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Outline of the lecture

 Basic introduction to DFT
 Hartree-Fock versus DFT

 Application : (mono-metal) g-tensors
 Relativistic origin

 Perturbative & self-consisten approaches

 When it does not work ...

 Polymetallic complexes
 Spin-coupling

 g-tensor (dimer)

 Hyperfine couplings (dimer)
 More complex systems : hyperfine & Mössbauer

Conclusions 



Spectroscopic

parameters

Molecular

structure

j-chemical

properties

Chemical shifts : NMR

g-tensors : EPR

Hyperfine couplings: NMR/ EPR

But also

Mössbauer, etc

Crystallography

(X-rayx)

Solution NMR

Redox potentials

Electron transfer

Magnetism

DFT & (metal) spectroscopies :



r(r)

Density function        r(r) = Y²(r)  

of charge : re(r) = ra(r) + rb(r) 

of spin :     rs(r) = ra(r)  - rb(r) 

Walter Kohn
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+ « home-made » codes (spectroscopies)

Density Functional Theory

Spectroscopic

parameters

Molecular

structure

j-chemical

properties



Charge (diamagnetic)

re(r) = ra(r) + rb(r)

Spin (paramagnetic)

rs(r) = ra(r)  - rb(r) 

diamag. NMR param. NMR (hyperfine)

EPR (g-tensors, hyperfine)

UV-vis

IR spectra

Mössbauer (d, DEQ) Mössbauer (hyperfine)

SQUID (exchange J)

Redox potentials

etc. etc. etc.

Density Functional Theory
What can we compute ? 



Practical implementations

+ Solvent effects



Schrödinger equation
(classical & time-independant)

HTY = E Y
















=



A i iA

A

i ij jiA AB BA

BA

i

i

iA

A

A

T

rR

eZ

rr

e

RR

eZZ

mM
H

2

22

2
2

2
2

22
  



rAj

A

ejrij
ei

rAi

B

rBj

rBi

HelecYelec = EelecYelec



HTY = E Y

HelecYelec = EelecYelec
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  00,, EHRZN AA Y

Etest  E0=min E[Ytest]
Y

Y(xi,xj)= Y(xj,xi)

Etot = Eelec+Enuc

Schrödinger equation
(classical & time-independant)



Hartree-Fock & Slater determinant
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Hartree-Fock equations
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Case of 2 electrons : triplet state (S=1)
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Case of 2 electrons : singlet state (S=0)
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Exchange term

1221   KhhEHF =ab

121221   JKhhEHF =aaTriplet state 

Singlet state 
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What about electronic correlation ?
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Dynamic correlation :

Instantaneous repulsion

Static correlation :

Orbital degenerescence



Basis of DFT
(Density Functional Theory)

Y(r,s) not observable,
in contrast to
r(r,s) = Y(r,s)²

 = Ndrr)(r
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Thomas-Fermi model (1927)

Kinetic energy:
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Electron-nucleus :
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Basis of DFT
(Density Functional Theory)



Slater’s model (1951) HFS (Xa)

Goal : simplify Hartree-Fock’s exchange

drrEX 
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Basis of DFT
(Density Functional Theory)



Existence theorem :
Hohenberg-Kohn (1964)

The external potential Vext is a unique functional

of the density r(r). Since Vext determines the

hamiltonian Helec, the fundamental state is a

functional of the density.

extee VVTH =

  000 ,, EHRZN AA Yr

Basis of DFT
(Density Functional Theory)



Basis of DFT
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Kohn-Sham (1965)

Reference : non-interacting electrons (Slater  determinant)
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Basis of DFT
(Density Functional Theory)



Practical implementations
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Practical implementations
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Practical implementations



Practical implementations
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Comparaison between HF and  DFT

2)( HFHF Y=r

 YHF contains no correlation

 rHF is not the ‘true’ density rCI

KSKS rY

 YKS is not the wave function

 rKS close to the ‘true’ density rCI
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Case of 2 electrons : triplet state (S=1)
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~ one determinant



Case of 2 electrons : singlet state (S=0)
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Organic molecules versus (poly)metallic complexes 

H2  2H+ + 2e-

Hydrogenases

charge : re(r) = ra(r) + rb(r) 

spin :     rs(r) = ra(r)  - rb(r) 



Outline of the lecture

 Basic introduction to DFT
 Hartree-Fock versus DFT

 Application : (mono-metal) g-tensors
 Relativistic origin

 Perturbative & self-consisten approaches

 When it does not work ...

