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Crystal Field Theory: Analysis of the Iron Sites in Gillespite 
 
One of the first applications of crystal field theory was the description of transition metal sites in 
minerals (hence crystal field!!). An important example in this respect is the mineral gillespite. 
Gillespite is an iron-containing silicate of formula BaFeSi4O10. The unit cell of gillespite is shown 
below along with the environment around each iron site: 
 

 
 

As can be seen from the figure, the geometry about iron is perfectly square-planar. Each Fe-O 
distances measures approximately 2.0 Å. Magnetic susceptibility measurements of the mineral are 
consistent with high spin iron(II) centers displaying a magnetic moment of 5.12(5) µB, which does not 
change significantly upon lowering the temperature to 77 K. In this example, we will use crystal field 
theory to understand the electronic structure of the rare square planar iron(II) sites in gillespite. From 
this analysis we will explain the mineral’s electronic absorption spectrum and its magnetism. 
 
Question 1: Construct possible d orbital splitting diagrams for a square planar iron(II) complex using CFT. 
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Assuming, the interactions between iron and the crystal field are electrostatic in origin, the greatest 
repulsion will be experienced by the electrons in the dx2−y2 orbital followed by the dxy orbital (both are 
in the xy plane). In D4h symmetry, these orbitals have symmetries b1g and b2g, respectively. The 
remaining d orbitals are effectively non-bonding. Thus, we might envision two possible scenarios for 
high spin Fe(II) corresponding to placement of the eg orbitals above (A) or below (B) the a1g orbital. 
 
Question 2: From the d orbital splitting diagrams, determine the ground state terms and all spin-allowed ligand 
field excited states for case A and B. [HINT: use a symmetry descent to D2h.] 
 

 
 
The electronic ground state for each of the d orbital configurations will be different. In case A the 
ground state is non-degenerate, whereas in case B we have a two-fold degeneracy (unequal 
population of an eg set). To determine the appropriate term symbols, we must take direct products of 
the irreducible representations for each one-electron orbital and correlate the resulting terms with the 
given configuration (see appendix). 
 
From the state diagram, we see that there are three possible spin-allowed transitions for each case 
(e.g. 5Eg ← 5A1g, 

5B2g ← 5A1g, and 5B1g ← 5A1g for case A). Each transition will be LaPorte forbidden and 
therefore must gain intensity through vibronic coupling. We will now determine the possible vibronic 
polarizations for each transition for both case A and B. To do so, we must first determine the 
symmetry of the normal vibrational modes for the FeO4 core in D4h symmetry. 
 
Question 3: Using a square-planar FeO4 core, determine the 3n − 6 normal modes of vibration. 
 

 
 
 

D4h E 2C4 C2 2C2′
 2C2′′ i 2S4 σh 2σv 2σd 

Γ3n 15 1 -1 -3 -1 -3 -1 5 3 1 
 

Γ3n = A1g + A2g + B1g + B2g + Eg + 2A2u + B2u + 3Eu 
 

Γ3n−6 = A1g + B1g + B2g + A2u + B2u + 2Eu 

A B

5A1g: (a1g)2(eg)2(b2g)1(b1g)1
5Eg: (a1g)1(eg)3(b2g)1(b1g)1

5B2g: (a1g)1(eg)2(b2g)2(b1g)1

5B1g: (a1g)1(eg)2(b2g)1(b1g)2

5A1g: (eg)2(a1g)2(b2g)1(b1g)1
5Eg: (eg)3(a1g)1(b2g)1(b1g)1

5B2g: (eg)2(a1g)1(b2g)2(b1g)1

5B1g: (eg)2(a1g)1(b2g)1(b1g)2
E

Fe
O

OO
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Next we can determine the electric dipole integrals for polarization parallel to (z polarized) and 
perpendicular to (x,y polarized) the crystallographic c axis (see unit cell diagram above). This axis is 
normal to the FeO4 plane. 
 
Question 4: Determine the electric dipole integrals for each transition parallel and normal to the x,y plane. Note 
that the components of the electric dipole moment operator transform as a2u + eu in D4h symmetry. 
 
 
 A B 

 
 

5Eg ← 5A1g 5B2g ← 5A1g 5B1g ← 5A1g 5A1g ← 5Eg
 5B2g ← 5Eg

 5B1g ← 5Eg
 

 Eu B1u B2u Eu 
A1u + A2u + 

B1u + B2u 
A1u + A2u + 

B1u + B2u 

 
A1u + A2u + 

B1u + B2u 
Eu Eu 

A1u + A2u + 
B1u + B2u 

A1u + A2u + 
B1u + B2u 

A1u + A2u + 
B1u + B2u 

 
Now by comparing the symmetries of the electric dipole integrals with those of the normal modes we 
can determine the vibronic polarizations for each transition. For case B, it is clear that all transitions 
will be vibronically allowed with either ll or ⊥ polarization since each of the electric dipole integrals 
has the same symmetry as at least one normal mode. For case A, however, we might expect to see 
significant effects due to polarization in the electronic absorption spectrum. 
 
