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Exercise(ME5.!!Solid)State!Materials!/!Magnetic!Solids!and!Particles.!
!
aim:!Lorentzian!Fits!of!magnetic!Mössbauer!spectra!with!the!program!mf;!!
identification!of!oxide!phases!and!interpretation!of!Mössbauer!parameters!using!
literature!data.!
!
difficulty(level:!medium!to!high!
!
Iron!oxide!particle!have!been!made!from!metallic!iron!or!use!as!pigments!or!catalyst!
supporting!materials.!A!zero)field!Mössbauer!spectrum!recorded!at!room!temperature!
reveals!persistent!magnetization!of!the!particles!and!a!superposition!of!different!solid!
phases.!
!

! !
Figure(ME5/1.!Zero)field!Mössbauer!spectrum!of!iron!oxide!particles!recorded!at!297!K!!
(data!set:!s120238.txt!and!input!file:!s120238.mf!!!in!folder!!..Projects/Moes/ME5/)!
!
!
!
a.)!!Simulate!the!spectrum!with!Lorentzian!sextets!and!doublets!
!
!
!
b.)!!Assign!the!subspectra!to!different!oxides!using!Table!ME4/1!below.!!
!
!
(Note,!the!magnetic!splitting!(M.S.)!of!the!sextets!in!mf!is!given!in!mm/s,!whereby!!M.S.!=!
1!mm/s!corresponds!to!an!internal!field!H!at!the!Mössbauer!nucleus!of!!31.07!kGauss!
(kG).!Bulk!metallic!iron!has!an!internal!field!of!330!kG,!isomer!shift!and!quadrupole!
splitting!are!zero.!!
!
! !

4.2 K 
B = 7 TIR, Raman, … 

=> X-ray spectroscopy

Inorganic Spectroscopy Toolbox



7.5 microns
taken from: Dennis Kunkel Microscopy, Inc.

Mössbauer Spectroscopy and Iron …
Hemoglobin / Myoglobin

MOSSBAUER EFFECT IN HEMOGLOBIN 
AND SOME IRON-CONTAINING 
BIOLOGICAL COMPOUNDS

U. Gonser, R. W. Grant, Biophys. J.  (1965)  
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“Recoilless Nuclear Resonance Absorption of γ- Radiation”

Mössbauer Spectroscopy

1955-1958: PhD study TU Munich (Prof. Maier-Leibnitz)  
1958:  first report in: Zeitschrift für Physik 1958, 151, 124 

☞ Naturwissenschaften, 1958, 22, 538  

 1961: Nobel-Prize in Physics   (together with R. Hofstadter)

Rudolf Ludwig Mößbauer, 
(January 31, 1929  - 
      September 14, 2011)

Foto: 
REGIERUNGonline 
Rudolf Mößbauer

or

named after

http://de.wikipedia.org/wiki/14._September
http://de.wikipedia.org/wiki/2011


γ

Nuclear !-Resonance 

hyperfine splittingenergy

E0

0

Nuclear energy levels are extremely sharp ! 
⇒ Measurements of Hyperfine Interaction

All following explanations and examples are given for the most important Mössbauer nuclide 57Fe.

emitter                               absorber



Γ

Γ

Narrow Natural Line Widths

Finite lifetime of the excited state: 

Γ⋅	  ≥  ħ 

nuclear mean lifetime,	= t1/2 / ln2

Lorentzian 

line width

57Fe: 
E0 = 14.4 keV 
	 = 143 ns 
 Γ = 4.6 neV



nucleus

recoil energy:  ER = E0
2 / 2Mc2 Eγ = Enuc - ER

γ
M

Recoil Prohobits !-Resonance in  
'Free'  Atoms

High-energy photons 
cannot be re-absorbed !

57Fe: 

E0 = 14.4 keV 

" = 4.6 neV  (width) 

ER = 2 meV

=> Nuclear γ-Resonance cannot be observed with gases and liquids !

Problem:



!8

Recoil in ‚free‘ atoms

.. too short !

❄   ❄ 
 ❄
       ❄

no recoil in solid material



 mass is huge; M → ∞       ⇒ .. no Recoil !     
	 	  finite probability for ER = 0 (Mössbauer Effect) 

⟶  f - factor (Debye-Waller / Lamb-Mössbauer factor)

elastic bonds between 
 atoms in 'lattice' 

Recoilless Emission and Absorption of γ-rays 
in  Solid State
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Independent of specific theoretical models for the phonon spectrum of a solid 

matrix, the recoil-free fraction can be given in terms of the γ-energy Eγ and the 

mean local displacement of the nucleus from its equilibrium position [1.7, 2.5]: 

  

€ 

f = exp − < x
2 > Eγ

2
(c)

2[ ] , (2.14) 

where <x2> is the expectation value of the squared vibrational amplitude in the di-

rection of γ-propagation, known as the mean-square displacement. The f factor de-

pends on the square of the γ-energy, similar to recoil in free atoms. This in fact 

limits the choice of isotopes for Mössbauer spectroscopy; nuclei with excited state 

energies beyond 0.2 MeV are found to be impracticable because of prohibitively 

small f factors for the transitions.  

The recoil-free fraction is temperature dependent, as one would expect from the 

introductory remarks. Higher temperatures yield larger mean-square displace-

ments <x2>, and according to Eq. (2.14) lower values for the f factor. A thorough 

description of the temperature dependence would require a detailed and compre-

hensive description of the phonon spectrum of the solid matrix, which is virtually 

unavailable for most Mössbauer samples. Since the nucleus is a local probe of the 

lattice vibrations sophisticated approaches are often not necessary. For most prac-

tical cases the simple Debye model for the phonon spectrum of solids yields rea-

sonable results, although in general it is not adequate for chemical compounds and 

other complex solids. This model is based on the assumption of a continuous dis-

tribution of phonon frequencies ω ranging from zero to an upper limit ωD, with the 

density of states being proportional to ω2 [2.3]. The highest phonon energy ħωD at 

the Debye frequency limit ωD depends on the elastic properties of the particular 

material under study, and often it is given in terms of the corresponding Debye 

temperature ΘD = ħωD/k representing a measure for the strength of the bonds be-

tween the Mössbauer atom and the lattice. The following expression is obtained 

for the temperature dependence of f(T): 
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f (T ) = exp
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where Eγ
2/2Mc2 is the free-atom recoil energy ER, and k is the Boltzmann factor. 

Appropriate approximations of the integral yield a T2 dependence for f(T) in the 

low temperature limit (T << ΘD): 

 , (2.16) 

whereas at high temperatures (T > ΘD ) it approaches a linear regime 

Lamb-Mössbauer / Debye-Waller Factor 
(Mössbauer Intensity)

mean-square-displacement

frozen
proteins
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where Eγ
2/2Mc2 is the free-atom recoil energy ER, and k is the Boltzmann factor. 

Appropriate approximations of the integral yield a T2 dependence for f(T) in the 

low temperature limit (T << ΘD): 

 , (2.16) 

whereas at high temperatures (T > ΘD ) it approaches a linear regime 

Debye model:

ΘM:  Debye Temperature



γ

energy

E0

0

... how to do Mössbauer spectroscopy 
  (i.e. sweep the energy) ??

monochromatic light

source                              sample

 ⇒ manipulate photons during emission by Doppler Effect !!



E� = E0 (1 + v/c)

Christian Andreas Doppler (1803-1853) 

Spectroscopy



The Mössbauer  
Experiment
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by which we have introduced the effective absorber thickness t. This dimension-

less variable summarizes the absorber properties relevant for resonance absorption 

as 

   (2.27) 

where NM = nMt’ is the number of Mössbauer nuclei per area unit of the absorber 

(in cm
-2

). Note, Eqs (2.27) are derived for single lines, which are actually rare in 

practical Mössbauer spectroscopy. For split (non-single line) spectra see footnote6. 

2.6.1 The Line Shape for Thin Absorbers 

For thin absorbers with t << 1, the exponential function in the transmission inte-

gral, Eq.(2.26), can be developed in a series, where the first two terms of the inte-

gral can be solved, yielding the following expression for the count rate in the de-

tector: 
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Since the resonance absorption vanishes for v!", the count rate off resonance is 

entirely given by mass absorption 

,  (2.29) 

so that the absorption spectrum for a thin absorber is  

! 

