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promising materials because characteristics of both organics and inorganics can 

be combined to design materials with multiferroics character. The magnetic and 

electronic properties are interesting for applications like energy transfer or data 

storage. Especially the hybrids with a layered organic-inorganic structure are 

interesting. The inorganic layers are confined in one direction to form layers of 

two-dimensional magnets. An ab-initio study is performed to investigate the 

magnetic properties and magnetic structure of layered hybrids. The magnetic 

interactions are very weak and subtle hence the magnetic properties are 

investigated by advanced computational methods. An embedded cluster 

approach is used and multi-configurational methods like CASSCF, CASPT2 and 

DDCI are applied to calculate the magnetic couplings. The outcome of these 

embedded calculations elucidated the magnetic structure.  
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INTRODUCTION 

 

Organic Inorganic Hybrids (OIHs) are promising materials: properties of the inorganic and 

organic world are combined in order to produce materials with multiferroics properties. 

Multiferroics are materials that have both ferromagnetic and ferroelectric character. This 

indicates that the materials have a finite magnetic and an electric polarization at low 

temperatures. The magnetic-electric behavior of the OIHs depends strongly on both the inorganic 

and organic part.1 

It is expected that OIHs can be used for data transport and data storage. They are also interesting 

because their production is rather straightforward. Moreover the materials are cheap which 

makes them eventually useful for single-use electronics.2,3 

Perovskite based OIHs are ideal for multiferroic materials. In most cases the OIHs have a three 

dimensional structure. Here we will instead focus on layered structures. In this case a quantum 

confined low dimensional structure is created consisting of layers of 2 dimensional magnets 

separated by an organic layer. We will investigate the magnetic behavior of these materials.1 

We focused on materials containing either iron or manganese. They consist of alternating sheets 

of perovskites and sheets of organic molecules with an amine group bonded via Coulombic and 

dispersive interactions.  

 

Magnetism is understood as aligned spins. This alignment depends on the interaction of magnetic 

centers with each other. This interaction is called the magnetic coupling. These magnetic 

couplings are mostly very small hence high-precision methods need to be used. In most cases 

periodic calculations are not sophisticated enough to treat the complexity needed to calculate the 

magnetic couplings accurately.  

The alternative of periodic calculations is to use an embedded cluster approach. A small part of 

the crystal is extracted and the surrounding crystal is mimicked using potentials. After that only 

the inner part is treated quantum mechanically.  

Open shell metal systems cannot be treated well using Hartree-Fock (HF) and Density Functional 

Theory (DFT). Therefore multi-configurational post-HF methods are used like Complete Active 

Space -Self Consistent Field (CAS-SCF), Second order Perturbation Theory (CAS-PT2) and 

Difference Dedicated Configuration Interaction (DDCI). 

The outline of this thesis is as follows: First the materials are described. Secondly the 

methodology is explained. Afterwards the results are given and discussed followed by a 

conclusion.  
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RESEARCH QUESTION 

The aim of this project is to understand the magnetic structure of two-dimensional layered OIHs. 

A good understanding of the magnetic structure will give us insight in the mechanism of 2-

dimensional magnetism and will provide insight of the design of new multiferroics materials.  We 

would like to determine and understand the magnetic couplings within and between the 

inorganic sheets, qualitatively but also quantitatively.  

THE CRYSTAL STRUCTURE 

AN ORGANIC-INORGANIC HYBRID (OIH) 

There exists a tremendous variety of organic-inorganic hybrid materials. Some of them are only 

hybrid in the sense that they are ‘mixed’ on larger scale. Regarding only OIHs that are hybrids on 

molecular scale one can make a distinction between them based on the dimensionality of the 

connectivity within the organic and within the inorganic parts.3 

In this thesis we studied OIHs that have a layered topography. In this case a structure is created 

that shows specific 2 dimensional properties.1 The OIHs consist of alternating organic and 

inorganic layers. The inorganic layers are formed by (001) planes of perovskites. Perovskites are 

crystal structures with corner shared octahedrons of halogen ligands filled with a metal atom. 

The metals have a 2+ charge, M2+
, and the ligands are negatively charged, X-. In our cases the 

ligands are chlorine atoms, two thirds of them acting as bridging ligands between the metal 

cations and one third of the chlorines pointing towards the organic part.4 

The organic layer consists of two layers of organic molecules with a positively charged amine 

group pointing towards the negatively charged inorganic layer. (see fig. 1). 

 

Fig. 1 Schematic representation of the hybrid structure with exaggerated interdigitation of the organic part.25 

With this basic two dimensional OIH structure a lot of variations can be made. Both the inorganic 

and organic part can be changed. For the metal ion one can use for example CuII, FeII, MnII, PbII. 

For the inorganic ligand one can use Cl-, Br-, or I- and for the organic parts all kinds of different 

amine containing molecules can be used. All these different materials show different optical, 

magnetic and electric properties. For example the iron and manganese based hybrids show 

antiferromagnetic behavior while the lead and copper based hybrids show often ferromagnetic 

behavior.5 Also the dielectric properties can change significantly by changing the chain lengths of 

the organic layer.6 The relationship between the properties and the materials is a very complex 

one. This is illustrated by the fact that the organic ligands influence the magnetic coupling of the 

inorganic part. 
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One of the advantages of hybrid materials is that they can be produced very easily: the organic 

ammonium salt (R-NH3Cl) and the inorganic salt (MCl2) are dissolved in a 1:2 ratio in ethanol or 

acetone and the solution is crystallized in a refrigerator.  It is also possible to spin-coat the 

material and therefore they can be used as printable electronics.4,7 

The crystal structures of the hybrid materials are often determined via powder X-ray diffraction. 

Also Raman and IR spectroscopy are used to determine the atomic positions. Via X-ray 

spectroscopy an electron density is obtained of the crystal. The atomic positions are determined 

from the obtained electron density. Due to the fact that the electron density on a hydrogen atom 

(only one electron) is small relative to the other atoms, the positions of the hydrogen atoms are 

often invalidly determined. For this reason the hydrogen positions are optimized 

computationally.6 

THE CRYSTALS 

The three crystals that are used are given below together with the abbreviations that are used. 

1. MnCl4(CH3NH3)2 - MNMA 

2. MnCl4(C6H5C2H4NH3)2 - MNPEA 

3. FeCl4(CH3NH3)2 – FEMA 

Most attention is paid to MNMA. The effect of changing the organic layer is investigated by 

looking at MNPEA. Moreover the effect of changing the manganese atoms to iron atoms is 

investigated by looking at FEMA.  

 

MNMA 

The unit cell of MNMA is tetragonal meaning that α=β=γ=90ᵒ and a=b. The cell parameters are 

a=b=7,1999(2) Å and c=19,2744(7) Å and the cell volume 999,15 Å3. The crystallographic point 

group is specified as 138: P42/ncm. The P indicates a primitive Bravais lattice. The 42 indicates 

that there are screw axes along the axes of the unit cell. The screw axes consist of a rotation of  
360

4
 degrees and a translation of a  

2

4
 axis. The n indicates a glide plane on half of the diagonal of a 

face, the c a glide plane along half the lattice vector of this face, and m indicates a reflection plane. 
In fig. 3 all symmetry elements are indicated. 

Fig. 3 Schematic representation of the symmetry elements in point group 1388 

The MNMA crystal consists of perovskite sheets of Mn2+ and Cl- ions. The chlorine anions have a 

closed shell configuration [Ar] and the manganese cations have an empty 4s shell [Ar]3d5. The 

manganese cations have five open shell electrons in the 3d shell; this gives rise to unusual high 

spin configurations with a sextet multiplicity.  

Fig. 2 Part of the MNMA crystal 

viewed from the [110] direction. 

The layered structure is well 

visible here.  
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Fig. 4 Schematic representation of the buckling angle and the anti-ferromagnetically aligned spin 

vectors 

The MNMA has a buckling angle in alternately the [110] and [110] direction. This means that the 

perovskite sheets are not parallel to the c axis of the crystal but are canted (see fig 4). This can 

give rise to canted anti-ferromagnetism. This is also observed experimentally for of layered 

manganese crystals having a ferromagnetic moment parallel to the planes below 40-45 K.9 

 

 

   

 

 

 

 

The origin of the buckling angle is the interaction of the negative chlorine atoms with the 

positively charged amine groups of the methylamine. There is an N+--H⋯Cl- interaction; strictly 

speaking this cannot be called a hydrogen bond because the Cl- is too large and the interaction is 

mainly electrostatic between the nitrogen and chlorine atom.10 The chlorine atoms move towards 

the amine group as depicted in fig 5. The amine groups influence the interactions with the 

chlorine atoms and so induce a buckling angle that influences the magnetic interactions in the 

perovskite sheets.1  

Although the buckling angle has a small effect on the magnetic coupling itself, a larger angle gives 

a larger canting of the spin magnetic moment. A small increase in buckling angle can therefore 

give a significant increase in the net magnetic moment.  

 
Fig. 5 The N+-H--Cl- attractions viewed from the top (left) and from the side (right)5 

Adjacent inorganic layers are symmetrically related to each other by a 

rotation of 90ᵒ and a translation of (½,½,½). This makes it difficult to 

guess the magnetic interaction between magnetic centers between 

inorganic sheets because for each Mn in one sheet there are four nearest 

Mn atoms in both the adjacent sheets. (fig. 6) 

  

The in-plane Mn-Mn distance is 5,09 Å, while the intra plane Mn-Mn 

distance is double of it, 10,29 Å. The vertical inter plane distance is 9,6 Å. 

Due to the buckling angle the Mn-Cl distances in the 110, 110 and the 

001 direction are not the same. They are 2,546 Å, 2,571 Å and 2,493 Å 

respectively.  The distance between the nitrogen atom and 

the magnetic manganese centers is 4.129 Å. 
Fig. 6 Schematic representation of how the metal 

centers are related to each other emphasizing that 

there are eight nearest neighbors in the adjacent 

inorganic sheets 
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Fig. 7 MNMA viewed from the top [001], from the a side [100] and from the b side [010] respectively 

 

MNPEA 
 

The unit cell of MNPEA is orthorhombic α=β=γ=90ᵒ. The lattice parameters are a=7,1480(6) Å 

b=7,1697(7) Å and c=39.088(4) Å with a cell volume of 2003,2 Å3. The crystallographic point 

group is 19: P212121. The P indicates a primitive Bravais lattice and 21 (ʃ) indicates a two-fold 

screw axis: a rotation of 180ᵒ and a translation of a ½. In fig. 8 all 

symmetry elements are shown; there are significantly less symmetry 

elements than for the point group of MNMA. 

 
Fig. 8 Schematic representation of the symmetry elements in point group 198 

The inorganic structure of MNPEA has a lot of similarities with MNMA 

but it is slightly different in the fact that there is a buckling angle in 

both the [110] and [110] direction for each particular sheet. (fig. 10) 

 
Fig. 10 An inorganic perovskite sheet emphasizing the buckling angle. The blue dots are the nitrogen cations 

from the PEA molecules. 

Phenyl ethylamine is much larger than methylamine so the interlayer distance is much larger and 

so the magnetic coupling between the layers is expected to be very small.  

The phenyl rings are oriented to each other in a so-called herringbone structure. In this structure 

the adjacent phenyl rings are perpendicular to each other. Phenyl groups in a herringbone 

structure can show interesting electronic behavior.  

 

Fig. 9 A part of a MNPEA 

crystal showing that the 

phenyl groups are oriented 

perpendicular and parallel in 

different directions 
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FEMA 

FEMA has a tetragonal unit cell, as has MNMA. The lattice parameters are a=b=7,1325(6) Å and 

c=19,0193(17) Å. These are slightly smaller compared to the MNMA unit cell which ones are 

7,1999 Å  and 19,2744 Å respectively. The in-plane Fe-Fe distance is 5,04 Å. This is only 0,01 Å 

smaller than the Mn-Mn distance in MNMA. The cell volume is 967,56 Å3. The crystallographic 

point group is specified as P42/ncm, the same as for MNMA.  

FEMA has also a buckling angle in one direction as in MNMA. The buckling angle is 166° and so a 

bit less sharp than MNMA crystal. The iron atoms have a 2+ charge making their electronic 

configuration [Ar]3d6.  A single iron atom in a high spin state configuration has quintet 

multiplicity.  

 
Fig. 11 A |411| supercell of a FEMA crystal 

THEORETICAL CONSIDERATIONS AND METHODS 

 

PERIODIC CALCULATIONS 

The periodic calculations were performed using the CRYSTAL09 package.11,12 CRYSTAL is able to 

perform ab-initio SCF and DFT calculation on ground states. CRYSTAL has a good scaling in 

running jobs parallel over more than 100 cores.  

Periodic calculations were used for a few reasons. First the positions of the hydrogens needed to 

be optimized because they are only roughly guessed from XRD spectra. Secondly the magnetic 

couplings were calculated to obtain some insight in the magnetic structure and to get some 

values to validate the embedded cluster method. 

The input geometries of the crystals were obtained from X-ray spectra determined at 100 K. The 

resulting .cif-files were read using PLATON.13 The position of the hydrogen atoms were 

optimized keeping the other atoms, the symmetry and the cell parameters fixed. For the 

coordinates of the crystals see Appendix A. 
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All CRYSTAL calculations were carried out within the framework of DFT using the Perdew-

Burke-Ernzerhof (PBE) functional.14 In this functional the density gradient, 15 

 
𝑥(𝑟) =

∇𝜌(𝑟)

𝜌
4

3⁄ (𝑟)
 (1)  

is taken into account, called the generalized gradient approximation. PBE is free of empirical 

parameters. 

 

The basis sets for the periodic calculations were obtained from the CRYSTAL basis set library: 

1. Fe_86-411d41G_towler_1992a 

2. Mn_86-411d41G_towler_1992 

3. Cl_86-311G_apra_1993 

4. C_6-21G*_catti_1993 

5. N_6-21G*_dovesi_1990 

6. H_5-11G*_dovesi_1984 

To achieve convergence some tricks have been used. A level shift was used to shift the virtual 

energy levels up for a half hartree. Also the spin was initially locked in the high spin state.  

Because of the fact that the energy differences of different spin states are small, high precision is 

required. The truncation of bielectronic integrals was lowered four orders of magnitude and the 

convergence threshold on the total energy was also lowered from 10-6 to 10-10. 

For the low spin states the spin of specific atoms in the cell were flipped from alpha to beta spins 

breaking the symmetry of the crystal.  

 

GRIMME DISPERSION CORRECTION 

Within the framework of (periodic) DFT it is difficult to calculate VanderWaals forces. These 

attractive forces of induced dipoles calculated via DFT are too low. For this reason one can use a 

Grimme correction.16 This is a semi-empirical pair potential added to the DFT energy. It does not 

really describe the dispersion interaction but tries to model it in a computationally appropriate 

way. This correction includes a set of empirical parameters for each different functional and 

atomtype. The Grimme dispersion as implemented in the CRYSTAL09 package is written as:11 

 𝐸0 = 𝐸𝐾𝑆𝐷𝐹𝑇 + 𝐸𝐷𝑖𝑠𝑝𝑒𝑟𝑠𝑖𝑜𝑛 

𝐸𝑑𝑖𝑠𝑝𝑒𝑟𝑠𝑖𝑜𝑛 = −𝑠6 ∑ ∑ ∑
𝐶6

𝑖𝑗

𝑅𝑖𝑗,𝒈

𝑓𝑑𝑢𝑚𝑝(𝑅𝑖𝑗,𝒈)

𝒈

𝑁𝑎𝑡

𝑗=𝑖+1

𝑁𝑎𝑡−1

𝑖=1

 
 

In which fdump is: 
 

𝑓𝑑𝑢𝑚𝑝(𝑅𝑖𝑗) =
1

1 + 𝑒
−𝑑(

𝑅𝑖𝑗

𝑅𝑟
−1)

  

The summation is over each atom pair and lattice vectors, g. C6
ij is the dispersion coefficient, s6 a 

scaling factor depending on the used functional and R is the interatomic distance. For each atom 
pair the C6 coefficient is given as the geometrical mean of the C6 coefficients of the atom types: 
 

𝐶6
𝑖𝑗

= √𝐶6
𝑖𝐶6

𝑗
  

The C6 parameters used are derived from table 1 in ref. [16] 
 

The Grimme correction is applied to the periodic calculations of the MNPEA structure and to a 
benzene crystal.   Both structures have a herringbone orientation of aromatic rings.  

