 

! 

Sum is coupling 

Heidelberg 2018 32 



Free ion with N electrons : basis functions
 

Ø  Fonctions |α(L,S)JMJ> 
 
  Eigenfunctions of  bJ2, bJz, bL2, bS2
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(Hcin+He-n+He-e commute with                           ) L̂2, L̂z, Ŝ
2, Ŝz
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Hcin+He-n+He-e+Hs-o commute with bJ2, bJz, bL2, bS2
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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 
 

33

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

S spin

Spectroscopic terms |α(L,S)JMJ> =  
  2S+1 LJ 

Ø  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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Free ion : spectroscopic terms for 3d2 ion 
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3d2

1S

1G
3P
1D

3F

Split the 5 LS terms  into 9 (L,S)J terms : 1G4,
3F4,

3F3,
3F2,

1D2,
3P2,

3P1,
3P0,

1S0

1S0

1D2

3P2 3P13P0

1G4

3F3
3F4 3F2

3F2

3F3

3F4
⇡ 3/2 ⇣3d

⇡ �1/2 ⇣3d

⇡ �2 ⇣3d

*only diagonal 
energy corrections 
here (neglect off 
diagonal coupling 
with other LS terms) 
Landé interval rule 

�E =
⇣3d
2

J

Ground state given by 
Third Hund’s rule 



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 
does not use the {Γ} basis for diagonalization but its knowledge is necessary to label 
the states (spectroscopic terms)



Crystal field and group theory 
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Free ion 
 
O3 is the group of the sphere 
|α(L,S) J MJ> partners of irrep* J of O3 
 

Ion in solid/molecule 
 

G is the subgroup of the sphere 
|a(L,S) J Γ γ > partners of the irrep* Γ of 
G 
 J(SO3) !

JX

MJ=�J

MJ(SO2)
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ex : 2(SO3) ! t2g(Oh) + egOh
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Hamiltonian expanded on Ck,m <> Tk,m  Hamiltonian expanded on Ck,m <> Tk,m  

HCF =
2X̀

k=0,
k even

kX

m=�k

Ak,mCk,m(✓,�)
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J(SO3) !
X

i

�i(G)
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HCF =
2X̀

k=0,
k even

X

i

AJ,�iTJ,�i
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ex : HOh
CF = aT 4(SO3),A1g(Oh)
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HCF is fully symmetric in Oh  
and transforms as A1g(Oh)  

* irrep=irreducible representation 



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 

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

Crystal field mixes J states if  �i ⌦ �j 3 A1(g)
<latexit sha1_base64="ho4w39qMBbRAf7a5NaCC40UrsxE="></latexit><latexit sha1_base64="aq8O5vHvwcdaoi72iZ61nnT5/7c="></latexit><latexit sha1_base64="aq8O5vHvwcdaoi72iZ61nnT5/7c="></latexit><latexit sha1_base64="mXV+OWFvH4KorN75idmlN3V3jOc="></latexit>

Ex: d1 (d9) ion in Oh symmetry 
 

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

2D3/2 

2D5/2 

U’ 
E’’ 

= ↵|J =
3

2
, U 0i+ �|J =

5

2
, U 0i
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U’ 
= |J =

5

2
, E00i

<latexit sha1_base64="h733B1xN8UAjHrPRvlbwVzHE9yo="></latexit><latexit sha1_base64="bV7fpeH/gPSp9MmoUqYKSq2tzCw="></latexit><latexit sha1_base64="bV7fpeH/gPSp9MmoUqYKSq2tzCw="></latexit><latexit sha1_base64="YNDs6Vbbj+VBUOLfHI08q/+RGrY="></latexit>



Crystal field and group theory 

3d2

1S

1G
3P

1D

3F

Free ion 
O3 

Oh 
weak field 

Example of d2 ion in Oh symmetry 

Ø  Crystal field splitting of the         ground state  
From the group branching table 
(see Butler book) 
 

3F

F (L = 3) 2 3(SO3) ! A1g + T2g + T1g(Oh)
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eg 

t2g 

eg 

t2g 

eg 

t2g 

3A1g

3T2g

3T1g
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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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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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d2 

(*)B Racah parameters related to the slater integrals (electronic repulstions)  

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    



Crystal field : multi-electron and orbitals 
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Multi-electron ions 
 
 

One electron/orbitals 
 

 •  Spectroscopic terms : 
 
Term written with capital letter in Müliken 
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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A1g, T2
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a1g, e2
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h�i|Ô|�ii
with Ô = Lz, Sz, ...
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Multiplet and crystal field today 
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Calculations including the core-hole (ex : 2p53dn+1, 3d94fn+1,…) 
and many kind of transitions (electric dipole, magnetic dipole…) 
 
