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ASSTHACT 

The subjeet of this thesis is the work done in the 

Eaton Electronics Hesearch Laboratory as a beginning of a 

programme of stud ies of double resonr,nce. 

Ihe aim of this work is to find out the conditions 

und er which the best :ENDOR signal can be obtained. A 

reflection cavity was used for all the results described, 

since the original transmission cavity developed faults. 

The samples used. were crystals of magnesium oxide 

containing small amounts cf cobalt impurity, present as 

Co+t ions. co+t ions in MgO are known to he in surround inr;s 

of ~ccurately eubic symmetry. Samples of 5~, 21 ~nd 0.5~ 

nomimü concentrations were used and for each concentra ti on, 

conditions for the beat E.NDOit sit!;nal were found and are 

reportcd. The basic spectrometer is similar in principle 

l' to that used by Feher for electron parama.gnetic resonance 

measurements exc~pt that the necessary additional equipment 

was adrlF-d fo:r double resonance. 

The d~pendf'nce of ENDOR signal on a.mount or F.M., 

A.M. and ~- voltRge was lineRr, as expected, with however 
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eTide.nce of d~partures from linearity in the case of the 

.Y.,t- r.raph. The variation of ENDOH signal with microwave 

power showed a fairly sharp maximum, at a power depend~nt 

on the concentration of co++ ions in the sa.mple. A simple 

theory predicts a maximum when the spin t~mper~ture is 

doubled, and JJas supporteri by the results. F.M. was found 

to be preferable to A.M. for the samples used. 



r. 1. INTRODUCTION 

As the name "ENDORtt •( Eleotron-Nuclear double 

resonance or simply "Double Resonance" as it is frequantly 

oalled) - itself BU6gests 

transitions are involved. 
' both eleotronic and nuclear 

This technique requires partial 

saturation or the electron paramagnetic resonance <•PR) signal 

under investigation. The double resonance method bas been 

extended by Feher1 to observe nuclear transitions and the~eby 

determine hypertine interactions and nuclear g-faotors. 

The object of this work 1s to set up an ENDOR spectro-

meter and evaluate its performance. Several methode are 

available for achieving production and detection of the signa~ and 

so a comparison or· these 1s desirable. The optimum conditions 

are of course rather important, and alao 1nterest1ng on their 

own aooount, as they should throw some lignt on the rather 

oomplicated processes involved in double resonance. 

The phenomenon of electron paramagnetic resonance is 

quite well-known as a method for studying d1lute paramsgnetic 

subs ta noes. The permanent magnetio dipoles change their 

orientations with respect to an applied steady magnetic field 

when an oscillating magnetic field or appropr1ate radio 

trequenoy is applied. 

In the case of an ion wh1oh also possesses a nuclear 

spin, the energy level soheme is complicated by the tact that 

(1) 



(2) 

each electron orientation level is subdivided into olose

apaced levela aorresponding to the different orientations 

of the nuclear spin. The .spectrum of absorption as a function 

of magnetic field is 1nvar1ably changed 1 each electron 

resonance line splitting into several close linas because 

of the nuclear spin. E}IDQR is a method of measuring the 

apaoing of the close lines directly# by 1nduc1ng direct 

transitions between the components or an electron 11ne split 

by nuclear spin, at the same t1me as the eleotronic 

transitions are be1ng 1nduced, by applying a second radio 

trequency oac1llat1ng field, ot rather lower frequency. It 

is experimentally more oonvenient to deteot the small energy 

nuclear transitions by means of their etfect on the higher 

energy eleotronic transitions,requiring two different 

trequencies and so the name double resonance is appropriate. 

As paramagnet1c resonance experimenta are inevitable 

in the course or study of double resonance experimenta, it 

seems neoessary to give the theory,1n brief,or paramagnetic 

resonance bet'ore going further into the field of double 

resonance, which is, in effeot, a development of the former. 

2. Paramasnetic Resonance:-

Even though· the sim ot this wo~k is to study the 

optimum conditions for obsarving a double resonance transition, 

in order to underatand double resonance it is necessary to 
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understand the meehanism of paramagnetic resonance as the 

na ture of ENDOR 11nes depends upon those of the EPR 

linas. A brief discussion of this is g1ven he~e. For a 

full and deta1led discussion of this subjeot t"ef'eY"enoe 

should be made to V&ytioua review articles in general and to 

those by Bleaney and Stevens,2 Bowers and Owen3 in particular. 

Magnetic resonance forme the basie of a branch of 

speotroscopy which has been a valuable addition to the methode 

of investigating the solid state. Under this headlng we 

oan also add the "Electron•Buolttnr double resonance" in add

ition to nuolear resonance, paramagnetic resonance (EPR}. 

ferromagnetio resonance and antiferY"omagnetic resonance. 

Wlth the exception of only the nuclear resonance which 1s 

concerned with nuclear dipolea all the rest are concerned 

with electronic dipoles. Paramagnetio resonance deals with 

magnetic systems where the electronic dipoles are loosely 

coupled systems where the paramaGnetio unite may be regarded as 

1nd1v1duals. 

The present work deals with the study of paramagnetism, 

i.e. the magnetie propert1es of substances, in which each 

permanent magnetic dipole 1s substantially 1ndependent of 

1ts ne1gbbours. The theory then treata each dipole sepa~ately, 

and the effects of the neighbour1ng dipoles enter only in a 

subsidiary manner. Quantum theory givea a natural explanation 

ot the presence of permanent magnetio dipoles. Aecording to 
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this theory pe~manent d1polas oocur whenever the atom or 

the ion oontains partly filled •lectron ahells. Sucb 

systems have resultant angular momentum due partly to the 

o~bital motion and partly to the 1ntrins1o spin of the 

electrons, w1th eaoh of which 1s assoc1ated a magnetic dipole 

moment. The requirement or a partly f1lled electron shell 

ln order that 1t may possesa.permanent magnet1c d1poles 

therefore restr1ots the occurrence of paramagnet1sm in 

compounds of certain well-defined regions of the pel'iodic 

table, known as transition groupa. or these transition-groups 

the most tully 1nvest1gated is the iron-group with the 3d-shell 

being partly f1lled. 

Most of the paramagnet1c aubatancea are aol1ds. In 

the iron-group. with which this work is concerned, the 

magnetic suecept1b1lity waa tound to be muoh oloser tc that 

wh1oh would be expeeted from the electron spins alone than 

that caloulated tor an agglome~ation or tree ions. The 

reason fol' tbia waa round to be the atrong interaction 

between the paramagnetie lon and ita immediate aurroundinga, 

the diamagnet1o œate~ial, in whioh 1t ia 1mbeddea. These 

diamagnet1c neighbou~a are charged and henee produce a atrong 

electroatat1o field, through wh1ch th• electrons of the 

parama~~et1o ion must move. 

The efteet or the electric field may be qu1te strong 
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so that the coupling between the orbital anguler momentuœ 

veetor L and spin angular momentum veotor s, with the 

allowed values ML and Ms respeotively, in the direction 

of the applied field 1s broken as a result of whioh each 

precesses about the direction of the eleotric field 

se para te ly. Then J, the vector sum ot L and s, no 

longer has any maaning. The quantum numbers to be used 

for different energy levels are ML and M8 • Ms has the 

values s, S-1, ••••• to -s, whioh is 2S + 1 values in all. 

Usually, the splitt1ng produced between different ML levels 

lS -1 
by such a field is of the order of lcr cm and hence only the 

loweat leval 1s populated at ordinary temperatures thus 

"Quenching• the orbital momentum. 

are·fully exposed to the field of tho neighbours, and the 

effeot of the orystalline eleot~ic field 1s so great that 

the orbital motion is "quenched". This means that the 

orbital motion is "looked 1nto" the field of the neighbours, 

and is unable to make its proper contribution to the magnetism. 

The electron spin, however, with its oorresponding magnet1o 

moment, has no direct interaction with the orystall1ne 

eleotr1c field, and henoe remains free to orient 1tself 1n 

an exte~nal magnetio field. Thus the magnetic properties 

of the salta of the iron-group cor~espond to ~spin•only" 

magnet1sm. 