 Polymetallic complexes
 Spin-coupling

 g-tensor (dimer)

 Hyperfine couplings (dimer)
 More complex systems : hyperfine & Mössbauer

Conclusions 
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v0
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Zeeman interactions

Between nuclear spins {I}

and the magnetic field H

 NMR : chemical shifts

Between electronic spins S

and the magnetic field H

 EPR : g tensors
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The « g » tensor
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Introduction to the spin

(Dirac theory for one electron

Non linear

Linear

Linearized
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McWeeny & Sutcliffe

Methods of Molecular QM

Academic Press (1969)

Introduction to the spin

(approximated Dirac’s theory : Breit equation)

Electronic terms



Zeeman terms
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Spin-orbit coupling 
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Introduction to the spin

(approximated Dirac’s theory : Breit equation)

Spin-spin term SDS
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Spin-orbit coupling
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Russel-Saunders’ scheme
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Ti

V

Cr

Mn

Fe

Co

Ni

Cu
n=3

Spin-orbit coupling

(mono-electronic)

cm-1

Z4

S

d

2
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SKIP !



128.0128.0119.0110.0103.0

118.0107.0098.0087.0078.0070.0

098.0089.0081.0072.0064.0056.0048.0

082.0073.0064.0057.0050.0042.0034.0

067.0059.0051.0044.0037.0032.0024.0

047.0044.0034.0029.0023.0017.0

031.0026.0021.0017.0012.0

019.0015.0011.0009.0

6543210

Cu

Ni
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Mn

Cr

V

Ti

Métal 

n=3

eV
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Orbitals

Spin-orbit coupling

(mono-electronic)



Practical implementations

Treatment of

Spin-orbit

coupling

Spin-

orbitals

a     b

SLHSO
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Ligand field theory

Oh

Td

10DqO

10DqT

3d

3d

1-3 eV

<0.1 eV
dxzdxy

dx2-y2 dz2

dyz
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6DqO

SKIP !
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Weak ligand fieldSKIP !
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Weak ligand fieldSKIP !



Ligand fieldSKIP !



Ligand field

Source : plato.mercyhurst.edu/chemistry/kjircitano/InorgStudysheets/InorgStudyExamIII.htm



Fe3+

3d5, HS, S=5/2

Fe2+

3d6, HS, S=2
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Ligand field in DFT :

Anti-bonding set of molecular orbitals
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(Perturbative) calculation of the g-tensor
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(Perturbative) calculation of the g-tensor
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g tensor calculation
(ligand field)
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HTicp
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gggdTi 
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g tensor calculation
(ligand field)

Sc2+(H2O)6

1.971

1.974

1.980 

Ti3+(H2O)6
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1.970

V4+(H2O)6
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g tensor calculation
(ligand field)
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g tensor calculation
(ligand field)
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g tensor calculation
(ligand field)

( )
( )

2.117

2.106

2.016

0HCo:DFT

)(g 2.29~dC

62

2

real

72



o

No ZFS !

Cu2+(H2O)6
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g tensor calculation
(ligand field)

Mn2+(H2O)6
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High-spin 

M2+(H2O)6
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Perturbation

DFT (no ZFS)
(basic options)

Perturbative treatment of spin-orbit coupling



High-spin 

M2+(H2O)6
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Self-consistent inclusion of spin-orbit coupling
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Low Spin

(S=1/2)

g tensor calculation
(ligand field)
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High

spin

‘High spin’ versus ‘low spin’ 

Low

spin

S=5/2 S=1/2

When it does not work as simply ... 

