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3
Outline 

• 𝑆 > 1/2 transition metal ion states

• Zero field splitting – magnetic anisotropy

• Integer spin (non Kramers) and half integer spin (Kramers) system

• Weak-field and strong-field regimes

• Effective Spins and effective g-values of Kramers systems in the weak 

field regime.

• Multi-frequency EPR detection techniques
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4
Systems with High Spin Transition Metal Ion States

Metalloproteins

Deoxy  𝑆 = 2,     FeII

Oxy    𝑆 = 0,

Met 𝑆 = 5/2, FeIII

Myoglobin structure 

Probe electronic structure via ZFS.

 Understand and control (bio) 
catalytic properties.

Molecular Nanomagnets

Spin couplings determine magnetic  
properties
 Understand and control magnetic 

properties.

TMI catalysts 

Nocera et al. , JACS, 132, 

16501 (2010) 

Ingram, et al. Nature, 178, 

4539, 905 (1956)
Caneschi, et al. JACS, 113 (15), 

5873 (1991)
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5
High Spin Transition Metal Ion States

• In EPR slang systems with S > ½ are referred to as high spin systems. 

• S > ½ states originate from coupled electron spins.

• Total spin S is determined by Hund’s rule.

“For a given electron configuration, the term with maximum multiplicity 

(2𝑆 + 1) has the lowest energy.”
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Example FeIII (𝑆 = 5/2) 

4s Five 3d orbitals

𝑒𝑔

𝑡2𝑔

𝑑𝑥𝑦 𝑑𝑥𝑧 𝑑𝑦𝑧

𝑑𝑧2𝑑(𝑥2−𝑦2)

𝑆 = 5/2

Ar

Weak ligand field 𝑒𝑔

𝑡2𝑔

𝑑𝑥𝑦 𝑑𝑥𝑧 𝑑𝑦𝑧

𝑑𝑧2𝑑(𝑥2−𝑦2)

𝑆 = 1/2

Strong  ligand field

D

Octahedral coordination
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Common EPR active 3d TMI States
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8

• In EPR slang systems with S > ½ are referred to as high spin 

systems. 

• S > ½ states originate from coupled electron spins.

• Total spin S is determined by Hund’s rule.

“For a given electron configuration, the term with maximum 

multiplicity (2𝑆 + 1) has the lowest energy.”

• Systems with S > ½ exhibit an additional interaction 

– the Zero-Field Splitting (ZFS)

• ZFS leads to splitting of the spin energy levels without external 

magnetic field.

High Spin Transition Metal Ion States
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9 Spin Hamiltonian

Zero field splittingZeeman Spin-Spin Coupling

𝜇B :Bohr magneton; 𝑩0: external magnetic field; 𝒈: g-tensor; 
𝑺: electron−spin operator; 𝑫 : ZFS-tensor; 𝐽 exchange interaction

Coupling ranges in TMI complexes

Zeeman ≈ 0 - 30 cm-1

ZFS ≈ 0.1- 100 cm-1

HFI ≈ 10-4 - 10-1 cm-1

Spin-spin ≈ 0 - 1000 cm-1

𝐇 =

𝑗

𝜇B𝑩0𝐠𝒋𝑺 𝑗 + 𝑺 𝑗𝐃𝑗 𝑺 𝑗 +

𝑗



𝑙

𝑺 𝑗𝐀𝑗𝑙𝑰 𝑙 +

𝑗



𝑗<𝑘

𝐽𝑗𝑘 𝑺 𝑗
𝑺 𝑘

Hyperfine

 Multi-frequency EPR 
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10 Zero Field Hamiltonian

𝐇ZFS = 𝑺 ⋅ 𝐃 ⋅ 𝑺

• 𝑫 is diagonal in its principle axis system

• 𝐷𝑧 has the largest absolute value 

• 𝑫 is traceless (𝐷𝑥 + 𝐷𝑦 + 𝐷𝑧 = 0). 

