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M

M
Magnetismis relatedto motion of electriccharges

In matter : moving charges are electrons and protons

- Electron magnetism:

L, orbital momentum

S, spin momentum

- Nuclearmagnetism

I , nuclearspin

µe = - ɓe (L + geS)

= - gɓe S 

µN = gNɓN I = ɔNǩ I

ɓN = e ǩ / 2 mP = 5.05·10-27 A·m2ɓe = e ǩ / 2 me = 9.274·10-24 A·m2 >>

.ƻƘǊΩǎmagneton >> Nuclearmagneton



S = 1/2

E MS = +1/2

MS = -1/2

B0

ȹE = g ɓe B

X Y

Z

ɛ

B

Electron Paramagnetic Resonance (EPR): A spectroscopy specific 

of single electron systems 

For a system with spin S = ½ in a magneticfield B:      ɛ= - g ɓe S 

E = -ɛÅ B                H = -ɛÅ B = g ɓeS Å B

Taking Z // B  Ý H = g ɓB SZ                                                      

SZ is quantified: only two valuesMS = Ñ½ 

Energies : E = g ɓe B MS = Ñ½ g ɓB (Zeeman effect)
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Basic principles : the magnetic resonance phenomenon
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Electron Paramagnetic Resonance (EPR): A spectroscopy specific 

of single electron systems 

For a system with spin S = ½ in a magneticfield B

E = -ɛÅ B                H = -ɛÅ B = g ɓeSÅ B

Taking Z // B  Ý H = g ɓe B SZ                                                      

SZ is quantified: only two valuesMS = Ñ½ 

Energies : E = g ɓB MS = Ñ½ g ɓe B (Zeeman effect)

S = 1/2

E MS = +1/2

MS = -1/2

B0

ȹE = g ɓe B
hɜ

Resonancecondition

hɜ= g ɓe B0

B

B0

B

g = 2.00, B0 = 0.3 T

ɜ= 10 GHz, ɚ= 3 cm

Microwaves(X-band)
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Basic principles : the magnetic resonance phenomenon



2nd World War : developmentof RAdio DetectingAnd Ranging(RADAR)

- Microwavesources: klystron (Bernard Rollin 1940)

- Highly sensitive detectioncrystals

- Antenna, Magic-T, é

- Lock-in amplifiers

EPRNMR
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Basic principles : the magnetic resonance phenomenon



Basic principles: 
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EPR detectablesystems: 

ü Odd electron number: 

Á Free radicals(organics, OH¶, NO¶, NO2
¶, HCO3

¶,é)

Á Transition metalion compounds 

(Cu2+ , Fe3+ , Ni3+, Mo5+, V3+, Ti3+,é)

Á Impurities(doping) and defectsin solids

ü Even electron number:

Á Triplet states (excitedor not), biradicals, O2

Á Conduction electrons, organic/inorganismolecularconductors, 

ferromagnets,é.

O

N

O
.

S S CH3

O

µeÍ 0            S Í 0 



B Í 0

S = 1/2

E MS = +1/2

MS = -1/2

B0

ȹE = g ɓB

N+

N-

Weak value of ȹE = g ɓB

B= 0.3 T   ȹE ~ 0.3 cm-1

Thermal equilibrium (Boltzmannôslaw) 

N+ / N- = exp(-ȹE /kBT)

N+ / N- = exp(- g ɓB /kBT)

T=298 K,     N+/N- = 0.9986

Very weakspin polarization

p = (N- - N+)/(N- + N+) = 7·10-4

Thermal equilibrium and spin state populations
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Basic principles : the sensitivity of EPR
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S = 1/2

E MS = +1/2

MS = -1/2

B0

ȹE = g ɓB

N+

N-

hɜ
hɜW

Microwave induced transitions

B1 (t) = B1 cos(wt)

Same transition probability for 

absorption and emission

W ́ B1
2 ´P1 (mW)