II. 1. RhSONANCE COUDITION 

l 
4E_ 

- - - --0 

Fig. l A Spin~ system expla1n1ng BPR. 

The phenomenon of paramagnetio resonance la ahown in 

1ts a1mpleat form by a aet of non-1nteract1ng paramagnetlc 

ions, eaoh possosaing a single unpalred electron and a magnetlc 
l di pole •oment of 2 g1 [3 , where f3 = eh/4 Jfmo, 1a the Bohr 

magneton, and f~ is ~peotroscop1o apl1tt1ng factor. In a 

steady magnet1c field U, eaoh dipole can ottient 1taelt 
l 

parollel to H wi th the ene-rgy -~ g8 pa or ant1-parallel 

to 1 t w1 th the energy + ~ g
8
p H aa N~presented d1agramm.a tieally 

ab·~ve.. ThEHle two possible energy levels •~• separ-a ted by 

a gap of AS= g
8
p f!. If we now apply radiation or the 

roaonant fttequeney ~1 polar-ized in a !\1r-ect1on perpendicular 

to the steady magnet1o field H, auch that 

- (1) 

1a the energy or each quantum, . transi ti<>na be tween the levels 

obey1ng .the selection t-ules Ll k€8 = !1 al"e 1nduoed. We know 

(6) 
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from the theory of the Einstein coefficients, that the 

probability of transitions U?wards by abao~ption 1a equal 

to the probab111ty or transitions downwards by st1mulated 

emission. In oompar1son w1th these probab111t1es, the 

probability of transitions downwards by spontaneous emission 

is quite negl1g1ble. If the populations of the energy 

levels were equal, the average rate of transitions up and 

down would therefo~e be equal, and the~e would be no net 

effect on the system. Actually, howeve~, s1nce the spins 

are ln equillbrium at temperature T8 , the population ot the 

lower level exoeeds that of the upper leval by the Soltzman 

factor 

exp AE /KT 8 , where K 1s the Boltzman constant 

T8 1s the spin temperature 

On account of this excess of population in the lower energy 

state, there is a net absorption of energy from the microwave 

field. 

In order to induoe magnetio d1pole transitions between 

these two energy levels we must spply a h1gh frequenoy 

magnetic field of trequenoyi'1auch tbat the quantum of high 

frequency energy equals the sepa~at1on between the levels 

acoord1ng to equation (1). Thua there 1s resonance 

absorption correapond1ng to the dipolea being fllpped from 

the paT"allel to the antl-parallel state and there ia 1nduoed 
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emission oor~esponding to the reverse prooesa. 

If the s~stem remains in thermal equ111br1um, more 

spins are in the parallel atate because 1t ia of lower 

energy, so that there 1s a net absorption of m1cro~ave power. 

In the actual paramagnet1o resonance experimenta this absorption 

can be measured by plaoing the sample in a cavity resonator, 

and deteoting the drop in the transm1tted microwave power at 

resonance. The normal practice of experlmenting 18 to keep 

the frequency fixed and to vary the field H 80 that, for 

the example discussed above, if H is stead1ly inoreased a 

single absorption lins is found at the H value given by 

H = h"J), 
• 

In principle the radiation requires to be circularly 

polorized, but in praotlce linearly polor1zed radiation 1s 

suff1c1ent, aines an osoillating field can be oonsldered as 

two fields of half the amplitude rotat1ng in opposite 

directions. 

Let us now suppose that thers la a large number N ot 

electrons• Following the aame trsatment as that g1ven by 

Andrew4 for an asasmbly of Nucle1, let N- eleot~ons occupy 

the upper energy state, and N+ electrons occupy the lower 

enere;y a tate. Let W- be the probabil1ty pe~ unit time for 

downward trsns1t1one and W+ be the probab111ty per unit 
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time fo~ upward transitions. If the whole system of 

spins and latt1ce is ln tha,..rnal equ111br1um at a temperature 

T, then by the prlnciple of detailed balanc1ng~ the number 

of transitions upwards and downwards must be equal. Hanc a 

W- N. = W + 

But = e.xp -KT 

Bence '11- = w ( l+~ ) 
2 KT 

And w = w ( liE ) 1--+ 2 KT 

Where w Vi_ + w = + 

2 

- - - - - - -( 2) 

By the &oltzmann's 
D1st~ibut1on 

- - - - - - -(3) 

- - - - - - -(4) 

The abova picture changes if we now cons1deT' that the spin 

system la at a different temperatuT'e T8 f:rom that of the 

lattioe whioh we assume to be at The excess number of 

spins n in the lowe,.. state is thon given by 

n = N + • N. - - - - -(5) 

For eaoh transition this excess changee by 2. Therefore the 

rate of change of n ia given by 

.1!1= 
dt 

2 N- W ... - 2 N VI 
+ + - - - - - - -(6) 
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= 2W {N- ( l + LlE ) l - 2W { N (/ - _M)J 2Kf J + 2KT 

= 2W (n0 - n ) 

WheT'e 

n = (N_ + N+) 
0 --

Wh are 

N = N. + N + 1s the total numbeT' of spins 

- - - -(7) 

- - - -(8) 

Thus n0 la the value or n when the spin system 1s in 

thermal equ1libr1um w1th the latt1oe. 

we get 

If {7) 1s 1ntegrated, 

n) = ( n 
0 

) -2Wt n1 e 

Where ni ia the initial value or n. 

- - - - (9) 

From the above 

equation we aee that equilibrium is reached exponent1ally with 

a characteristic time = 1/2 w - - - - - - -(lo): 

wh1ch 1a oalled spin-latt1cA ~~lo~~t1on t1me. The sp1n-latt1o• 

relaxation time whose typical value enoountered exper1mentally 

f 10-
12 

to 104 
nd h 11 1bl ranges rom seoo s as neg g e 

affect on the line-wldth in compar1son w1th other sources. 

The relaxation time depends upon the temperature,becoming longer 

at low tempeT"atures. Also T1 depends very markedly on 

the separation batween the ground atate and the first exc1ted 

state - large 1'1 foy• large separation and short 

small separation. 
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In addition to the spin-lattice interaction there is 

another type of interaction taking place in the paramagnetie 

sample, due to the interaction between the spins themselves. 

Being magnetio dipoles, they produce a small magnetie field 

at the neighbouring dipoles. The result of this 1s that 

any paramagnetie ion will be subjeoted to the field or 

the remalning ions in the sample. But by Van Vleck 1 s5 Q.M. 

work this field, at a given ion, due to others in the 

sample is inversely proportional to the oube of the distance 

between the two ions. Renee the effect of only the nearest 

ne1ghbours need taken 1nto aecount. As with all interactions 

of this sort, it depends on the angle between the spins and on 

the angle between the spin and the vector to the other ion. 

Each ion is regarded as preoessing about the exte~nal field, 

and its effeot can be resolved into two components: 

(a) A steady eomponent direoted along the field. This 

sets up a eteady field at any other ion as a result of which 

this ion is situated 1n a field whose intensity is slightly 

different from the applied field. This prooess gives a 

broadening whioh is s1milar to that ar1s1ng from an inhomogeneous 

field. 

(b) The second component ie a rotating oomponent 

aoting at right angle~ to the D.C. field, setting up a ~otat1ng 

field. If the frequenoy of the rotat1ng field is equal to 
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the preceasional trequency of any other ion there will 

be a couple acting on this second magnetio ion tending to change 

its direction. This component gives a resonance broadening, 

in the same way as for ep1n-lattice relaxation, beoause it 

tends to reduce the l1fetime of an 1on ln a given atate. 

The broadening due to the steady oomponent and rotat1ng 

component la round to be independant of the temperature, 

though !t has strong dependance on the concentration of the 

paramagnet1o sample. i~e more ooncentrated the crystal is, 

the wider the line obtained. 