Question 5: Determine which transitions in case A will be electric dipole allowed with vibronic coupling and 
consider how each transition will be affected by polarization. 
 

 Vibronic Polarization 

Transition ll to c (z) ⊥ to c (x, y) 

5Eg ← 5A1g Allowed Allowed 

5B2g ← 5A1g Forbidden Allowed 

5B1g ← 5A1g Allowed Allowed 

 
 
Therefore, for case A we would expect to see little to no dependence on light polarization for two of 
the possible ligand field transitions (involving 5Eg and 5B1g excited states), but a substantial ⊥  
polarization for the 5B2g ← 5A1g transition. Also, as is clear from the d orbital diagrams, the energetic 
separation between the a1g and eg orbitals is very small (in either case A or B). So much so, that any 
transition between the corresponding 5Eg and 5A1g states should be so low in energy as to not be 
observable by routine electronic absorption spectroscopy. Thus, we expect to see two ligand field 
transitions in the UV-vis-NIR range. If the d orbital splitting is best described by case A, we would 
predict to see a polarization dependence for the band corresponding to the lower energy of the two 
transitions (5B2g ← 5A1g). If, however, the d orbital arrangement is best described by case B, then we 
expect to see no significant polarization dependence for either band. 

!e
!µz!e d""

!e
!µx,y!e d""
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Let us look at the data: 
 

 
 

Adapted with permission from Burns, R. G.; Clark, M. G.; Stone, A. J. 
Inorg. Chem. 1966, 5, 1268-1272. Copyright 1966 American Chemical Society. 

 
 
Question 6: Based on the experimental data, which d orbital splitting diagram best describes the electronic 
structure of the iron(II) sites in gillespite? 
 
As is clear from the spectra, the ligand field transitions do show a polarization dependence. The lower 
energy transition at 12,040 Å (8300 cm-1) only appears during ⊥ polarization. Thus, it appears that the 
electronic structure of the iron ions in gillespite is best described by the d orbital splitting diagram 
shown for case A. The small energy disparity observed for the ~5000 Å (20,000 cm-1) band under 
different polarizations arises from differences in energy for the vibrational modes of Eu and B2u 
symmetry. 
 
What about the magnetic moment of the iron centers? Here too case A provides a better theoretical 
underpinning to the observed experimental data. For a 5A1g ground state we expect no orbital 
contribution to the magnetic moment (within the Russel-Saunders approximation). The spin only 
magnetic moment for a high spin d6 ion (S = 2) is 4.90 µB. The measured moment for gillespite of 
5.12(5) µB agrees well with the spin only value assuming that small spin-orbit effects account for the 
slight increase. Note that thermal population of magnetic excited states is unlikely given the 
temperature independence of the moment down to 77 K. 
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4000-15,000 A, the unpolarized infrared spectrum, and 
the magnetic susceptibility of gillespite have been 
measured. 

Experimental Section 
Polarized Absorption Spectra.-Spectral measurements were 

made by a microscope technique.6 A thin section (0.0127 cm), 
cut from rock containing gillespite and mounted in transparent 
cement (Canada balsam), was placed on a three-axis universal 
stage attached to a polarizing microscope. A single crystal of 
gillespite was brought into the field of view of the microscope 
and, after a crystallographic or optical indicatrix axis had been 
identified by conventional methods, the microscope was mounted 
in the sample beam of a Cary Model 14 recording spectrophotom- 
eter. An identical microscope holding a glass slide containing 
only the transparent cement was placed in the reference beam 
of the spectrometer. 

Infrared Spectra.-Qualitative spectral measurements were 
made in the region 8000-650 cm-' using unpolarized radiation. 
The region 8000-3760 cm-1 was examined with a Cary Model 14 
spectrophotometer, using finely ground gillespite in compressed 
KBr disks. Unicam SP 200 and Perkin-Elmer Infracord spectro- 
photometers were employed in the region 4000-650 cm-I, using 
thick mulls of gillespite in hexachlorobutadiene or Nujol pressed 
into thin films between NaCl plates. 

Magnetic Susceptibility Measurements.-The magnetic sus- 
ceptibility of gillespite was measured in the range 77-300'K by 
the Gouy method. Measurements were also made a t  room 
temperature using both the Gouy and Faraday methods. All 
measurements were corrected for the diamagnetism of the ma- 
terial before calculating magnetic moments from bulk suscepti- 
bility data. 