ü  RACAH/BANDER, Thole’s code (core of CTM4XAS)  
Based on group theory (Butler “Point group symmetry 
applications”) 
Difficult to modified and adapt to new spectroscopies since Theo 
Thole died in1996 
 
ü  QUANTY, Haverkort’s code 
Flexible for the need of the new spectroscopies/physical properties 
 



Example of crystal field : spin crossover 
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The spin crossover has been 
intensively studied and observed with 
many different spectroscopies and 
magnetic measurements 
 
Ex : XAS at L2,3 edges 
  
It is a well known crystal field effect 
named spin crossover 



Crystal field effect : spin crossover 

Fe2+ ion (3d6) in Oh symmetry 
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5T2
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When 10Dq increases, the 
ground state changes 
 

eg 

t2g 

eg 

t2g 

5T2
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S=2 
High spin 

S=0 
Low spin 

Ø  The magnetic properties goes from paramagnetic to non-magnetic 

Ø  Good candidate for many applications like molecular spintronic 
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Crystal field and magnetism 

1.  Hamiltonian 
2.  Magnetic moment (spin and orbit) 
3.  Zeeman effect / paramagnetism 
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|(L,S)J Γγ> (Γ term) are not eigenfunctions of 
 
 

 Linear combination of mL  
 

Magnetic moments 
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Ø  Definitions 

Ø  Crystal field effect:  

hi|L̂z|ii 6= mL
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For 3d ions, the orbital magnetic moment is quenched in most cases.  
Some 3d ions have significant orbital magnetic moment (Co2+, low spin Fe3+, Fe2+) 
à atomic magnetic anisotropy 

L̂z
<latexit sha1_base64="mN1I9ogS7JRyCeeviocqw+vAC1g="></latexit><latexit sha1_base64="uAgH0jpSzJEqIwy/rHWV3ha77Oc="></latexit><latexit sha1_base64="uAgH0jpSzJEqIwy/rHWV3ha77Oc="></latexit><latexit sha1_base64="+GSEXEnEW+BCtT1Jqzadt15Lj68="></latexit>



Magnetic moments 

Ø  QUANTY can calculate the expectation values of any operator (   ) 

Thus one can get the 
Ø  Magnetic properties:  

Magnetization for a paramagnetic ion in function of  
 the temperature T  
 the external magnetic field B 

 
Susceptibility  

Ô
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External magnetic field effect : Zeeman effect 
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Hion = Hcin + He-n + He-e + Hs-o + HCF        +HZeeman 

Free ion (spherical) Crystal field 

Splitting of      states that depends on (mL,mS)  

Ø  Matrix element depend on the magnetic moment  

Ø  Hamiltonian  

�i
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h�i|HZeemani�ii = µB (h�i|Lz|i�ii+ g0h�i|Sz|i�ii)Hz
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d1 S=1/2 mS=+1/2 

mS=-1/2 

1 electron (S=1/2) 
spherical 



Magnetization of paramagnetic 3d ion  
(Zeeman effect) 
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Z =
NbstatesX

i=1

e�
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kBT
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Ø  Magnetic moment of state  �i
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Ø  Magnetic moment at temperature T in the magnetic field Hz  

With Z the partition function  

Ø  Magnetization curve for a paramagnetic ion  m(T,Hz) = f(Hz)
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Hz(tesla) 

Co2+ (d7) Oh (QUANTY) 



Conclusion (remarks) 
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Appendix 
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Naming point groups: 
 The name of the point group has information about the 
symmetry elements present. The letter is the rotational group 
and the subscript number after the letter indicates the order 
 of the principal rotational axis (e.g. 3-fold or 4 fold etc.): 

C3           C3v            D4d     D4h  

A ‘C’ indicates only 
one rotational axis 

A ‘D’ indicates an n-fold 
principal rotation axis 
plus n 2-fold axes at  
right angles to it 

3-fold rotational     has σv but            4-fold         d = no            ‘h’ 
indicates 
        axis               no σh mirror              principal    σh mirror         a σh mirror 

            planes in a C group           axis         plane                plane Heidelberg 2018 51 



 A subscript ‘h’ means that there is a σh mirror plane at 
right angles to the n-fold principal axis: 

Naming point groups (contd.): 

D4h 

C4   principal axis 

σh 

C3   principal axis 

σv 

A subscript ‘d’ (or v for C groups) means there is no σh mirror 
plane, but only n σv mirror planes containing the principal Cn axis. 

only one 
of the three 
σv planes  
is shown 

D3d 
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Naming platonic solids: 

Platonic solids: 
 T = tetrahedral  = 4 three-fold axes 
 O = octahedral  = 3 four-fold axes 
  I = icosahedral = 6 five-fold axes 

     Td      Oh              Ih 

C60 
‘bucky-ball’ 

or ‘Fullerene’ 
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