Atom C6 (Jnm6 mol-1) 

H 0.14 

C 1.75 

N 1.23 

Cl 5.07 

Mn 10.80 
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EMBEDDED CLUSTER METHOD 

There are a lot of chemical properties that cannot be determined only by a description of the 

ground state. Moreover in metals the electronic states are often multi-configurational in 

character. For this reason we need to apply methods that treat multiple configurations. We can 

do this via the embedded cluster approach.  

In the embedded cluster approach only a small part of the crystal is extracted. An energy 

potential is constructed to mimic the rest of the crystal. A first approximation is to mimic the 

potential field of the crystal by a set of point charges, called the Madelung field. This Madelung 

potential is added to the Hamiltonian.17 

 𝐻̂ = 𝐻̂𝑐𝑙𝑢𝑠𝑡𝑒𝑟 + 𝑉̂𝑀𝑎𝑑𝑒𝑙𝑢𝑛𝑔 (1)  

The Madelung field is made with the Ewald method as implemented in the MadPot program.18 

First the crystal field is calculated from the crystal structure on a grid and secondly the effect of 

the cluster itself is subtracted from that. Thirdly a set of point charges within a certain radius 

from the cluster is created and they are fitted to the exact Madelung field.   

To increase the quality of the embedding, spherical model potentials are placed between the 

cluster and the Madelung field. These potentials are called Ab-Initio Model Potentials (AIMPs) 

and they describe not only the electrostatic interactions of the ionic sides (Madelung field) but 

also take into account the electrostatic potential of the electron density, the exchange interaction 

between the cluster and the embedding electrons and the quantum mechanical Pauli repulsion 

operator.19,20 

 𝐻̂ = 𝐻̂𝑐𝑙𝑢𝑠𝑡𝑒𝑟 + 𝐻̂𝐴𝐼𝑀𝑃 + 𝑉𝑀𝑎𝑑𝑒𝑙𝑢𝑛𝑔 (2)  

With 

 

𝐻̂𝐴𝐼𝑀𝑃 = ∑ ∑ [−
𝑍𝑒 − 𝑁𝑒

𝑟𝑒𝑖
+ 𝑉𝑐𝑜𝑢𝑙

𝑒 (𝑖)] + [𝑉𝑒𝑥
𝑒 (𝑖) + 𝑃𝑒(𝑖)]

𝑁𝑖𝑜𝑛𝑠,𝑒𝑛𝑣

𝑒

𝑁𝑒,𝑐𝑙𝑢𝑠

𝑖

 (3)  

The summation is over all electrons of the cluster, Ne,clus and all nuclei, Nions 

 

AIMPs are different for each material hence they have to be created for each crystal that is used. 

They are made using the SCEI, Self-Consistent Embedding Ions procedure.19 Within this 

procedure a simple HF calculation is performed on the ground state of a single ion within a 

spherical part of the crystal surrounded by a Madelung field. An initial AIMP is produced that is 

used in the subsequent calculations until the total energies and orbital energies are converged.  

(More computational details about the process of making AIMPs are in appendix B and C.) 

CLUSTER CONSTRUCTION: 

The choice of the cluster needs some crucial considerations. On one hand the cluster must not be 

too small to describe the physics that takes place but on the other hand the cluster cannot be too 

large in order to be able to treat electron correlation in a proper way. When the cluster is too 

large the calculations will become too expensive.  

As a guide for a cluster in which one wants to calculate magnetic interactions, one needs at least 

the magnetic metal centers, the bridging ligands and the first shell of nearest neighbors. AIMPs 

are then placed on all second nearest neighbor positions.  
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TESTING THE CLUSTER, UHF/DFT  

When the AIMPs and the Madelung field are constructed the embedded approach needs to be 

verified. This is done by comparing calculations of the magnetic coupling periodically and with 

the embedded cluster approach. These calculations are performed using both DFT/PBE and the 

basis sets from the CRYSTAL basis set library as mentioned before.  

CLUSTER CALCULATION METHODS 

Below the methods that are used on the embedded cluster are explained. All embedded cluster 

calculations are performed using MOLCAS21 except the DDCI calculations. The DDCI calculations 

are performed with the DIESEL22 package however the reference wavefunction is also calculated 

with MOLCAS. 

In the DDCI and CASPT2 calculations the core orbitals are frozen so they are always doubly 

occupied; hence no excitations from the frozen orbitals are considered. 

The frozen orbitals are typically all the orbitals that do not belong to the valence shell. For carbon 

and nitrogen the 1s orbital is frozen. For chlorine, iron and manganese the 1s, 2s and 2p orbitals 

are frozen.  

SDCI: 

A wavefunction has to obey the Pauli exclusion principle and has to be antisymmetric. A simple 

way to do this is to use orthonormal Slater determinants.  

 
Ψ0

𝑒𝑙 = |
𝜓1(𝑥1) ⋯ 𝜓𝑛(𝑥1)

⋮ ⋱ ⋮
𝜓1(𝑥𝑁) ⋯ 𝜓𝑛(𝑥𝑁)

| = |𝜓1(𝑥1)⋯𝜓𝑛(𝑥𝑁)| (4)  

Also single and double excited determinants can be constructed: 

 Ψ𝑖
𝑝

= |𝜓1 ⋯𝜓𝑖−1𝜓𝑝𝜓𝑖+1 ⋯𝜓𝑛(𝑥𝑁)| (5)  

 

 Ψ𝑖𝑗
𝑝𝑞

= |𝜓1 ⋯𝜓𝑖−1𝜓𝑝𝜓𝑖+1 ⋯𝜓𝑗−1𝜓𝑞𝜓𝑗+1 ⋯𝜓𝑛(𝑥𝑁)| (6)  

In the same manner multiple excited determinants can be constructed. Finally we can express the 

exact Full-Configuration-Interaction (FCI) wavefunction as: 

 Ψ = 𝐶0Ψ0 + ∑𝐶𝑖
𝑝
Ψ𝑖

𝑝
+ ∑ 𝐶𝑖𝑗

𝑝𝑞
Ψ𝑖𝑗

𝑝𝑞
+

𝑖<𝑗
𝑝<𝑞

∑ 𝐶𝑖𝑗𝑘
𝑝𝑞𝑟

Ψ𝑖𝑗𝑘
𝑝𝑝𝑟

+ ⋯ .
𝑖<𝑗<𝑘
𝑝<𝑞<𝑟

𝑖,𝑝

 
(7)  

The values of the coefficients can be obtained by solving the secular equations. However except 

for small molecules the FCI expansion is so large that one has to truncate. Often only the single 

and double excitations are taken into account (SDCI). 

For a FCI the number of determinants can be calculated by 

 
𝐷𝑑𝑒𝑡𝑒𝑟𝑚𝑖𝑛𝑎𝑛𝑡𝑠(𝑛, 𝑁, 𝑆) = (

𝑛
𝑁

2⁄ + 𝑆) (
𝑛

𝑁
2⁄ + 𝑆) (8)  
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And the number of CSFs can be calculated by Weyl’s dimension formula: 

 
𝐶𝐶𝑆𝐹(𝑛, 𝑁, 𝑆) =

2𝑆 + 1

𝑛 + 1
(

𝑛 + 1
𝑁

2⁄ − 𝑆)(
𝑛 + 1

𝑁
2⁄ + 𝑆 + 1) (9)  

Here n is the number of orbitals, N the number of electrons and S the total electron spin. To show 

how  the number of CSFs and determinants grow the number of CSFs and determinants of the 

lowest spin state are calculated for a FCI space with N=n from 1 to 10. 

Table 1 The number of CSFs and determinants for n electrons in N orbitals, with N=n 

(N,n) Spin, S C CSFs D Det.’s 

1 ½ 1 1 

2 0 3 4 

3 ½ 8 9 

4 0 20 36 

5 ½ 75 100 

6 0 175 400 

7 ½ 784 1225 

8 0 1764 4900 

9 ½ 8820 15876 

10 0 19404 63504 

CORRELATION ENERGY: 

The energy difference between the HF energy and the FCI energy is called the correlation energy. 

The correlation energy can be divided in a dynamical and a static part. The dynamic correlation 

concerns the effects caused by the movement of the electrons, especially the Pauli repulsion 

between electrons of opposite spins. To take this interaction into account a lot of other 

determinants are mixed in to enable the electrons to adapt to each other. This correlation is 

mainly treated by perturbation theories, CI and CC methods.  

The static correlation or non-dynamical correlation is the energy that is concerned with a ground 

state that cannot be properly described with a single configuration because there are more than 

one configurations with the same or almost the same energy. The static correlation can often be 

taken into account by performing a MCSCF calculation. 

MCSCF: 

The Hartree-Fock (HF) method only considers one ground state configuration. However many 

molecular properties are multi-configurational in character, especially in magnetic systems with 

open d shells. For this reason multi-configurational SCF (MCSCF) methods are used.   

CASSCF: 

One important multi-configurational method is the Complete Active Space (CAS) approach. In 

CASSCF the orbitals are divided in an inactive space with all doubly occupied orbitals, a virtual 

space with no occupation and the active space with no restrictions on the occupation. Within the 

active space an FCI is performed. Iteratively, the expansion coefficients are optimized 

simultaneously with the orbital coefficients from the SCF. CASSCF is primarily used for a proper 

description of the multi-configurational ground state hence concerns the static electron 

correlation. The size of the active space is often represented as [n,m] with n the number of 

electrons and m the number of orbitals.  
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Choice of the active space:  

The number of configurations of the CAS grows very fast by increasing the size of the active 

space, therefore the active space has to be as small as possible. However the CAS needs to include 

all configurations to describe the system properly. Especially for low spin states the number of 

configurations increases very rapidly. It is often a good option to include all the valence orbitals 

in the active space although for medium-sized systems this becomes already an unmanageable 

space. The lowest unoccupied and highest occupied orbitals of a simple HF calculation give often, 

but not necessarily, the most important orbitals.  

In our calculations we take into account all the valence d orbitals of the metal atoms. This is 

usually a good choice but the number of configurations can increase very fast. In the table below 

the number of determinants and CSFs are shown for a CAS(10,10) for different multiplicities. 

Table 2 The number of CSFs and determinants for 10 electrons in 10 orbitals 

Spin, s Mult C CSFs D det. ’s 

0 1 19404 63504 

1 3 29700 44100 

2 5 12375 14400 

3 7 1925 2025 

4 9 99 100 

5 11 1 1 

As you can see the number of CSFs and determinants increases rapidly by going from high to low 

multiplicity.  

CASPT2 

After the CASSCF procedure it is possible to calculate a larger part of the dynamical correlation 

via perturbation theory where the CASSCF wavefunction is used as the reference.  The energy 

expression up to the second order perturbation theory is: 

 
𝐸𝑖 = 𝐸𝑖

(0)
+ ⟨Ψ𝑖|𝑉̂|Ψ𝑖⟩

(1)
+ ∑

⟨Ψ𝑖|𝑉̂|Ψ𝑗⟩⟨Ψ𝑗|𝑉̂|Ψ𝑖⟩

𝐸𝑖
(0)

− 𝐸𝑗
(0)

𝑗≠𝑖

(2)

 (10)  

For CASPT2 the CASSCF wavefunction is used as the reference function instead of a single 

determinant wavefunction as in MP2. Perturbation theory is not variational and therefore the 

variational theorem does not apply here. For this reason the CASPT2 energies can also be lower 

than the exact energy (FCI).  

One drawback of the CASPT2, which is general for perturbation theory, is the possibility of 

intruder states.23 These are unphysical states that give a large contribution in the total energy 

expression because they have a small energy difference, and so a small dominator. To check that 

there are no intruder states one can check the contribution of terms with a small denominator 

and one can check whether the contribution of the reference wavefunction is large enough via: 23 

 𝜔 = (1 + 𝛼)−𝑁
2  (11)  

N is the number of correlated electrons and α is a measure of the contribution to the correlation 

energy per single electron pair. We assume that α is approximately 0.015. When the reference 

weight of the calculation is much less lower the expected reference weight ω there are intruder 

states. For a structure with more than 90 correlated electrons the reference weight is already 

only approximately 50% of the total wavefunction. 
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DDCI 1 2 3  

Another more extensive multi-configurational treatment is the Difference Dedicated 

Configuration Interaction (DDCI) method. This method does not primarily focus on getting highly 

accurate absolute energies but focusses on the relative energy between various states.24,25 

DDCI is a method developed to describe properties like the ionization potential, electron affinity, 

optical transitions and magnetic exchange coupling. Especially the latter is relevant for now.  

 
Fig. 12 Schematic representation of the CAS and DDCI space 

There are three different formulations of DDCI. DDCI1 incorporates the CAS and all single 

excitations (1h, 1p or 1h1p). DDCI1 covers the first four columns of fig. 12. In line with Brillouin’s 

theorem it is expected that the contribution of the single excited states is zero. This is due to the 

fact that the SCF procedure gives already the best linear combination of MOs. However the DDCI 

method is an uncontracted, entirely variational method meaning that the coefficients of the 

determinants in the CSFs do not necessarily stay the same and therefore can give a non-zero 

contribution. Nevertheless it is still expected that the DDCI1 wavefunction gives only a minor 

improvement. 

DDCI2 incorporates besides the single excitations also all the double excitations towards or from 

the active space, these are on the one hand the configurations with two holes in the inactive 

space and two electrons extra in the CAS and on the other hand the configurations with two 

electrons in the virtual space and two electrons less in the CAS (2h, 2p). DDCI2 concerns the first 

six columns of fig. 12. The results of DDCI2 are normally very well for biradicals and dinuclear 

complexes but for ionic solids the obtained J values can deviate around 30% from the 

experimentally obtained values.26 

DDCI3 also includes all double excitations with one excitation from the inactive to virtual space 

together with one excitation from or towards the active space (2h1p, 1h2p). DDCI3 calculations 

are much more demanding than the DDCI2 calculations.25  

DDCI3 covers the whole CAS+SDCI space except the double excitations from the inactive to the 

virtual space (2h2p).  These (2h2p)-double excitations are not included because they do not give 

any contribution to the off-diagonal elements:   

 ⟨𝐷𝑝𝑞,𝑟𝑠
+ Ψ𝐼|𝐻̂|Ψ𝐽⟩ = 0    𝑓𝑜𝑟 𝐼 ≠ 𝐽 (12)  

Here the D operator is a double excitation operator and Ψi and Ψj are two different CSFs.24 
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The most important new contribution going from DDCI2 to DDCI3 is the effect of the ligand-to-

metal charge transfer excitations. These excitations are already present in the DDCI2 space but 

the DDCI2-wavefunction has too less flexibility for taking into account significant orbital 

relaxation arising from these CT states.25,27 

Often DDCI gives excellent result; the most important disadvantage is that the number of CSFs 

that is taken into account increases very rapidly with increasing number of orbitals. The 

dimension of the DDCI3 calculation is proportional to 𝐷𝑖𝑚𝑒𝑛𝑠𝑖𝑜𝑛[𝐶𝐴𝑆] ∗ 𝑁𝑜𝑟𝑏
3. 

From table 2 it follows that the dimension of the CAS for a singlet state can be significantly higher 

than the dimension of a high spin state.  

BASIS SETS & RELATIVITY 

For the CASSCF, CASPT2 and DDCI calculations Atomic Natural Orbital basissets were used. 