2. Ssturation:-

Having consiàered the rate at wh1oh the spin system 

and the lattice approach thermal equ1librium, we will now 

atudy 1ts condition when 1t has settled down to a steady 

atate under the influence of radiation. If it were not due 

to apin-lattice relaxation, the populations of the levels. 

would be equalized. If a atrong microwave field 1a appl1ed, 

transitions may be induced by radiation. Theae transition 

rates may be comparable wlth transitions by relaxation 

prooeaees, and as a result the original thermal equilibrium 

conditions will be destroyed. As the microwave field is 

increased, the population ot the upper level increasea and 

eventually a new dynam1c equ1libr1um is attained. The ratio 

of the lower to the upper population for a two level system 
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considered before 1s g1ven by equation (3) at thermal 

equilibrium. In the absence or radiation. the time 

va~1at1on of th~ excess number of spins ro11ow1ng equations 

(7} ~nd (10) 1s given by 

dn - - - - - - - - (11) -dt 

In the presence of rad1atton, we have 

dn n - 2 np - - - - - ( 12) = 
dt 

WheT"e P is the probability par unit t1me or a transition 

being 1nduced between the levels under the influence of 

radiation. In the a teady s ta te, the ti me varia ti on of the 

excess n must vanish. If n8 is the steady state 

value of this exceas, than we have 

= 1 
- - - - ..; - - - - ( 13) 

1 + 2 .J:> '-'-~1 

But foT" a two lev el system we have, 4 

p = 1 -{2 H 2 g (j ) max. 
4 

1 

But T2 = l g (., ) max. -2 
• p = ly2 2 • • T (14) ~ Hl .. - - ... - .. - -2 

And r1 1-12 H 
2 

l.,. 2.., 1 g - - - -(15} 

Where T2 is the spin - spin T"e1axat1on t1me 

g (~) 1s the normal1zed shape funa ti on and 
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7 is the electronio g - factor 

z la ealled the saturation factor. 

If Nl 
+ and N! are the new equ111br1um populations of 

the lower and upper lèvels r-espeotlvely, then we have 

T 8 

N l 

~ 
exp 

is the new temperature of the spin system wh1ch 

is greater tban the lattice temperature, consistent w1th 

a net absorption of energy. This 1nd1oa tes tha t the 

1ifferenoe in population between the two levels has been 

reduoed. But the absorption signal is d1rectly proportional 

to the exoess numbert of spins whioh, in t'\)rn, 1s lnversely 

proportional to the temper~tu~e. Henoe the absorption 

signal now beoomes small•r• This phenomenon 1s known as 

saturation. The absorption signal inoreases with miorowave 

power initially because the transition probab111ty inoreases 

and later the signal level begins to flatten off. The 

relaxation prooesses can no longer oompete with the 1ncreased 

number or transi t1on as the latter is muoh fas ter than the 

former and he nee fewer spins stay long enough in one sta te 

to undergo relaxation. Further 1nerease in the mtcrowave 

power from the steady•state value does not produce appreciable 

1ncrease 1n abso~pt1on beoause the steady-state absorption 
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must be equal to the amount or energy be1ng g1ven to the 

latt1oe dur1ng relaxation. Eventually the population 

difference between the levels tends to vanish. The signal 

inoreases with power at first, but then the s1gnal-to-no1se 

ratio decreasee with increaaing power when saturation 

oocurs beeause the noise produced by the crystal 1ncreases 
6 with the current pasaed. 



ITI. 1. THE THEORETICAL RAMILTONIAN 

Paramagnetio resonance is concerned with the investigation, 

in detail, of the lowest enargy levals of paramagnetio ions. 

The energy levela of a paramagnetic ion situated in a 

CT""ystal &T'e modified by the orystallina surrooundinga. In 

ordeT' to unde~atand these modifications, one must f1rst have 

a knowledge ot the interactions within the free ion. An 

at tempt is here made to g1 ve a brie f acaount or the various 

1ntet"actions. For details reference should be made to 

Low 7 Abragam and Pryce8 and to references· (2) and (3). 

(a) The most important interaction in an atom is 

given by the coulomb term which takea 1nto acoount the 

intel"act1on of the eleo t~ons wi th the nuelear charge Ze 

and the mutual repulsion of the electrons. 

coulomb term be vF. 

Let this 

(b) The next important 1nte~action is a magnetlc 

interaction between the magnetio moments of the electrons 

due to 1ts spin and the roagnet1o moment due to its orbital 

momentum. Let this be vLS. It we confine ourselvea 

to Ruasell-Saunde~s ooupling, the sp1n•orb1t interaction 

ean be wf'itten as À L. ~ where /t is the ap1n-orb1t 

constant. ~ is found to be a positive quantity if the shell 

1e lees than half•full and negative if it 1s more than 

half•full. 

{16) 
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(c) Another much smaller term la that due to 

spin-spin interaction, whioh bas been oonsidered by Pryce.9 

Let this be V88 • These three are the dominant terme 

of the free ion. 

(d) If the nucleus has alao a spin I and a 

quadrupole moment Q, this causee further splitting. The 

interaction with the nuclear spin arises from two causes. 

The first of thesa 1s due to the magnetlc interaction with 

the magnetlo moment of the nucleus, glven by 

Where ~ ond gN refer to the nuolear magneton and nuclear 

gyromagnetlc ratio. The term in the ourly braokets dascrlbes 

the dipole interaction between the nuclear moment and the 

magne tic moments ,)f the alec tron. 'l'he other tel"'m denotes 

the anvmalous intel"action of the S -electrons with the 

nuclear spin. 

(e) The second nuclear interaction term is due to the 

electrostatic interaction wi th the eleotric quadrupole 

moment of the nucleus. This term, whloh la second order in 

I, 1s given by 

- (2) 
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(f) The interaction w1th the extsrnal magnet1c 

field a is given by 

(3) 

(g) The direct interaction of the nucleus with H 

is given by 

(4) --
~rhe general Ha mil toni an of the free ion ia gi ven by 

the eum of a11 these sevan terme. They are conveniently 

arranged in decreaa1ng order ao that perturbation methods 

may be used for their caloulat1on. They may be wr1tten as 

(5) 

For a paramagnet1c ion placed in a diamagnetio 

substance another te~m V0 • wh1ch is the eleotrostatic 

energy in the field of the neighbouring ions, ahould be 

included in equation {5) • The lev el separ·ations of VF 
5 -1 

&1""8 usually of the OT"der of 10 cm • Vo 1 fa!' 1 T'On-

1 2 -1 1s of OT'de·r 4 -
VLS group, 10 cm 1 of ordel" 10 cm 

' vss 
-1 

and V.H of or der 1 cm 
' 

-3 -1 
V~ of OT'd6!' 10 cm And 

VN of order 10-l 

Vh of arder 
-3 

10 ta 

to 10-3 

-4 -1 
10 cm 

-1 cm 
' 

• 
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Here one 1s primaril~ intarasted in the lowest level 

and levels ~emoved from it by not mo~e than a faw hund~ed 

wave numbaPs, for higher lavels are not occupie1 at the 

usual experimental temperatures. This meana that one need 

cons1der only those levela which arise from the lowest 

level of VF +V 0 by the pe:r"turba tions of 

2. . The SEin i!amil toni an:-· 

The Hamiltonien elven by equation (5) is, in 

general, very complioated. The method of carrying out 

perturbation caloulationa, espec1Rlly to the iron group, 

haa been worked. out by Pryce10 and others8 • 

One coula treat tho levels between whioh transitions 

occur as isolated and forget higher levels, even though they 

may influence thé ground states eonaiderably. In the case 

ot the free ion, a state wlth total quantum number J spl1ts 

1nto (2J +l) levela in &n external magnetio field. With 

the same snalogy, if transitions between 23' + l levels 

are observed experimantally, we may define 1 
S as the 

"f1ctit1ous spin" of the system. We can traat the (2S' + 1) 

levels as if they originate from a fiotitious atate with 

spin s' for which the magnetie d1pole bas 2S' +1 possible 

orientations. ~~he effective moment of this dipole is not 

g1ven by the Lande, g - factor but by a g-taetor which may 
+++ 

d1ffer cons1derably from it. In the case of Cr where 
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the tl'U8 spin s and the fic tl ttous spin s" are both 

equal to 3/2 the g-fa.ctor is l.gsoo in a cubtc field. 