𝐇 = 𝐷 መ𝑆𝑧
2 − 1

3𝑆(𝑆 + 1) + 𝐸 መ𝑆𝑥
2 − መ𝑆𝑦

2

= 𝐷 መ𝑆𝑧
2 − 1

3𝑆(𝑆 + 1) + 𝐸 መ𝑆+
2 + መ𝑆−

2

𝐃 =
𝐷
𝑥

0 0
0 𝐷

𝑦
0

0 0 𝐷
𝑧

=

−
1
3𝐷+𝐸 0 0

0 −
1
3𝐷−𝐸 0

0 0 2
3𝐷

𝐷 =
3𝐷𝑧

2

𝐸 =
𝐷𝑥 − 𝐷𝑦

2

Axial ZFS parameter 𝐷 can be positive or negative.

Rhombic ZFS parameter 𝐸, rhombicity 𝜂 =
𝐸

𝐷
with 0 ≤ 𝜂 ≤

1

3
.
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11 Magnetic Anisotropy

Ferric Fe porphyrin FeIII (𝑆 = 5/2)

with 𝑧-axis

𝐇 = 𝐷 መ𝑆𝑧
2 − 1

3
𝑆(𝑆 + 1) + 𝐸 መ𝑆𝑥

2 − መ𝑆𝑦
2

• ZFS renders the magnetic properties 

(susceptibility) of a complex anisotropic. 

 Response to an external magnetic field 

depends on the orientation of the molecule.                                                 

 The magnetic moment prefers to lie 

along a certain direction. 

• 𝑧 is the main anisotropy axis.

• 𝐷 > 0 𝑧 is “hard axis”

Energetically most expensive to align magnetization along 𝑧. 

• 𝐷 < 0 𝑧 is “easy axis”

Energetically cheapest to align magnetization along 𝑧. 
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Integer and Half Integer Spin Systems (Axial ZFS) 

• Half integer spin (Kramers) and integer spin systems (Non-Kramers) 

have different EPR properties. 

• For Non-Kramers systems, rhombic ZFS can completely lift the 

degeneracy of spin states.

• For Kramers systems, spin states are at least pairwise degenerate.

• 𝐷 can be positive or negative, negative ZFs flips the order of the states. 

S = 3/2

2𝐷, 𝐷 > 0, 𝐸 = 0

Kramers system

S = 1

𝐷,𝐷 > 0

Non Kramers system

𝑚𝑆 = ۧȁ±1/2

𝑚𝑆 = ۧȁ±3/2

𝑚𝑆 = ۧȁ0

𝑚𝑆 = ۧȁ±1
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Integer and Half Integer Spin Systems (Rhombic ZFS) 

S = 3/2

2𝐷’=

2 𝐷2 + 3𝐸2

Kramers system

S = 1

𝐷,𝐷 > 0

Non Kramers system

𝐸

• Half integer spin (Kramers) and integer spin systems (Non-Kramers) 

have different EPR properties. 

• For Non-Kramers systems rhombic ZFS can completely lift the 

degeneracy of spin states.

• For Kramers systems spin states are at least pairwise degenerate.

• 𝐷 can be positive or negative, 0 ≤
𝐸

𝐷
≤

1

3
.
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14 𝑆 > ½ Levels with ZFS

Reproduced from: Telser, J. EPR Interactions – Zero-field Splittings, eMagRes; (2017) 207

e.g. CoI, FeIV CoII, MnIV FeII, MnIII FeIII, MnII

Note: 𝐸 lifts degeneracy of 2𝑆 + 1 integer-spin levels (Non Kramers system)

𝐸 shifts half-integer spin levels (Kramers system)

For 𝐸 > 0 𝑚𝑆 is not a good quantum number at low field. 
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Weak Magnetic Field Regime: 𝑆 = 1 (Non-Kramers System) 

Non-Kramers systems are often „EPR silent“ in the weak field regime.

Typical examples FeIV , MnIII (S =1 and S =2) FeII (S = 2) and CoI (S =1). 

