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FIG. 1: bonding and antibonding canonical eg like orbitals for [FeO6]8− cluster embedding in

AIEMPs-sp and fitted point charges out of a CAS(8,12) wave function. The iron ion (grey ball) is

surrounded by six oxygens (red balls). The yellow/blue colors correspond to the obtained orbitals.

Bonding atomic like eg orbitals

Antibonding atomic like e∗g orbitals

FIG. 2: bonding and antibonding atomic (using unitary transformation) eg like orbitals for [FeO6]8−

cluster embedding in AIEMPs-sp and fitted point charges out of a CAS(8,12) wave function. The

first two show a strong localization in the p(O) orbitals where the last two have almost d atomic

character. The iron ion (grey ball) is surrounded by six oxygens (red balls). The yellow/blue colors

correspond to the obtained orbitals.
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Table I: metal-ligand bond lenghts in angstrom. 



Influence of temperature on CaFeO3 crystal

Mössbauer spectroscopy

0.048 mm/s

0.310 
mm/s

Fe Fe4+ 4+O

Fe Fe5+ 3+O
-0.026 
mm/s

Nasu et al, Hyperfine Interactions (1992)



Influence of pressure on CaFeO3 crystal

Chemical shift is reduced abruptly at 30 GPa by 0.25 mm/s

Pressure induced high spin to low spin transition

CaFeO3 lattice parameters and average Fe-O distance in Angstrom with increasing 
pressure.The parameters are deduced from Woodward et al, PRB (2000) for 0.1 GPa and Fig. 2 
in Takano et al, PRL (1991) for larger pressure.

X-ray diffraction

Mössbauer spectroscopy
The ambient pressure spectrum consists of a single narrow line with a chemical shift 
of 0.048 mm/s.



Model Potentials: ab initio Embedded 
Model Potentials AIEMP (based on Theory of 
Electron Separability).

Point charges: long range electrostatic 
interactions with a set of optimizied point 
charges to reproduce the Madelung field in the 
cluster region arising from the rest of the 
crystal.

Basic Cluster: MLn
Basis set : O 4s3p1d ANO

Fe 6s5p4d1f ANO

Embedded cluster approach : Material model



SCF :  single determinant description of the 
electronic function

CASSCF :  Adequate description of the 
electron distribution

CASPT2 : Accurate description of the 
relative energies of the different electronic 
states (Perturbation method applied on the 
CASSCF wave function)

Molecular orbitals

HF solution

Determinant

16 Theoretical Framework

Rmeaks : good development :

χi =
∑

k

λki.ϕk (2.23)

Φj =| χ1χ2...χN 〉 (2.24)

E = minkij

〈Φ | Ĥ | Φ〉

〈Φ | Φ〉
(2.25)

| Ψm〉 =
∑

l

clm | Φl〉 (2.26)

E = minclm,kij

〈Ψ | Ĥ | Ψ〉

〈Ψ | Ψ〉
(2.27)

The MCSCF wave-function | C〉 is obtained by minimizing the expetation value

of the energy with the respect to the variational parameters c and k which are both

expansion parameters repectively of the orbitals (equation 7) and the CSF (equation

21).

E = minc,k
〈C | Ĥ | C〉

〈C | C〉
(2.28)

Where Ĥ is corresponding to the second quantification non-relativistic and spin-

free electronic hamiltonian.

The best parameters at the expansion point can be found with a Newton-Raphson

algorithm (optimization of the orbitals parameters and CSF parameters is done at

the same time) or the super CI approach (parameters calculated on two steps).

The most commonly used MCSCF method is the CASSCF method which involves

a partitioning of the occupied orbitals. The inactive orbitals (doubly occupied) and

the active orbitals (occupation number between 0 and 2). We can hen preform a

complete CI inside this active space and has the advantage that the orbital rotations

among active orbitals are redundant and do not need to be considered. An extension

of the CAS model is the restricted active space (RAS) concept where the active space

is subdivise in three subspaces. That allow us to consider a more spread active space

without considering too much more configurations.

The dynamical correlation can be treated using the perturbation theory on the

multiconfigurational reference function and is called CASPT2 method.

Embedded cluster approach : Cluster wave function
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Takano et al, PRL (1991)

Agreement with experimental 
interpretation of the high spin to  
low spin transition for increasing 
pressure.
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t2g orbitals are already essentially O 2p! orbitals and the t2g
*

orbitals are already almost pure Fe 3d orbitals. A rotation
amongst these orbitals would slightly lower the weight of the
NCT configuration. Notice that the embedding of the FeO6
cluster is constructed using Fe4+ and O2− ions. This means
that the external potential could bias the NCT !Fe 3d4–
O 2p6" configuration. Hence, the weight of 18.9% should be
considered as an upper estimate.