But 1n the case of Co .. where true spin s = 3/2 and 

f'lctitious spin s'• l the g•factor ts 4.2785 ln a 2 

stmtlar enviropment. If S • g 

An easier method of calculation is to 1ntroduce 

f1ct1tious aneular momenta. An angular momentum which 

does little more than describe the mult1pl1c1ty of a atate 

1s assigned to tt. This means that an extra factor must 

be 1ntroduoed to take 1nto account or the tact that the 

magnetio moment ta different fl"om what would be expected 

if the f1ctit1ous ansular momentum was the real one. This 

allowa the state to be treated almost as a pure state, whloh 

ts a considerable stmpliftcation, but tt only works if the 

other levels are suff'iciently far away 1n enet'gy not to have 

any appreciable effect. The calculatton of the matrtx 

elements of the various perturbation operators is s1mplif1ed 

by the use of operator equivAlents. Angular momentum 

operators, whioh are used in the spin Hamiltonien, are 

conside~ably simpler to deal with, since there a~e standard 

formulae for finding the1r matrix elements. The arb1trary 

coefficients, with which the spin Hamiltonien is built, will 

express the measured behavlour of the enereles of the 
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transitions when thase coefficients are suitably adjusted. 

The proceas of deteT'm1n1ng the coefficients expe1"'1mentally 

may be rather long if the number of terme necessary are 

large, and there 1s an1sot1"'opy. 

The advantage of usine a spin Hamiltonisn is that 

the rather complicated behaviour of the lowest eneT'gy levels 

of the paramagnetic ion ln a magnetic field can be 

described in a relstively simple way by specifying the 

fictitious spin, together with a emall number of parameters 

which measure the magnitudes of the various terms in the 

Hamil toni an. 

For a paramacnet1c ion placed in the sur~oundinga 

of a d1amagnet1c sample giving riss to crystal field of aubie 

symmetT'y, the sptn Hamiltonlan 1s very simple, beine given 

by 

(6) 

·.vhere f3N is nue le ar maeneton 

SN 1s nue le ar g-:f'actor 

A la .hyperfine structure constant 

and the other quantities a'!"e as previously defined. 
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++ 
(3) Spin-Hamiltonien fo~ Co in MgO:-

He~e we discuss the spin-Hamiltonian in b~ier. Yor 

a detailed account of this aubject reference anould be made 

to1 Abragam & Pryoe~ Low7 Bowers and Owen~ Bleaney and 
2 

Stevens and othel"s listed in the back of the theaia. 

The sample wh1ch ia used for this wo~ consista or Co 

ions present in amall concentrations in single oryatala or 
++ 

Magnesium Oxide, MgO. The Co ions are surrounded by 

aix oxygen atome in the crystal, whioh pl"oduce a cubio 

crystalline field of ootahedral symmetl"y. For this aample 

++ 

eacb auoceeding pertu-rbation is oonaiderably smaller than the 

previoua ones. In most of the osses second ordel" pel"turbation 

theory ia quita autfioient, but in the case or 

the Spin-Hamiltonien is particularly simple. 

++ 
Co in MgO 

The aize or the crystal field term in the case of act+ 
in MgO ia auch that it is amall in comparison with the coulomb 

in te rao t1on, but la-rge eompared wi th the Spin-Orbi t interao t1on 

term, so that the terme may be taken in order. If two 

terms are of same aize the situation beoomes complioated sine~ 

perturbation theory cannot then be used. The method or 
++ 

obtain1ng tne energy level acheme or Co in MgO ia 

atraight forward and rollows the standard procedure~ ao will 
7 not be given here. Low' has clearly explained how a triplet 
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1s left lowest w1th 3-fold o~b1tal degene~aoy. There is 

also a small adm1xture or the upper state into the ground 

atate, wh1ch affects the propert1ea or the ground atate 

to soma extent. The other ne1ghbour1ng states •~• ~ 

(three•fold degenerate} and ~ with an orbital ainglet. 

The largest term in the Spin-Hamiltonien 1a the 

o~ulomb term wh1ch g1vea the ene~gy or the coulomb electro

stat1c interaction or the electrons with the nucleus and w1th 

each other. The electron cont1gurat1on outs1de cloaed ahells 
++ 7 4 

of the divalent Co ion ia 3d having P9;
2 

as the 

ground atate or the free ion. There are three holes in the 

3d shell, and S = 3/2. The spin multiplic1ty gives twelve 

levels as shown in the figure 2. The next highest atate 
4 -1 

is round to be P about 20,000 cm higher in energy. 

It 1s round that the 4P atate has the aame symmetrJ 

propertiea in the presence of the crystalline field as the 4F 
4 

ground atate, so that the~• ia a amall admixture of P 

in the ground state, which affects the energy-level spacinga 

sl1ghtly. 

The ne:xtterm in the sp1n-Bam1ltonian 1a the ap1n-orb1t 

1nte~ao tion ter,n ... :t;t may be shown that the erree t of this 

term 1a to remove pa~t of the orbital and spin degeneraoy 

giving a level two•fold degenerate in apin lying loweat. 
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This leval with 2- told degene~aoy is split by external magnetic 

f'1eld. Paramagnet1c resonance transitions are observed 

between these two levels at low temperatures at wh1oh other 

levela than the lowest are not populated. 

In order to treat this, a tictitiou• anguler momentum~' 

with total value t:: 1 and allowed values o, + 1 

and - l is 1ntroduced. This makea it possible to t~eat the 

problem similar to a tree atom spin•orbit coupling, exoept 

that, a1nce f' is a fic ti tious angular momentum, the magne tic 

moment aesociated with it will differ from that expected 

trom a normal angular momentum by a factor ce • 
-+ ê' ---Ir J ia the ~esultant of and s then the three 

j values 81'"8 j = 1/2, 3/2 & 5/2. If the se j values 
4 cl! ft ....:.Y .Il 

_, 
subatituted in equation r. _, 

are the j .:::: .,. s - 2 8 

in turn, we gat 5c(A• oCÀ and -3/2ti(A 
~ ~4 

for the spin-orbit ooupling term«Ai· s. As 

reapectlvely 

~ 1a 
++ 

j = 1 
i 

negative for Co we asa that the term w1th 

lies loweat. It 1s between the membera ot this Kramers 

doublet that the paramagnetio resonance apectra oan be 

observed. The aplitt1ng of the ground,atate by meana of 

the apin-orbit interaction 1a alao shown 1n the figure 2. 

In second order the spin-orbit ooupl1ng mixes in as 

was already mentioned be fore, a sl1ght amount or the fi triplet 

state to the ground state. This second order contribution 
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to the energy 1s (-15)ÎI where Ll is the sepat"atlon between 
2A 

the two triplet states. This neglecta the contribution 

of the admixture of the P - a ta te , whi eh would amoun t 

only to a very sl1ght correction to the already amall second 

order quantity. 

The ne.xt 1arm 1n the Sp1n•Ham11 tonlan is the spin-spin 

1nterae tl on term. This term, ln the present case, has the 

form os' 2 where D : la a second-rank tensor. In this z 
case s' =+l 

z -2 
and the term DS1 2 z 1s constant with the 

value 1/4 D. TheJOefore this may be omltted ft"om the Spin-

Ham1lton1an alnoe it does not affect the tt"ana1tions. 

The ne.xt term we have to consider 1s the nuclear 

hyperfine spl1tt1ng term. Even though the contribution 

from this term la lesa than that from the external magnet1c 

field, it 1s considered f1t"at, aince it bas an affect even 

in the absence of the field, and 1s alao important in 

determining the behaviour of the levela as the field is 

inct'eased. 

of the Co59 
This term arises because of the nuclear spin 

nucleus, which 1s 7. - This haa an aasociated 
2 

magnetie moment, whlch possesaes enet"gy according to ita 

orientation witb respect to the intense magnetic field, o:r 

the order of half a million gauss, produced b7 the 1on 1a 

unpaired electrons at the nucleus. Bence the energy or the 

lon depends upon the orientation of the nucleus as well aa 

tha t of the electrons. For calculation of the 1nteraot1on 
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energy between the nuclear anguler momentum I and the 

' effective electron spin s 
Abragam & Pryce1~ Low12 and 

reference may be made to 

others. The hypert1ne 
. 59 

structure spl1tt1ng of Co in weak and atrong magnetic 

field 1s shown in the fib~re 

The te~ responsible tor this interaction is of the 
~ .._.., 

torm A I · S 1n the Spin Hamiltonien. 