These ANO basissets were obtained as the eigenfunctions of the average density matrices from 

CASSCF/CASPT2 wavefunctions.28 

There are small, large and relativistic variants of these basis sets, ANO-S, ANO-L and ANO-RCC 

respectively. When the ANO-RCC basis set is used, relativistic effects are included via the Douglas 

Kroll method. The most remarkable effect is the orbital-contraction/expansion effect. Due to 

relativity the s and p shells exhibit contraction and the d and f orbitals exhibit expansion. This 

can have an effect on the amount of orbital overlap and thus for the magnitude of the magnetic 

exchange interactions.  

OTHER 

 

CHOLESKY DECOMPOSITION 

To store the two electron integrals the Cholesky decomposition is used. This is a method to store 

the two electron integrals efficiently saving memory. By using this decomposition more advanced 

calculations can be performed. The Cholesky decomposition uses the fact that a symmetric 

matrix A when it has positive eigenvalues can be factored into a product LLT. Here L is a lower 

triangular matrix. 29 

MAGNETIC COUPLING DETERMINATION 

Magnetic interactions are mostly described in terms of magnetic couplings with symbol J. A 

magnetic coupling can be understood as the energy needed for an electron to flip the spin. 

Magnetic couplings are rationalized with the use of spin Hamiltonians. These Hamiltonians 

assume that the spatial part of the wavefunction stays the same for all different spin states and 

therefore the spin Hamiltonian takes into account only the spin part of the wavefunction. The 

most widely used spin Hamiltonians are the Heisenberg-Dirac-van Vleck (HDVV) Hamiltonian 

and the Ising Hamiltonian. 26 
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HDVV HAMILTONIAN 

For the embedded cluster calculation the Heisenberg-Dirac-Van Vleck Hamiltonian is used.  

 

ℋ̂𝐻𝐷𝑉𝑉 = − ∑ 𝐽𝑖𝑗𝑆̂𝑖 ∙ 𝑆̂𝑗

𝑁

𝑖,𝑗=1

 (13)  

For two magnetic centers this equation simplifies to  

 ℋ̂𝐻𝐷𝑉𝑉 = −𝐽𝑆̂1 ∙ 𝑆̂2 (14)  

Or in an alternative form as: 

 
ℋ̂𝐻𝐷𝑉𝑉 = −

1

2
𝐽(𝑆̂2 − 𝑆̂1

2
− 𝑆̂2

2
) (15)  

Where S2 is: 

 𝑆̂2 = (𝑆̂1 + 𝑆̂2)
2=𝑆̂1

2
+ 𝑆̂2

2
+ 2𝑆̂1 ∙ 𝑆̂2 (16)  

The eigenvalues of the S2 operator are S(S+1) and so the eigenvalues of the Heisenberg 

Hamiltonian becomes: 

 
𝐸(𝑆) = −

1

2
𝐽(𝑆(𝑆 + 1) − 𝑆1(𝑆1 + 1) − 𝑆2(𝑆2 + 1)) (17)  

Because we are interested in energy differences we can drop the constant S1 and S2 terms. For 

the energy difference between two spin states with ΔS=1 it can be derived easily that: 

 𝛥𝐸 = 𝐸(𝑆 − 1) − 𝐸(𝑆) = 𝐽 ∗ 𝑆 (18)  

This is called the Landé interval rule.30 

Table 3 the number of J couplings between the spin state, S in respect to the lowest spin state, S=0 

Spin,S multiplicity n*J 

0 1 0 

1 3 1 

2 5 3 

3 7 6 

4 9 10 

5 11 15 

For the manganese containing crystals the singlet and undectet (11) states are investigated and 

the energy difference has to be divided by 15 to obtain the J coupling. For the iron containing 

crystals the singlet and nonet (9) are investigated and the energy differences have to be divided 

by 10 to obtain the J coupling.  

 
Fig. 13 Schematic plot of the energy versus the total spin. E=0 for S=0 

It follows from table 3 that for higher spin systems fewer configurations are allowed, it is 

therefore computationally preferred to investigate the highest spin states and obtain the J 

coupling from the energy difference of these states. This is done for the DDCI calculations where 

it is computationally undoable to calculate the energies of the lowest spin states.  
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ISING HAMILTONIAN 

The HDVV Hamiltonian can be rewritten in terms of the spin-ladder operators and the Sz 

component.31 

 𝑆̂+ = 𝑆̂𝑥 + 𝑖𝑆̂𝑦 and 𝑆̂− = 𝑆̂𝑥 − 𝑖𝑆̂𝑦 (19)  

 𝐻̂ = −
1

2
𝐽 (𝑆̂1

+𝑆̂2
− + 𝑆̂1

−𝑆̂2
+) − 𝐽𝑆̂𝑧,1𝑆̂𝑧,2 (20)  

The Ising Hamiltonian is obtained by neglecting the ladder operator term and generalizing it to 

more than two spins. 

 

ℋ̂𝐼𝑠𝑖𝑛𝑔 = − ∑ 𝐽𝑖𝑗𝑆̂𝑧,𝑖 ∙ 𝑆̂𝑧,𝑗

𝑛

<𝑖 𝑗>

 (21)  

Here < i j > indicates that they are nearest neighbors. The Ising Hamiltonian and the HDVV 

Hamiltonian do not commute, [𝐻̂𝐻𝐷𝑉𝑉 , 𝐻̂𝐼𝑠𝑖𝑛𝑔] ≠ 0, so they do not necessarily have a common set 

of eigenfunctions. 

We use the Ising Hamiltonian for the periodic calculations. To keep things simple first a 1D chain 

is considered with a unit cell of two atoms. 

  

 

The Ising Hamiltonian for one unit cell is: 

 ℋ̂𝐼𝑠𝑖𝑛𝑔 = −𝐽12𝑆̂𝑧1 ∙ 𝑆̂𝑧2 − 𝐽21𝑆̂𝑧2 ∙ 𝑆̂𝑧1 (22)  

And when atom 1 and atom 2 are chemically equivalent J12=J21=J. 

 ℋ̂𝑐𝑒𝑙𝑙
𝐼𝑠𝑖𝑛𝑔

= −2𝐽𝑆̂𝑧1 ∙ 𝑆̂𝑧2 (23)  

The eigenvalues of the Sz operator are the spin magnetic moments ms. When atom 1 and atom 2 

are spin-½ particles the ferromagnetic and antiferromagnetic energies are:  

 𝐸(𝐹𝑀) = −2𝐽 (
1

2
) (

1

2
) = −

1

2
𝐽 

𝐸(𝐴𝐹𝑀) = −2𝐽 (
1

2
) (−

1

2
) =

1

2
𝐽 

(24)  

And the energy difference 

 ∆𝐸 = 𝐸(𝐴𝐹𝑀) − 𝐸(𝐹𝑀) = 𝐽 (25)  

In this thesis we considered manganese and iron atoms that are not spin-½ particles but spin-5
2⁄  

and spin-4
2⁄  particles respectively. In that case we obtain: 

 ∆𝐸 = 𝐸(𝐴𝐹𝑀, 5
2⁄ ) − 𝐸(𝐹𝑀, 5

2⁄ ) = 25𝐽 

∆𝐸 = 𝐸(𝐴𝐹𝑀, 4
2⁄ ) − 𝐸(𝐹𝑀, 4

2⁄ ) = 16𝐽 
(26)  

So here the energy differences are divided by the number of J to obtain the pure J factor. 

For the OIH crystals two dimensions are considered.  The unit cells of the crystals have two 

separate planes with magnetic centers: the (001) plane and the (002) plane. These planes are 

schematically represented below.   

 

 

 

 4 

3 

4 4 

4 
1 

2 

1 

2 

2  2 1 2 1 1 

Fig. 15 Schematic representation of the two perovskite planes ((001) left and (002) right) in a single unit cell 

Fig. 14 Schematic representation of a one dimensional crystal with two atoms 
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First we assume that there are two different J-couplings. One in the [110] direction, J(+) and one in 

the [110] direction, J(-). All the atoms are in a chemically equivalent position so 𝐽12
(+)

= 𝐽21
(+)

=

𝐽34
(+)

= 𝐽43
(+) and the same applies for J(-). 

 ℋ̂𝐼𝑠𝑖𝑛𝑔 = −𝐽12
(+)

(𝑆𝑧,1 ∙ 𝑆𝑧,2 + 𝑆𝑧,2 ∙ 𝑆𝑧,1 + 𝑆𝑧,3 ∙ 𝑆𝑧,4 + 𝑆𝑧,4 ∙ 𝑆𝑧,3) 

                      −𝐽12
(−)

(𝑆𝑧,1 ∙ 𝑆𝑧,2 + 𝑆𝑧,2 ∙ 𝑆𝑧,1 + 𝑆𝑧,3 ∙ 𝑆𝑧,4 + 𝑆𝑧,4 ∙ 𝑆𝑧,3) 
(27)  

So in both directions we get four separate J-couplings, making 8 couplings in total per unit cell. 

Considering manganese atoms all Si·Sj terms become 5
2
∙
5

2
=

25

4
:  

 𝐸 (𝐹𝑀, 𝑆 =
5

2
) = −𝐽12

(+)
(
25

4
+

25

4
+

25

4
+

25

4
) − 𝐽12

(−)
(
25

4
+

25

4
+

25

4
+

25

4
) 

                         =  −𝐽12
(+)

(
100

4
) − 𝐽12

(−)
(
100

4
) 

                         =   −25𝐽12
(+)

− 25𝐽12

(−)
 

(28)  

 
 𝐸 (𝐴𝐹𝑀, 𝑆 =

5

2
) = −𝐽12

(+)
(−

25

4
−

25

4
−

25

4
−

25

4
) − 𝐽12

(−)
(−

25

4
−

25

4
−

25

4
−

25

4
) 

                         =  −𝐽12
(+)

(−
100

4
) − 𝐽12

(−)
(−

100

4
) 

                         =   25𝐽12
(+)

+ 25𝐽12

(−)
 

(29)  

 ∆𝐸 = 𝐸 (𝐴𝐹𝑀, 𝑆 =
5

2
) − 𝐸 (𝐹𝑀, 𝑆 =

5

2
) = 50𝐽

12
(+) + 50𝐽

12
(−) = 100 𝐽

12
(±) (30)  

 
When we couple the spins ferromagnetically in the [110] direction and anti-ferromagnetically in 
the [110] direction we need to double the cell in the [100] and [010] direction.  

 

 
Fig. 16 Schematic representation of doubling the unit cell in the [010] and [100] direction 

 

MAGNETIC EXCHANGE 

The distances between the nearest magnetic metal centers in the hybrid crystals are around 5 Å. 

This distance is too large to have a significant direct exchange. Therefore the magnetization is 

bridged by the ligand. This process is called indirect exchange.32 The ligand that links the 

magnetic units together can be called a bridging ligand because it facilitates the electron 

delocalization of the magnetic units towards each other.32 

The ability of electrons to delocalize gives rise to an energy lowering, hence the state that causes 

the most delocalization will be the energetically favored state. The amount of delocalization 

depends much on the overlap between the magnetic units and the ligands. 

In the superexchange mechanism the metal orbitals are bridged by a nonmagnetic orbital. 

Anderson, Goodenough and Slater formulated some rules to predict a ferromagnetic or 

antiferromagnetic interaction. For a d5-d5, as in the manganese hybrids they all predict an 

antiferromagnetic coupling and for a d6-d6, as in the iron based hybrids they also predict an anti-

ferromagnetic coupling.32 In contrast a copper based hybrid, d9-d9 couples ferromagnetically.33 
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Fig. 17 Schematic representation of a 180 degree d-p-d superexchange antiferromagnetic situation 

The principle of the exchange mechanism in our system is analogous to a simple system with two 

S=1/2 particles. We assume a system with two magnetic centers in two spatially localized singly 

occupied valence orbitals a and b. Also an inactive orbital localized on the bridging ligand is 

taken into account; called h. Orbital h is lower in energy and doubly occupied. It is outside the 

active space but facilitates the delocalization of the electrons.34  

First a CAS with orbitals a and b in two electrons is considered. In this situation the role of h is 

only implicit in the Fock operator. After the CASSCF mechanism is elaborated also the important 

role of the excitations from h to the CAS space are considered. 

The four possible spin state configurations in the CAS with orbital a and b, two electrons and h 
doubly occupied are: 

 𝐶𝐴𝑆(2,2) = {|ℎℎ̅𝑎𝑏̅|, |ℎℎ̅𝑏𝑎̅|, |ℎℎ̅𝑎𝑎̅|, |ℎℎ̅𝑏𝑏̅|} (31)  

 
Fig. 18 A schematic representations of a CAS(2,2) and one core orbital h.34 

Setting E=0 for the neutral configurations a CI matrix can be written as: 

 

𝐶𝐼 = 

|ℎℎ̅𝑎𝑏̅|

|ℎℎ̅𝑏𝑎̅|

|ℎℎ̅𝑎𝑎̅|

|ℎℎ̅𝑏𝑏̅| [
 
 
 
 

0 𝐾𝑎𝑏 𝑡𝑎𝑏 𝑡𝑎𝑏

𝐾𝑎𝑏 0 𝑡𝑎𝑏 𝑡𝑎𝑏

𝑡𝑎𝑏
𝑡𝑎𝑏

𝑡𝑎𝑏
𝑡𝑎𝑏

𝑈 𝐾𝑎𝑏

𝐾𝑎𝑏 𝑈 ]
 
 
 
 

 (32)  

Kab is the exchange integral, U the energy of the ionic states and is positive and tab is the hopping 
integral: 

 𝑡𝑎𝑏 = ⟨𝑎𝑏̅|𝐻̂|𝑎𝑎̅⟩ = ⟨𝑎|𝐹̂|𝑏⟩ (33)  

Diagonalization of the CI matrix gives one triplet and three singlet states. Finally the energy 

difference between the triplet and the lowest singlet state can be stated as: 

 ∆𝐸 = 𝐸(𝑆𝑔) − 𝐸(𝑇) 

       =  

(

 𝐾𝑎𝑏 +
𝑈 − √𝑈2 − 16𝑡𝑎𝑏

2

2

)

 − (−𝐾𝑎𝑏) 

      =    2𝐾𝑎𝑏 −
4𝑡𝑎𝑏

2

𝑈
 

(34)  

In the last step we assumed that the ionic state energy is much larger than the hopping integral. 

The first term is the direct exchange coupling between a and b, the second term is called the 

kinetic exchange. The first terms favors ferromagnetic alignment. The second term favors an 

anti-ferromagnetic alignment.34 One of the kinetic exchange pathways (there are four) is 

schematically represented in fig. 19.  
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Fig. 19 Schematic representation of the kinetic spin exchange mechanism via the ionic state in a CAS(2,2) space.34 

Until now the role of the doubly occupied h orbital was only implicit. Now excitations from h to 

the CAS will also be considered. These excitations are considered explicitly in the DDCI1 

calculations and called the 1h excitations. In our simple model all these 1h excitations are related 

to ligand-to-metal charge transfer excitations (LMCT).   In the mechanism depicted in fig. 20 first 

a beta-electron is excited from the bridging h orbital to site a, followed by the beta electron in 

orbital b going to orbital h. In this way the ionic configuration is reached.  After that the electron 

on h with opposite spin can go to orbital b followed by the electron on orbital a with the same 

spin going to h. In this way the system arrives at the exactly opposite situation. This mechanism 

is called superexchange and it is only possible when the spin in a and b are initially in an anti-

ferromagnetic state and therefore favors an anti-ferromagnetic alignment. This mechanism 

effectively increases the tab term of the kinetic exchange term in equation 34.  

 

Fig. 20 Schematic representation of the superexchange mechanism.34 

Due to Brillouin’s theorem the contributions of the 1h and 1p single excitations are small; 

therefore higher order mechanisms need to be included in the calculations to describe the J 

coupling appropriately.  