The Gillespite Crystal Structure 
Gillespite is uniaxial (space group P4/ncc), with the 

pleochroic scheme 2 1 c, pale pink; 3 1 1  c, deep rose- 
red (where 

The structure4 contains [S~SOZO] sheets, consisting of 
two linked sets of square groups of four [Si041 tetra- 
hedra a t  two levels along the c crystallographic axis. 
Oxygen atoms occur in three kinds of positions. Two 
types ( 0 1  and 011) bridge [SO4] tetrahedra, and the 
third (0111) forms unshared vertices. Only the non- 
bridging 0111 type is coordinated to cations. Barium 
ions are in eightfold coordination with 0111 atoms 
belonging to two separate [S~~OZO]  sheets, and Fez+ ions 
are in square-planar coordination with four 0111 atoms 
of one sheet. Fe-0 internuclear distances are 1.97 A to 
the 0111 type and 3.98-4.75 A to the nearest 01 and 
011 types. The Fe-0111 distance is significantly smaller 
than the average Fe2+-0 distance in six-coordinated 
oxide and silicate structures, which is about 2.14 A.6 
The square-planar [Fe04] group is perpendicular to the 
c axis. The nearest atoms vertically above and below 
Fez+ are other Fez+ ions a t  8.025 A along the c axis. 

is the electric vector of the radiation). 

Results 
All measurements were performed on a gillespite 

specimen from Fresno County, Calif. 
The axial, U, and T polarized spectra's8 were recorded, 

and of these the axial and u spectra were found to be 
identical. This shows that the spectra are due to 

(5) R. G. Burns, J .  Sci. Instr., 48,58 (1966). 
(6) R. G. Burns, Ph.D. Thesis, University of California, Berkeley, Calif. 
(7) E. V. Sayre, K. Sancier, and S. Freed, J .  Chem. Phys , 28, 2060 (1955). 
(8) D S. IMcClure, Soizd State Phys . ,  9, 437 (1959). 

electric dipole transitions because the axial and cr 
spectra have the same orientation of the electric vector 
(2 I c) but different orientations of the magnetic 
vector. 

The spectra are illustrated in Figure 1, and data on 
the absorption maxima are summarized in Table I. 
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Figure 1.-The polarized absorption spectra of gillespite. 

TABLE I 
ABSORPTION MAXIMA IN THE POLARIZED SPECTRA 

OF GILLESPITE 
Extinction 

Orientation of Position of coeff, 
Spectrum electric vector band, cm-1 1. mole-1 cm-1 

Axial and u Z L C  20,160 2.55 
Axial and u I c 8,300 0 . 6  
77 E I /  19,650 9 . 8  

No absorption bands were observed in the infrared 
spectrum between 8000 and 3760 cm-l, in agreement 
with observations on the reflectance s p e c t r ~ m . ~  

There is a weak band a t  3450 cm-l in the 0-H 
stretching region, which is attributed to the small 
water impurity in the specimen. (A water analysis 
yielded HzO(+) = 0.03 w t  %, HzO(-) = 0.03 wt %.) 
Detailed analysis of this band could yield information 
on the mechanism of leaching of g i l le~pi te .~  

There is a region of intense absorption below 2000 
cm-I, with maximum absorption a t  about 1000 cm-'. 
Some partly resolved structure was observed in this 
region. 

The results of the temperature study of the magnetic 

(9) D. Goodgame, private communication 
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As a final exercise, let us try and construct a correlation diagram for square planar iron(II). We will 
only consider quintet states, which simplifies our work since we need only concern ourselves with the 
splitting of one free ion term, 5D. The weak field splitting of the 5D term can be determined using a 
correlation table (R3 → Oh → D4h), and we have already established the strong field states arising from 
the d electron configurations. 
 
Question 7: Generate a simplified correlation diagram for the 5D free ion term in a square planar crystal field. 
 
 

 
 
The approximate crystal field splitting parameter, Δsp, will be equal to the difference in the energies of 
the 5B1g ← 5A1g and 5B2g ← 5A1g transitions, which corresponds to the energy difference between the 
dx2−y2 and dxy orbitals. Note that the observed value of ~11,700 cm-1 corresponds very well with the Δo 
value of ~10,000 cm-1 for high spin iron(II) in the octahedral complex, [Fe(H2O)6]2+. This result is to be 
expected since water ligands are a reasonable approximation of the silicate (OSiO3) ligands in 
gillespite and Δsp ~ Δo. Very recently, the first molecular examples of high spin iron(II) in square 
planar environments have been reported (see Further Reading). Sophisticated electronic structure 
calculations generally agree with our CFT analysis! 
 
Further Reading 
 
1. Burns, R. G.; Clark, M. G.; Stone A. J. Vibronic polarization in the electronic spectra of gillespite, 
a mineral containing iron(II) in square-planar coordination. Inorg. Chem. 1966, 5, 1268-1272. 
 