DBC : 2 x ter-Bu

CAT : 2 x H

TCC : 4 x Cl

DNC : 2 x NO2

Jean-Jacques Girerd & Marie-Laure Boillot



Experimental g tensors for a series

of catecholate spin transition complexes



Molecular orbital delocalisation for a series

of catecholate spin transition complexes

DNC TCC CAT DBC



Analytical calculation of the g tensor
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Analytical calculation of the g tensor

Spin-orbitals

Kramers

doublet



Analytical calculation of the g tensor



y = -1,1684x + 3,001

y = -0,6943x + 2,6284

y = 1,2786x + 0,9884
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DNC

TCC CAT
DBC

hemoglobins

Biophys. J., 2005, vol.89, 2628) :

2.91 < gmax < 3.20

2.08 < gint < 2.26

1.20 < gmin < 1.53

porphyrins (Bull. Chem. Soc.

Jpn, 2004, vol.77, 357) :

2.78 < gmax < 3.18

2.29 < gint < 2.31

1.15 < gmin < 1.69

cytochroms (Phys. Chem.

Chem. Phys. 2002, vol.4, p655) :

2.93 ≈ gmax

2.25 ≈ gint

1.50 ≈ gmin
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G tensor calculations

- Bilan -

- « ligand field » approach
 not rigourous (SOC, gauge) 
 semi-quantitative

- DFT / HF : « sum-over-states »
 gauge correction
 radicals versus metals (3d)

- Linear Response Theory

s.g~.B


Bh  =

SKIP !



Directly introducing the magnetic field

Stone, A. J., Proc. R. Soc. A, 271, 424 (1963)

Schreckenbach & Ziegler,
J. Phys. Chem. A, 101, 3388 (1997)

 Application to DFT, with GIAO
(Gauge-Including Atomic Orbital method)

Neese & Solomon,
Inorg. Chem. A, 37, 6568 (1998)

 Formulas for g and ZFS (SS±1)
implemented with INDO (semi-empirical)
(Intermediate-Neglect of Differential Orbital)

Malkina, Malkin, Kaupp et al,
J. Am. Chem. Soc. 122, 9206 (2000)

Van Lenthe, Wormer & van der Avoird,
J. Chem. Phys., 107, 2488 (1997)

 Application of Dirac equation (ZORA)

SKIP !



Outline of the lecture

 Basic introduction to DFT
 Hartree-Fock versus DFT

 Application : (mono-metal) g-tensors
 Relativistic origin

 Perturbative & self-consisten approaches

 When it does not work ...

 Polymetallic complexes
 Spin-coupling

 G-tensor (dimer)

 Hyperfine couplings (dimer)
 More complex systems : hyperfine & Mössbauer

Conclusions 



Spin coupling & spectroscopies

A

A

H2  2H+ + 2e-

Hydrogenases

charge : re(r) = ra(r) + rb(r) 

spin :     rs(r) = ra(r)  - rb(r) 
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Spin coupling & spectroscopies

Local spins Global spin



Case of 2 Cu2+(s=1/2) : triplet state (S=1)
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Case of 2 Cu2+(s=1/2) : singlet state (S=0)

Global spin S=0
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Broken symmetry state (Ms=0)
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(3d) Transition metal dimers(3d) Transition metal dimers

Clebsch–Gordan coefficients
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Fe3+- Fe3+

BS

2/5,2/52/5,2/55,5 = HS



Broken symmetry state

HHeis.=JS1.S2

S=0
S=1
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2S+1 +5/2 +5/2
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12.5J

J

BS=|+5/2,-5/2>

+ spin flip !

Artificial state (Ms)

Sum of monomers
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High-spin states of [2Fe2S] clusters

S=5

SKIP !



Fe3+- Fe2+

BS

2/4,2/42/5,2/52/9,2/9 = HS



Broken symmetry state

HHeis.=JS1.S2

EHeis.=(J/2)S(S+1)

2S+1 +5/2 +4/2
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10J
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RD
+ spin flip !