C (") #C (v)

C (")
= fs

t

2

$
2

E0 (v /c) # %E[ ]
2

+ $2
. (2.30) 

Thus, the experimental Mössbauer spectrum of a thin single-line absorber is a 

Lorentzian line, with full-width at half maximum twice the natural line width of 

the separate emission and absorption lines: !exp = 2!.7  

                                                             
6 Most Mössbauer spectra are split due to hyperfine interaction of the absorber (or source) nuclei 

with their electron shell and chemical environment, which lifts the degeneracy of the nuclear 

states. If the hyperfine interaction is static with respect to the nuclear life time, the Mössbauer 

spectrum is a superposition of separate lines (i), according to the number of possible transitions. 

Each line has its own effective thickness t(i), which is a fraction of the total thickness, deter-

mined by the relative intensity wi of the lines, such that t (i) = wi t. 

Spectrum of a so-called thin 
absorber:  

Lorentzian with Γexp = 2Γ
(full-width at half maximum, 

fwhm, is twice the natural line 
width of emission and 

absorption) 

Counts in spectrum:

Lamb-Mößbauer factor fS and 
effective thickness t, see later



The Mössbauer Spectrometer

energy modulation of the photons  
by Doppler effect:

sample
detectordrive source

Eγ = Enuc ( 1 + v/c)

( 57Fe: 1 mm s-1  = 4.8*10-8 eV ) 
       = 11.6 MHz 

 = 3.9⋅10-4 cm-1  

≙ 5.6 K 



Experimental setup (transmission geometry) 

v = 1 mm/s => DE = 4.8  10-8 eV 
                 = 11.6 MHz 
    = 3.9  10-4 cm-1 

    = 5.6 K  

Experimental Setup 



Low-Field Mössbauer spectrometer 

Sample Detector Velocity Transducer          57Co source 

Spectrometer with Cryostat (low magnetic field possible) 



High-Field Mössbauer spectrometer 



High-Field Mössbauer spectrometer 

Magnetic field 
J-beam 



The Mössbauer γ-Source

The absorber (sample)  
is not radioactive ! 

'Mössbauer level'

⇒ detector electronics needed to reject ‚non-resonant‘ pulses



What makes up a good Mössbauer Isotope ? 

- low energy of the Mössbauer level 
  suitable range: 5 keV ≤ Eγ ≤ 180 keV 
  ≤ 5 keV:     non-resonance absorption dominates 
  ≥ 180 keV: recoil energy ER = Eγ2/2mc2  too large 

- long life time  (sharp lines) 

- reasonable source available 

- suitable nuclear spin states 

- strong hyperfine coupling constants



 
 

Properties of Isotopes Relevant to Mössbauer Spectroscopy

Select an element in the periodic table below by clicking in the box.

Symbols used in the resource sheets: 
µ - nuclear magnetic moment in nuclear magnetons (nm) 

Q - nuclear quadrupole moment in barns (1b = 10-24 cm) 
αAT - internal conversion coefficient 

ER - recoil energy 

σ - cross section 
W- line width 

T1/2 - half life 

Mössbauer Effect Data Center   January 2009

Mössbauer Active Elements 

57Fe is by far the best !

Table by courtesy of Professor J. G. 
Stevens, 
Mössbauer Effect Data Center 

More properties of Mössbauer nuclei online from MEDC:    http://www.medc.dicp.ac.cn/Resources.php

http://www.medc.dicp.ac.cn/Resources.php


57Fe - Hyperfine Interactions



The technique:

The Mössbauer Parameters:

Isomer shift (δ)     ➞ charge density at 57F e 

Quadrupole splitting (ΔEQ) ➞ charge asymmetry 

Magnetic hyperfine coupling  ➞ electronic spin density

valence state, symmetry, ligands, covalency, .... 
    'chemical information'

  is highly selective   (only iron is detected; any iron is detected) 
  yields 'local' information



Mössbauer Isomer Shift

57Fe 
+

e--density $

a charged 
sphere in a 

cloud of 
electrons

57Fe 
+

ground 
state

e-

nuclear transition

δ =
4π
5
Z ρ(0)A − ρ(0)S[ ] ⋅R2 ΔR

R
⎛

⎝
⎜

⎞

⎠
⎟ 	

	
	



r(bohr)

Electron Charge Density ρ(0)

nuclear properties;  for 57Fe: α = -0.2

 δ = α {ρ(0) - const.} 
charge density at nucleus:    ρ(0) = e|φ(0)|2

s-orbitals only 
contribute to φ(0)



Isomer Shifts from MO-Theory  
Variations of |φ(o)|2 

Variation of |φ(o)|2 arises mostly from 4s contribution !

F. Neese, (2002)
Inorg. Chim. Acta 337C, 
181.



F. Neese, (2002)
Inorg. Chim. Acta 337C, 

181.

shorter bonds: - increase 4s-Population  
  - compress of (all) s-orbitals
  -> increase |%MO(0)|2 !         

Isomer Shifts correlate best with Bond Length
|Ψ

M
O
(r

)|2
  (

au
-3

)

Fe-F distance (Bohr)  ⟶

[Fe(III)F4]1-  
[Fe(II)F4]2-

r = 0

r = 0

zoom
1s

region



(adapted from Gütlich, Bill,Trautwein Mössbauer 
Spectroscopy and Transition Metal Chemistry, 

Springer 2011)

Typical isomer shift values 
 for various spin- and  

oxidation states of iron 

δ /  / mm smm s-1-1
-1-1 0 0.50.5 1 1.51.5 2-0.5-0.5

Fe(II) S=2Fe(II) S=2

Fe(II) S=1Fe(II) S=1

Fe(III) S=3/2Fe(III) S=3/2

Fe(IV) S=0 Fe(IV) S=0 b)b)

Fe(V) S=3/2Fe(V) S=3/2

Fe(V) S=1/2Fe(V) S=1/2

Fe(VI) S=1Fe(VI) S=1c)c)

Fe(VI) S=0 Fe(VI) S=0 d)

Fe(I) S=1/2Fe(I) S=1/2

Fe(III) S=1/2Fe(III) S=1/2

Fe(IV) S=2Fe(IV) S=2

Fe(IV) S=1Fe(IV) S=1b)b)

Fe(II) S=0Fe(II) S=0

Fe(III) S=5/2Fe(III) S=5/2

Fe(I) S=3/2Fe(I) S=3/2  a)a)

Fe(III)  S=1/2

Fe(III)  S=3/2

Fe(III)  S=5/2

Fe(II)  S=0

Fe(II)  S=1

Fe(II)  S=2

Fe(I)  S=1/2

Fe(I)  S=3/2

Fe(V)  S=1/2

Fe(V)  S=3/2

Fe(IV)  S=0

Fe(IV)  S=1

Fe(IV)  S=2

Fe(VI)  S=0

Fe(VI)  S=1 (relative to α-iron at 300 K )



 Mössbauer Isomer Shift Correlations 

- Oxidation State       - number of 3d valence electrons at the iron  
         (δ  increases with 3d population ⟶ longer bonds) 

- Coordination          - lower coordination ⟶ shorter bonds  

   Number           δ(4-coordination)  <   δ(6-coordination), … 

- Spin State        - low-spin shows shorter bonds than high-spin 
           (lower δ  for low-spin than for high-spin …) 

- Nature of Ligands   - higher covalency ⟶ shorter chemical bonds 

            (δ  decreases with higher covalency; 

             δ(sulfur ligands)    <   δ(nitrogen ligands) …)
electronegativity, backbonding, s/p/d – hybridization, ...



Some examples of high-spin Iron(II),          and low-spin ...:
  Mössbauer Isomer Shift Correlations  

compound ligands δ  (80 K) 

Fe(II)CO3 / siderite 6 O 1.36 mm/s
Fe(II)(NH3)6]2+ 6 N 1.12 mm/s

Fe(II)Cl2 6 Cl 1.10 mm/s
[Fe(II)Cl4]- 4 Cl 0.9 mm/s

[Fe(II)(S-R)4]2- 4 S 0.7 mm/s

[Fe(II)(CN)6]4- 6 CN -0.02 mm/s
[Fe(III)(CN)6]3- 6 CN -0.08 mm/s

Limitation of Isomer Shift Correlations:
&/valence correlation fades for low-valent and low-spin compounds ! 
⇒ explanation:    
Change in back-donation compensates changes in valence orbitals. 
(.. invariance holds also for bond distances of these compounds  ;-)). 