Where A = o( g
8 

SN /3/j ?~ is the hypeT"fine structure 

constant. In general A is a second-rank tenaor. But 

1n the case of ++ Co in MgO it may be replaced by a soalar 

A, s1nce the principal values of the tensor are equal. As 

shown by the above equation, the~erfine structure constant, 

--z in addition to other quantities, 1nvolvea r where r 1s 

the d1stanoe of the electron from the nucleus. It is 
--3 

possible to obtain an est1mate of r provided SN is 

known from other experimenta and A is measured exper1mentally. 

(4) The Effeot of the External Magpetic Field:-

We are familiar with the behaviour or free spins 

in an external magnetic field. Ignoring the nuolear hyper-

fine spl1tt1ng to atart with, let ua now conaider the affect 

ot ex~ernal field on the ground state of Co++ with the doublet 



(28) 

ly1ng lowest after the effeots of the ootahedral cryatalline 

field or aubie s~etry and spin-orbit interaction have 

been taken 1nto aeoount. The affect of the external 

field is to 11ft this degeneraey oompletely. The degeneraey 

1n the upper levels 1s also l1fted though they are not 

populated at ord1nary temperatures at wh1eh resonance 1s 

possible and bence may be 1gnored. The two lowest levels 

diverge 11nearly with field. At normal fields the1r 

separation la not suff1e1ent to br1ng them appreoiably 

nearer to the higher levels, so that no extra perturbation 

1s 1ntroduoed. 

The above p1oture 1s changed due to the presence of 

nuolear hyperf1ne interaction. At zero field the~ are 

two levels oorreaponding to F = 4 and F = 3 aeparated 

by 4A. As tbs field is increased from zero, these levels 

split into (2F ~ l) equally speced levels, and bence nina 

and aeven levels respeotively are obtained. At high 

fields F 1s not a good quantum number and therefore M8 and 

m1 quantum numbers are asslgned to each leval. Energy 

level spl1tt1ng at high field 1s shown in figure 3. 

The interaction between the quadrupole moment or the 

cobalt nucleus and the gradient ot the eleotric field at the 

nucleus is neglig1ble ln this case because or zero electr1c 

field gradient. 
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(5) Bxternal .Field On The Nucleus:-

The effeot due to this interaction is quite small. 
~~ 

'l'hia term 1s represented as - gN PN H.I and 1s dependent 

only on the m1 quantum numbe~ for a given value of the 

magnetio field. 'l'hus 1t does not show up in paramagnetio 

resonance transitions where, for allowed transitions, the 

selection rule is LlM8 = tl and Am1 : 0 as 1ndicated 

by ar~ows in 'igura 3. In addition to the teT'm ... g
5 

fiw 
-i'~ .... -> 
H. I , we must oonaider another term or the form R. I which 

arises from the next highest atate which 1s separated by 

sp1n•orb1t interaction. Therefore this term may be written as 

- g~ fiN 
--;> ...:r 
B. I --

Where --
'fhus knowing gN 1 ~ 

1 
and jjN the value Of k ean be round. 

'!no sp1n-riam11 toni an re qui red to de scribe the 

double l"'itsonanoe transttion is given by 

S : t A I .z S ~ + A ( Ix s'+r cl ) ' a. H ... - -x :1 "-~7 -gN~ z 

Where the quant1zation axis and the steady field 

H are taken to be the Z- direction. 

Using this spin Hamiltonian and s'= l and 2 I :~ 7/2 

the matrix elements are evaluated by uaing the formula given 
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by Condon 13 & Shortley • The general matr1x elements for 

the part of the Sp1n•Hamllton1an, exolud1ng the last teT'tll, 

1s g1ven by 

<•s ' 121 I l J.( 1 ~~ ' mJ. ) 
= g8 /3 H~8 , m1 j s~ J M8 , m;> +A( M8 , m1 } Iz s~/ M8 , m1) 

+ A<M • m1/ I S' t I 8 x x y S' 1 M ±.1 , y 8 m I :tj> 

The matr1x can be solved exaotly to g1ve the energy levels 88 

-+.t-i{< A A 

; and henoe mr 

oor-s1dered as a conven1ent sube1d1a~ quantum number, an 
J 

eX'tens1on of' the low field quantum numbeT' F. 

To obtain the correct energy levels for double 
.... -=-

resonance we st1ll have to eons1der the term -gN AL H.I wh1oh 

is amall, and diagonal, and henoe oan s1mply be added to the 

energy levcls sl~eady found. 

The double resonance energies, w1 th the seleot1o n 

rule Ll ltf8 = 0 and Llm1 = :t 1, are then g1ven by, 



(32) 

:~ <[f< •l] A+ g
8
ftHa)2 + A2{(1+),)2- (f<+ l)2J 

For calculating the energies, or frequenofes, the me~od devised 
by Pryoo may be used. Tho double resonance frequenoy 

i.s given by 

.! 81A 8• 
WbBro ~1 1a the miorowave frequenoy. Here all quantities are 

expressed as trequeno1os rather then as energies. The values of 

ooeff1o1ents x, y and z have boen given by Pryoe (private 

communication} and reproduoed by D.J.I. Fry in his thosis. By 

using the abovo formula the double resonance frequenoies for Co 

in KgO have boen caloulated in the same thesis. The double 

resonance transitions obeying the selection rules AM8 : 0 

++ 

and AMI = .,.+1 1 di t d 1 f1 A b 1 u are n ca e n gure ,. y open arrowa a ong 

with EPR transitions indioated by solid arrows. 

The table of x, y and z neoesaary for il.t calcula tions 

1s not given haro beoause only one lino was used in this work, 

so the positions of the rest are not very important. 
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lV • 1. ENDOR PRINCIPLE 

The ENDOR Technique depends upon the presence of 

the • term o t the form A Î • S' in the 8pin·Ham11 tonian 

whlch la rtesponsible frh' (21 + 1) equally spaced (if we 

n&glect the quadrupole affects etc) hyperfine levels fol" 
14 

e~ery electronio level. This technique, developed by Feher, 

pèrmits direct measurement of transitions between hypel"fine 

levela in paramagnetio resonance speotra. For double 

r~aonanoe, all that is needed, ln addition to a system capable 

ot glving paramagnetio resonance, 1a a number of fairly close 

b1Pertine levels between which transitions can be induced. 

To understand the pr1no1ple let us oons1der a simple 

system wlth I • 1 and 2 . S •! tor which the hyperfine structure 
++ 

~· resolved. The same tres tœent can be extended to Co 

in MgO - 7/2 
1. 1 

with I - and s '§· However for understanding 

the pl"inc1ple the simple system considered above 1s ade~ate. 

In this simple e.xample there will be two leve la (in zero field) 

aeparated by the hyperfine structure constant A. 'Nhen a small 

field la appl1ed, the upper leval (F = 1) splits 1nto three 

equally spaced levels and the lowel" leval (F == 0) 1s unarrected 

to &tart w1 th. As mentioned betore the magnet1o quantum 

numbers Ms and are to be usad at high field rather 

than the quantum number F. As the field ls inereased turther 

the interaction be tween H and the elec tronlc spin becomes 
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comparable with and then exceeds the interaction between 

nuolear spin and eleotronie spin. The situation la then beat 

desoribed in terme or two levels oorreaponding to the two 

possible orientations of the electron spin, w1th eaoh leval 

aubdivided lnto two, beoause of the two possible orientation 

ot the nucleus. 