Important consequence: Curieôslaw

I ´n/N0 = th(gɓB0 /2kBT) å gɓB0 /2kBT

EPR signal intensityobeysthe Curieôslaw IĀT = Cte

EPR signal : net absorbedpower 

Pabs = hɜ(W N- - W N+) = hɜW  n with n = N- - N+ 

EPR signal intensity is directly related to n 
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Basic principles : the sensitivity of EPR
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Pierre Curie



n  = Ninf - Nsup population difference Signal ́ n

0

å 104 cm-1

UV-vis

Spectroscopy 

n/N0 = 1

E

ɚ= 500 nm

Nsup

Ninf 0

0,3 cm-1

EPR

n/N0 << 1

E

ɚ= 3 cm

N+

N-

High sensitivity to population 

changes

- Température

- Radiation absorption 

- Fluctuations of the environment
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Basic principles : the sensitivity of EPR
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EPR signal intensity: I ´N0 gɓB /2kBT

- Sampleconcentration (N0)

- Low temperatures(cryogeny: liquid N2, He) 

- High magneticfield / high frequency: Q-band 35GHz, W-band 95 GHz, é. 300 GHz

- Resonantcavity: Quality factor Q ~5-6000

Rectangularcavity TE102

Sample

Microwaves

Irradiation

Q = 2̄ énergie stockée / énergie dissipée = r˄es /ɲ˄

Sensitivitý Q factor
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Basic principles: improving EPR sensitivity
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EPR does not like polar solvent: H2O, CH3OH, é

Dielectricabsorption (Ůr)              

decreaseof Q-factor

NMR tube: Øext 5mm

Quartz EPR tubes:
X-band:  Øext 4mm, Øint 3mm

Q-band:  Øext 3mm, Øint 2mm

Capillary: Øext 2mm, Øint 1mm

Flat cell : eint = 1 mm
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Basic principles: improving EPR sensitivity
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B

( ) )2cos(2/1
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ȹBm· ds/dB

0

B

B0 + bm(t)

0

if ȹBm is « small»

Magneticfield modulation

bm(t) =1/2 ȹBm cos(2pnmt + ű)

nm = 100 kHz

Strongimprovementof 

the Signal /Noise ratio

ȹBm << linewidthŭB 

s(B)

Absorption line

Derivative of 

Absorption line
g= hɜ/ɓB

Decreasethe noise: Magnetic field amplitude modulation 
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Basic principles: improving EPR sensitivity
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Rectangularcavity TE102

Sampletube

Microwaves

Modulation coils

Detection

diode

circulator

B + ɲBm cos(2̄ m˄ t + ˒ )Resonant

cavity

Microwave

source

Fixedn
Signal 

s(B)

Pi
Pr

14

Basic principles: improving EPR sensitivity
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ɲ.mod << ɻ B 

Bɻ 

ɲ.mod > ɻ B 

ȹBm << linewidthŭB

To avoidline broadening

by overmodulation



Multifrequency CW-EPR equipment

Microwavebridges

Magnet

Liquid
He

T control

Electric 
power

Cavity

RF amplifier 
ENDOR

Vacuum 
pump

Electronics

X-band
S-band

Q-band
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Co2+

Octaedralcomplex(Oh) of  Co2+ : 3d7

Free ion                           weakfield strongfield
S = 3/2                         S = 3/2                       S = 1/2

high spin                                  low Spin 

Spectrochemicalseries  [Co X (NH3)5]
2+

E

dZ2 dX2-Y2

dXY dXZ dYZ

Do
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Transition metal compounds: Magnetic properties

Ligand field approach: Magnetic properties mainly due to d electrons

d orbitals
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Hamiltonian H = Te + Ven + Vee + VL + HSO+ magneticterms

Requiresthe orbital part of the wavefunctionto becalculated

Phenomenologicalapproach: The spin hamiltonianHS

M

I A
~

 SB g~ SS D
~

 SH S

CCCCCC
+ += b

)...,( couplages  B)SgL(SLH nee mmbl  +Ö+ +Ö =
CCCCC

Zerofield splitting
(fine structure term)