... & correlates with bond lengths.

⇽very  
⇽similar 
    ??



[2Fe-2S]1+/2+ cluster   from plant-type ferredoxins,   
            Rieske-center, ...

zero-field Mössbauer spectra

oxidized

reduced

+e-

δ[mm/s] ΔEQ [mm/s]

oxidized 0.27 0.65

reduced 0.25 0.64

0.54 3.0

typical isomer shifts for 
Fe(III) and Fe(II) in 

4S-coordination

C.E. Johnson in Topics in 
Applied Physics, Vol. 5, ed. U. 

Gonser, Springer 1975)



  Temperature Dependence of Isomer Shifts  
Main origin:  Second-order Doppler shift (SOD) 

        
a relativistic effect, depending on the mean-squared velocity <v2> of nuclei 

In the Debye model for lattice vibrations:

|ψ(0)|2 may amount to about 30% for iron, but much more for heavier atoms. In 
Appendix 4.2 a few examples of correction factors for non-relativistically calcu-
lated charge densities are collected. Even the non-relativistically calculated ρ(0) 
values accurately follow the chemical variations and provide a reliable tool for 
Mössbauer property predictions.  

Isomer Shift Reference Scale 
For a comparison of experimental Mössbauer isomer shifts, the values have to be 
referenced to a common standard. According to Eq. (4.23) the results of a meas-
urement depends on the type of source material, i.e. for example 57Co diffused into 
rhodium, palladium, platinum or other metals. For 57Fe spectroscopy the spec-
trometer is usually calibrated by using the known absorption spectrum of metallic 
iron (α-phase). Therefore, 57Fe isomer shifts are commonly reported relative to the 
centroid of the magnetically split spectrum of α-iron (section 4.4). Conversion 
factors for sodium nitroprusside dihydrate, Na2[Fe(CN)5NO] · 2H2O, or sodium 
ferrocyanide, Na4[Fe(CN)]6, which also have been used as reference materials, are 
found in Table 3.1. Reference materials for other isotopes are given in Table 1.3 
of ref. [1.18].  

4.2.1 Second-Order Doppler Shift 

The experimentally observed isomer shift, δexp, includes a relativistic contribution, 
which is called second-order Doppler shift, δSOD, and which adds to the genuine 
isomer shift δ,  

δexp = δ + δSOD.  (4.25) 

The effect results from a relativistic shift of the energy of the γ-photon due to the 
thermal motion of the emitting and absorbing nuclei, which is proportional to the 
mean square velocity of the Mössbauer nuclei. Assuming the emitting or absorbing 
atom is vibrating with mean squared velocity <v2>, the second-order Doppler shift 
is given by (see also Appendix 4.3): 

€ 

δ
SOD

= −Eγ
< v

2
>

2c
2

.  (4.26) 

Experimental isomer shifts, δexp, should be corrected for the contribution of δSOD, 
in order to avoid misinterpretations. The value of δSOD drops with temperature and 
becomes vanishingly small at liquid helium temperature, because <v2> is propor-
tional to the mean kinetic energy of the Mössbauer atom. In practice, δSOD may be 
negligible already at liquid nitrogen temperature; it rarely exceeds -0.02 mm s-1 at 
77 K. At room temperature δSOD may be as large as -0.1 mm s-1 or more (Fig. 4.2).  
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Fig. 4.2 Temperature dependence of the isomer shift due to second-order Doppler shift, δSOD. The 
curves are calculated for different Mössbauer temperatures ΘM by using the Debye model, 
whereby the isomer shift was set to δ = 0.4 mm s-1 and the effective mass to Meff = 100 Da, except 
for the dashed curve with Meff = 57 Da. 

The temperature dependence of δSOD is related to that of the recoil-free fraction 
f(T) = exp[-<x2>Eγ

2/(c)2], where <x2> is the mean square displacement (Eq. 
(2.17)). Both quantities, <x2> and <v2>, can be derived from the Debye model for 
the energy distribution of phonons in a solid (see section 2.4.1). The second-order 
Doppler shift is thereby given as [4.20] 
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where Meff is an effective parameter for the vibrating mass, which takes into ac-
count that the Mössbauer nucleus may take part in collective motions of the 
Mössbauer atom together with its surrounding ligands. Correspondingly, the De-
bye temperature ΘD is replaced by the Mössbauer temperature ΘM, which is spe-
cific for the environment as ‘sensed’ by the Mössbauer nucleus [4.21]. (The corre-
sponding expression for the Lamb-Mössbauer factor f(T) is given in Eq. (2.19)). 
Fig. 4.2 shows the temperature dependency of δexp(T) = δ + δSOD(T) simulated us-
ing the Debye model for 57Fe (E0 = 14.41 keV) and assuming different Mössbauer 
temperatures ΘM and effective masses Meff; the isomer shift δ was arbitrarily set to 
0.4 mm s-1.  

In proteins, the value of ΘM is usually in the low temperature range 100 – 300 
K; inorganic compounds may show values of 150 – 500 K, whereas metals have 
ΘM as high as 1000 K or more.  

ΘM:  Debye/Mössbauer  
        temperature 
Meff: effective mass of  
        the nucleus

  
Fig. 4.2 Temperature dependence of the isomer shift due to second-order Doppler shift, δSOD. The 
curves are calculated for different Mössbauer temperatures ΘM by using the Debye model, 
whereby the isomer shift was set to δ = 0.4 mm s-1 and the effective mass to Meff = 100 Da, except 
for the dashed curve with Meff = 57 Da. 

The temperature dependence of δSOD is related to that of the recoil-free fraction 
f(T) = exp[-<x2>Eγ

2/(c)2], where <x2> is the mean square displacement (Eq. 
(2.17)). Both quantities, <x2> and <v2>, can be derived from the Debye model for 
the energy distribution of phonons in a solid (see section 2.4.1). The second-order 
Doppler shift is thereby given as [4.20] 
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where Meff is an effective parameter for the vibrating mass, which takes into ac-
count that the Mössbauer nucleus may take part in collective motions of the 
Mössbauer atom together with its surrounding ligands. Correspondingly, the De-
bye temperature ΘD is replaced by the Mössbauer temperature ΘM, which is spe-
cific for the environment as ‘sensed’ by the Mössbauer nucleus [4.21]. (The corre-
sponding expression for the Lamb-Mössbauer factor f(T) is given in Eq. (2.19)). 
Fig. 4.2 shows the temperature dependency of δexp(T) = δ + δSOD(T) simulated us-
ing the Debye model for 57Fe (E0 = 14.41 keV) and assuming different Mössbauer 
temperatures ΘM and effective masses Meff; the isomer shift δ was arbitrarily set to 
0.4 mm s-1.  

In proteins, the value of ΘM is usually in the low temperature range 100 – 300 
K; inorganic compounds may show values of 150 – 500 K, whereas metals have 
ΘM as high as 1000 K or more.  

... higher temperature
� lower δexp !
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Electric Quadrupole Splitting
Nuclei with I > 1/2  have an  

electric quadrupole moment Q,  
which has 'rotational energy' in an  
electric field gradient ∇E  (efg).

⇒ can be described in terms of nuclear spin I 



Electric Quadrupole Splitting

Q:     nuclear quadrupole moment 
Vzz:   main component of the efg  
         (electric field gradient)  
η:      asymmetry parameter

(described in terms of nuclear spin I )

'EQ = eQVzz / 2√(1+ (2/3)



Electric Charge Distribution and the EFG-Tensor

x

y
z

spherical/cubic:
Vzz = 0 at center

    e- 

distribution



- asymmetry in the valence shell ➞ efgval 

Vzz > 0

Vzz < 0

t2g - orbitals

Vzz < 0

eg - orbitals

Vzz > 0

Vzz < 0

An electron in a pure d orbital  
would yield efgval 

according to   ΔEQ ≈ - 4.2 mm/s

Valence Contribution to the Electric Field Gradient



Expectation values of efgval  

(Vii)val/e<r-3>  for d-electrons

orbital Vxx Vyy Vzz η

dx2-y2 -2/7 -2/7 4/7 0

dz2 +2/7 +2/7 -4/7 0

dxy -2/7 -2/7 +4/7 0

dxz -2/7 +4/7 -2/7 +3

dyz +4/7 -2/7 -2/7 -3

   to convert Vii in ΔEQ multiply by 4.2 mms-1/ 4/7 e <r-3>   
   (for <r-3>=5a0

-3, Q=0.15b) 
   (Gütlich, Bill, Trautwein, Mössbauer Spectroscopy and Transition Metal Chemistry, Springer 2011 )  

for a general 3dn configuration:  
add up the individual contributions for all d-electrons



example:  Fe(III) high-spin

efgval = 0

)EQ ≃ 0
one electron more in Fe(II)
will change the situation:

)EQ = 2 - 4 mm/s

Structure & Bonding in Transition Metal Complexes

Molecular—Orbital Diagram for Octahedral Complexes (σ-interactions only)

taken from: Harvey & Porter “Introduction to Physical Inorganic Chemistry” Addison-Wesley 1963 

Energy

five d-orbitals

 6A1 



[2Fe-2S]1+/2+ cluster   from plant-type ferredoxins,   
            Rieske-center, ...

zero-field Mössbauer spectra

oxidized

reduced

+e-

δ[mm/s] ΔEQ [mm/s]

oxidized 0.27 0.65

reduced 0.25 0.64

0.54 3.0

typical quadrupole splitting 
for Fe(III) and Fe(II) in 

4S-coordination

C.E. Johnson in Topics in 
Applied Physics, Vol. 5, ed. U. 