The inclusion of the 1h-1p single excitations give rise to two kinds of effects. On the one hand the 

1h-1p excitations that do not change the spin part cause an energy lowering of the ionic CAS 

configurations,  the U term in equation 34. On the other hand there are the 1h-1p excitations that 

do change the spin. The spin change is compensated by another spin change in the CAS and 

therefore influence the direct exchange term, Kab in equation 34.  

Higher order 2h and 2p configurations in DDCI2 give rise to extra kinetic exchange effects 

favoring mostly the AFM state.34 The 2h-1p and 1h-2p excitations that are included in DDCI3 give 

rise to multiple subtle effects which overall effect is an increase of the absolute J value.  
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RESULTS & DISCUSSION 

ONE ATOM.  

Before we look at the magnetic properties of the total crystal structure it is important to 

understand the magnetic centers itself. Calculations are performed on a single manganese or iron 

atom and on a MCl6 octahedral molecule. In this way we get insight in how the various methods 

perform in respect to each other. For the MCl6 the geometry is taken from the MNMA and FEMA 

crystals. 

 

Fig. 21 A MCl6
4- molecule, with M is Mn or Fe. 

For one manganese atom in a spherical environment the possible term symbols in a d5 

configuration are: 6S, 4G, 4F, 4D, 4P, 2I, 2H, 2·2G, 2·2F, 3·2D, 2P and 2S. According to the first Hund’s 

rule the state with maximum spin, 6S, is the ground state.  

We perform CASSCF, CASPT2 and DDCI calculations on the sextet, lowest quartet and lowest 

doublet state of a bare Mn2+ ion and a Mn2+ ion with six Cl- ions in octahedral environment.  

ANO-L-VTZp is used as a basis set and an active space is defined as the five 3d orbitals with 5 

electrons (CAS(5,5)). The high spin state with α spin in all 5d orbitals gives a sextet state with 

only one possible configuration. The other possible multiplicities are the doublet and quartet 

states with 100 and 25 possible configurations respectively.  

In the two tables below the CASSCF, CASPT2 and DDCI1-3 energies and two energy differences 

are given. The first one is the energy difference between the sextet and the quartet state and the 

second one is the energy difference between the sextet and the doublet state.  

Table 4 The energy differences between sextet, quartet and doublet states calculated with CASSCF and CASPT2 

   CASSCF   CASPT2   

ANO-L-VTZp mult E (a.u) ΔE (a.u.) E (a.u.) ΔE (a.u.) 

octahedral 
Mn1Cl6

4- 

6 -3906,835  -3908,465   

4 -3906,711 0,124 -3908,355 0,111 

2 -3906,658 0,177 -3908,305 0,160 

spherical 
Mn2+ 

6 -1149,106  -1149,416   

4 -1148,961 0,145 -1149,286 0,130 

2 -1148,898 0,208 -1149,227 0,189 

Table 5 The energy differences between sextet, quartet and doublet states calculated via DDCI 

  DDCI1  DDCI2  DDCI3  

ANO-L-VTZ mult E(a.u) ΔE (a.u.) E (a.u.) ΔE (a.u.) E (a.u.) ΔE (a.u.) 

octahedral 
Mn1Cl6

4- 

6 -3906,834  -3906,896  -3907,000  

4 -3906,717 0,117 -3906,790 0,106 -3906,900 0,100 

2 -3906,665 0,169 -3906,741 0,155 -3906,855 0,145 

spherical 
Mn2+ 

6 -1149,107  -1149,168  -1149,229  

4 -1148,963 0,145 -1149,026 0,142 -1149,087 0,142 

2 -1148,899 0,208 -1148,957 0,211 -1149,019 0,210 
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As one can see the energy difference between the different multiplicities is around 0,1-0,15 a.u. 

for ΔE4-6 and around 0,15-0,21a.u. for ΔE2-6. The energy gap between the sextet and quartet state 

is larger than the energy gap between the doublet and quartet state.  

Compared to magnetic couplings later on in this project these energy differences are very large. 

As a result the ground state of the Mn2+ ion will always be the sextet, 6S state. This fact also allows 

us to use the HDVV Hamiltonian because it assumes that the separation of the electronic states is 

much larger than the states caused by the magnetic interaction.  

 

Of course the absolute CASPT2 energies are lower than the CASSCF energies because CASPT2 

recovers more correlation energy. However the CASSCF energy differences are larger than the 

CASPT2 energy differences. This is also expected; for the high spin state only one configuration is 

taken into account while for the S=4 and S=2 there are several configurations to take into 

account. The more configurations the larger the correlation energy, so the energy lowering 

increases for lower multiplicities. Because the sextet energy is the lowest state, the energies 

come closer together by including more correlation energy.   

The energy differences are larger for the bare manganese cation than for the MnCl6 system. This 

can be explained by the fact that the spin on the MnCl6 system is more delocalized on the chlorine 

atoms resulting in an energy lowering.  

 
Fig. 22 CASSCF, CASPT2, and the DDCI1,2,3 energies of MnCl64- in the lowest doublet, quartet and sextet state. 

From the diagram above concerning the energies of the octahedral complex it can be easily seen 

that the CASPT2 method recovers much more dynamic correlation in contrast to the DDCI 

results. This emphasizes that the DDCI is focused on energy differences. In this particular case 

the CASSCF and the DDCI1 are practically the same. This is also expected in accordance to 

Brillouin’s theorem.  
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Fig. 23 Energy differences of the octahedral(Oc) MnCl6

4- molecule and the spherical(Sp) Mn2+ cation. 

Focusing instead on the energy differences it is notable that the different methods give very 

similar results. For the octahedral system the CASSCF overestimates the energy difference. For 

the octahedral system the energy differences decrease by going from DDCI1 to DDCI2 to DDCI3. 

This trend is also expected for the same reason as described above between CASSCF/CASPT2, 

namely that for the lower multiplicities more correlation energy is covered.  

Similar calculations are performed on a Fe2+ cation and a FeCl6
4- system. Fe2+ has a d6 

configuration. The lowest energy term symbol is 5D, quintet state. The energies of the quintet, 

lowest triplet and lowest singlet states are calculated and presented below.    

Table 6 Energy differences between quintet, triplet and singlet states calculated with CASSCF and CASPT2 

    CASSCF   CASPT2   

ANO-L-VTZp mult E (a.u.) ΔE (a.u.) E (a.u.) ΔE (a.u.) 

octahedral 
Fe1Cl6

4- 

5 -4019,393  -4021,099  

3 -4019,310 0,083 -4021,022 0,078 

1 -4019,282 0,111 -4020,990 0,110 

spherical 
Fe2+ 

5 -1261,658  -1262,030  

3 -1261,553 0,104 -1261,936 0,094 

1 -1261,504 0,154 -1261,880 0,150 

Table 7 Energy differences between quintet, triplet and singlet states calculated with DDCI 

  DDCI1  DDCI2  DDCI3  

ANO-L-VTZ Mult E (a.u.) ΔE (a.u.) E (a.u.) ΔE (a.u.) E (a.u.) ΔE (a.u.) 

spherical 
Fe2+ 

5 -1261,708  -1261,937  -1261,887  

3 -1261,647 0,061 -1261,832 0,105 -1261,778 0,108 

1 -1261,602 0,106 -1261,784 0,153 -1261,731 0,156 

Analogous to the manganese case the energy differences of the octahedral FeCl6
4- are smaller. 

Also the CASPT2 energy differences are smaller although the difference is less pronounced.  

The magnetic couplings of the bare iron cation are larger than the couplings of the octahedral 

FeCl6. Also here it can be explained by the energy lowering caused by delocalization to the 

chlorine anions.  

The energies of the spherical Fe2+ are all close each other. The energy differences are close 

together when CASSCF, CASPT2 and DDCI2 and DDCI3 are compared with each other 

(approximately 0,10 a.u. and 0,15 a.u.) while the DDCI1 results are a bit lower (0,061 a.u. and 

0,106 a.u.).  
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MNCL4 METHYL AMINE 

PERIODIC CALCULATIONS.  

The positions of the hydrogen atoms were optimized with DFT/PBE using CRYSTAL.  Afterwards 

the Ising couplings were determined. The perovskite layers are parallel to the ab planes, but the 

Mn-Cl-Mn chains are not parallel to the a and b axis but parallel to the [110] axis, and the [110] 

axis.  

For the in-plane coupling the spins have an exchange interaction in the [110] and the [110] 

direction. These directions are not identical because the buckling angle is only present in one of 

these directions. To investigate the couplings in the direction with, or without a buckling angle 

the magnetic unit cells had to be doubled. For this reason a {221} supercell was made. This 

means that the unit cell is doubled in the a and b direction. The resulting unit cell is four times as 

large as the original one. The supercell allows for coupling the spins ferromagnetically in the 

[110] direction and anti-ferromagnetically in the [110] directions and vice versa. In fig. 24 the 

different coupling schemes are shown. 

  

  
Fig. 24 Different coupling schemes; blue and purple represent manganese cations with α or β spin. The green 

atoms are chlorine. top-left: ferromagnetic, top-right: anti-ferromagnetic, bottom-left: FM/AFM and bottom-

right: AFM/FM 
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In the following tables the energies are given for the different coupling schemes. The first column 

indicates ferromagnetic (F) and antiferromagnetic (A) coupling in the 110/110 (/001) direction 

respectively.  The “n*J” column gives the number of relevant interactions in one unit cell.  

 total energy (a.u.) ΔE (a.u) ΔE (eV) n cells n J/cell J25/2 (eV) J (meV) 

FFF -5,0937290E+04 - - 4 4 - - 

AF -5,0937312E+04 -2,25E-02 -0,61 4 4 -0,0382 -3,05 

FA -5,0937312E+04 -2,25E-02 -0,61 4 4 -0,0382 -3,05 

AA -5,0937333E+04 -4,31E-02 -1,17 4 8 -0,0367 -2,93 

FFA -5,0937290E+04 -4,4E-06 -1,20E-04 4 NA -3,0E-05 -2,4E-03 

The total energy difference is divided by the number of unit cells and the number of Mn-Mn 

couplings that are present in one unit cell. The J coupling in the [110] and [110] directions are 

practically the same giving in both direction a J coupling of -3 meV. For the total AFM state 

however the J coupling is lower. This can be due to the fact that coupling in both direction 

influences each other. The inter layer coupling is anti-ferromagnetically and around -2 μeV. 

However this J coupling is so small that it is probably below the accuracy range of the program. 

To get an idea about the electronic structure a band structure diagram is calculated for this 

crystal. The top of the valence band, which is also the point of the Fermi energy is at -0,186 a.u. 

and the bottom of the conduction/virtual band is -0,098 a.u.  

The resulting band structure diagram has an almost flat valence and conductance band and the 

energy gap is approximately 0,1 a.u. As a conclusion the MNMA crystal does not have a low lying 

conducting state. This is also expected because neither the organic nor inorganic part consists of 

conducting moieties.  

 
Fig. 25 Band diagram of MNMA: the Fermi level is at -0,186 a.u.  
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EMBEDDED CLUSTER CONSTRUCTION 

After optimizing the hydrogen positions the clusters can be made. Therefore we need the 

Madelung fields and AIMPs. To make the AIMPs a large sphere with a radius of approximately 40 

a.u. was constructed as illustrated in fig. 26. Then a Madelung field was created to surround the 

sphere. Then the SCEI procedure was used to make an AIMP for manganese and for chlorine. (see 

appendix B) 

 
Fig. 26 Two representations of the large molecular sphere 

After AIMPs were implemented in the MOLCAS basis set library, a set of clusters were 

constructed. All clusters have two magnetic manganese centers and have as nearest neighbors six 

chlorine atoms. To each in-plane chlorine atom a Mn-AIMP was placed. In fig. 27 each manganese 

atom that is only attached to one chlorine atom is treated as an AIMP.    

Clusters 3, 4 and 8 have only manganese and chlorine atoms while clusters 6, 7 and 9 have also 

included the four nearest ligands. Clusters 3 and 6 have a buckling angle perpendicular to the 

central Mn-Mn bond while clusters 4 and 7 have a buckling angle aligned with the central Mn-Mn 

bond.  
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Cluster 3 Cluster 4 

  

Cluster 6 Cluster 7 

 
  

Cluster 8 Cluster 9 
Fig. 27 The set of clusters of MNMA 

Once the clusters were created for each cluster the Madelung fields are fitted with a radius 

between 30-45a.u. This gave for each crystal a set of a few hundred point charges that is included 

in the calculations.   

To illustrate the whole embedded cluster, in fig. 28 cluster 4 is plotted with the MnAIMP ’s 

indicated in purple and the small dots around the cluster are the positions of the point charges 

that form the Madelung field.  
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Fig. 28 The cluster with the AIMPs and the point charges 

VALIDATION OF THE CLUSTER  

To validate that the embedded cluster represents the original crystal appropriately, the same 

type of calculation as the periodic calculation is performed using the same method (DFT), 

functional (PBE) and basissets (Crystal basis set library). Cluster 4 is used to test the agreement.  

In the table below the J value of the periodic calculation is obtained by equation 25. The 

embedded cluster calculation is performed using UDFT. The singlet state is forced to converge in 

the state where one manganese atom has all 3d orbitals singly occupied with α-electrons and the 

other manganese atom has all 3d orbitals singly occupied with β-electrons.  

Table 8 Comparison of the embedded cluster model and the periodic calculation 

total energy(a.u.) ΔE (a.u.) ΔE(eV) ncells n*J J(25/2) J(meV) 

periodic:       

  FM: -5,09373E+04       

AFM: -5,09373E+04 -2,25E-02 -0,61 4 4 -0,0382 -3,05 

embedded cluster:       

S1: -7369,727482       

S11: -7369,728901 -0,001419 -0,04 NA 1 -0,0386 -3,06 

It can be seen that the agreement between the periodic cluster calculation and the embedded 

cluster calculation is very well.  

Now the embedded cluster approach is validated more advanced MCSCF methods can be applied. 

In addition the ANO basis sets are used instead of the basis sets from the CRYSTAL library.  
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CASSCF & CASPT2 – BASIS SETS  

Firstly it is checked how much the energies depend on the size of the basis set and contraction. 

The various ANO basis sets are compared with each other. For the VTZ and VQZ basis sets in this 

thesis always the 3d orbitals on the chlorine atoms are included. This is why VTZ and VQZ are 

indicated as VTZ(p) and VQZ(p) in Table 9. The inclusion of the d orbitals on the chlorine atom 

gives the atom the ability to polarize towards the metal atoms.  

Table 9 Number and type of basisfunctions of the ANO basissets for Manganese and Chlorine 

 ANO-L/RCC-… Manganese Chlorine 

-MB 4s3p1d 3s2p 

-VDZ 5s4p2d 4s3p 

-VDZp 5s4p2d1f 4s3p1d 

-VTZ(p) 6s5p3d 5s4p2d 

-VTZp 6s5p3d2f1g 5s4p2d1f 

-VQZ(p) 7s6p4d 6s5p3d 

Because the calculations need a lot of memory for the two-electron integrals we apply the 

Cholesky decomposition and look for impact on the results. For convenience here only the energy 

differences are given in atomic units. To obtain the J coupling one has to divide the energy 

differences by 
25

2
, however this is unnecessary when one wants to compare basisset effects of 

similar systems. 

Table 10 Energy differences for cluster 4 for different ANO-L basissets 

Basisset Mult. Energy(a.u.) ΔE (a.u.) Energy(a.u.) ΔE (a.u.) 

