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Electron Spin Resonance 1 1

11.1 INTRODUCTION

Electron spin resonance (ESR), also called Electron paramagnetic resonance (EPR), 15
a spectroscopic technique confined 10 the study of those species having 0D€ or more

ectrons. The method takes advantage of angular momentum of the electron and

Ith of information. The angular momentum may 2rse
e will be

unpaired el |
‘ I a wea
its magnetic moment to revea . : :
from both spin and orbital motions. Associated with the angular momentum the

a magnetic moment. In most of the cases of interest, the magnetic moment arses from spin
c -

- angular momentum only. Among the large number of paramagnetic systems. the mos(;

-5 important ones are iransition metal ions, free radicals, ions and molecules having an od

number of electrons etc. . .
The spin and charge of the electron confer on 1t a spin m

Eq. (3.13)

agnetic moment | given by

RYTOREOIIE. ¥

by = -ghay (L1
where g is the gyromagnetic ratio and pp is the Bohr magneton. If angular mcmentum is
expressed in A, Eq. (11.1) reduces to

w mce L

Sy P e prr e
Eo

- ST 4o

The negative sign indicates that L and S are in the opposite directions.

. K, = -gHsS. (11.2)
b % The orbital magnetic moment L, is given by
; p’L= —‘uBL (1]-3)
| where L is the orbital angular momentum of the electron in units of h. The total magnetic
: E moment
] W=+ Ry = -glS — gL (11.4)
; If the system has only spin magnetic moment,
¢ M= -gHpS (11.5)
|

11.2 PRINCIPLE OF ESR

Sp———

e D~ A ) A A

: When an electron spin having magnetic moment p is placed in a magnetic field B, the
é interaction energy ‘

E=-u-B = -uB cos 6 (11.6)

MOMYW%’W')W o = — G MKy Mg ‘J
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Electron Spin Resonance 313

here @ is the angle between ju and B. As cos 0 = m /s, substituting the value of p from
wiic \ ¥ S
Eq. (11.5)

[o= guyBm, (1.7

It may be noted here that we considered only the spin magnetic moment. Since spin s is
t : . . e ;
equal to Y2 for an clectron, m, = %2 and we get two levels with energies (Figure 11.1)

. ] s o |
E_\p = *’2“8!‘11”» Eyy = ‘j‘gﬂuu

m, (
p 172 El/z:"z‘gﬂab'

_— AE = gugB

|
-1/2 E_,,/z:—jgllBB

B=( B#0
Figure 11.1 Zeeman splitting of an unpaired electron in a magnetic field B.

If electromagnetic radiation of frequency v satisfying the condition

is present, transition between these Zeeman levels occur which is studied by ESR. Equation

(11.8) gives the resonance condition for ESR observation. For free electron, g = 2.0023.
In a field of 0.34 T, from Eq. (11.8)

L = 20023(9274 x 1075771034 T
B 6.626 x 107 1.5

This frequency falls in the microwave region. Hence, microwave source and techniques have
to be applied for the observation of ESR.

Successful observation of the ESR spectrum requires suitable values for the frequency
v and the magnetic field B to satisfy Eq. (11.8). For magnetic field of 0.34 T, v comes out
0 be about 9.5 GHz. Spectrometers operating around this frequency are often referred to
as X-band spectrometers. Spectrometers operating at higher magnetic fields (B = 1.3 T)

with corresponding higher microwave frequency (~ 35 GHz) are also available. They are
called Q-band spectrometers.