Gonser, Springer 1975)



example:  Fe(III), distorted-octahedral

EFGval               (large)



example: two Iron(III) Cyclam Complexes

Zero-Field Mössbauer Spectra

K. Meyer, JACS 121, 4859. 

                                & / mm/s     )EQ / mm/s 
  cis-[(cyclam)Fe(III)(N3)2]+    0.49         0.29 
trans-[(cyclam)Fe(III)(N3)2]+    0.29         2.24



Typical values of  and DEQ for biological samples 

Oxidation state    Spin state Ligands        (mm/s) DEQ (mm/s) 

Fe(II)      S = 2  heme       0.85 - 1.0   1.5 - 3.0 

    Fe-(O/N)      1.1 - 1.3    2.0 - 3.2 

    Fe/S       0.60 - 0.70   2.0 - 3.0 

      S = 0  heme       0.30 - 0.45    < 1.5 

Fe(III)      S = 5/2 heme       0.35 – 0.45   0.5 – 1.5 

    Fe-(O/N)      0.40 – 0.60   0.5 – 1.5 

    Fe/S             0.20 – 0.35   < 1.0  

      S = 3/2 heme            0.30 – 0.40   3.0 – 3.6 

      S = 1/2  heme        0.15 – 0.25   1.5 – 2.5 

    Fe-(O/N)      0.10 – 0.25   2.0 – 3.0 

Fe(IV)      S = 2  Fe-(O/N)       0.0 – 0.35   0.5 – 1.5  

      S = 1  heme        0.0 – 0.10   1.0 – 2.0 

        Fe-(O/N)    -0.20 – 0.10   0.5 – 4.3 

Adapted from E. Münck, Physical Methods in Bioinorganic Chemistry, L. Que, Jr. (ed) 2000 



ΔmI = 0, ±1  
selection 

rule

Magnetic Mössbauer Spectra

⇒ six-line spectrum

excited state 
I = 3/2

ground state 
I = 1/2

57Fe

3ΔEM,e + ΔEM,g

µe = -0.155 µN

µg = +0.09 µN

ĤM = -gNµN Î⋅B



!"# $%&'(&) *+, -.) /0+# $%&'(&) 12, 34 &.)(52 6-7.23&5 48)28&.7 49 3:4;2 4<&)2;
=:&5: :->2 - ?* @2%4= A?48 -82 ;(B28B-8-6-7.23&5 -3 A?0
?:2 -@;48B3&4. )-3- -82 (;(-%%C 9&332) =&3: 4.2 48 6482 )4(@%23; -.)D48 ;2<323;

$E&70 !0F, 2-5: =&3: &3; 4=. ;23 49 B-8-62328; $!G "H'G I:9,0
JK;;@-(28 ;B2538- -82 (;2) 948 &)2.3&9&5-3&4. -.) -.) 5:-8-5328&L-3&4. 49 E2 4<&M

)2;0?:&; 94%%4=; B8&6-8&%C 9846 3:2 9-53 3:-3 3:2 )&99282.3 E2 4<&)2; 48)28 6-7.23&M
5-%%C 4>28 - =&)2 8-.72 49 326B28-3(82; 9846 NOP )4=. 34 @2%4= !"#0 ?:2 JK;;M
@-(28 B-8-62328; 49 3:2 >-8&4(; 6-7.23&5-%%C 48)282) E2 4<&)2; )&9928 54.;&)28-@%C
-.) 3:(; -%%4= (.2'(&>45-% &)2.3&9&5-3&4. -.) 4932. '(-.3&9&5-3&4. &. 6&<3(82; 34 @2
6-)20 JK;;@-(28 ;B25384;54BC &; &.;2.;&3&>2 34 -%% &;434B2; 2<52B3 O!E2 $-.) - 92=

!"# ! "#$%$&'(%)*$')+,

$%&' ('" !""# $%#&%'($)'% *+,,-()%' ,&%.$'( (/0 01,$'1-)2
$1"/, "3 #(4/%$1. 56&%'31/% 31%70, 3"' 3")' 4"%$51$%,8 0%.'%(,1/4
1/ .'6,$(771/1$6 3'"# ( $" 0 9*)'(08 :;<=(8 >1$5 &%'#1,,1"/?@

Magnetic Mössbauer Spectra
- examples -

!"# $!%%#&'!"()"* +! ,)*, &')" -#... !" +,# +#+%/,#(%/0 &)+#& 12,3 4 56789: /"( +,#
!+,#% +! -#87; !" +,# !$+/,#(%/0 &)+#&7 <0#$+%!" ()&0!$/+)!" $/=&#& +,# "=$0#=& +! &#"&#
!"# />#%/*# >/0#"$# 12,3 4 5?7@:7 A& =&=/0B &C/00 '/%+)$0# &)D#& %#(=$# +,# 2,3 E#0!F
+,/+ !3 +,# E=0G C/+#%)/0 /"( E%!/(#" +,# %#&!"/"$# 0)"#&7 9,# 2,3 3!% E!+, -#... /"(
-#87; /%# &0)*,+0H 0!F#% /& A0 #"+#%& +,# &+%=$+=%# /"( +,# 3!00!F)"* %#0/+)!"&,)'I 2,3

4 5678JK87LDB ,/& E##" 3!="( 3!% +,# &=E&+)+=+#( ',/&#B -#MKDA0DN5I 1O$,F#%+C/""
P Q=%/(B @66J:7 2#0!F +,# R#%F#H +#C'#%/+=%#B +,# QS&&E/=#% &'#$+%=C !3 C/*"#T
+)+# )& $!C'0)$/+#(B F)+, $!C'!"#"+& 3!% #/$, >/0#"$# /"( $%H&+/00!*%/',)$ &)+#U )"+#%T
'%#+/+)!" !3 &=$, &'#$+%/ )& $!"+%!>#%&)/07
A0+,!=*, +,# -#... !3 !"#$%!&'% !$$=')#& +F! ()33#%#"+ &)+#& )" +,# &+%=$+=%#B !"0H