The analysis also provides a way to estimate the effective
oxidation state !or net charge" of the Fe-ion. The total num-
ber of Fe 3d electrons x is given by #i"i#xi. The sum runs
over all the different configurations, and "i and xi correspond
to the weights and the number of d electrons of these con-
figurations. Given that the t2g

* orbitals are atomiclike and oc-
cupied with three electrons, we have x=0.189#4+0.662
#5+0.140#6+0.004#7=4.93 electrons. Hence, Fe in
CaFeO3 is closer to Fe3+ than to the formal Fe4+.

B. Influence of pressure

We proceed with the scheme above described by using
AIEMPs with s and p functions for the first shell of atoms
around our cluster and a set of point charges using the lattice
parameters reported by Takano et al.5 Figure 4 shows the
evolution of the relative energies at the CASPT2 level of the
different states by increasing the pressure. The ground state
energy is taken as reference energy.

The CASPT2 energies follow closely the Tanabe-Sugano
diagram for a d4 ion in octahedral symmetry.45 This shows
that the simple ionic model is a useful ansatz to explain the
relative energies, provided that all relevant electronic effects

are taken into account. In the Tanabe-Sugano diagrams this is
accomplished via parametrization of the B /C and 10Dq val-
ues. In our CASPT2 approach these effects are included via
the orbital delocalization and excited configurations. The en-
ergies form a smooth curve between 0 and 20 GPa, as can be
expected from the gradual reduction of the lattice parameters
a=b and c in this pressure range !see Table I". At $25 GPa
the ligand field is strong enough to induce a spin crossing.
The a 3T1g state becomes the ground state of the system. This
result is in reasonable agreement with the Mössbauer study
realized by Takano et al.5 who measured a pressure-induced
spin transition at 30 GPa. The energies at 40 and 50 GPa,
where the a and b lattice parameters are no longer equal, do
not form a smooth continuation of the energies for lower
pressures, but we do see the same trends for increasing pres-
sure.

We also investigate the evolution of the character of the
5Eg and a 3T1g wave functions with pressure by performing
the same unitary transformation on the orbitals as used pre-
viously. Table IV shows the weights of the various configu-
rations as a function of pressure. The CT character of the
wave function !defined as the sum of the weights of the CT,
DCT, and TCT configurations" decreases continuously with
increasing pressure for the 5Eg state up to the phase transition
around 30 GPa. This decrease is a consequence of the desta-
bilization of the Fe 3d!eg" orbitals due to increased ligand
field. The abrupt change in the structure at the phase transi-
tion causes a discontinuity in this tendency but the CT char-
acter decreases again from 40 to 50 GPa. Furthermore, we
observe a weaker contribution of NCT configurations in the
a 3T1g than in the 5Eg state. As for the 5Eg state, the charge

FIG. 4. !Color online" Evolution of the CASPT2 energies with pressure. The lines connecting the markers are a guide to the eyes.

QUANTUM CHEMICAL STUDY OF THE NATURE OF THE… PHYSICAL REVIEW B 75, 165116 !2007"

165116-5

Pressure induced High spin to low spin transition

CASPT2 energies follow closely 
the Tanabe-Sugano diagram for a d4 
ion in octahedral field.

At 25 GPa the 3T1g state becomes 
the ground state of the system.

A. Sadoc, C. de Graaf and R. Broer, PRB, 75, 165116 (2007)
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GS corresponds to more than 60 % of CT meaning that Fe ions are Fe3+ with mainly d5 L-1  
configuration
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Evolution of charge transfer with increasing pressure
TABLE IV: Evolution of the weights in % of the various VB configurations and number of Fe-d

electrons as a function of the pressure (in GPa) for the 5Eg and a3T1g states.

Pressure NCT CT DCT TCT Fe-3dx

5Eg 0.1 18.9 66.2 14.0 0.4 4.93

10 21.1 64.1 13.7 0.4 4.90

20 22.3 62.6 14.0 0.4 4.89

30 23.6 61.0 14.3 0.5 4.89

40 20.5 60.4 18.6 0.9 4.96

50 22.9 60.1 15.8 0.7 4.92

a3T1g 0.1 12.7 55.4 28.4 2.0 5.12

10 13.8 54.9 27.6 2.1 5.10

20 14.5 54.5 27.2 2.2 5.09

30 15.3 53.7 27.0 2.4 5.09

40 15.3 53.3 27.3 2.5 5.09

50 13.1 51.1 30.5 3.7 5.17

phase transition around 30 GPa. This decrease is a consequence of the destabilization of the

Fe-3d(eg) orbitals due to increased ligand field. The abrupt change in the structure at the

phase transition causes a discontinuity in this tendency but the CT character decreases again

from 40 to 50 GPa. Furthermore, we observe a weaker contribution of NCT configurations

in the a3T1g than in the 5Eg state. As for the 5Eg state, the charge transfer for the a3T1g

occurs only within the orbitals of eg symmetry. The occupation of the t∗2g orbitals remains

4.00. The CT character is stronger in the triplet state because the Fe-3d(eg) shell is empty

in the NCT configuration, whereas it is occupied with one electron for the quintet state.