ANO-L-...     ‘  No Cholesky  Cholesky  

-MB 11 -7362,258301  -7362,253417  

 1 -7362,258553 -2,52E-04 -7362,253674 -2,57E-04 

-VDZ 11 -7362,649841  -7362,646639  

 1 -7362,649982 -1,41E-04 -7362,646780 -1,41E-04 

-VDZp 11 -7362,680145  -7362,678705  

 1 -7362,680313 -1,67E-04 -7362,678873 -1,68E-04 

-VTZ (p) 11 -  -7362,765795  

 1 - - -7362,765964 -1,69E-04 

-VTZp 11 -  -7362,777615  

 1 - - -7362,777784 -1,69E-04 

-VQZ (p) 11 -  -7362,814836  

 1 - - -7362,815004 -1,69E-04 
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Also the effect of relativity is taken into account using the Douglass Kroll Hamiltonian and the 

relativistic ANO-RCC basis sets.  

Table 11 Energy differences of cluster 4 for different ANO-RCC basissets 

Basisset Mult. Energy(a.u.) ΔE (a.u.) Energy(a.u.) ΔE (a.u.) 

ANO-RCC-...  No Cholesky  Cholesky  

-MB 11 -7392,856311  -7392,851388  

 1 -7392,856495 -1,84E-04 -7392,851576 -1,87E-04 

-VDZ 11 -7393,167484  -7393,163869  

 1 -7393,167634 -1,49E-04 -7393,164019 -1,50E-04 

-VDZp 11 -7393,196539  -7393,194430  

 1 -7393,196719 -1,80E-04 -7393,194611 -1,81E-04 

-VTZ (p) 11 -  -7393,283423  

 1 - - -7393,283594 -1,71E-04 

-VTZp 11 -  -7393,294225  

 1 - - -7393,294395 -1,71E-04 

-VQZ (p) 11 -  -7393,312048  

 1 - - -7393,312218 -1,70E-04 

Without Cholesky decomposition there was not enough memory for the calculation with triple 

and quadruple zeta basis sets. This emphasizes the usefulness of the decomposition.  

 
Fig. 29 ΔE for increasing basis-sets 

Note that the vertical energy axis is inversed because the energy difference is negative indicating 

that the anti-ferromagnetic state is the lowest energy state.  

The minimal basis (MB) overestimates the coupling while the VDZ clearly underestimates the 

magnetic coupling. Especially the non-relativistic minimal basis (ANO-L-MB) gives a large 

overestimation while larger basissets give an underestimation compared to the RCC ones.  

The VDZp basisset is more than 5% off from the VQZ energy. The VTZ, VTZp and VQZ are very 

close to each other so VTZ and VTZp are preferred. Hence the VTZ and VTZp basissets are chosen 

for the following calculations.  

The effect of the Cholesky decomposition is not negligible for the absolute energies because they 

are around 0,002-0,005 a.u. higher in energy. However the Cholesky decomposition does not 

have any significant effect on the energy differences. For this reason we regard it as justified to 

use the Cholesky decomposition.  
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DECONSTRUCTION 

Although removal of the Madelung field and the AIMPs presents a non-realistic system it is 

interesting to see how much impact the embedding has on the magnetic coupling. The following 

situations are studied for clusters 3 and 4: 

- The full embedding original situation 

- Replacing the bridging Cl with a point charge (PC) to break the indirect exchange 

mechanism (see fig. 30) 

 
Fig. 30 Cluster with the central chlorine atom replaced by a point charge 

- Removing the Madelung field but keeping the AIMPs 

- Removing the AIMPs and the Madelung field 

- Removing the chlorine atoms except the central one, the 

AIMPs and the Madelung field. (See fig. 31) 

Table 12 Energy differences for several variations on clusters 3 and 4 

CASSCF/ANO-L-VTZp mult cluster 3   cluster 4   

  E (a.u) ΔE (a.u.) E (a.u.) ΔE (a.u.) 

full embedding 
Mn2Cl11MnAIMP6 

11 -7362,774092  -7362,780317   

1 -7362,774237 -1,45E-04 -7362,780486 -1,69E-04 

Bridging Cl = PC 
Mn2Cl10MnAIMP6 

11 -6903,359064  -6903,813394  

1 -6903.359064 -4E-08 -6903,813394 1.7E-07 

no PCs 
Mn2Cl11MnAIMP6 

11 -7357,086655  -7357,088654   

1 -7357,086802 -1,46E-04 -7357,088823 -1,70E-04 

no PCs and no AIMPs 
Mn2Cl11 

11 -7353,500097  -7353,501037   

1 -7353,500226 -1,29E-04 -7353,501184 -1,47E-04 

no PCs/AIMPs and one Cl 
Mn2Cl 

11 -2758,192398  -2758,187833   

1 -2758,192385 1,31E-05 -2758,187818 1,48E-05 

no PCs/AIMPs and no Cl 
Mn2 

11 -2297,798517  -2297,797578   

1 -2297,798516 8,10E-07 -2297,797577 8,2E-07 

The replacement of the central chlorine atom by a point charge decreases the magnetic 

interaction almost to zero. This is because there is no orbital overlap anymore as depicted in fig. 

17 and there is not any possibility for indirect exchange anymore. For this reason the magnetic 

manganese centers do not ‘feel’ each other anymore and the anti-ferromagnetic alignment does 

not cause significant stabilization.35 

It follows from the results with no Madelung field (the no-PCs result) that the effect of the 

Madelung field on the magnetic coupling is small in the order of 1.E-6. This is also an indication 

that the magnetism in these crystals is a property that only depends on the local environment. 

This is a good argument to justify the embedded cluster approach. 

The removal of the Madelung field and also the AIMPs gives a significant underestimation of the 

magnetic coupling of more than 10%. When the AIMPs are removed the electron density 

delocalizes too far away from the center. This causes a weaker interaction and therefore an 

energy lowering. 

When besides the AIMPs and the Madelung field also the surrounding chlorine atoms are 

removed except the bridging chlorine atom, the coupling is decreased strongly and becomes 

Fig. 31 Mn2Cl system 
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positive. This is clearly an unrealistic situation hence the effect of the neighbors is very 

important.  

The results for clusters 3 and 4 follow the same trend but the energy differences of cluster 4 are 

somewhat higher. This is the cluster with the buckling angle, so the angle does increase the 

magnetic coupling a bit. The effect is however small.  

 

A CLOSER LOOK AT CASSCF & CASPT2  

CASSCF & CASPT2 calculations were performed on all clusters with the ANO-L-VTZp, ANO-L-VTZ 

and ANO-RCC-VTZ basissets: 

Table 13 CASSCF J couplings of the MNMA clusters 

CASSCF(10,10) ANO-L-VTZp ANO-L-VTZ ANO-RCC-VTZ 

 J (meV) J (meV) J(meV) 

cluster 3 -0,264 -0,264 -0,267 

cluster 6 -0,268 -0,269 -0,272 

cluster 4 -0,306 -0,306 -0,309 

cluster 7 - -0,311 -0,313 

cluster 8 0 0 0 

cluster 9 0 0 0 

Table 14 CASPT2 J couplings of the MNMA clusters 

CASPT2(10,10) ANO-L-VTZp ANO-L-VTZ ANO-RCC-VTZ 

 J (meV) J (meV) J(meV) 

cluster 3 -7,484 -6,127 -7,564 

cluster 6 -5,826 -6,206 -6,245 

cluster 4 -7,582 -7,564 -6,249 

cluster 7 - -6,291 -6,269 

cluster 8 - -2,151 -2,028 

cluster 9 - -0,829 -0,800 

 

 
Fig. 32 J couplings per cluster CASSCF 

From the diagram it can be concluded that the inclusion of the methylamine ligands has very 

little effect on the intra-layer magnetic couplings, only 0,2*10-5 a.u. (0,05 meV). The couplings 

from clusters 3 and 6 are almost the same and also the coupling of clusters 4 and 7 are almost the 

same. From the spin densities in table 15 it can be concluded that there is not any spin density 

found on the nitrogen atoms while there is spin density on the chlorine atoms so there is 

practically no exchange coupling via the nitrogen atom.  
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Table 15 Spin densities of cluster 6, CASSCF, S=11 

Spin Densities Mn  Bridging Cl Cl|| Cl⏊ N 

Cluster 6 4,916 0,025 0,016 0,014 0,000 

The VTZ and VTZp results give the same answer for the CASSCF energies. So the VTZ basisset is 

large enough and a more extensive basis set does not give significant improvements. The 

clusters 3 and 6 have a straight central Mn-Cl-Mn bond while clusters 4 and 7 do not. The energy 

differences of buckled interactions are a bit stronger although the difference is small. The design 

of hybrid materials with a high as possible buckling angle will probably have rather small effects. 

Probably the orbital overlap increases when the buckling angle is increased causing a more 

efficient indirect exchange. (It would be interesting to see how the coupling depends on the Mn-

Cl-Mn angle because for an angle of 90° a positive ferromagnetic J coupling is expected.) 

Including relativistic effects gives a small increase in the energy difference. Relativity causes 

larger d orbitals giving larger interaction with the chlorine atom. This gives a little more efficient 

delocalization for the anti-ferromagnetic state. 

 
Fig. 33 J couplings per cluster CASPT2 

The CASPT2 results are more ambiguous than the CASSCF results. The first remarkable thing is 

that the energy differences are approximately 20 times larger. Because CASPT2 takes more 

correlation energy into account a significant energy difference is expected. This is because the 

singlet state contains more correlation energy than the high spin state. Nevertheless it was not 

expected that the CASPT2 energies were 20 times as large.  

Unfortunately we cannot make any clear conclusion regarding the effect caused by the different 

basissets from these calculations. Possibly some calculation did not converge to the correct state 

or there were some effects from intruder state. Also other studies showed that CASPT2 causes 

problems with high spin-weak magnetic coupling systems.36 These problems are however not 

observed in DDCI calculations. Another possibility when DDCI is not feasible is the n-electron 

valence state-PT2 (NEVPT2) method, this method suffers less from intruder states but is cheaper 

than DDCI.36 However this method is not implemented in MOLCAS, but gave already very good 

result in comparison with DDCI.36,34 

In any case the magnetic couplings calculated with CASPT2 are much larger than the couplings 

calculated via CASSCF, going from around -0,3 meV to around 8 meV. With CASPT2 also the inter 

layer clusters 8 and cluster 9 show a significant magnetic coupling of -2 and -1 meV respectively. 

It is much larger than expected, especially for cluster 8. For this reason we regard these results as 

unrealistic. 
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ALL MULTIPLICITIES 

Because of the fact that a large CAS (10,10) has to be chosen the DDCI calculation of the low spin 

multiplicities are extremely large. And the low spin states are unmanageable to calculate. 

To have still an idea about the J coupling we will investigate the possibility to only calculate the 

two highest spin states to obtain the J-coupling. To see that this works it is first applied to the 

CASSCF and CASPT2 methods. All possible multiplicities of cluster 3 are calculated. Then we 

calculate the J coupling in three different ways. In the first place we use the method that is 

applied throughout this whole project looking at the energy difference between the lowest and 

highest spin state and dividing it by the number of J couplings that it represents. Secondly we 

determine the J coupling by the energy difference of the two highest multiplicities, in this case 9 

and 11. As a third method we fit all the energies to the line ½J(S(S+1))+c and obtain a value for J.  

Table 16 Energy and ΔE vs multiplicity of cluster 3 

ANO-RCC-VTZ  CASSCF CASPT2 

multiplicity Spin, S E (a.u.) ΔE (a.u.) E (a.u.) ΔE (a.u.) 

11 5 -7393,28342 0,00E+00 -7395,65125 0,00E+00 

9 4 -7393,28347 -5,01E-05 -7395,652191 -9,42E-04 

7 3 -7393,28352 -9,51E-05 -7395,653029 -1,78E-03 

5 2 -7393,28355 -1,32E-04 -7395,653734 -2,48E-03 

3 1 -7393,28358 -1,57E-04 -7395,654297 -3,05E-03 

1 0 -7393,28359 -1,71E-04 -7395,654699 -3,45E-03 

The energies are plotted versus the multiplicity setting the singlet state as E=0.  

 
Fig. 34 ΔE versus spin multiplicity 

From fig. 34 one can see the large difference between the CASSCF and CASPT2 methods.  

We investigated how well the data fits to the E=½∙J∙S(S+1) function and then obtain an average J 

coupling. Below the plots are given with ΔE (a.u.) versus spin, S.  

 
Fig. 35 CASSCF(left) and CASPT2(right) fits. ΔE (a.u.) vs. spin     
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The R values (correlation coefficients) are higher than 0,99 and so there is a good correlation 

between the data and the Heisenberg model. It is already remarkable that such a simple model 

gives such a good correlation. Nevertheless when we try to obtain the J value from only the 

energies from the two highest multiplicities we get the following blue lines: 

 
Fig. 36 CASSCF(left) and CASPT2(right) plots based on E9-11(blue) and the calculated energies(red). 

ΔE (a.u.) vs. spin. 

Here the value of the blue line at S=0 represents the expected energy that follows from the value 

obtained from the energy difference between multiplicity 9 and 11. This energy is too high. When 

the results of the three different ways are combined we get the following table: 

Table 17 Energy differences from CASSCF calculations and CASPT2 calculations. Determined via the energy 

difference between singlet and undectet(11), between nonet and undectet, and from fit of all multiplicities 

J couplings E1-11 (a.u.) E9-11 (a.u.) EFit (a.u.) 

CASSCF -1,14E-05 -1,00E-05 -1,14E-05 

CASPT2 -2,30E-04 -1,88E-04 -2,26E-04 

The fit and the energy obtained by the difference of the lowest and highest multiplicity are 

approximately the same and the ΔE9-11 is approximately 15% higher. Nevertheless it gives a good 

idea about the magnetic coupling and we will now extrapolate this method to DDCI. 

DDCI CALCULATIONS 

DDCI calculations are performed also on cluster 3 with an ANO-L-VTZ basis set.  
Table 18 DDCI results for MNMA, cluster 3 of the nonet and undectet states 

1,00E-11 DDCI1  DDCI2  DDCI3  

mult E (a.u.) ΔE (a.u.) E (a.u.) ΔE (a.u.) E (a.u.) ΔE (a.u.) 

11 -7362,7699  -7362,7796  -7362,8208  

9 -7362,7718 -1,94E-03 -7362,7814 -1,82E-03 -7362,8227 -1,89E-03 

J(a.u.)  -3,87E-04  -3,63E-04  -3,78E-04 

J(meV)  -10,54  -9,88  -10,29 

As expected the DDCI total energies are close to the CASSCF energy (high spin: -7362,7689 a.u.). 

Also we expected that the DDCI J couplings were larger than the ones obtained by CASSCF. They 

are even larger than the CASPT2 couplings. The DDCI1, DDCI2 and DDCI3 couplings are close 

together while it was expected that the couplings would increase going from DDCI1 to DDCI2 to 

DDCI3. For this reason the results are a bit strange. Especially for the DDCI1 case because we 

expected that the contribution of the singles would be small.   

There are several ways to make the DDCI calculations more doable. The following options are 

considered: 

1. Use a smaller basis set. (no f/g functions) 

2. Freeze more orbitals (Mn 1s2s2p3s,Cl 1s2s2p3s) 

3. Delete high virtual orbitals  

4. Selected CI  
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In our calculations no f and g functions were used and for Mn the 3s orbitals were frozen. It was 

shown by earlier research that the effect of the f and g orbitals was very small.17 Instead of 

neglecting the f and g we could also use a stronger contraction. For example a VDZ basis could be 

used however in this case we lose a lot of flexibility of the basis set. 

Another option is to freeze more orbitals. We froze the 3s orbitals of Cl and Mn. This is possible 

but did not give a significant lowering of the computer time. Also it is difficult to determine which 

orbitals to include and which not.  

This problem is even larger when we consider deleting high level virtual orbitals. The virtual 

orbitals are usually quite close to each other and the energies are often not more than 1 a.u. 

higher than the HOMO energy level, hence it is difficult to place a cut-off from were to delete the 

higher orbitals. Also this is a very adhoc method without real scientific arguments; the only 

argument is the ease of computing. For this reason we did not delete higher orbitals because it is 

hard to justify where to place the boundary.  