!"# &#V+#+ /''#/%& /+ /"H +#C'#%/+=%#B )"()$/+)"* +,/+ +,# ,H'#%3)"# '/%/C#+#%& !3
E!+, +,# AT /"( +,# 2T&)+#& /%# >#%H &)C)0/%U +,# +F! &#V+#+& $!%%#&'!"()"* +! +,# AT
/"( 2T&)+# /%# +,#%#3!%# ,/%(0H ()&+)"*=)&,/E0#B #&'#$)/00H )" F#00 $%H&+/00)"# &/C'0#&7
9,# 2,3 >/0=#& 3!% +,# +F! &)+#& )" C/*,#C)+# '%!(=$#( EH ,#/+)"* -#T!V/0/+# /+
5JJ !W F#%# ;J7J /"( ;J7@9 /+ MJJX /"( ;@7? /"( ;876 9 /+ YX 1Z/W!&+/ #+ /07 @66?:7
9,# 578 X &'#$+%=C /0&! $!"&)&+& !3 +F! !>#%0/'')"* &#V+#+& F)+, ()33#%#"+ )&!C#%
&,)3+&7 9,# +F! &#V+#+& F#%# /&&)*"#( +! -#... )" !$+/,#(%/0 /"( +#+%/,#(%/0 '!&)+)!"&
1(/ W!&+/ #+ /07B @665/:7 9,# [9 &'#$+%=C !3 / C/*,#C)+# 1" ( J7Y5M8 "C: 3!%C#(
EH ,#/+)"* &H"+,#+)$ C/*"#+)+# 3!% @M;;, /+ @YJ !W &,!F#( +F! &#V+#+& F)+, 2,3& !3
567@ /"( 5?759 /&&)*"#( +! -#... !" +,# +#+%/,#(%/0 /"( !$+/,#(%/0 &)+#&B %#&'#$+)>#0H
1O+/"\#GB 8JJJ:7 ]/"!T&)D#(B N^T$!"+/)")"* C/*,#C)+#& 3!%C#( EH ,#/+)"* 0#')(!T
$%!$)+# !% !+,#% N^T$!"+/)")"* -# !V)(#& &=$, /& *!#+,)+# /"( 3#%%),H(%)+# /+
MK5JJ !W )" +,# '%#&#"$# !3 &=*/% 1&## $,/'7 @5:B $!=0( E#&+ E# 3)++#( F)+, +F! &#V+#+&
$!%%#&'!"()"* +! 2,3& !3 $/7 5; /"( 56K;J9 1O+/"\#GB 8JJJ:7 9,# 0!F#%)"* #33#$+ !3
=' +! J7?? C!0 C!0K@ &+%=$+=%/0 A0 !" 2,3 /+ YJ /"( MJJX F/& (#C!"&+%/+#( EH
Z/ W!&+/ #+ /07 1@66?: 1&## $,/'7 8:7

!"#!"# $%&&'()*+ &,*-.+/&-/,0

$%&' ('( !""# $%#&%'($)'% *&%+$')# ", #(-.%$/$% ,/$$%0 1/$2
$1" *%3$%$* 45)'(06 78996 1/$2 &%'#/**/".:

re
l. 

tra
ns

m
iss

io
n

magnetite

goethite

Bhf

300 K

M. Cornell, U. Schwertmann
The Iron Oxides
Wiley Online Lib.,  Open Access

You have full text access to this content

The Iron Oxides: Structure, Properties, Reactions, Occurences and Uses, Second
Edition
Copyright © 2003 Wiley-VCH Verlag GmbH & Co. KGaA

Author(s): Dr. R. M. Cornell, Prof. em. Dr. Dr. h.c. U. Schwertmann

Published Online: 13 JAN 2004

Print ISBN: 9783527302741

Online ISBN: 9783527602094

DOI: 10.1002/3527602097

About this Book

More about this book summary

Table of contents

1. 1. You have free access to this content
Front Matter (pages i–xx) (/doi/10.1002/3527602097.fmatter/summary)

Summary (/doi/10.1002/3527602097.fmatter/summary)
PDF(153K) (/doi/10.1002/3527602097.fmatter/pdf)
Request Permissions (https://s100.copyright.com/AppDispatchServlet?publisherName=Wiley&publication=oBook&bookTitle=The%20Iron%20Oxides%3A%20Structure%2C%20Properties%2C%20Reactions%2C%20Occurences%20and%20Uses%2C%20Second%20Edition&title=Front%20Matter&publicationDate=13%20JAN%202004&author=R.%20M.%20Cornell%2CU.%20Schwertmann&startPage=i&endPage=xx&copyright=Copyright%20%C2%A9%202003%20Wiley-
VCH%20Verlag%20GmbH%20%2526%20Co.%20KGaA&contentID=10.1002%2F3527602097.fmatter&orderSource=onlinelibrary%7Cwol1%7Ctitlepage&orderBeanReset=true)
MPG/SFX Link Resolver (http://sfx.mpg.de/sfx_local?url_ver=Z39.88-2004&rft_val_fmt=info%3Aofi%2Ffmt%3Akev%3Amtx%3Abook&rft.genre=bookitem&rft.atitle=Front%20Matter&rft.spage=i&rft.epage=xx&rft.date=2004-01-13&rft.isbn=9783527602094&rfr_id=info%3Asid%2Fwiley.com%3AOnlineLibrary)

2. You have free access to this content
Colour Plates (pages xxi–xxxix) (/doi/10.1002/3527602097.ins/summary)

Summary (/doi/10.1002/3527602097.ins/summary)
PDF(6448K) (/doi/10.1002/3527602097.ins/pdf)
Request Permissions (https://s100.copyright.com/AppDispatchServlet?
publisherName=Wiley&publication=oBook&bookTitle=The%20Iron%20Oxides%3A%20Structure%2C%20Properties%2C%20Reactions%2C%20Occurences%20and%20Uses%2C%20Second%20Edition&title=Colour%20Plates&publicationDate=13%20JAN%202004&author=R.%20M.%20Cornell%2CU.%20Schwertmann&startPage=xxi&endPage=xxxix&copyright=Copyright%20%C2%A9%202003%20Wiley-
VCH%20Verlag%20GmbH%20%2526%20Co.%20KGaA&contentID=10.1002%2F3527602097.ins&orderSource=onlinelibrary%7Cwol1%7Ctitlepage&orderBeanReset=true)
MPG/SFX Link Resolver (http://sfx.mpg.de/sfx_local?url_ver=Z39.88-2004&rft_val_fmt=info%3Aofi%2Ffmt%3Akev%3Amtx%3Abook&rft.genre=bookitem&rft.atitle=Colour%20Plates&rft.spage=xxi&rft.epage=xxxix&rft.date=2004-01-13&rft.isbn=9783527602094&rfr_id=info%3Asid%2Fwiley.com%3AOnlineLibrary)

3. You have full text access to this content

Chapter 1

Introduction to the Iron Oxides (pages 1–7) (/doi/10.1002/3527602097.ch1/summary)

Summary (/doi/10.1002/3527602097.ch1/summary)
PDF(143K) (/doi/10.1002/3527602097.ch1/pdf)
Request Permissions (https://s100.copyright.com/AppDispatchServlet?
publisherName=Wiley&publication=oBook&bookTitle=The%20Iron%20Oxides%3A%20Structure%2C%20Properties%2C%20Reactions%2C%20Occurences%20and%20Uses%2C%20Second%20Edition&title=Introduction%20to%20the%20Iron%20Oxides&publicationDate=13%20JAN%202004&author=R.%20M.%20Cornell%2CU.%20Schwertmann&startPage=1&endPage=7&copyright=Copyright%20%C2%A9%202003%20Wiley-
VCH%20Verlag%20GmbH%20%2526%20Co.%20KGaA&contentID=10.1002%2F3527602097.ch1&orderSource=onlinelibrary%7Cwol1%7Ctitlepage&orderBeanReset=true)

This book brings together in one, compact volume all aspects of the available information about the iron oxides. It presents a coherent, up to
date account of the properties, reactions and mechanisms of formation of these compounds. In addition, there are chapters dealing with iron
oxides in rocks and soils, as biominerals and as corrosion products together with methods of synthesis and the numerous application of these
compounds. Their role in the environment is also discussed. The authors are experts in the field of iron oxides and have worked on all the
topics covered. Much recent data from the authors' own laboratories is included and opportunities for further research are indicated.

Special features are the electron micrographs and colour plates together with the many different spectra used to illustrate properties and
aspects of behaviour. Numerous tables and graphs enable trends and relationships to be seen at a glance. The book concludes with an
extensive bibliography.

This book should prove invaluable to industry and to all researchers who, whatever their background and level of experience, are interested in
this rapidly expanding field. It is an essential volume for any scientific library and is now in its second, completely revised and extended
edition!

goethite 38 T 0.37 mm/s
(α-FeO(OH))

magnetite 49 T (a) 0.26 mm/s
(Fe3O4) 46 T (b) 0.67 mm/s

Bhf  δ    (295 K)
site a
site b

hyperfine
field ⟶

ferritin-type component, whose nature was further proven by
SDS- and native-PAGE (Fridovich staining) in both the SF
and the MF of disintegrated cells,[20] exhibits a superpara-
magnetic transition below 77 K (subspectra 7 and 8 at 4.3 K
and spectrum 9 at 77 K in Figure 4b). The splitting and line
shape of the conspicuous compound are consistent with very
small magnetite particles (< 5 nm)[10] because the signal is
magnetically split above 120 K but exhibits a magnetic
hyperfine field of merely 44–45 T. This signal is most likely
obscured in the spectra of whole cells by the strong signal of
large magnetite crystals in the magnetosomes.