2. Hazen, R. M.; Burnham, C. W. The crystal structures of gillespite I and gillespite II: a structure determination 
at high pressure. Amer. Mineral. 1974, 59, 1166-1176. 
 
3. Wurzenberger, X.; Piotrowski, H.; Klüfers, P. A stable molecular entity derived from rare iron(II) minerals: 
The square-planar high-spin-d6 FeIIO4 chromophore. Angew. Chem. Int. Ed. 2011, 50, 4974-4978. 
 
4. Doerrer, L. H., et. al. High-spin square-planar CoII and FeII complexes and reasons for their electronic 
structure. Angew. Chem. 2012, 124, 1024-1029. 
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Appendix 

 
This appendix briefly describes the method for determining the term symbols in Question 2 using a 
symmetry descent from D4h to D2h. 
 
To begin, we first recognize that each term we will arrive at must have a spin multiplicity of 5 so that 
we only need to consider the orbital terms. To determine the orbital terms, we take the direct product 
of the representations corresponding to each singly occupied orbital. I will only consider the orbital 
arrangement from case A, but the same method can be used to arrive at the terms for case B. 
 
 
Ground state 
 
For the ground state term in D4h symmetry we have the following direct product: 
 

Configuration: (a1g)2(eg)2(b2g)1(b1g)1 
eg ⊗ eg ⊗ b2g ⊗ b1g = A1g + A2g + B1g + B2g 

 
In D2h symmetry (descent using C2′ axis) we have the following direct product: 

	
  
Configuration: (ag)2(b2g)1(b3g)1(b1g)1(ag)1 

b2g ⊗ b3g ⊗ b1g ⊗ ag = Ag 
 

In D2h symmetry (descent using C2″ axis) we have the following direct product: 
	
  

Configuration: (ag)2(b2g)1(b3g)1(ag)1(b1g)1 
b2g ⊗ b3g ⊗ ag ⊗ b1g = Ag 

 
Now correlating from D2h back to D4h, we see that we have two possibilities for each of the descents 
we employed: 
 

D2h(C2′)  →  D4h D2h(C2″)  →  D4h 
Ag  →  A1g  or  B1g Ag  →  A1g  or  B2g 

 
Since the terms must be correlated no matter what subgroup we choose, the ground state orbital term 
must be A1g as this is the only representation common to both descents. Thus the term symbol for the 
ground state configuration (a1g)2(eg)2(b2g)1(b1g)1 is 5A1g. 
 
 
First excited state 
 
For the spin-allowed excited states, we use the same logic. The first excited state configuration is 
(a1g)1(eg)3(b2g)1(b1g)1. This direct product only yields one possibility: 
 

a1g ⊗ eg ⊗ b2g ⊗ b1g = Eg 

 
Thus, the term symbol for the excited state configuration (a1g)1(eg)3(b2g)1(b1g)1 is 5Eg. 
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Other excited states 
 
The terms for the two higher-energy excited states are determined in like fashion as the ground state. 
 

Configuration: (a1g)1(eg)2(b2g)2(b1g)1 
a1g ⊗	
  eg ⊗ eg ⊗ b1g = A1g + A2g + B1g + B2g 

 
Performing the symmetry descent to D2h using both possible axes give the following terms: 
 

Configuration (C2′): (ag)1(b2g)1(b3g)1(b1g)2(ag)1             Configuration (C2″): (ag)1(b2g)1(b3g)1(ag)2(b1g)1 
ag ⊗ b2g ⊗ b3g ⊗ ag = B1g                                                   ag ⊗ b2g ⊗ b3g ⊗ b1g = Ag 

 
D2h(C2′)  →  D4h D2h(C2″)  →  D4h 

B1g  →  A2g  or  B2g Ag  →  Ag  or  B2g 
 

The only common representation is B2g. Thus, term symbol for the excited state configuration 
(a1g)1(eg)2(b2g)2(b1g)1 is 5B2g. 
 
 
For the final excited state: 

Configuration: (a1g)1(eg)2(b2g)1(b1g)2 
a1g ⊗	
  eg ⊗ eg ⊗ b2g = A1g + A2g + B1g + B2g 

 
Performing the symmetry descent to D2h using both possible axes give the following terms: 
 

Configuration (C2′): (ag)1(b2g)1(b3g)1(b1g)1(ag)2             Configuration (C2″): (ag)1(b2g)1(b3g)1(ag)1(b1g)2 
ag ⊗ b2g ⊗ b3g ⊗ b1g = Ag                                                   ag ⊗ b2g ⊗ b3g ⊗ ag = B1g 

 
D2h(C2′)  →  D4h D2h(C2″)  →  D4h 

Ag  →  A1g  or  B1g B1g  →  A2g  or  B1g 
 

The only common representation is B1g. Thus, term symbol for the excited state configuration 
(a1g)1(eg)2(b2g)1(b1g)2 is 5B1g. 

 
 