Let us now oonsider the population of these levels. Let 

us suppose B to be the total number of electDon spins. The 

energy difference between two levels of the aame 

considered to be negl1g1ble in oompar1son wi th .1 E, the 

energy of miorowave transition. Theretore, the population of: 

both the upper levels = ! (l-é) and the population or 

both the lower levels : ~ (l+E) at thermal equil1b~1um 

• 
• • .P_o.p_u_l_a_t_i_o_n_.o_f __ a_n.z __ o_n_e_.o_r __ t_h_e __ u.P~E-•.r_.l.•.v.•~l.s_ 

po pula ti on of any one of the lower levels 
: exp - ( LlE ) 

KT" 

( 1 - € ) -i.e. 1 + € - (1- ~) 
KT 

If t.E .( < K T 

or 2 € --
Here 2€ is the electronio Boltzman factor. Thia 1s 

represented schematioally as shown in figure 5(a). 

Ir m1orowave energy, wi th quanta of energy A~ , ot 

low power 1s now applied, electronio transitions sat1sfy1ng the 

se lee t1on ru les LJ Ms • tl and Ll mr • 0 are induced 

and we get two absorption lines at the appropr1ate field. 
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Due to the ract that as many spins are going to 

the upper stat~ by absorption aa are gotng down to the 

lower state by relaxation processes there will not be any 

change in the population between levela of the asme mr • 

This ptoture changes tt the mtcrowave power is hi~h 

beoause saturation affects now have to be brought in. He noe 

more transitions upwards than downwarda occur and as a result 

the populations are now as ahown at 5 (b). As a result 

of saturation the absorption signal ta reduced by an amount 

depending upon the spin temperature of the system under 

considera ti on. Let the population of the laval a r.tarked (2) 

and (3) now be ! ( 1 t ~/2) and Jf/4(1 - ~J2). 'l'he 
4 

condition for this, whioh ta a doubling of the "spin 

temperatul"e" or (2) and (3) which followa from equation (13) 

-- 1 - 1 - 2 

P and !1 are as deflned earlier. 

Aa examinatlon of the diagram 5(b) shows clea~ly 

that the levels or the same •• (different mx ) now 

1 differ in popul,tion by 2 € and bence by applying a radio 

frequency.field of correct frequency, transitions of the type 

and ilm1 = ± 1 between thea.e levels may now 

be 1nduced. These transitions are "ENDOR" transitions 



(37) 

F=O 

1 
zero field 

4 

3 

2 

Nt4{ 1- •); +112 

N/4(1- •>; -112 +112. 

---- N/4(1 + ~ )· -112 
1 -1/2 

......___ ____ N/4(1 + ~ )· +112 , 
N/4(1 - e ) ; t 112 +112 

N/4(1- f); -112 

mi~ 
Ms------i 

---- N/4(1 + c )j +112 

------..-- N/4( 1 - c ) ; fll2 
+112 

N/4(1 - .l.); -112 
ci . 

Fig. 5· Explanotion of ENDOR technique. 
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shown as ft Yot in figure 5 (c) and by open arr-ows in 

figure 4 for Co ++ in llgO. As a result of the se 

transitions between (1) and (2) a few spins go from 

( l) to (2) and thence to (3) th us enhanc1ng the EPR 

absorption line. Hence the recaiver used for EPR serves as 

a receivar tor ENDOR also because it is the enhancement of 

EPR signal which indicates the occurrence or ENDOR 

tY.ansi ti ons. 

(2) Conditions for a sood •ENDOR" Signal:-

The tollow1ng treatment is that due to P.M.Llewellyn, 
6 reproduced by D.J.I. Fry in his thesis: 

The signal produced by the crystal rectifier as a 

result of the change in incident microwave power is 

cons ide red.. It is the change in vol tage J V acrose the 

rectifier which 1s important. 

Signal J v ::: Jz. R 
where Sz is the change in crystal current, and R the average 

resistanoti of the rectifier over the range of current 6I, R 
being treated as independant or the microwave power P, whioh 

ia a reasonable approximation if' the change in power is very small. 

Two cases arise. 

(a) L1near Reglons-

In this case the rect1fied power 1s proport1onal 

to the incident power, so that, 



Signal cfv 
t1 

I cc::p ; 

• 
Signal cf V • • 

{39) 

= f(p} 

o?l J 1 o<: Jp; di ~ J p 

( ;)i 
1 

::: K(dp ) (p)'2 ___.. 
p 

ia the absorption coefficient of the specimen, which 1s 

dependent on T8 , the "Spin-temperature", as ~ c< .! 
Ta 

Renee, Signal : A = C H 1 

1 r aaf 

intensity or the m1crowave magnetic field. 

The condition for maximum signal is d ~aisnal} = O;which 

g1ves 1 -BHf 

But ~ = 1 

na 

Vfhe,..e n
0 

and 
reapectlvely. 

d Hl 

• 0 • 1 -~H~ Tl T2 

+ a2 f" T l 1 T2 Re fer to Page 13 

n8 are as def1ned on page 9 and 13 
The excesa population n wh1ch followa the 

Boltzmann distribution (aee page 9) 1s given by 

• 
• • 

n 
0 

n.:::. N AB 
2kT 

where Te 1s bath temperature, 
the temperature or the lattioe 
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'l'hus the maximum s1cnsl 1s obtained whenJ-

, i~ 
Ta : ~ - l t' ill Tl T2 : 2 wh1ch 1a doubl1ng -ra ns 

the spin tempera ture • 

(b) Square-Law Rer.1on:-

The reot1f1ed voltage ia now p~oport1onal to the 

incident power, so I 

and signal = where D is a constant 

The condition d (Signal) 
d H1 

: 0 can onlj" be met by H1 ~ oo 

so the optimum signal 1s obtained with the maximum power 

ava1lable. 

In general, --
d.e tee ter law is given by 

1 for maximum signal where the 
r-n-

,., 
I c< p. 



v. APPARAT US 

As EPR is the necessary pre-requisite of "ENDOR", 

we may say that the "ENDOR" spectrometer is essentially an 

RPR apeotrometer with the necessary equipment and arrangements 

added to make it possible for the second frequency power to 

be applied into the cavity in a direction perpendicular to 

the microwave field at the sample and also to the D.C.magnetio 

field. 15 As there is already enough literature about 

paramagnetio resonance speetrometers, it is justifiable 

here to give only a brier account of the essentiel parts 

followed by a description, in detail, or the parts of the 

speotrometer used to induce double resonance transitions. 

(1) RPR Spectrometer:-

The electron paramagnetio resonance spectrometer 

which is ueed here is the hlghly sensitive superheterodyne 

type. The main parts of auch a speotrometer are 

(1) A monochromatic source of microwave power 
tunable through a range of 7,500 to 10,3000 Mo/s. 

{2) A resonant oavity in which the sample to be 
studled is put· · 

(3) Variable D.C.magnetio field· 

(4) Reoeiver with display system. 

(5) Equipment necessary for work at low temperatures· 

(6) A precision wave-meter, a power mater and a 
frequency oounter etc • i.a.; oalibrating and 
maasuring equipment· 

( 41) 
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A block d1agram of a apectrometer employ1ng 

superheterodyne detection system 1s shown 1n figure 6 along 

w1th the parts required for a double resonance spectrometer. 

The source for supplying microwave power 1s a sperry 

2k39 klystron. It 1s necessary that the frequency of the 

klyston must be kept constant. This 1s achieved by the pound 

atabiliz1ng unit by which 1t 1s possible to obta1n a short-
S 

term atab111ty of one in 10. Actually our stability is 1 in 

106 • For operational details or this unit and for a block 
16 diagram reference should be made to R.V. pound or any 

standard book on m1crowave spectrosoopy. The ope,..ating 

trequency is f1xed at about 9200 Mc/a and the power output 

from this klystron 1s about 200mw• The power incident on 

the cavity oan be measured w1th an H.P. 430 CR power meter 

after being oonneoted to it through a 29 db d1reot1onal coupler 

as shown in the blook d1agram. The power incident on the 

cavity can be controlled by means or a calibrated attenuator. 