Anisotropy

Zeeman
Effect

Hyperfine couplingse-nuclei

A
~

,g~ ,D
~

Rank 2 tensorsÝ 3 x 3 matrix

ù
ù
ù

ú

ø

é
é
é

ê

è

=

zzzyzx

yzyyyx

xzxyxx

ggg

ggg

ggg

  g~
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Transition metal compounds: Magnetic properties

Terms: Fine structure          Zeeman      Hyperfine



I A
~

 SB g~ SS D
~

 SH S

CCCCCC
+ += b

Zeeman term: Zeeman effect + 2nd order effect of spin-orbit coupling

M

)B g SB g SB g SH

B g~ SH

ZZZYYYXXXZeeman

Zeeman

++( =

 =

b

b
CC

- Departure of g values from ge = 2.0023 

- Anisotropy

(i = x, y, z)

ɚ= spin-orbit coupling constant

dn configuration 

n < 5 , ɚ> 0 Ý gi <  ge = 2.00 

n > 5 , ɚ< 0 Ý gi >  ge = 2.00 

i

l
a
D
Ö-= iei gg

E

ȹi

18

Transition metal compounds: Magnetic properties
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Spin-orbit Zeeman



Anisotropic▌tensor

(X, Y, Z) principal axes of g:             Magneticaxes are relatedto symmetryaxes  

(gX, gY, gZ) principal g-values and atomicpositions

)B g SB g SB g SH

B g~ SH

ZZZYYYXXXZeeman

Zeeman

++( =

 =

b

b
CC

The line positiongô depends on the B orientation

' ' BSgHZeeman

CC
Ö =b

YX

ű

B
Z

ɗ

lXB

lYB

lZB

2

Z

22

Y

222

X

222

2

Z

22

Y

22

X

22

g cg sinsing sincos'

g g g '

qqjqj osg

lllg ZYX

+Ö+Ö =

++ =

gY

gX

gZ

gX

BB // X

gY

BB // Y

gZ

BB // Z

Transition metal centers: Magnetic properties
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Disorderedsystem: all the B orientations are present

B

B

Densityof resonancelines

Absorption signal

Bz = hn/gzb

Bx = hn/gxbBy = hn/gyb
Experimentalspectrum= 

derivative of absorption 

signal

Anisotropic g tensorïPowder or frozensolution spectrum

B

gX < gY < gZ
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Transition metal compounds: Magnetic properties



Disorderedsystem: all the B orientations are present

Anisotropic g tensorïPowder or frozensolution spectrum
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Transition metal compounds: Magnetic properties

B

B

Intensity = surface of 

absorption spectrum

Experimental spectrum

(absorption derivative)

EPR signal intensity: 

I ´ N (gP)moyen  B1 th(hn/2kBT)

double

numerical

integration

Spin quantitation by comparisonto a referencesample: I/I 0 = N/N0

B



- Identification of magnetic centers

- Selective view of magnetic centers and of their environment (nuclei)

- No limit in size or physical state: solution, powder, crystals, membranes, cellsé

R. Sphaeroidesperiplasmic

Nitrate reductase- NapAB

Arnoux et al., Nat. Struct. Biol. 2003
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[4Fe-4S]1+

gY =1.94

gZ= 1.87

gX = 2.04

15 K

Mo (V)

55 K

g-tensor analysis

gZ = 1.45
gX = 2.92

gY = 2.2215 K

Hemes(Fe3+)

Transition metal compounds: Magnetic properties
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Ground state  2T2g

Orbital triplet state, S = ½
No fine structure term, but stronginfluence of 
Spin-Orbit couplingon g-tensoranisotropy.

B g~ SH S

CC
 =b

Energie

Free ion Fe3+ Strongfield
S = 5/2                        low spin S = 1/2 

Ground states 6S                          2T2

g = 3.0           2.2              1.45
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Low spin Fe3+ systems: hemes

Cytochrome c
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