Our data suggest the following pathway of magnetite
biomineralization (Figure 5): Iron is taken up from the
environment either as Fe2+ or Fe3+ and is converted into an
intracellular ferrous high-spin species predominantly located
in the membrane and into a membrane-associated ferritin. As
we were unable to detect a putative mineral precursor,
magnetite precipitation has to proceed during the subsequent
steps by fast coprecipitation of Fe2+ and Fe3+ ions within the
magnetosome compartment. This compartment is likely
alkaline, thus enabling thermodynamic stability of magnetite
[Eqs. (3), (4)].[13]

Fe2þAþ 2 Fe3þBþ ðxþ yÞH2O!
2 FeðOHÞx3$ x þ FeðOHÞy2$ y þ ðxþ yÞHþ þA2$ þB3$

ð3Þ

2 FeðOHÞx3$ x þ FeðOHÞy2$ y !
Fe3O4 ðcrystal in statu nascendiÞ þ ð2xþ y$ 4ÞH2O

ð4Þ

Figure 5. Model of iron uptake and magnetite formation mechanism.
A biochemical pool of iron is formed in the cells, essentially composed
of ferritin and Fe2+ (1). Magnetite biomineralization proceeds first by
transport of Fe2+ ions and ferritin into invaginated magnetosome
vesicles where Fe2+ and Fe3+ ions coprecipitate (2). Final magnetite
growth then occurs in fully formed mature magnetosomes (3).

Figure 4. M!ssbauer analysis of the different fractions of the
M. gryphiswaldense (WT) cells 1230 min after induction (end
of the experiment); individual components are represented
by dashed traces, with the addition of the components
shown with c. The transmission T is scaled to 1. Different
fractions are explained in the text. a) M!ssbauer spectrum of
isolated magnetosomes at 130 K: magnetite A site (5) and
magnetite B site (6). b) Soluble fraction (M>100 kDa) from
cells after 20 h of incubation contains ferritin as the sole iron
species at 4.3 K (top) and T = 77 K (bottom; gray: experimen-
tal data). The top spectrum is fitted with a nonsplit ferritin
doublet (7) and a split ferritin sextet (8). The bottom
spectrum at 77 K is fitted with the ferritin doublet (9) alone.
c) Membrane fraction at 130 K; minor amounts of small
magnetite particles (10 and 11) can be identified at the flanks
of the spectrum. High-spin FeII (12) is present, but the
spectrum is dominated by ferritin (13).

Communications

8498 www.angewandte.org ! 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2007, 46, 8495 –8499

magnetotactic bacteria

D. Faivre,…,B.Matzanke
Angew. Chem. 46, 2007

(Magnetospirillum 
gryphiswaldense)

- biomagnetic compass -
(Frankel, Papaefthymiou, 1983)130 K

50 nm



Combined Electric and Magnetic Hyperfine 
Interaction ?

  - the isotropic Fermi contact field BC, which arises from a net spin-up or 
spin-down s-electron density at the nucleus as a consequence of spin-
polarization of s-electrons by unpaired valence electrons [4.59] ; 

  - an anisotropic contribution BL from the orbital motion of valence electrons 
with the quantum number L for the total orbital moment; 

  - an anisotropic spin-dipolar contribution Bd, arising from non-spherical dis-
tribution of the electronic spin density.  

The magnetic field contributions will be discussed in further detail in Chapter 5. 
 

4.5. Combined Electric and Magnetic Hyperfine Interactions 

Pure nuclear magnetic hyperfine interaction without electric quadrupole interac-
tion is rarely encountered in chemical applications of the Mössbauer effect. Metal-
lic iron is an exception. Quite frequently a nuclear state is perturbed simultane-
ously by all three types of hyperfine interaction – electric monopole, magnetic 
dipole, and electric quadrupole interaction,  

! 

ˆ H = "E + ˆ H Q + ˆ H M   (4.49) 

The monopole interaction )E, which yields the isomer shift, is easy to treat; it is 
just additive to all transition energies. Thus, the recorded spectrum has uniform 
shifts of all resonance lines with no change in their relative separations.  

Magnetic dipole interaction 

! 

ˆ H M  (Eq. 4.47) and electric quadrupole interaction 

! 

ˆ H Q  (Eq. 4.37) both depend on the magnetic quantum numbers of the nuclear spin. 
Therefore, their combined Hamiltonian may be difficult to evaluate. There are 
closed-form solutions of the problem [4.60], but relatively simple expressions ex-
ist only for a few special cases [4.61]. Below it will be shown what kind of infor-
mation can be obtained from a perturbation treatment if one interaction of the two 
is much weaker than the other. In general, however, if the interactions are of the 
same order of magnitude, gN/NB & eQVzz/2, and particularly if the magnetic field 
takes arbitrary orientations with respect to the principal axes system of the EFG, 
the full nuclear Hamiltonian must be evaluated by numerical diagonalization. Ap-
propriate computer routines are available for many nuclear systems and for many 
experimental conditions like single-crystal and powder measurements (see section 
3.3). 

Perturbation Treatment 
Competing hyperfine interactions cannot occur for the ground state of 57Fe, be-
cause there is no quadrupole moment for I = 1/2. For the excited state (I = 3/2) the 
solution of the Schrödinger equation can be considerably simplified whenever one 
of the two contributing hyperfine interactions is weak and can be treated as a per-

isomer shift is just additive,  ⟶ 'easy'

combined quadrupole and Zeeman  
interaction is difficult in general 

→ numerical diagonalization,   …  



Combined Electric and Magnetic 
Hyperfine Interaction (1)

57Fe

special case 1:

µNB >> eQVzz

⇒ perturbed magnetic 
spectrum 

⇒ determine sign of 
EFG !!

Such a sharp spectrum is observed only for fixed angles of B and EFG, as expected for

magnetic materials, like Fe3O4, Fe2O3,  metal alloys, nano-particles ...!!



Angular Dependence of Perturbed 
Magnetic Spectra

'high-field' condition: µNB >> eQVzz

Fig. 4.10 Combined hyperfine interaction with strong magnetic field. Top: Level scheme for 
57Fe. Pure magnetic dipole splitting of the ground (g) and excited state (e) are shown on the left 
side. First-order quadrupole shifts, EQ

(1), are given on the right side (positive main component Vzz 
of EFG along the magnetic field, , = 0). Bottom: Magnetically split Mössbauer spectrum with 
line shifts due to first-order quadrupole interaction. The quadrupole splitting can be obtained 
from the energies Li of the lines 1, 2, and 5, 6 as: $EQ = 2EQ

(1) = ' (L6-L5)-(L2-L1). The intensity 
distribution of the spectrum owes its origin to a powder distribution of the EFG with respect to 
the +-beam, for which the magnetic field was kept parallel to the direction of Vzz. The quadrupole 
shifts indicated above are reversed, if the main component of the EFG takes the opposite direc-
tion, Vzz < 0; in this case the measured spectrum is the mirror image of the one shown above.  

The value of EQ
(1) is given by the component of the EFG tensor along the main 

quantization axis. Therefore, in this example where the EFG is axial (, = 0) with 
the main component Vzz , the quadrupole shift EQ

(1) is eQVzz/4. This is just half the 
quadrupole splitting that would be observed in an unperturbed quadrupole spec-
trum without magnetic field at the nucleus.  

Quadrupole shifts in high-field magnetic spectra  
The perturbation of the four substates of the excited I = 3/2 manifold by ± EQ

(1) in-
duces a typical asymmetry of the resulting magnetically split Mössbauer spectrum, 
as pictured at the bottom of Fig. 4.10 for positive Vzz; the inner four lines, 2-5, are 
shifted to lower velocities, whereas the outer two lines, 1 and 6, are shifted to 
higher velocities by equal amounts. In first order the line intensities are not af-
fected. For negative Vzz, the line asymmetry is just inverted, as the quadrupole 
shift of the nuclear ±1/2 and ±3/2 states is opposite. Thus, the sign and the size of 
the EFG component along the field can be easily derived from a magnetic Möss-
bauer spectrum with first-order quadrupole perturbation. 