(2) .Cavitx• The resonant ca vi ty is the place whe:re 

absorption or mic:rowave power by the &ample takes place 

result1ng in the change of Q of the cav1ty, It was 1ntended 

to use a transmission oavity, but a retlection oav1ty was 

used for these experimente. The original transmission 

cavity, whioh allowed exclusion of 11qu1d helium bad a rather low 

Q, and the receiver developed faulta, wh1oh made it desirable 

to use 1nstead the reflection system wh1oh had been bullt up. 
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ENDOR waa f1rst obta1ned w1 th the transmission system, 

but after rather mysterious faults devoloped, the 

reflect1on system was much better, and so used in preference. 

A reflect1on oav1ty, based on that used by R.W.Te~hune17 

et al, was deaigned by Mr. A. Manoog1an. This was eut out 
l " or a copper waveguide piece (100) th1ck,ooupled to the 

rest or the waveguide through a ooupling hole of approx1mately 
5 tf 

( 16 ) in diameter. By a moveable plunger, w1th the 1nner 

surface polished, this eould be tuned over a certain range 

ot rrequonc1es. The mode used is the reotangular 

mode, one wave lengtn long. 'l'he eav1ty has a tairly high Q 

and can be used alternatively eithsr as an EPR cavity with 

high frequency modulation of the steady magnetie field w1th 

a slight modification or as a double resonance oavity. 

(3) ENDOR Coil:-

It is through this co11 that one can feed the second 

frequenoy power for lnducing double resonance transitions. 

The coil is made of very fine copper w1re and has two turns 

of radius l/3 cma wound round a flexible teflon film formed 

in the shape of an almos t circular tube. One end or this 

two-turn coll ia oonneoted to a piece of phosphor•8ronze 

wire of diameter e: o.o2ott which 1s the central Oonductor ot 
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the ·coaxial cable. The outer conductor of tbe coaxial 

cable is 3/16" in diameter,thin-wall cupronickel tubing. 

Insulation is provided by polyethylene from a no~mal coaxial 

cable, the centre hole being large enough for the phosphor-

Bronze wire to be pushed through. By using just a single 

pieoe of polyethylene- fair support is provided at all 

points for the centre conduotor-. reâuoing the likelihood of 

troublesome miorophonics. Term1nation at the upper end is 

made by a standard coaxial plug to wh1oh 1 output from the 

second wide-band amplifier is oonneeted. The second 

frequeney eoil is 1ntroduoed 1nto the oavi ty through a circular 

hole of diameter about (5)" eut in the centre of the broad-
16 

aide of the eavity as shawn in the figure 7. - The microwave 

field confi~uration is shawn in figure 8 (a}~ and figure 8 (b) 

shows the directions of the microwave field H1 , second frequenoy 

field H2 and the n.c.magnetio field H at the ssmple, wh!oh ia 

fixed in position at the centre of co11. 

The main advantage of this eavity over the t.~ansmission 

cavl ty is tha t all the three fields are acting at 

right angles to one another whieh 1a aomplicated to aahieve 

with the transmission cavity. However, the main disadvantages 

with the rerlection oavity used ror this work we~e that the~e 

was no p~oviàion for pumping on 11qu1d helium and spurious 

noise due to the bo111ng helium oould not be avoided. 
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(4) D.O.Masnetic Field:-

The steady D. c. magnetio field is supplied by a 

varian magnet whioh bas pole-pieoes aix inohea in diameter, 

and air gap of about 4". A continuoua flow of oold water 

1s maintained in the oooling ooils whioh avoVl.e h~tn tin a 'tP 

or the ooils. The magnet is designed to operate at lqw 

voltage and high currents. The whole magnet can be 

rotated about • vertical axis making 1t possible to apply 

the field at apy desired angle in the horizontal plane. 

Field of the order of 6000 gauss oan be obta1nad w1th this 

magnat power supply. 

In order to get a steady field without any drifts, it 

is necessary to use magnet ourrent atabilizing system. The 

atabilization s1stem which is uaed hera holds the field constant 

to about 1 part in 104 • 

Small ooils, of about a hundred turns each, are 

fitted round the pole-places or the magnet. 'rhe se a re the 

modulation oo1ls used to modulate the steady field as this 

is nacessary during the course of the axperiment. With these 

ooils# modulation of up to about two gauss peak-to-peak at 

200 c/s oan be obtained. 

As the frequenoy ia usually maintained constant during 

the experiment it becomes necessary to vary the D. c. magnetio 
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field slowly in order to pass through resonance. This is 

provided ff)r hy me~.ns of a slowly-varying artificial error 

signal from the potentiometer, d~rived from the fine control. 

'fhe CO.i1trol is a "helipot'" which is driven by a clock mo tor. 

By this deviee the D.C. field can be s~ept with different 

speeds. 

{5) !! . .!!!eiver:-

The funetion. of' any receiver is to detect the signal. 

amplify it to the appropriate level and to make a presentation 

with rea.sonable signal to noise rl\tio. Depending upon the 

quality of the final sign~l requireà there are sever~l 

methods of detection. The simplest of them is the simple 

straight detection sensitive to x". Under those conditions 

the crystal current will be proportiona.l to the power 

transmi tted from the ca vi ty. l'his output from the crystal 

is then amplified by a high gain audio amplifier and 

diaplayed on the scope or chart-record~r which gives 

the absorption signal. In ord.-r to get the signal sensitive 

to phase the output from the A.F. amplifier is fed 

into a phase-sensitive dPtectcr through the ttsignalil input 

and a refert'mce signal from an A .F. oscilla tor is fed into 

P .s .D. through "Reference" input. ·rhe great advantage of 
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using a P.s.n. is to the reduction in the band-width and 

the improvement in signal/noise ratio. This method of 

detection is simpleat and easy to set up, but it is found 

that it ia not sensitive enough for very weak signala. 

Sueerheterodyne Soheme:-

A superheterodyne system 1s uaed so that the crystal 

contributes noise in a narrow band at~30 Mc/s instead of 

zero frequenoy. This is advantageous beoause of the 1/f 

crystal noise dependenoe. This method of detection is most 

sensitive of 411 the methods and mostly used where accuracy 

and sensitivity are of primary importance. The method is 

similar in principle to the superhet radio receiver. An 

important aspect of the detection scheme is that the 

conversion losa or the crystal can be reduced by a balanced 

mixer whioh balances out local osc1llator noise. At 

frequenc1es of a few megacycles, the x-tal noise output is 

very small even at high powers where the conversion gain is 

large. Using good matohed orystals 1t 1s possible to 

m1n1m1ze local osc1llator noise by means of this balanoed 

detection. A superheterodyne soheme usually operates at 

an 1ntermed1ate frequency of 30 Mo/seo. Th1e 1ntel"med1ate 

trequenoy 1s obtalned by beatlng the main signal frequenoy 

with a local oscillator wh1oh differa from the signal frequenoy 
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by the intermediato frequency • The limiting factors in 

. the senaitivity seams to be the noise factor or the I.F. 

amplifier whicb can be m1nim1zed by a very oareful design, 

and the crystal noise. 

The auperhetePodyne detection system uaed here 
15 closely resembles the system used by Feher • The block-

diagram of a speotrometer uaing this schema bas already been 

shown. The one which was aasembled here operates at about 

3 ems. wave length ( the frequency of operoation 1s round 

about 9200 mo/s) with a refleotion oavity. 'l1he signal 

generator feeds 1nto the magic - T, where 1ts power is 

diatributed between two arma. The lower arm 1s connected to 

the cav1ty with the sample, the reflected voltage be1ng bucked 

out w1th the aid of the upper arm of the magio-T. For 

this purpoae the upper arm bas a phase ahifter and an attenuator, 

an arrangement which was round to be more sat1sfaotory 

than a sl1de sorew tuner as far as stab111ty and ease or 

operation are concerned. The deeired signal appea~s in 

the arm connected to the balanced mixer. It is now 

fed into a balsnced mixer which receives the local 

osc1llator power from the klyaton. The output or the 

mixer 1a fed firs t to a low noise I. F. pre -amplifier and 

then to an I. F.main amplifier both operat1ng at about 30 Uc/S 
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with a band width of a few megacycles. There is a deteotor 

built into the last stage of the I.F. amplifier after whieh it 

leade to atektronix battery amplifier through a 60 c/s filter 

whlch reduoes the hum. The output of thia battery amplifier, 

having a gain or about lOO, is passed th~ugh a band-pase 

!ilter and then to one of the terminals of a phaaa•sensitive 

d.etector. The final signal oan be obtained on the Clltllrt 

recorder, on whloh the derivative or the absorption line is 

traoed. 