Can exhibit 𝐷 ≫ 3 cm-1 (~ 100 GHz), which renders them EPR silent at 

X, Q, and W-band. 

S = 1

𝐷 > 0

𝐸

B0

BIIz

hn

allowed

forbidden

allowed

for sufficient

hn

𝑚𝑆 = ۧȁ0

𝑚𝑆 = ۧȁ±1

𝐷 ≫ 𝑔𝜇B𝐵 energy
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16
Strong Field Regime: 𝑆 = 1 (Non-Kramers System)

S = 1

𝐷 > 0

𝐸

S = 1 give rise to triplet spectra in the strong field regime.

Typical examples are organic triplets see talk by Serge Gambarelli

B0

allowed

allowed
hn

BIIz

energy

𝑚𝑆 = ۧȁ0

𝑚𝑆 = ۧȁ±1

𝐷 ≪ 𝑔𝜇B𝐵
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17
Strong Field Regime Orientation Dependent Triplet Levels

𝑆 = 1, 𝐷 > 0, 𝐸 =
1

5
𝐷 x, y and z are molecular axes

0

BIIz BIIy BIIx
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18
Strong Field Regime: Triplet Powder Spectrum

B0

BIIz

Energy

ۧȁ±1

ۧȁ0

ۧȁ−1

𝐷 > 0, 𝐸 = 𝐷/10 X-band

B0

2𝐷

𝐷 − 3𝐸

𝐷 + 3𝐸

𝑥𝑦 𝑥

𝑦

𝑧
𝑧

„half-field

transition“

See talks by Serge Gambarelli, and Stefan Stoll
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19
Example: W-band EPR of the S3 (𝑆 = 3) State in PSII 

N. Cox, et al. Science 345, 804 (2014)

Bouusac et al. JACS 131(14), 15 (2009)

Four MnIV (𝑆 = 3/2 )
couple to 𝑆 = 3
𝐷/ℎ𝑐 = −0.175 cm−1
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20
Summary Non-Kramers High Spin States

• Non-axial ZFS lifts the degeneracy of Non-Kramers states. 

• For large 𝐷, microwave quanta and external magnetic fields available in 

conventional EPR spectrometers (10 GHz/0.3 cm–1 for X-band vs. 𝐷/ℎ𝑐 = 

1-100 cm-1) are often not sufficient to excite EPR transitions.

• No easily observable 𝑚𝑆 = ± Τ1 2 transitions

• Integer high-spin systems are often “EPR silent”

 EPR detection requires high-frequencies.  

• Mixing of Non-Kramers pairs (by rhombic ZFS) gives rise to EPR 

transitions with the microwave magnetic field component polarized parallel 

to the external magnetic field.

 May be detected by parallel mode EPR
See poster of Alvaro Montoya
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Weak Field Regime:  𝑆 = 3/2 (Kramers System); Axial ZFS 

𝐷 ≫ 𝑔𝜇𝐵𝐵

2𝐷

B0

BIIz

B0

Energy

B⊥z

S = 3/2

𝑚𝑆 = ۧȁ±1/2

𝑚𝑆 = ۧȁ±3/2

𝑆 = Τ3 2 , 𝐷 > 0, 𝐸 = 0;

𝑔eff = 2
𝑔eff = 4
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22

BIIz B⊥z

𝑆 = Τ5 2 , 𝐷 > 0, 𝐸 = 0;

2𝐷

4𝐷

Weak Field Regime:  𝑆 = 5/2 (Kramers System), Axial ZFS 

𝐷 > 0, 𝐸 = 0
EPR from ۧȁ±1/2
transitions, intensity 

decreases with 

temperature. 

𝐷 < 0, 𝐸 = 0
EPR from ۧȁ±1/2

transitions, intensity 

increases with 

temperature.