Angular Dependence of the Effect of Quadrupole Interaction in High-Field 
Spectra  
Arbitrary orientations of the magnetic field that are not along the EFG main com-
ponent yield basically the same splitting pattern for the nuclear excited state 
shown in Fig. 4.10 but the quadrupole shifts EQ

(1) for the |3/2, ±mI> states are de-
termined by the strength of the EFG along the field (and not by the main compo-
nent Vzz). The general first-order expression for the eigenvalues of the nuclear I 
=3/2 manifold for an arbitrary field orientation (with respect to which the principal 
axes system of the EFG is defined by the polar and azimuthal angles % and &) is: 

! 

EM ,Q (I = 3/2,mI )
(1) = "gNBmI + EQ (mI ,# ,$)

(1) , (4.50) 

with the quadrupole shift EQ(mI, %, &)(1) represented by: 

! 

EQ (mI ," ,#)
(1) = $1|mI |+1/ 2 (eQVzz /8) % (3cos

2" $1+& %sin2" % cos 2#) . (4.51) 

nuclear energies: ⇒ EQ(1) can be positive or negative, 
depending on (θ,Φ) !

polar angles  θ, Φ

The EFG is a traceless tensor:

where Vij = ((2V/(xi (xj)0 are the nine components of the 3"3 second-rank EFG 
tensor8. Only five of these components are independent because of the symmetric 
form of the tensor, i.e., Vij = Vji, and because of Laplace's equation which requires 
that the EFG be a traceless tensor,  

  

! 

("V )0 = (
! 
# 
! 
# V )0 = Vxx +Vyy +Vzz = 0 .  (4.31) 

The trace vanishes because only p and d-electrons contribute to the EFG, which 
have zero probability of presence at r = 0 (i.e. Laplace’s equation applies instead 
of Poisson’s equation, because the nucleus is external to the EFG-generating part 
of the electronic charge distribution). As the EFG tensor is symmetric, it can be 
diagonalized by rotation to a principal axes system (PAS), for which the off-
diagonal elements vanish, Vi#j = 0. By convention, the principal axes are chosen 
such that the principal tensor components are denoted Vzz, Vyy and Vxx in order of 
decreasing modulus,  

|Vzz| 2 |Vyy| 2 |Vxx|,  (4.32) 

(also denoted as eigenvalues or main components of the EFG: 

! 

|Vmax |" |Vmid |" |Vmin |). Given the traceless character, only two of the principal 
components are independent10. Typically, these are chosen to be the largest eigen-
value Vzz and the asymmetry parameter, ,. The latter is defined by the ratio 

! 

" =
Vxx #Vyy
Vzz

,  for which we find  0 3 , 3 1. (4.33) 

Any EFG can be specified by these two invariants of the tensor, i.e. 
- Vzz also denoted as eq, ( e = proton charge), and 
- the asymmetry parameter ,. 
For a three- or fourfold axis of symmetry passing through the Mössbauer nucleus 
as the center of symmetry one can show that the EFG is symmetric, i.e. Vxx = Vyy 
and therefore , = 0. In a system with two mutually perpendicular axes of threefold 
or higher symmetry the EFG must be zero. 

4.3.1 Quadrupole Splitting 

The Hamiltonian operator for the electric quadrupole interaction, "Q, given in Eq. 
(4.29), connects the spin of the nucleus with quantum number I with the EFG. In 
the simplest case, when the EFG is axial (Vxx = Vyy, i.e. , = 0), the Schrödinger 
                                                             
8 Each component of the electric field   

! 

! 
E  vector has three derivatives, i.e. in x, y and z direction.  

10 Three more parameters are implicitly included which are the Euler angles that describe the ori-
entation of the principal axes system.  

1st order: only Vij component along B is effective ! 

(⟶ Vxx, Vyy negative if Vzz positive)



57Fe

⇒ magnetically 
perturbed quadrupole 

spectrum 

⇒ determine sign of 
EFG !

special case 2:

eQVzz >> µNB

Combined Electric and Magnetic 
Hyperfine Interaction (2)



Combined Hyperfine Interaction (2)

In 'weak-field' condition, µNB << eQVzz,  
the sign of Vzz and the asymmetry parameter η can be determined  

from a powder spectrum! 

-Powder Simulations - 
add x,y direction step in-between !!!



57Fe-Mössbauer Spectra of Paramagnetic Systems 
- Spin Hamiltonian Formalism -

Topic: Describe a paramagnetic ion by ligand field theory

⇒ explains zero-field splitting (Δ1, Δ2) and anisotropic g-values 
of the ground state (non degenerate)

Electrostatic interactions and spin-orbit coupling in increasing order  1-4

example:  
Fe(III) high-spin, 
S = 5/2

description by spin Hamiltonian (SH)



⟹  every mS levels contributes its own Mössbauer subspectrum !
  (in so-called slow relaxation)

Hendrik Anthony Kramers 
Ph.D Leiden, 1916

example:  Splitting into Kramers Doublets

every magnetic sublevel (i), mS = -S, .., S 
- exhibits a spin expectation value <S>i

   (<S>i ∝ µi,  ∝∂Ei/∂B)
- can be calculated from SH HS 
- yields an internal field Bint 



The Nuclear Zeeman Effect

ĤM = -gNµN Î⋅B

µN   nuclear magneton 
gN   nuclear g-factor 
Î      nuclear spin operator

I = 3/2

B:   effective field at the nucleus 
Bappl: applied field   +  Bint : internal field  
B   =  Bappl  +  Bint  

three contributions:  Fermi-contact  Bcontact,  
dipole Bdipole, and orbital contribution, Borbit. 

Bint =  Bcontact + Bdipole + Borbit

( Bint depends on <S> and A value)

Pieter Zeeman 
Netherlands, 1865-1943

Bint

nucleus

electron spin S

(revisited)



A magnetic field Hint(r = 0) at the nucleus can originate in various ways:

Hint = HC + HD + HL + Hext

= total internal magnetic field

-Fermi Contact Interaction �HC:
Electron spin S of valence shell (e.g. S = 5/2 of Fe3+) polarizes the s-electron density at the 
nucleus: core polarization

K L
3s 3d-spin S

3s� cause higher net spin density
|�(0)�|2 > |�(0)�|2 magnetic field HC � 0

K L
attractive

(quantum mechanical 
exchange!)

Internal magnetic field

Bint =  Bcontact + Bdipole + Borbit

The Internal Field at the Nucleus

a.) Fermi - Contact Contribution,  →  Bcontact 
Exchange interaction affords polarisation of the filled inner s-shells.

(different radial distribution of spin-up and spin-down electrons) 
- in general the largest contribution to Bint 

- isotropic, negative sign !   (|Ψ(0)|2↓ > |Ψ(0)|2↑) 

Enrico Fermi, 1901-1954



b.) Dipole - Contribution,  →  Bdipole 

Arises from non-spherical distribution of the electronic spin density.

Bappl || z

nucl.

nucl.

Bappl ⊥ z

Bint =  Bappl + Bdipole Bint =  Bappl - Bdipole

Bdipole = - A<S>



c.) Orbital - Contribution,  →  Borbit 

Arises from non-quenched orbital momentum of the electronic 

state due to spin-orbit coupling (SOC).

Bappl 

nucl.

electron

Borbit 
'ring' current depends on 
direction of Bappl, due to 

different SOC for 
different orbitals

level mixing by SOC  induces some  
orbital momentum   →  g ≠ 2.002..

px
py

pz

�1 �2

Borbit = -2µB<r-3><L>



Spin Hamiltonian Simulation for 57Fe Nuclei

Numerical solution: 

select applied field B, and orientation θ,Φ 

solve Hs and find <S>i,  i=1, .., 2S+1 

for all |i>: 
use total field:  Btotal = B + Binti, Boltzmann factor pi for |i> 

solve Hnuc for I=1/2 and I=3/2 (with HQ) 

for all nuclear energies: find transitions  
     - weight subspectrum with pi 
return 

return ⇒ slow electronic spin relaxation: 

every ms-level contributes own 
internal field + subspectrum 

(Boltzmann weighted)



Spin Relaxation and Mössbauer Line Shapes

the Mössbauer nucleus has a built-in clock:   

life time of the excited state:  t1/2 = 98 ns   (also ∼ nuclear Larmor frequency)

sharp lines for:

-slow relaxation: �R >> t1/2, nuc   

-fast relaxation: �R << t1/2, nuc


(otherwise intermediate 

relaxation generates complicated 

'coalescence' lines)

59 

units of the internal field, A/gNµN, where A represents an energy and µN is energy 
per field unit. 