= 9528 MHz

11.3 ESR SPECTROMETER

- Basic requirements: The basic relation for the observation of ESR transition is the one given
% by Eq. (11.8). For continuous absorption one can either vary the frequency v across reso-
- Mance keeping the field B constant or the magnetic field is varied keeping the frequency

Scanned by CamScanner



11

314 Molecular Structure and Spectroscopy

the magnetic field

constant. The latter method is usually preferred since it is easier to vary :
lectric field, the

keeping the stability at very high levels. In electromagnetic radiz:tions,' the electr _

magnetic field and the direction of propagation arc mutually pcrpcndlcu]ar'. In ESR expen-

ment. it is the magnetic component of the electromagnetic radiation that lnlCl"AC(S with the v

magnetic dipole associated with the unpaired electron. If the oscillating magnetic field vector

of the radiation is parallel to the applied magnetic field, only an oscillation of the energy

levels occurs and not a reorientation of the electron magnetic moment. Transition between

levels will take place only when there is a reorientation of the electron magnetic moment.

Therefore, for suc-essful observation of ESR absorption, the oscillating magnetic field must

be applied perpendicular to the applied magnetic field. '
Population in the lower level will be considerably high even for larger external magn;nc

fields. Though higher population in the lower level leads to larger absorption cross-section

and higher sensitivity, one prefers to work with reasonable fields only as this corresponds

fairly large dimensions (2 x | x 4 cm). Also, it is more difficult to

to a sample cavity of
ry high value over a larger region.

get highly homogeneous magnetic fields of ve
Some of the basic requirements of a X-band ESR spectrometer are.

(i) An electromagnet capable of supplying a homogeneous magnetic field which can be

varied linearly on either side of the magnetic field
(ii) Source of microwave radiation in the region of 9.5 GHz

(iii) Suitable sample cavity
(iv) Arrangements for transmitting the radiation energy into the sample cavity

(v) Detection system to measure the variation in microwave power
(vi) Suitable oscilloscope or recorder.

Description of the set-up: A simple block diagram of a balanced bridge ESR spectrometer
is given in Figure 11.2. The usual source of radiation is a klystron oscillator which produces
monochromatic radiation of the required frequency. The radiation from the source is
transmitted to the sample cavity through a microwave impedance bridge. The rectangular

Dummy load
2
////' 3 Crystal

] 4 detector
Klystron ) M——J Preamplifier

: ; 2 Microwave
b bridge

/ Cavity
/ Phase sensi-
N % . tive detector

= S S

To modulating
coils

Modulator Recorder

o b~

il Figure 11.2 - Block diagram of a simple balanced bridge ESR spectrometer.

s e s A
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Electron Spin Resonance

n the pole pieces of the
and a semiconducting crystal in the

arrive in the 4th arm are detected

Phase sensitive detectors
ive

microwave cavity which contains the sample is kept in betwee
agnet. A dummy load is kept in the third arm

15 that
able recorder.
absorption or first derivat
ge across the resonance

{ on the cavity walls.

electrom
fourth arm of the microwave bridge. The radiatior

e crystal. It is then amplified and fed to a suit
used to detect ESR signals and represented as
The magnetic field is swept over a small ran
air of sweep coils mountec

by th
n;x‘ usually
curves (Figure 11.3).
condition by varying the current in a p

AN

S /\

(b) (d)

Figure 11.3 ESR signal: (a) a single absorption line, (b) its first derivative, (c) four equally-
spaced overlapping absorption lines, (d) first derivative of the spectrum in (c).

Working: When the bridge is in a balanced position, microwave power flows only in the
two arms—the one to cavity and the other to the dummy load. There will not be any power
;)n the fourth arrp. Power in.the fourth arm will be there only when the bridge is not
'alanced, Thus, if balance exists, initially no signal appears at the detector and when the
;’mple‘dabsorbs, the 'balancing —of the bridge is lost and power appears in the fourth arm.
ﬁrset :ivérit\}/]at(i)\chrigdlme;-a;e fairly large and hence the spectrum is usually recorded in the
TR viSee, ore. - IW :: enables one to fix up the frequency position and estimation of
linewidth AB (I;:rig(i::: ); ¢ -3;1011131:r aq;‘/ar;]tage of derivative mode is that it gives a well-defined
a good estimate of A B.. . Even if there are overlapping signals, it is still possible to do
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