ۧȁ±3/2

ۧȁ±1/2

ۧȁ±5/2

𝑔eff = 2

𝑔eff = 6
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MnII (𝑆 = 5/2, 𝐼 = 5/2) Strong Field to Weak Field Regime  

X-band 



Max Planck Institute for Chemical Energy Conversion

Alexander Schnegg | Multi-frequency EPR for Transition Metal Ions | 24

24
Weak Field Regime: 𝑆 = 5/2 effective g-values

𝐷 ≫ 𝑔𝜇𝐵𝐵 Kramers systems can be described by 𝑆eff =
1

2
.

𝐇 = 𝜇B𝑩0𝐠
eff𝑺 eff

and 𝑔efffor each Kramers doublet, e.g. for 𝑆 = 5/2 in near 

axial symmetry (𝐸 ≪ 𝐷) for ۧȁ±1/2 transitions :

𝑔𝑥
eff = 3𝑔𝑥 1 −

𝑔𝑦𝜇B𝐵
2

2𝐷2 −
4𝐸

𝐷

𝑔𝑦
eff = 3𝑔𝑦 1 −

𝑔𝑦𝜇B𝐵
2

2𝐷2 +
4𝐸

𝐷

𝑔𝑧
eff ≈ 2

For 𝑔𝑥 ≈ 𝑔𝑦 ≈ 𝑔𝑧 ≈ 2. (e.g. in FeIII)

𝑔∥
eff ≈ 6 ± 24𝐸/𝐷

𝑔⊥
eff ≈ 2

EPR transitions depend solely on 𝐸/𝐷.

𝑔eff can be plotted in rhombogram for each transition. 

See example Fundamental 

Theory problem 5

Pilbrow, JMR 31,479 (1978), 

Hagen, Dalton Trans. 37 

4415 (2006
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Weak Field Regime:  𝑆 = 5/2 Rhombograms

ۧȁ±1/2

ۧȁ±3/2

ۧȁ±5/2
𝑔
e
ff
-v

a
lu

e

ൗ𝐸 𝐷 = 0

ൗ𝐸 𝐷 = 0.04

ൗ𝐸 𝐷 = 1/3

𝑔eff = 6

𝑔eff = 4.28
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26
Weak Field Regime:  𝑆 = 5/2 Rhombograms

ۧȁ±1/2

ۧȁ±3/2

ۧȁ±5/2

X-band Cw EPR of FeIII (𝑆 =5/2) in Penicillium

simplicissimum catalase (top) and in Escherichia 

coli iron superoxide dismutase.

Hagen, Practical Approaches to Biological 

Inorganic Chemistry, Chap. 3, Elsevier, 2013

see poster: Ilenia Serra

𝑔
e
ff
-v

a
lu

e
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27
Summary Kramers 𝑆 > ½ States

• For Kramers systems spin states are at least pairwise degenerate.

• 𝑚𝑆 = ± Τ1 2 transitions observable in most cases (exception 𝐷 < 0, 𝐸 =
0 at low temperature). 

• In the weak field regime conventional EPR provides information on spin 

states and Τ𝐸 𝐷

• The temperature dependence of X-band EPR reveals sign of 𝐷.

• For large ZFS, precise determination of 𝐷 requires high-frequency EPR.



Max Planck Institute for Chemical Energy Conversion

Alexander Schnegg | Multi-frequency EPR for Transition Metal Ions | 28

0 2 4 6 8 10

-15

-10

-5

0

5

10

15
 B

0
 || z  B

0
  z

E
n

e
rg

y
 (

c
m

-1
)

B
0
 (T)

-400

-200

0

200

400

E
n

e
rg

y
 (

G
H

z
)

0 2 4 6 8 10
-40

-30

-20

-10

0

10

20

30

40
 B

0
 || z  B

0
  z

 

 

E
n

e
rg

y
 (

c
m

-1
)

B
0
 (T)

-1000

-500

0

500

1000

E
n

e
rg

y
 (

G
H

z
)

DE = D

𝐻 = 𝐷( መ𝑆𝑧
2− ൗ1 3 𝑆(𝑆 + 1)) + 𝜇𝐵𝑩0 ∙ 𝒈 ∙ 𝑺
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Field vs. Frequency Domain EPR (𝑆 = 1)

green: B0||x, red: B0||y and blue: B0||zSchnegg, A., eMagRes, 6, (2017) 115.