Artificial state (Ms)

Sum of monomers
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Fe FeS

Fe
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MSA=5/2

BS states of [2Fe2S] clustersSKIP !



 
=

BA

BA

BA

MM

BBAA

SSS

MMM MSMSCMS
,

,,

,, ,,,

Global

representation

Local

representation

( )
 
=

BA

BA

BA

MM

SSS

MMMAAz CMMSSMS
,

2,,

,,,,MMSSMS z =,,

Spin coupling

SA

S

local

z

Az

global A

A

MSSMS

MSSMS
A

K

~

,,

,,~

  

 AlocalA IAS


.
~

.

Aglobal IAS


.
~

.



SA+ SB = S
)1(2

)1()1()1(






SS

SSSSSS
K BBAA

A

)1(2

)1()1()1(






SS

SSSSSS
K AABB

BKA+ KB = 1

3/43/72/1

15/215/132/3

35/1235/232/5

63/2663/372/7

9/49/52/9











BA KKS

S=9/2

S=1/2S

S

FeFe

SA= 5/2
SB= 2

Spin coupling



 
=

BA

BA

BA

MM

BBAA

SSS

MMM MSMSCMS
,

,,

,, ,,,

Global

representation

Local

representation

AA
Z

A SgHH


.~.b=

BB
Z

B SgHH


.~.b=

SgHH Z

tot


.~.b=

BAJ SSJH


.=

AAA IAS


.
~

.

BBB IAS


.
~

.

ASA IAS


.
~

. /

BSB IAS


.
~

. /

Spin coupling

and EPR/ENDOR spectroscopies
SKIP !
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KA+ KB = 1

Spin coupling

and EPR/ENDOR spectroscopies
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Spin coupling

and EPR/ENDOR spectroscopies



Example of magneto-structural correlation

Rhombic

tensor

Axial

tensor

P.Bertrand and J.-P.Gayda, 
Biochim.Biophys.Acta 579, 

p.107 (1979)

gav ~ 1.96

Active site of a 

[2Fe-2S] protein
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+ hyperfine couplings
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SKIP !



Hyperfine tensor
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SKIP !



Hyperfine couplings
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SKIP !
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Hyperfine couplings

S

I)(rY
SKIP !



Organic radicals versus Metallic complexesSKIP !



Science 2016, vol.351, p.1320

SKIP !
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cont

APC

AFC

=

=

1s

2s

3s

Ions 1s 2s 3s total

Fe2+ +0.07 +2.37 -1.44  1.00

Fe3+ +0.09 +2.83 -1.91  1.00 Watson & Freeman (1961)

Organic radicals versus Metallic complexes

Fe
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Spin coupling effect on hyperfine couplings



BSijcontij locAK )(
~

Vladimir Pelmenschikov and Martin Kaupp, 

J. Am. Chem. Soc. 2013, 135, 11809−11823

Spin coupling effect on hyperfine couplings



Spin coupling effect on charges (Mössbauer)

BS13 -4/2 +5/2 -5/2 +5/2

BS24 +5/2 -5/2 +5/2 -4/2

BS34 +5/2 +5/2 -5/2 -4/2

BS23 +5/2 -4/2 -5/2 +5/2

BS12 -4/2 -5/2 +5/2 +5/2

BS14 -5/2 +5/2 +5/2 -4/2

PNAS 2012, vol. 109, p.5305–5310



Spin coupling effect (Mössbauer & hyperfine)

J. Chem. Theory Comput. 2016, 12, 174−187



DFT codes are very useful ...

But they are not black boxes !

• Some cases are « easily » treated :

• Most organic molecules

• Most (metallic) monomeric complexes

• g-tensors, hyperfine couplings ... but also ZFS 

• « most »  possible degenerescence problems

• Polymetallic complexes :

• Beware of spin coupling !

• Computation of Broken Symmetry states

• Almost each problem is unique

• Know your system before DFT calculations
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