4.7.4 Computation of Mössbauer Spectra in Slow and Fast Relaxation Limit 

By decoupling nuclear and electronic spins the evaluation of Mössbauer spectra is 
reduced to the independent diagonalization of the 2S+1 eigenvalues Ei of  and 
the 2I+1 eigenvalues for the nuclear ground state (I = 1/2) and excited state 
(Ie=3/2). This procedure is numerically much faster than the diagonalization of the 
coupled system which would have the matrix dimension (2S+1)(2I+1) & 
(2S+1)(2I+1). The eigenfunctions of  yield the electronic spin expectation val-
ues   

! 

<
! 
S > i which represent the microscopic magnetic moments i of the spin 

states. If the electronic spin states are stationary due to slow spin relaxation, sepa-
rate Mössbauer spectra have to be evaluated for each of the electronic states, and 
then the 2S+1 spectra are superimposed using appropriate Boltzmann factors pi = 
exp(-Ei/kT) / 'j exp(-Ej/kT) for the actual temperature T. If, moreover, the Möss-
bauer sample is a powder or a frozen solution, which is usually the case, it is not 
sufficient to calculate the Mössbauer spectrum for a single orientation of the ap-
plied field. Instead, the procedure of evaluating subspectra has to be repeated in a 
loop for a large number of field orientations uniformly distributed on a unit 
sphere, and the results have to be summed up to obtain the final powder spectrum.  

Often the electronic spin states are not stationary with respect to the Mössbauer 
time scale, but fluctuate and show transitions due to coupling to the vibrational 
states of the chemical environment (the 'lattice' vibrations or phonons). The rate 
1/T1 of this spin-lattice relaxation depends among other variables on temperature 
and energy splitting (see also Appendix 4.6, CD-ROM). Alternatively, spin transi-
tions can be caused by spin-spin interactions, with rates 1/T2 that depend on the 
distance between the paramagnetic centers. In densely packed solids of inorganic 
compounds or concentrated solutions the spin-spin relaxation may dominate the 
total spin relaxation 1/T = 1/T1 + 1/T2 [4.108]. Whenever the relaxation time is 
comparable to the nuclear Larmor frequency ( ) or the rate of the nuclear 
decay (%107s-1) the stationary solutions from above do not apply, but a dynamic 
model has to be invoked to calculate the Mössbauer spectra from . An over-
view of the evaluation of such magnetic Mössbauer spectra with intermediate spin 
relaxation and their interpretation is presented in Chapter 6. For most iron centers, 
however, the experimental conditions can be chosen in such a way that either sta-
tionary conditions are achieved, called slow spin relaxation, or that the fluctuation 
rate exceeds the Mössbauer time scale, called fast spin relaxation. In the latter 
case, the thermal average   

! 

<
! 
S > T of the 2S+1 spin expectation values  

  

! 

<
! 
S >T = <

! 
S >i exp("Ei kT ) exp("E j kT )j#i# , (4.79) 

fast relaxation→ thermal average of <S>i expectation values 

  

generates one internal field

stochastic spin flips

typical relaxation time

t1/2

+

-

⇒ quadrupole spectra 
at high T, low B



 

Fig. 6.2. Theoretical 57Fe Mössbauer relaxation spectra for longitudinal relaxation with the indi-
cated relaxation times and with a hyperfine field that can assume the values ± 55 T. The symme-
try direction of the axially symmetric electric field gradient is assumed parallel to the magnetic 
hyperfine field. [Reprinted with permission from H.H. Wickman, M.P. Klein and D.A. Shirley, 
Phys. Rev. 152, 345-357 (1966); copyright 1966 by the American Physical Society]. 

Theoretical 57Fe Mössbauer relaxation spectra for a 
flipping hyperfine field  ± 55 T. 

H.H. Wickman, M.P. Klein and D.A. Shirley, Phys. Rev. 152, 345-357 (1966)



example:  The high-spin Fe(III) site in transferrin (S = 5/2)

                  EPRThe high-spin Fe(III) site in transferrin (S = 5/2)  
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Example 1 
The high-spin Fe(III) site in transferrin (S = 5/2)  

(adapted from C. Krebs)

⇒  E/D ∼ 0.3



The high-spin Fe(III) site in transferrin (S = 5/2)  

Kretchmar, et al. Biol. Metals 1988 (1) 26 

D = 0.25 cm-1 

E/D = 0.3 

g = 2.0 

δ = 0.54 mm/s 

ΔEQ = 0.30 mm/s 

η = 1.0 

A/gnEn = (-22.3, -21.9, -22.3) T 

50 mT 

50 mT 
perp 

0.5 T 

2 T 

6 T 

The high-spin Fe(III) site in transferrin (S = 5/2)

(slow relaxation)



The high-spin Fe(III) site in transferrin (S = 5/2)  

Kretchmar, et al. Biol. Metals 1988 (1) 26 

50 mT 

50 mT 
perp 

0.5 T 

2 T 

6 T 

The high-spin Fe(III) site in transferrin (S = 5/2)
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Applications of Mössbauer Spectroscopy

! identification of (unknown) iron centers  

! detection of local structural properties 

   (symmetry perturbations, ligand/substrate binding, ..) 

  

! characterization of the electronic structure 

    (valence, covalency, delocalization, spin coupling ...) 

  

! probing of catalytic intermediates, 'local' redox steps, ...

⇒  study model compounds, series, variations ...

in (bio)inorganic 
chemistry mostly 57Fe 

spectroscopy



[2Fe-2S]1+/2+ cluster   from plant-type ferredoxins,   
            Rieske-center, ...

zero-field Mössbauer spectra

oxidized

reduced

+e-

δ[mm/s] ΔEQ [mm/s]

oxidized 0.27 0.65

reduced 0.25 0.64

0.54 3.0

Mössbauer spectra 
show reduction of 
a single iron ion

typical values for Fe(III) and 
Fe(II) in 4S-coordination

C.E. Johnson in Topics in 
Applied Physics, Vol. 5, ed. U. 

Gonser, Springer 1975)

localized valences 
are unique for 

2Fe-2S centers



S2 = 2S1 = 5/2

spin-coupled [2Fe-2S]1+ centers

exchange interaction

spin coupling scheme for 
total spin St = ½ ground state

St = ½      mS

- ½ 

+ ½ 

- ½ 

+ ½ 

Fe(III)

Fe(II)

simulated 
subspectra

exp.
4.2K 

58mT

different applied fields help 
to probe the 'orientation' 
of the local efg- and A-

tensors and zfs !

Fe(II)Fe(III)

Dunham et al. (1971), 
BBA 253, 134

an example of paramagnetic 57Fe Mössbauer spectra ...



histidine 
coordination on 
one side

The Rieske 2Fe-2S Center

oxidized centers show 
slightly different iron sites

applied-field Mössbauer spectra 
show reduction of the histidine- 

coordinated iron 

N

N

S

S

J. Fee, E. Münck et al. (1984), JBC 259, 124

from bc1 complex of the respiratory chain

δ(Fe(II) = 0.74 mm/s

(vs. 0.54 mm/s)



sulfite reductase CO dehydrogenase

nitrogenase cofactor and P-cluster

more Fe-S clusters ...

valence delocalization in 
3Fe-4S and 4Fe-4S clusters

H. Beinert et al. (1997), Science, 277

int. ratio 1:2

H. Beinert,  
1913 - 2007



cluster δ [mm/s]  (at 4.2 K) ΔEQ [mm/s]

[1Fe]3+ 0.32 0.5

[1Fe]2+ 0.70 3.25

[2Fe-2S]2+ 0.27 0.65

        [2Fe-2S]1+       (a)
0.25 
0.54

0.64 
3.0

[3Fe-4S]1+ 0.24-0.27 0.54 – 0.71

       [3Fe-4S]0+      (b)
0.46 
0.30

1.47 
0.47

[4Fe-4S]3+
0.40 
0.29

1.03 
0.88

[4Fe-4S]2+ 0.37 – 0.46 1.25 – 1.46

[4Fe-4S]1+ 0.50 
0.58

1.32 
1.89

typical values for the zero-field Mössbauer parameters of the 'basic' iron sulfur clusters

(a) two subspectra 1:1  
(b) two subsepctra 2:1