The DIESEL program package also gives us the possibility to do selected-CI. In this case a certain 

energy based cut-off value is given for the contribution of the CSFs. When the contribution is 

smaller than the cut-off value the coefficient of the determinant is set to zero. We tried a cut-off 

value on the single atom calculation but the results depended too much on the cut-off value 

varying it from 10-11 to 10-17 in steps of order of magnitude.  

It would be very helpful to have more DDCI results in the future. Now the clusters are made it is 

mainly a matter of computer time to calculate J couplings via DDCI. Especially with obtaining the 

J values from only the highest two multiplicities it is now possible to obtain information on more 

complicated high spin clusters. Especially results for cluster 9 will be interesting to see if there is 

any intra layer coupling.  

MNCL4 PHENYL ETHYL AMINE 

PERIODIC CALCULATION 

To place the results of MNMA more in context also calculations are performed on MNPEA. This 

material has almost the same inorganic sheets although a much larger organic group. The same 

kind of periodic calculations were performed as with the MNMA crystal.  

Table 19 Results of the periodic calculation on MNPEA 

 total Energy ΔE (a.u.) ΔE (meV) J(meV) atomic spin density 

FF -14892,6420741 - - - 4,67 4,67 4,67 4,67 

AA -14892,6529277 -1,09E-02 -295,341 -2,95 -4,62 -4,62 4,62 4,62 

FFA -14892,6420741 -1,40E-08 -3,81E-04 -3,05E-05 -4,67 4,67 -4,67 4,67 

      

FF GRIMME -14892,6420745 -3,51E-07 -9,55E-03   

 

The J for the fully anti-ferromagnetic state is practically the same as for the MNMA state. From 

the spin densities it is seen that the spin densities on the manganese centers is a bit lower caused 

by the delocalization. These spin densities are not exactly -5 or 5 because there is always some 

spin delocalized towards the chlorine atoms.  

The energy difference of the antiferromagnetic coupled sheets is even smaller than for MNMA, 

because the interlayer distance is very large.  



 

36 

Because the large phenyl groups in the crystal a Grimme correction is applied giving anyhow only 

a small energy lowering. This is smaller than expected because a calculation on benzene gave an 

energy lowering of more than 1 eV per benzene molecule.  

 

DIFFERENT CLUSTERS 

Also for the MNPEA a large sphere was made and the SCEI procedure was used to construct an 

AIMP for the manganese atoms. (appendix A) Because MNPEA has a buckling angle in both 

directions (110 and 110) less clusters need to be built. Two clusters with two magnetic centers 

are built. Only cluster 2 includes the ligands. Clusters 4 and 5 were made including two 

manganese atoms from two different perovskite layers. Only cluster 5 is shown, cluster 4 is the 

same but does not include the PEA molecules.  

 

 

Cluster 1 

 
Cluster 3 Cluster 2 

 
 

Cluster 5 (shown without AIMPs) 
Fig. 37 Clusters of MNPEA 

 

Table 20 Comparison of the periodic and embedded cluster calculation 

 mult Energy(a.u.) ΔE (a.u.) ΔE(meV) npairs n*J J(meV) 

periodic: 11 -14892,6421      

 1 -14892,6529 -1,09E-02 -2,95E+02 8 25/2 -2,95 

embedded: 11 -7369,69816      

 1 -7369,69959 -1,43E-03 -3,89E+01 1 25/2 -3,12 

 

The J couplings were determined via DFT/PBE and the basis sets from the CRYSTAL basis set 

library. The calculations are reasonably close together although less similar than for the MNMA 

crystal. As expected the results do not differ significantly from the MNMA crystal.  
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RESULTS CASSCF&CASPT2 

 
Table 21 CASSCF and CASPT2 energy differences of the MNPEA clusters. The energies are in meV. 

J couplings (meV) CASSCF  CASPT2  

 ANO-L-VTZ ANO-RCC-VTZ ANO-L-VTZ ANO-RCC-VTZ 

cluster 1 -0,299 -0,303 -7,03 -7,27 

cluster 2 -0,302 -0,306 - - 

cluster 4 0 0 -0,68 -0,54 

cluster 5 0 0 - - 

The CASSCF energies of the in-plane clusters are almost identical to the MNMA results. The 

CASPT2 energies are far too high, hence these results cannot be reliable.  

It would be interesting to do DDCI calculations on the MNPEA crystal however we did not 

manage because of memory problems. We hope to find a very small J coupling between the layers 

because this is found experimentally below 50 K.5 

FECL4  METHYL AMINE 

PERIODIC CALCULATION 

Calculations are performed on a FEMA crystal to investigate the difference with the manganese 

based crystals. Again the same kind of periodic calculations are performed. The iron atoms have a 

d6 configuration and the high spin state becomes a nonet state, S=9.   

Table 22 Results periodic calculation FEMA 

 total E (a.u.) ΔE (a.u.) ΔE (eV) J16/2 (meV) J (meV) 

FM/FM -13184,895087826 - - - - 

AFM/AFM -13184,905443191 -0,0104 -0,2818 -35,2 -4,403 

FM/FM/AFM -13184,895086691 1,135E-06 3,088E-05 NA 0,0039 

The in-plane JIsing coupling is -4,4 meV. This is larger than the J coupling of the manganese crystal 

that is approximately -3 meV. Because the Mn-Mn distance and Fe-Fe distances in the MNMA and 

FEMA crystal are practically the same this difference has to be explained otherwise. It is possible 

that the d orbitals of Fe2+ are larger than the d orbitals of Mn2+, is this case the overlap with the 

bridging chlorine atom is larger and hence there is a more efficient delocalization causing a 

larger stabilization of the low spin state. 

 

The J coupling of anti-ferromagnetic coupled planes in FEMA is approximately 4 μeV. Remarkably 

this is positive while this coupling in MNMA was negative. Although this is interesting, the 

coupling is so small that it is outside the accuracy range of our calculation and therefore it is not 

allowed to make any strong conclusions. In any case these interlayer interactions are very small 

and this gives us enough reasons to regard the perovskite planes as 2D magnets.  

Table 23 Spin densities of the iron ions in FEMA 

Spin Densities 1 2 3 4 

FM/FM 3,6772 3,6772 3,6772 3,6772 

AFM/AFM -3,6313 3,6313 3,6313 -3,6313 

FM/FM/AFM 3,6772 3,6772 -3,6772 -3,6772 

The spin densities of the AFM/AFM state are lower. This is in agreement with the delocalization 

effect. Nevertheless this spin delocalization is not very large and almost all spin density stays 

located on the metal ions. The decrease in spin density is almost the same as for the MNPEA 

crystal.  
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DIFFERENT CLUSTERS 

Again the AIMP procedure was followed to construct an iron-AIMP for the embedded cluster 

method in these crystals. In fig. 38 the clusters that are made for FEMA are shown. The red atoms 

show the iron atoms and the dark yellow atoms show the iron-AIMPs.  

 

 
 

Cluster 1 

 
 

Cluster 2 Cluster 3 Cluster 4 
Fig. 38 Clusters of FEMA 

 

RESULTS CASSCF&CASPT2 

CASSCF and CASPT2 calculations were performed on the FEMA crystal. To let the calculation 

converge first a Fe3+ d5 calculation was performed to obtain correct start-up orbitals for the 

calculations.  

Table 24 CASSCF and CASPT2 energy differences of the clusters of FEMA 

J-couplings (meV)  CASSCF   CASPT2  

ANO- L-VTZ L-VTZp RCC-VTZ L-VTZ L-VTZp RCC-VTZ 

cluster 1 -0,449 -0,420 -0,365 -1,34 -3,44 -2,77 

cluster 2 -0,385 -0,387 -0,373 - - - 

cluster 3 -2,54E-04 - -7,44E-04 -1,53 9,95E-04 -1,77 

cluster 4 -1,80E-03 -1,54E-03 -3,45E-04 - - - 

 

The CASSCF results of cluster 1 and 2 are rather similar and the difference between them is 

small. For the ANO-L-VTZ and ANO-L-VTZp cluster 2 gives a smaller coupling however for ANO-

RCC this is not the case. It seems that the inclusion of relativistic effects gives a slightly decrease 

of the coupling. The CASPT2 energy differences of cluster 1 are significantly higher than the 

CASSCF energies of clusters 1 and 2.   

 

The CASSCF results of the clusters 3 and 4 are very small and there is not any significant 

difference between them. The CASPT2 results are again unrealistically high except for the ANO-L-

VTZp result. Probably also here the CASPT2 suffered from intruder states and did converge to a 

wrong state.  
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OTHER CONSIDERATIONS 

In all systems the interlayer magnetic couplings are very small. It is shown by M. Drillon and P. 

Panissod that the organic part can affect the interlayer coupling by dipole interactions causing a 

3D magnetic ordering in the crystal. However they also showed that this 3D order was only 

present when the in-plane coupling was ferromagnetic. In the crystals studied the in-plane 

ordering was nevertheless anti-ferromagnetic and no 3D order is expected.37 

All the crystals show anti-ferromagnetic behavior as expected from the theory32 and confirmed 

by experiments.25 When the bridging ligand is replaced by a point charge the J coupling 

decreases. This is also found in other calculations on other perovskite crystals.35 There is no spin 

density on the amine cation group of the organic ligand. Hence the magnetic exchange is only due 

to the indirect exchange via the bridging halogen (Cl) ligands. 

There is only a slight difference between the MNMA and MNPEA crystals. The in-plane coupling 

is almost identical while the intra-layer couplings are very small in both cases. The difference in 

electric properties will probably be much more pronounced. DDCI calculations of inter layer 

clusters with the organic part included ought to be performed to decide whether there is a 

significant different magnetic behavior between these crystals.  

For the in-plane clusters the J couplings of FEMA (~ -0,4 meV) are larger than the J couplings of 

the MNMA crystal (~ -0,3 meV). Because the distance between the metal centers are the same it 

can possibly be caused by the larger overlap of iron with the bridging ligands. When the d 

orbitals of iron are larger there is a larger interaction with the orbitals on the chlorine atoms and 

so a more efficient indirect exchange. The indirect exchange goes mainly via the px orbital on the 

bridging chlorine atom that is parallel to the Mn-Cl-Mn bond. The energy of this orbital that is 

mainly the px orbital on the bridging Cl atom can also influence the exchange. The closer the 

energy of this orbital to the d orbitals on the metal atom, the more efficient is the exchange 

process. The px orbital energy for MNMA/SCF/S=11 is -0,68 a.u. while the px orbital energy for 

FEMA/SCF/S=9 is -0,53 a.u. (the energies of the d orbitals are considered to be at E=0.) 

In our group calculations were performed on CuCl4(C2H5NH3)2 (CUEA), that gave a ferromagnetic 

result with the same embedded cluster methodology and CASSCF/DDCI calculations. The J 

couplings for CUEA were around 0,18 meV for CASSSCF. Our CASSCF calculations on MNMA gave 

J couplings around -0,30 meV, and -0,40 meV for FEMA. So the absolute J coupling of manganese 

and iron is larger. The DDCI calculations on CUEA were around 0,2-0,7 meV. This is larger than 

the CASSCF results of CUEA but still very close while our DDCI values were an order of magnitude 

larger than the CASSCF results.38 

In the near future it is advised to do a further investigation of the interlayer couplings on all the 

crystals with DDCI on the highest multiplicities. This will provide us more certainty about the 

interlayer effects.  

Further research on OIHs is advised to cover perovskites with ferromagnetic couplings within 

the layer, or to use organic molecules with small organic or π-conjugated molecules. Also a lot of 

lead-iodine based OIHs are investigated nowadays.  
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CONCLUSION 

A detailed analysis of the magnetic coupling in two-dimensional hybrids is given. The manganese 

and iron based hybrids have an anti-ferromagnetic in-plane coupling. The interlayer couplings 

are obviously an order of magnitude smaller than the intralayer couplings. The embedded cluster 

model was well validated by reproducing the same magnetic couplings as the periodic 

calculations.  

As expected the CASPT2 results artificially overestimate the magnetic couplings while the 

CASSCF results underestimated the couplings. The DDCI method shows a large magnetic coupling 

but for the DDCI still further investigations are needed. At least the embedded clusters are 

already constructed and a method to obtain a J coupling from the highest multiplicities has been 

formulated and validated.  

MNMA and MNPEA have almost the same magnetic character; this emphasizes the 2D character 

of these crystals, because a change in organic ligand from aliphatic to aromatic and from a small 

to a large organic group has only small effects. MNMA and FEMA show the same anti-

ferromagnetic ordering. But the J coupling of the iron crystals is higher.  
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APPENDICES 

A. Coordinates of the crystals 

B. AIMPs of MNMA/MNPEA/FEMA 

C. Manual to make AIMPs etc.  

D. Data-sets 

APPENDIX A – CRYSTAL STRUCTURES 

 
MNMA  
_cell_length_a                    7.1999(2) 
_cell_length_b                    7.1999(2) 
_cell_length_c                    19.2744(7) 
_cell_angle_alpha                 90.00 
_cell_angle_beta                  90.00 
_cell_angle_gamma                 90.00 
_cell_volume                      999.16(5) 
  
 1  T  MN  0.000000  0.000000 -0.500000 
 5  T  CL  0.031610  0.031610 -0.371740 
13  T  CL  0.250000  0.250000  0.481340 
17  T  CL -0.250000  0.250000 -0.500000 
21  T  C  -0.030300 -0.030300  0.187650 
29  T  N   0.017600  0.017600  0.115670 
37  T  H  -0.001780 -0.175763  0.195471 
53  T  H   0.053162  0.053162  0.221918 
61  T  H   0.154058 -0.005443  0.106948 
77  T  H  -0.057169 -0.057169  0.081299 
  

MNPEA 
_cell_length_a                    7.1480(6) 
_cell_length_b                    7.1697(7) 
_cell_length_c                    39.088(4) 
_cell_angle_alpha                 90.00 
_cell_angle_beta                  90.00 
_cell_angle_gamma                 90.00 
_cell_volume                      2003.2(3) 
  
  1  T  MN  0.009120  0.499710  0.000020 
  5  T  CL -0.024600  0.499200  0.063280 
  9  T  CL  0.236700  0.221000  0.004800 
 13  T  CL  0.284700 -0.262700  0.007030 
 17  T  CL  0.042300  0.480900 -0.063290 
 21  T  N  -0.486500  0.491400  0.059840 
 25  T  N  -0.002200 -0.029400  0.059300 
 29  T  C   0.119500 -0.098000  0.179700 
 33  T  C   0.466900 -0.455200  0.093500 
 37  T  C  -0.457000  0.404000  0.120900 
 41  T  C  -0.482000  0.478000  0.157900 
 45  T  C  -0.365000 -0.386000  0.169600 
 49  T  C  -0.378000 -0.332000  0.202500 
 53  T  C   0.481000 -0.384000  0.222000 
 57  T  C   0.361800  0.464000  0.211300 
 61  T  C   0.380000  0.395000  0.176600 
 65  T  C   0.051300  0.032600  0.095900 
 69  T  C  -0.042000 -0.093600  0.120900 
 73  T  C  -0.013600 -0.029000  0.156600 
 77  T  C  -0.136000  0.106000  0.171500 
 81  T  C  -0.122000  0.170000  0.204100 
 85  T  C   0.027300  0.092000  0.224500 
 89  T  C   0.139000 -0.027000  0.215200 
 93  T  H   0.475637  0.354045  0.054402 
 97  T  H  -0.341224  0.498178  0.055982 
101  T  H   0.447735 -0.422485  0.041680 
105  T  H   0.313354 -0.444710  0.095645 
109  T  H  -0.475808 -0.315066  0.098346 
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113  T  H   0.471529  0.268743  0.118102 
117  T  H  -0.307108  0.380197  0.115337 
121  T  H  -0.250509 -0.336280  0.153411 
125  T  H  -0.281426 -0.221539  0.211166 
129  T  H   0.465142 -0.330808  0.248222 
133  T  H   0.249219  0.414362  0.228039 
137  T  H   0.291319  0.280134  0.167510 
141  T  H  -0.144278 -0.003366  0.055183 
145  T  H   0.017931 -0.172021  0.056069 
149  T  H   0.077714  0.043163  0.041019 
153  T  H   0.205183  0.025466  0.097341 
157  T  H   0.007709  0.179197  0.098292 
161  T  H  -0.193685 -0.097908  0.115206 
165  T  H   0.011315 -0.237297  0.117586 
169  T  H  -0.251057  0.159585  0.155599 
173  T  H  -0.214538  0.279841  0.213703 
177  T  H   0.036051  0.151725  0.250569 
181  T  H   0.254605 -0.082921  0.230470 
185  T  H   0.218614 -0.208237  0.171948 
  