𝑆 = 1

𝑔 = 2

𝐷/ℎ = 535 GHz,

𝐷/ℎ𝑐 = 17.85 cm-1

𝐸/ℎ = 12.5 GHz, 

𝐸/ℎ𝑐 = 0.42 cm-1
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Field vs. Frequency Domain EPR (𝑆 = 1)

green: B0||x, red: B0||y and blue: B0||zSchnegg, A., eMagRes, 6, (2017) 115.

𝑆 = 1

𝑔 = 2

𝐷/ℎ = 535 GHz,

𝐷/ℎ𝑐 = 17.85 cm-1

𝐸/ℎ = 12.5 GHz, 

𝐸/ℎ𝑐 = 0.42 cm-1
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Field vs. Frequency Domain EPR (𝑆 = 3/2)

32

Schnegg, A., eMagRes, 6, (2017) 115. green: B0||x, red: B0||y and blue: B0||z

𝑆 = 1

𝑔 = 2

𝐷/ℎ = 535 GHz,

𝐷/ℎ𝑐 = 17.85 cm-1

𝐸/ℎ = 12.5 GHz, 

𝐸/ℎ𝑐 = 0.42 cm-1
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Broad-band EPR Detection Techniques

Method Advantages/Disadvantages Available e.g.

Single- or multi-high frequency EPR  

Fixed frequency - swept field

+ Pulsed/CW modes

+ High resolution

+ High sensitivity (resonators)

‒ Multi frequency requires several 

sources/spectrometers 

FZ Rossendorf, 

NHMFL 

Tallahassee 

LNCMI Grenoble

Frequency Domain Magnetic

Resonance (FDMR)

Fixed field - swept frequency

+ EPR at zero magnetic field 

+ High resolution

‒ Broad scans require several sources 

Uni Stuttgart

IFW Dresden

Brno

FD-FT THz-EPR 

Fixed field - swept frequency

+ EPR at zero magnetic field 

+ Only one source necessary

+ Very broad excitation frequency range 

‒ Limited resolution

HZB (Synchrotron)

Uni Stuttgart

FZ Rossendorf

THz-Time Domain Spectroscopy

(THz-TDS spectroscopy)

Fixed field - swept frequency

+ EPR at zero magnetic field 

+ High excitation power

+ Only one source necessary

‒ Limited resolution

MIT
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34
Multifrequency „Florida plot“ of CoII 𝑆 = 3/2

Reproduced after Telser, Electron Paramagnetic Resonance: Vo. 23, Ch. 22 (2013)

627 GHz EPR Transition frequency-field plot

TpNp,HCo(NCO) (TpNP,H = hydro(3-Np,5-H-trispyrazolyl)borate anion; Np = neopentyl) at 4.2 K. 

CoII, 𝑆 = 3/2, 𝐷/ℎ𝑐 = +12.32(5) cm–1,𝐸/ℎ𝑐 = 0.07(9) cm–1, 

𝑔⊥ = 2.54(3), 𝑔|| = 2.14(2)) 

2𝐷
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FD-FT THZ-EPR

Schnegg, A., eMagRes, 6, (2017) 115.

Energy range:

3 cm-1 – 600 cm-1

Magnetic field: 

+11 T to -11 T

Temperature:

1.5 K to RT 

FD-FT THZ-EPR 

@ BESSY II, HZB Berlin
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FD-FT THz-EPR on FeIII (𝑆 = 5/2) in Hemin

Schnegg A (2017) Very-High-Frequency EPR. eMagRes,  

Frequency Domain Fourier Transform THz-EPR (FD-FT THz-EPR) 
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