IV. SUMMARY AND DISCUSSION

The crystal field model predicts a 5Eg(Fe-t32g e1
g) ground state for the [FeO6]8− octahedron

for the high-temperature CaFeO3 crystal structure. Our CAS(4,10)SCF calculations confirm

such a ground state with important Fe-3d–O-2p mixing in the eg shell as in ligand field

theory. We find a e4
g t∗32g e∗1g electronic configuration with 25% O-2p contribution to the

13

Clear decrease of CT configurations in the 5Eg when the pressure is increased.

In the whole pressure range, the number of Fe-3d electrons is around 5. 

For the triplet state, the NCT is less important and the DCT becomes twice as important 
compared to the  Eg state



Charge Disproportionation

d4 d3 + d5L-2

0.048 mm/s

0.310 
mm/s

Fe Fe4+ 4+O

Fe Fe5+ 3+O
-0.026 
mm/s
Nasu et al, Hyperfine 
Interactions (1992)



d4 d3 + d5L-2

0.048 mm/s

0.310 
mm/s

Fe Fe4+ 4+O

Fe Fe5+ 3+O
-0.026 
mm/s

d5L-1

Charge Disproportionation

NCT d4 CT d5L-1 DCT  d6L-2 Fe 3d-count

At 298 K, above  TCD 18,9 66,2 13,9 4,93

GS corresponds to more than 60 % of CT meaning that Fe 
ions are Fe3+ with mainly d5 L-1  configuration

Effective number of Fe-3d electrons = 4.9 

Actual charge = +3 

Table IV:  Wave function expansion simulating CaFeO3 crystal using 
embedded clsuter  approach

Nasu et al, Hyperfine 
Interactions (1992)



Nasu et al, Hyperfine 
Interactions (1992)

d5L-1d4 d3 + d5L-2

0.048 mm/s

0.310 
mm/s

Fe Fe4+ 4+O

Fe Fe5+ 3+O
-0.026 
mm/s

Charge transfer with increasing temperature

NCT d4 CT d5L-1 DCT  d6L-2 Fe 3d-count

At 298 K, above  TCD 18,9 66,2 13,9 4,93

At 15 K small octahedron 13.2 60.9 23.7 5.11

At 15 K large octahedron 9.4 65.3 23.3 5.14

Table IV:  Wave function expansion simulating CaFeO3 crystal using 
embedded clsuter  approach

d5L-1 d5L-1+

We express the wave function with localized orbitals and calculate  the 
number of electrons in the 3d shell which remains almost identical at 
15K than as 300 K. This suggests that the transition metal ions keep the 
same effective charge in all temperature range.

GS corresponds to more than 60 % of CT meaning that Fe 
ions are Fe3+ with mainly d5 L-1  configuration

Effective number of Fe-3d electrons = 4.9 

Actual charge = +3 



Analysis of Mössbauer spectroscopy

cluster ρ (Fe) IS (mm/s)
Fe(H2O)62+ 11819.158 1.39

FeF64- 11819.011 1.34

FeCl42- 11820.983 0.9

Fe(H2O)63+ 11822.936 0.5

FeF63- 11822.432 0.48

FeCl4- 11823.592 0.19

Fe(CN)64- 11823.853 -0.02

Fe(CN)63- 11824.160 -0.13

FeO42- 11826.785 -0.69

W. C. Nieuwpoort, D. Post, P. Th. van Duijnen PRB 17, 91 (1978)

F. Neese et al, Inorga Chimica Acta 337, 181 (2002)

T. Liu, T. Lovell, W.-G. Han, and L. Noodleman, Inorg. Chem. 42, 5244 (2002). 



Analysis of Mössbauer spectroscopy



Analysis of Mössbauer spectroscopy

cluster Formal 
charge

Fe 3d-count Eff charge IS (mm/s)
Fe(H2O)62+ 2+ 6.05 1.95 1.39

FeF64- 2+ 6.05 1.95 1.34

FeCl42- 2+ 6.18 1.82 0.9

Fe(H2O)63+ 3+ 5.22 3.78 0.5

FeF63- 3+ 5.19 3.81 0.48

FeCl4- 3+ 5.56 3.44 0.19

Fe(CN)64- 2+ 7.32 1.68 -0.02

Fe(CN)63- 3+ 5.63 3.37 -0.13

FeO42- 6+ 5.30 3.70 -0.69



Charge disproportionation
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Crossing high spin to  low spin transition calculated at the 
CASPT2 level for 25 GPa. In agreement with Mössbauer 
experiment.

GS corresponds to more than 60 % of CT up to 30 GPa 
meaning that Fe ions are Fe3+ with mainly d5L-1  configuration 
in CaFeO3 crystal at room temperature.

Clear decrease of CT configurations in the 5Eg when the 
pressure is increased.

Conclusions

No change of oxidation state for the Fe ions with increasing 
temperature in CaFeO3 crystal as suggested by the term 
charge disproportionation.
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