FEMA 
_cell_length_a                    7.1325(6) 
_cell_length_b                    7.1325(6) 
_cell_length_c                    19.0193(17) 
_cell_angle_alpha                 90.00 
_cell_angle_beta                  90.00 
_cell_angle_gamma                 90.00 
_cell_volume                      967.56(14) 
_cell_formula_units_Z             4 
_cell_measurement_temperature     100(2) 
  
 1  T  FE  0.000000  0.000000  0.000000 
 5  T  CL  0.250000 -0.250000  0.000000 
 9  T  CL  0.026200  0.026200 -0.125830 
17  T  CL  0.250000  0.250000  0.016000 
21  T  N  -0.488500 -0.011500  0.113700 
29  T  C   0.475200  0.024800  0.188000 
37  T  H   0.073257 -0.105495 -0.287276 
53  T  H   0.133074  0.133074 -0.306734 
61  T  H   0.107460 -0.059447 -0.412318 
77  T  H  -0.113623 -0.113623 -0.391378 

APPENDIX B – AIMPS 

AIMP - MNMA - MN 
/Mn.ECP.Jos.0s.0s.0e-Mn(MnCl4MA).      
first comment 
second comment 
   2.000    0 
    0    0 
* 
* External AIMP:  
* Local Pot. Param. : (ECP convention) 
*                      A(AIMP)=-Zeff*A(ECP) 
* 
M1 
   12 
  328944.7000      45167.27200      9923.015200      2666.068200     
  827.1021100      279.6520400      89.07853200      34.35214600     
  13.85860570      3.948510300      1.748313600     0.9893750000E-01 
 0.9215318818E-01 0.1210537800     0.2242009432     0.3999195333     
 0.6505229958     0.7977148609      1.147662441      2.133239869     
  1.017765206      2.825318731      2.036960289     0.5348816188E-01 
M2 
    0 
COREREP 
   1.000 
PROJOP 
    2 
   20    3    2    2    2 
  480.4698533      58.24983595      7.430899373     
  3960805.000      593115.5000      134976.8000      38230.67000     
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  12471.54000      4501.743000      1755.212000      727.3039000     
  316.3678000      143.0098000      66.21805000      29.91896000     
  14.30318000      6.839451000      3.012374000      1.418808000     
 0.6236240000     0.1340980000     0.6554800000E-01 0.2958400000E-01 
  0.000134806316 -0.000041936084 -0.000015746414 
  0.000533182211 -0.000166541817 -0.000062407290 
 -0.000166686538  0.000056341748  0.000021178002 
  0.001912532908 -0.000583335091 -0.000218806136 
  0.005177837185 -0.001570671820 -0.000587601677 
  0.017737526639 -0.005442432723 -0.002046509373 
  0.049781670225 -0.015638478322 -0.005868621287 
  0.124024350821 -0.041069646300 -0.015600246550 
  0.250365724259 -0.092986163635 -0.035536999727 
  0.358892022166 -0.168614609750 -0.067082645103 
  0.275683421884 -0.189280182524 -0.077939360078 
  0.066049166661  0.045928875025  0.018193620488 
 -0.000930447851  0.515004405759  0.310996237696 
  0.002300920231  0.504695773814  0.462362741405 
 -0.000905936966  0.090626206715 -0.119000504485 
  0.000271760038 -0.001783084852 -0.791275278538 
 -0.000238101870  0.001908386124 -0.339083371678 
  0.000069677537 -0.000627026220 -0.002083501063 
 -0.000004557538  0.001623579677 -0.051671148770 
  0.000010425754 -0.000879829042  0.030454170290 
   16    2    6    6 
  49.70985852      4.685918126     
  16205.86000      3836.274000      1246.048000      476.7535000     
  202.1895000      92.09487000      44.14720000      21.85468000     
  11.08596000      5.674108000      2.823170000      1.368621000     
 0.6444310000     0.2483460000     0.9717500000E-01 0.3656500000E-01 
  0.000041770506 -0.000015396437 
  0.000371807153 -0.000136795571 
  0.002143273618 -0.000792781203 
  0.009418233515 -0.003495487694 
  0.033197615470 -0.012517758023 
  0.094466490623 -0.036464303110 
  0.207448472108 -0.083464401369 
  0.330888034830 -0.139335791091 
  0.332469462326 -0.146399141780 
  0.157569769798  0.030828248757 
  0.023558846618  0.346215466383 
  0.001036594544  0.487782253302 
  0.000271362366  0.245796443372 
 -0.000015237875  0.018992446031 
  0.000145290456  0.026487705748 
 -0.000066733881 -0.013167262464 
    8    1    5 
 -.9814859686E-01 
  101.9040000      30.03370000      10.92380000      4.397400000     
  1.815950000     0.7257310000     0.2699610000     0.8776000000E-01 
 -0.004388012898 
 -0.031782041491 
 -0.123609250954 
 -0.295134107878 
 -0.451659504475 
 -0.418100745228 
  0.242657975365 
 -0.214080723994 
* 
Spectral Representation Operator 
Core primitive basis 
Exchange 
End of Spectral Representation Operator 
  

AIMP – MNMA - CL 
/Cl.ECP.Jos.0s.0s.0e-Cl(MnCl4MA).      
first comment 
second comment 
  -1.000    0 
    0    0 
* 
* External AIMP:  
* Local Pot. Param. : (ECP convention) 
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*                      A(AIMP)=-Zeff*A(ECP) 
* 
M1 
   12 
  279010.5000      33072.04800      6508.195100      1639.626100     
  486.4457200      161.2054900      50.60618900      17.72200500     
  7.448597800     0.6676690000      1.664862400     0.2679957200     
 -.1218520375     -.1800615700     -.3434006915     -.6235520182     
 -1.057669238     -1.363008766     -1.585242202     -3.276129124     
 -2.748551671     -3.396635409     -1.996537633     -1.307359641     
M2 
    0 
COREREP 
   1.000 
PROJOP 
    2 
   15    3    2    2    2 
  208.2081990      19.66090406     0.7114134176     
  456100.0000      68330.00000      15550.00000      4405.000000     
  1439.000000      520.4000000      203.1000000      83.96000000     
  36.20000000      15.83000000      6.334000000      2.694000000     
 0.9768000000     0.4313000000     0.1625000000     
  0.000049296561  0.000013826074  0.000004052446 
  0.000383025037  0.000107246440  0.000031378213 
  0.002008518868  0.000564904658  0.000165739607 
  0.008385501076  0.002360639152  0.000690483303 
  0.029470013083  0.008456146839  0.002487812229 
  0.087831788707  0.025956035406  0.007618645871 
  0.211470958016  0.068612867440  0.020452009612 
  0.365354350924  0.141825745733  0.042649977555 
  0.340879441988  0.199223272468  0.063411666288 
  0.102150943154  0.019642847091  0.004960845260 
  0.003124069829 -0.499359999584 -0.196934470524 
  0.001056413337 -0.563786743365 -0.395519217924 
 -0.000378479455 -0.079284276932  0.085947163152 
  0.000153761101  0.008317102572  0.631968675467 
 -0.000051990977 -0.002650526475  0.475967185758 
    9    2    6    6 
  14.59304649     -.4574903643     
  663.3000000      156.8000000      49.98000000      18.42000000     
  7.240000000      2.922000000      1.022000000     0.3818000000     
 0.1301000000     
 -0.002405390710  0.000596565221 
 -0.019221824136  0.004747204158 
 -0.088544918974  0.022589439468 
 -0.256094594484  0.066507920408 
 -0.437127440903  0.122719068171 
 -0.350535706841  0.087099066932 
 -0.058082390743 -0.236389530677 
  0.005360532753 -0.505530375789 
 -0.001750101346 -0.430274700734 
    2    1    0 
 -2.418353729     
  1.046000000     0.3440000000     
 -0.132137282686 
 -0.915439962151 
* 
Spectral Representation Operator 
Core primitive basis 
Exchange 
End of Spectral Representation Operator 
 
 

AIMP - MNPEA – MN 
/Mn.ECP.Jos.0s.0s.0e-Mn(MnCl4PEA).    
first comment 
second comment 
   2.000    0 
    0    0 
* 
* External AIMP:  
* Local Pot. Param. : (ECP convention) 
*                      A(AIMP)=-Zeff*A(ECP) 
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* 
M1 
   12 
  330339.4200      45514.68700      10013.19780      2689.893200     
  834.4033900      281.9965800      89.43293500      34.41922800     
  14.03163420      3.903915800      1.643823270     0.5846364200     
 0.9085398774E-01 0.1190518295     0.2206866581     0.3938565529     
 0.6415461579     0.7874833736      1.128202521      2.102322023     
 0.9782919044      2.629659303      1.989662519     0.4183831691     
M2 
    0 
COREREP 
   1.000 
PROJOP 
    2 
   20    3    2    2    2 
  481.0364353      58.75400289      8.030896428     
  3960805.000      593115.5000      134976.8000      38230.67000     
  12471.54000      4501.743000      1755.212000      727.3039000     
  316.3678000      143.0098000      66.21805000      29.91896000     
  14.30318000      6.839451000      3.012374000      1.418808000     
 0.6236240000     0.1340980000     0.6554800000E-01 0.2958400000E-01 
  0.000134807438 -0.000041929786 -0.000015807543 
  0.000533186024 -0.000166516292 -0.000062699919 
 -0.000166681730  0.000056322048  0.000021927879 
  0.001912569352 -0.000583274569 -0.000217580134 
  0.005177948757 -0.001570588705 -0.000582043980 
  0.017737948314 -0.005441928278 -0.002028440373 
  0.049782770069 -0.015637766151 -0.005818306154 
  0.124028043836 -0.041066029511 -0.015457468717 
  0.250372685760 -0.092985460292 -0.035238615525 
  0.358909392493 -0.168603399515 -0.066441315691 
  0.275680856206 -0.189299341495 -0.077341738711 
  0.066014532675  0.046160518893  0.018419494470 
 -0.000935939280  0.514679957126  0.307062139540 
  0.002306485935  0.504628750857  0.457207948626 
 -0.000906812840  0.090701286593 -0.116232789397 
  0.000278667123 -0.001399111709 -0.760270240000 
 -0.000243644011  0.001780235878 -0.375854624414 
  0.000083237941  0.000132263631 -0.033438439417 
 -0.000041159925 -0.000556020806  0.034718264597 
  0.000025221667  0.000007166436 -0.004453810635 
   16    2    6    6 
  50.22587896      5.382255015     
  16205.86000      3836.274000      1246.048000      476.7535000     
  202.1895000      92.09487000      44.14720000      21.85468000     
  11.08596000      5.674108000      2.823170000      1.368621000     
 0.6444310000     0.2483460000     0.9717500000E-01 0.3656500000E-01 
  0.000041773374  0.000015154329 
  0.000371827462  0.000134606360 
  0.002143435670  0.000780303153 
  0.009418942886  0.003439500506 
  0.033201428947  0.012320210155 
  0.094479176179  0.035875134451 
  0.207490126545  0.082137405471 
  0.330821126461  0.136941332152 
  0.332246971428  0.143807734873 
  0.157655482009 -0.029606795180 
  0.023774058898 -0.335235468938 
  0.001238775892 -0.474470553241 
  0.000293435102 -0.267880468437 
 -0.000103829772 -0.040885039199 
  0.000042358079  0.009438385374 
 -0.000027745792  0.005276536674 
    8    1    5 
 0.6462398554     
  101.9040000      30.03370000      10.92380000      4.397400000     
  1.815950000     0.7257310000     0.2699610000     0.8776000000E-01 
  0.003541301287 
  0.025812911893 
  0.099519654741 
  0.239558479195 
  0.363128140893 
  0.371051942257 



 

48 

  0.269004427420 
 -0.077948915453 
* 
Spectral Representation Operator 
Core primitive basis 
Exchange 
End of Spectral Representation Operator 
 

AIMP – FEMA – FE 
/Fe.ECP.Jos.0s.0s.0e-Fe(FeCl4MA).      
first comment 
second comment 
   2.000    0 
    0    0 
* 
* External AIMP:  
* Local Pot. Param. : (ECP convention) 
*                      A(AIMP)=-Zeff*A(ECP) 
* 
M1 
   12 
  317027.2100      42242.78800      9075.611000      2394.738900     
  737.3620700      243.1891400      76.20894500      30.58243400     
  9.593285900      3.577150600      1.434564140     0.4657483100     
 0.9863979599E-01 0.1327199404     0.2493392217     0.4480407968     
 0.7082571112     0.8327225367      1.413438051      2.119459938     
 0.9810127902      3.037940264      1.633136344     0.3452932098     
M2 
    0 
COREREP 
   1.000 
PROJOP 
    2 
   20    3    2    2    2 
  522.4031982      64.19575656      8.598326587     
  4316265.000      646342.4000      147089.7000      41661.52000     
  13590.77000      4905.750000      1912.746000      792.6043000     
  344.8065000      155.8999000      72.23091000      32.72506000     
  15.66762000      7.503483000      3.312223000      1.558471000     
 0.6839140000     0.1467570000     0.7058300000E-01 0.3144900000E-01 
 -0.000141110870  0.000044245131  0.000016853765 
 -0.000556983309  0.000175379645  0.000066761204 
  0.000197263338 -0.000066701095 -0.000026447617 
 -0.001920724579  0.000589657768  0.000221069337 
 -0.005116320870  0.001560273784  0.000580601394 
 -0.017603497759  0.005431537904  0.002029740164 
 -0.049379138603  0.015597214361  0.005832869614 
 -0.123188158398  0.041010949658  0.015466011350 
 -0.249158358546  0.093014054842  0.035468607191 
 -0.358515050099  0.169144028491  0.066696666595 
 -0.277240666331  0.191042938287  0.078983808716 
 -0.067244178452 -0.043884173333 -0.018939935949 
  0.000811266187 -0.515537305519 -0.307125960748 
 -0.002310195231 -0.504952656175 -0.463028934950 
  0.000876650358 -0.092233024765  0.131077295818 
 -0.000236444945  0.002166649536  0.736693598592 
  0.000231357766 -0.002536832126  0.391780811329 
 -0.000077822993 -0.000128800069  0.040038451441 
  0.000049675801  0.001054308850 -0.058549905894 
 -0.000036645292 -0.000374055375  0.020224880593 
   16    2    6    6 
  55.23203367      5.762934174     
  17745.69000      4200.721000      1364.429000      522.0806000     
  221.4595000      100.9096000      48.40115000      23.98536000     
  12.18250000      6.242298000      3.110944000      1.509958000     
 0.7108450000     0.2725980000     0.1039720000     0.3816600000E-01 
 -0.000041360978  0.000015105761 
 -0.000368212592  0.000134275896 
 -0.002123846358  0.000778419643 
 -0.009344687754  0.003437746541 
 -0.033008858073  0.012334449675 
 -0.094173003872  0.036041301867 
 -0.207477700663  0.082779743356 
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 -0.331389519924  0.138538885758 
 -0.332082455068  0.144060595056 
 -0.156943538200 -0.032270939122 
 -0.023803008715 -0.336792097477 
 -0.001328423438 -0.470301419954 
 -0.000351797176 -0.267701646892 
 -0.000146023598 -0.048883085984 
  0.000137447349  0.024066227600 
 -0.000030608657 -0.004251243310 
    8    1    6 
 0.7510257970     
  114.8840000      33.88780000      12.37300000      4.999250000     
  2.070430000     0.8281830000     0.3075470000     0.9945500000E-01 
  0.003412120052 
  0.025145561720 
  0.097959252602 
  0.234639146930 
  0.356229268071 
  0.354097856034 
  0.267426528445 
  0.035154535035 
* 
Spectral Representation Operator 
Core primitive basis 
Exchange 
End of Spectral Representation Operator 

APPENDIX C - MANUAL  
****************** 
Working Procedure: 
****************** 
 1[get an X-ray structure 
  1[be aware of right number of hydrogens 
 2[convert structure to abc coordinates for a crystal input 
 3[optimize the position of the HYDROGENS. other parameters stay fixed 
  3[a[allow for changing symmetry but fix the abc parameters and position of other atoms 
  3[b[use DFT//PBE 
  3[c[to get convergence use: SPINLOCK, LEVSHIFT, FMIXING 
  3[d[be accurate using TOLINTEG/10 10 10 10 20 
                3[d[1[and eventually use TOLDEE 9 or 10 
  3[e[use finalrun 4 option. (use millipede, eventually >100 cores) 
                3[f[after convergence try to bring the LEVSHIFT back to zero and remove the SPINLOCK 
 4[run an SCF of the structure 
  4[a[remove step by step the SPINLOCK, LEVSHIFT, and try to lower FMIXING 
  4[b[use DFT//PBE 
  4[c[allow for symmetry change such that you can change the spin of the metal atoms 
 5[calculate energy differences of various spin orientations. (FM/FM,AFM/FM,FM/AFM,AFM,AFM) 
  5[a[use eventually a SUPERCELL calculation to allow for different spin on symmetry 
identical atoms 
 6[make AIMPS for your crystal 

6[a[make a SPHERE of your crystal 
6[b[implement the SPHERE in a madfit/pot file 

6[b[1[make sure that you have an appropriate set of XFIELDS. look at your average error 
estimation in MADFIT results 
6[c[implement the sphere of atoms(only atoms with charges) and your XFIE in your AIMP 

makefiles 
]]]]]]]]]]]]]]]]]]]]]]]]]]]]]]]]]]]]]]] 
********************** 
Manual of making AIMPs 
********************** 
 1[first run PC (see _pc.input) 
 [AOS_LOCATION: specify here where the 1s/2s etc. are) 
  [1[use wachters uncontracted (in any case a segmented/uncontracted basisset) 
  [2[There is no Wachters uncontracted basisset for Mn:cc-pVTZ-DK 
  [3[make them uncontracted. (use identity.cpp) 
  first command: pc shell 1 1 
 2[afterwards ecp shell 2 4 
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  2[a[First a small optimization cycle with for example the following "makeaimp.input" 
line: 
      0   0  0  0 0 0 0  .1 .01 .01 .001 .001 
      command: ecp shell 5 5 
  2[b[check  (orbital) energies and WRMS 
   2[b[1 energies Mn/Cl: shells/OUT 
   2[b[2 orbital energies and WRMS: 
printouts/<Atomsymbol>.<cyclenumber>.makeaimp.out 
   2[b[3 exponents : libs/AIMPLIB 
 
At the optimalisation, be aware of the size of the exponents. They have to stay different from each other 
 
 3[Change the exponents in the makeaimp input. Check if everything went allright.(see exponents 
of AIMPs) 
  3[1[ copy exponents from libs/AIMPLIB to inputs/<atomsymbol>.makeaimp.inp 
  3[2 change stepsize in same files 
  3[3 change stepnumbers in go script. 
 
if: Total Energy constant orbital energy constant and WRMS approximately 10(-4) 
 4[Implement AIMPS in the molcas basis set library 
]]]]]]]]]]]]]]]]]]]]]]]]] 
**************************** 
After the AIMPS are made 
**************************** 
Make SPHERE FILE with correct Radius 
  1[When the structure does contain H and C use SPERECH.f file to get the cells for C and H also. 
Paste the output in a mad and mad_3 file.  
  1[adjust number of atomen + vdW radii 
  2[set the XFIE radius. (number besides the 0.1 in the 2nd line 
Run a script file which runs madpot<mad and madpot<mad_3 
take the part of the file with the vacant lattice sites. 
  1[copy the file 
  2[make from 1 version a gamess input 
  2[a[use sed for substitutions 
   2[a[1[cat <input>|awk '{print $8,$9,$10,$1}'><tmpfile> 
   2[a[2[sed -f sedscr <tmpfile> > <outputfile> 
  2[b[start with geom au and finish the file with end/stop 
  3[run gamess<input>output 
  3[a[by error of inconsistent multiplicity. insert on first line of input line "mult 2" 
  4[observe sphere structure by use of molden and write al the numbers of atoms you want in the 
cluster 
  4[a[it is helpful to make use of the "hide hydrogens" 
  5[extract from the second version(see step 1) the correct line and save to another file 
  6[copy that file 
  7[extract from one file the atomic coordinates and make a gamess input again following same 
procedure(step 2,3,4) 
if cluster is correct: 
  8[extract from the other file all the cells and change them to madelunginput format 
  9[use the cells for a mad and mad_3 file 
 10[make a script file to run the madpot AND also madfit 
if the fit is too large 
  10[a[change vdW radii. (smaller) 
  10[b[change XFIE radii (see top of mad&mad_3 input file) 
if the fit is small enough: 
 
Now first the cluster and the AIMPs need to be tested by comparing the calculated J coupling of the periodic 
and the embedded cluster calculation: 
  1[CRYSTAL is used to calculate the J coupling. use SPINEDIT, MODISPIN, SPINLOCK, SCFDIR + a 
good basis set(see CRYSTALBASIS-SET-LIBRARY) 
  2[calculate energies of the FM(all spin up), AFM(spin alternating in both directions) and the 
FM/AFM, AFM/FM energies(use a SUPERCELL) 
Run a CAS calculation with Molcas (start with a small cluster. eventually do first a SCF) 
  1[use the same basisset as the CRYSTAL basis for the periodic calculation. 
   1[a[make contraction matrices for the Molcas inline representations of the CRYSTAL 
basis set. 
  2[implement the made AIMPs(see AIMP/libs/AIMPLIB) in the /molcas/basisset_library/ECP 
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    2[a[for this you need superuser(su) Remco Havenith can do it 
  3[make an input Molcas file. with: 
  3[1[Quantum Mn with CRYSTAL basis set 
  3[2[Quantum Cl with CRYSTAL basis set 
  3[3[eventually also N, C, or H 
  3[4[AIMPS of Mn using the AIMP name used in the /molcas/basisset_library/ECP file 
  3[5[eventually use AIMPS of Cl 
  3[6[XField.c1 point charges(output from madpot/madfit-script 
   3[6[a[XFIE are only symmetry unique point charges and XFIE.c1 are all. for 
Molcas use XFIE.c1 
  3[7[CAS input 
Compare results using the correct factor. (See Ising model) 
]]]]]]]]]]]]]]]]]]]]]]]]]]]]]]]]]]]]]]]]]]]]]]]]]]]]]]]]] 

APPENDIX D– DATA SETS 

 

MNMA – CASSCF-CASPT2 total energies.  

 

ANO-L-VTZ(p)   CASSCF   CASPT2   

cluster: mult E(a.u.) ΔE(a.u.) E(a.u.) ΔE(a.u.) 

Cluster 3 11 -7362,77409187  -7365,82361066   

  1 -7362,77423724 -1,45E-04 -7365,81948506 4,13E-03 

Cluster 4 11 -7362,76892168  -7365,82561427   

  1 -7362,76909036 -1,69E-04 -7365,82978372 -4,17E-03 

Cluster 6 11 -7747,72869944  -7751,62969039   

  1 -7747,72884760 -1,48E-04 -7751,63311149 -3,42E-03 

Cluster 7 11 -7747,72873443  -7751,63269702   

  1 -7747,72890561 -1,71E-04 -7751,63616484 -3,47E-03 

Cluster 8 11 -7825,04093677  -7827,51819018   

  1 -7825,04093680 -3,00E-08 -7827,51937591 -1,19E-03 

Cluster 9 11 -8210,81313017  -8214,84271106   

  1 -8210,81313014 3,00E-08 -8214,84316787 -4,57E-04 

 

ANO-L-VTZp  CASSCF  CASPT2  

cluster: mult E(a.u.) ΔE(a.u.) E(a.u.) ΔE(a.u.) 

Cluster 3 11 -7362,774092  -7365,819485  

 1 -7362,774237 -1,45E-04 -7365,823611 -4,13E-03 

Cluster 4 11 -7362,780317  -7365,822768  

 1 -7362,780486 -1,69E-04 -7365,826947 -4,18E-03 

Cluster 6 11 -7747,741635  -7751,677423  

 1 -7747,741783 -1,48E-04 -7751,680635 -3,21E-03 

Cluster 7 11 -7747,741872  -7752,370669  

 1 - - - - 

Cluster 8 11 -7825,053845  -7828,287485  

 1 -7825,053845 -4E-08 -7828,291060 -3,57E-03 

Cluster 9 11 -8210,826440  -8215,611760  

 1 -8210,826440 -2E-08 - - 

 

 

 

 

 

 

 

 

 



 

52 

ANO-RCC-VTZ(p)  CASSCF  CASPT2  

  mult E(a.u.) ΔE(a.u.) E(a.u.) ΔE(a.u.) 

Cluster 3 11 -7393,290739  -7396,407841   

  1 -7393,290886 -1,47E-04 -7396,412010 -4,17E-03 

Cluster 4 11 -7393,294225  -7395,651251   

  1 -7393,294395 -1,71E-04 -7395,654696 -3,44E-03 

Cluster 6 11 -7778,373770  -7782,343490   

  1 -7778,373920 -1,50E-04 -7782,346933 -3,44E-03 

Cluster 7 11 -7778,371569  -7782,343836   

  1 -7778,371741 -1,72E-04 -7782,347291 -3,46E-03 

Cluster 8 11 -7856,982462  -7860,291475   

  1 -7856,982462 0 -7860,292593 -1,12E-03 

Cluster 9 11 -8242,867329  -8246,973875   

  1 -8242,867329 -3E-08 -8246,974315 -4,41E-04 

 

MNPEA 

 

ANO-L-VTZ(p) mult CASSCF  CASPT2  

  E(a.u.) ΔE(a.u.) E(a.u.) ΔE(a.u.) 

cluster 4 11 -7362,737930   -7365,783680   

  1 -7362,738095 -1,65E-04 -7365,787553 -3,87E-03 

cluster 6 11 -8822,149216  -   

  1 -8822,149383 -1,67E-04 -   

cluster 8 11 -7824,536390  -7827,015037   

  1 -7824,536390 -1,E-08 -7827,015415 -3,78E-04 

cluster 9 11 -9284,604524   -   

  1 -9284,604525 -1,E-07 -   

 

ANO-RCC-VTZ(p)  CASSCF  CASPT2  

  E(a.u.) ΔE(a.u.) E(a.u.) ΔE(a.u.) 

cluster 4 11 -7393,249801   -7396,368850   

  1 -7393,249968 -1,67E-04 -7396,372855 -4,01E-03 

cluster 6 11 -8852,895166  -   

  1 -8852,895335 -1,69E-04 -   

cluster 8 11 -7856,474995  -7859,018832   

  1 -7856,474995 -7,E-08 -7859,019127 -2,96E-04 

cluster 9 11 -9316,738466  -   

  1 -9316,738467 -1,E-07 -   

 

FEMA 

 

ANO-L-VTZ(p)   CASSCF   CASPT2   

  mult E(a.u.) ΔE(a.u.) E(a.u.) ΔE(a.u.) 

X4 9 -7588,027548  -7590,437482   

  1 -7588,027796 -2,48E-04 -7590,438219 -7,37E-04 

X6 9 -7972,984593  -   

  1 -7972,984806 -2,12E-04 -   

X8 9 -8050,360679  -8052,929619   

  1 -8050,360679 -1E-07 -8052,930465 -8,45E-04 

X9 9 -8436,120242  -   

  1 -8436,120243 -1E-06 -   
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ANO-L-pVTZ-fg  CASSCF  CASPT2   

  mult E(a.u.) ΔE(a.u.) E(a.u.) ΔE(a.u.) 

X4 9 -7588,043393  -7591,238977   

  1 -7588,043625 -2,32E-04 -7591,240872 -1,89E-03 

X6 9 -7972,999647  -   

  1 -7972,999861 -2,14E-04 -   

X8 9 -8050,376903  -8052,929620   

  1 -8050,383955 -7,05E-03 -8052,929620 5E-07 

X9 9 -8436,136709  -   

  1 -8436,136709 -8E-07 -   

 

ANO-RCC-VTZ(p)   CASSCF   CASPT2   

  mult E(a.u.) ΔE(a.u.) E(a.u.) ΔE(a.u.) 

X4 9 -7621,299047  -7623,742493   

  1 -7621,299248 -2,01E-04 -7623,744023 -1,53E-03 

X6 9 -8006,371279  -   

  1 -8006,371485 -2,06E-04 -   

X8 9 -8085,046022  -8087,640632   

  1 -8085,046022 -4E-07 -8087,641607 -9,75E-04 

X9 9 -8470,922384  -   

  1 -8470,922384 -2E-07 -   

 

 mult CASSCF (a.u.) CASPT2 (a.u.) ΔE CASSCF (a.u.) ΔE CASPT2 (a.u.) 

9 -7621,299047 -7623,742489 2,04E-04 1,34E-03 

7 -7621,299122 -7623,742748 1,28E-04 1,08E-03 

5 -7621,299182 -7623,743167 6,82E-05 6,65E-04 

3 -7621,299228 -7623,743593 2,24E-05 2,39E-04 

1 -7621,29925 -7623,743833 0,00E+00 0,00E+00 

 

 

DDCI Mn2+ 

mult DDCIn Energy (a.u.) nCSF nConf 

6 DDCI1 -1149,107239 522 192 

 DDCI2 -1149,167904 726 396 

 DDCI3 -1149,229218 3756 951 

4 DDCI1 -1148,962644 7478 2282 

 DDCI2 -1149,025685 9949 3247 

 DDCI3 -1149,087463 28270 5955 

2 DDCI1 -1148,899155 13934 4542 

 DDCI2 -1148,956757 18564 6163 

 DDCI3 -1149,019094 55620 12760 

 

DDCI MnCl64- 

 

mult DDCIn Energy(a.u.) nCSF nConf 

6 DDCI1 -3906,834128 21846 4296 

  DDCI2 -3906,896255 39523 21973 

  DDCI3 -3907,000268 1833839 327369 

4 DDCI1 -3906,717016 337814 79226 

  DDCI2 -3906,790159 426307 116158 

  DDCI3 -3906,900184 5269354 913224 

2 DDCI1 -3906,664773 625730 186126 

  DDCI2 -3906,741364 792848 242241 

  DDCI3 -3906,855152 10643670 2061982 
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DDCI Fe2+ 

mult DDCIn Energy(a.u.) nCSF nConf 

5 DDCI1 -1261,708111 4535 1655 

 DDCI2 -1261,936731 255200 65678 

 DDCI3 -1261,886894 519690 89147 

3 DDCI1 -1261,646875 22875 7145 

 DDCI2 -1261,831858 842163 158363 

 DDCI3 -1261,778449 1858001 295102 

1 DDCI1 -1261,602408 16370 8505 

 DDCI2 -1261,784099 523271 176058 

 DDCI3 -1261,730717 1140728 342927 

 