There are provisions for measuring the main klystron 

power, meters for crystal currents, a V.T.V.M, included 

through a T-oonnector after the pre-amplifier for balancing 

the bridge, and wave meters for measuring frequeneies. 

(6) Second Frequency (lf2) Generator and 
Accessories1• 

The equipment outlined above 1a Just the neceasary 

thinga fot" obsel"ving the eleo tron spin resonance. For 

observing double resonance, we must have some additional 

equipment. The main add1tional part epart from the special 

type of oavity already deecribed is a signal generator in 

the required range along with amplifier un1ts or necessary type 

to prov1de reaeonably high power. 
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A rad1ometer, A.M. - F.M. signal generator, type 

MS27b, with a range of operation from ~1 to 240 Mc-was 

used in this work. It can be operated at any one of the 

0.3 - 15, 15-30, 30-60, 60-120 and 120-240 Mo-ranges. The 

output level 1s variable from .1 f"Vto lOO mv a!'ld the output 

can be drawn through interna! impedances of either 50 or 75 

ohms. Ei ther ampli tude or troque ney modula ti on ia av•;( :.la ble 

at one kilocycle from an internal source, and the modulation 

level is variable over a wlde ranga. This is very useful 

as it is intended to compare the resulta obtained by A.M. and 

F.M. There is also provision for using external modulation, 

either trequenoy or amplitude. The 1nternal modulation 

is also usod as the reference signal for the phase-sensitive 

detector when sweep1ng the second frequenoy. As the field 

at the centre or the ENDOR coil is requ1red to be about 

l/10 gauss, the output from the signal generator needs 

amplification before it 1s fed to the ooil. Two w1de•band 

amplifiera are uaed, connected.in series. The band-width or 

both the se amplifiera is between ....... 5 to 240 Ife. The .f'irst 

amplifier is !i CECO, model 1006; and the second amplifier is a 

I.F.I, model 510. The two amplifiera have a total gain of 

about 35 db. The maximum output or the two ampl1fie~s 1n 

se~les is about 7 volts r.m.a. ~ 18 volta, peak•to-peak 

aoross a load of 185 ohms. The our~ent ~ 18/185 amperes 

and the field at the centre of the ooil is given by 
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H : 27Tx n 1 
lor 

Vlhere 1 = current in amperes 

r :: radius of the coll 

n - numbar ot turns 1n the coll -
And H - 1a the field in gauss -

For the coll use·i here, we have, 

r ': l ems, n • 2 turne 
'! 

• 
• • H 2x 1I x 2 x lê. gauss .== _;

0
gausa 

10 x 1 185 J. 

3 

Wh1oh is of the same order aa required. Dur1ng the course 

of experiment it is tound that the signal is maximum when 

the output from thè wide-band ampl1t1ers 1s maximum. 



EXPERIMEBTS AND RESULTS 
• 

Man7 experimenta we:re pertoraed with the intention 

or underatan41ng., in detail, the behav1oul' ot the apectrOJleter 

tor iNDOR under different conditions. Samplea ot Mgo containing 
++ 

a amall percantage of Oo ions were uaed. Three d1tteroent 

ooncentrationa were 1nveat1gated. For eacb concentration, 

measureaenta were reatr1cted to lbl tollow1ngs 

(1} To tind out the ap1n tempettature at whlch 
a good ENDOR signal could be obta1ned -
i.e. a saturation run, whe:re the saturation 
ot the EPR line and theretore tha spin 
temperature or the levela 1nvolved waa va:ried, 
and the etreot on the EHDO'R sig,nal noted. 

(S) Variation or the ENDOR signal w1th F.M. 
deviation. 

(3) Variation ot the ENDOR algnal w1th pe:roentage 
amplitude modulation. 

( 4) Dependence of the IWDOft signal w1th second 
frequeno;r ( 'Y.r ) vol tage, and 

(5} To 1nveat1gate the dependence ot EtJDO'R signal 
on the saturation level. 

The va~iat1on or iNDOR signal w1tb P,M., A.M. and~~ 

voltas• 1s expeoted to be 11.near tor all eonoentrat1ona. 

The var-iation of ENDOR signal w1th saturation leval, and 

the opt1tnUil value of aatuNt1on are expeoted to be dependent 

on oonoentrat1on, and ao to d1tter somewhat from aample to 

aample. 

(55) 
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In ad~1t1on to the measurements mentioned above, 

experimenta were attempted to find the dependerioe or the 

1ntens1ty of double resonance signal on the direction of the 

ateady magnetlc field with respect to the m1crowave magnetio 

field. Thia was not very auocessful beoause the value of 

D.C. magnetio field at the sample is likely to change sl1ghtly 

on rotating the magnet, requ1r1ng tedioua re-setting on the 

EPR line after eaoh change ot magnet angle. Suoh a re-setting 

then requlres re-balanoing ot the bridge, making the set of 

measurementa very tedious and t1me-consuming. Measurements 

were d1acont1nued when 1t waa round virtually impossible to 

get consistent resulta. The resulta would be of interest, and 

it ls 1ntended that the measurementa will be made when 

improvements in the equipment have been made, and the rel1abil1ty 

of the meaaurementa 1ncreaaed. Alao, attempts to meaaure 

the double resonance line•width and its dependance on concentration 

were not very enoouraging beoause of aome difficultiea 

encounte~ed in aocurate measur1ng of tbe ENDOR f~equenciea. 

The t~ouble with l1ne-width measurement is due largely to the 

shape of the l1ne - the maximum and minimum pointa of the 

ditterential line-ahape a~e not very well âefined· The cent~• 

of the 11ne, bowever, where the trace intersecta the zero, is 

very clear and allows œuch greater accuraoy of meaaurement, aa 

1ndioated by the figure 9 • 

(1) Saturation Run'-

To tind the optimum aett1nes for a good double resonance 
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signal the usual saturation technique is followed. It is 

expected that a reasonably good double resonance signal 

resulte when the spin temperature is doubled. To find out 

the settings which corre~pond to this douhlinr, cf the spin 

t~repernture the following procedure is follow~d. 

With the three fields, i.e. steady field li, the œicro

wave (.Y,} field Hl and tne second frequency ( ~ ) field 

H2 at right angles to one another, and when the sample is at 

liquid helium temperature the cavity is tuned for cavity 

resonance. The local oscillator frequency is adjusted until 

the vacuum tube voltmeter reads a mtUimum. The microwa.ve 

bridge in the dummy arm of the magic -T has no~ to be 

balanoed. '!'o achieve th iR. the at te nua tor and the phPl.se 

control of' the microwave brid[e are acijusted in turn until a 

~inimum reading on the vacuum tube voltmeter at the output of 

the pre-amplifier is observ-ed. With this a.djustmeut. the output 

of the magic -T should be almost proportional to X 11 1 t ia 

now necessary to have a good oombina.tion of the settings of the 

varicus attenuators which ar~ positioned in the system as shown 

by the block dia;!:rafl'l of figure 10. The sum of the microwave 

"pre"-attenuator and the microwa.ve "post .. -attenuat.or sett.ings 

is always Kfl)pt constant in ordf"r to kf'!~P the power level at 

the input of the superheterodyne receiver as near constant as 

possible. In tne course of a saturation run it is also 

necessary to keep the 1.~'. attenuator constant. 
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The attenuatoT's A2 are set with a total 

attenuation of 40 to 60 db, this amount being necessary 

to ensuT'e that the I.F. amplifier ia not saturated when 

the normal amount or attenuation ( 60 db} follows the I.F. 

pre-amplifier. A good trace on the ohart recorder 1s usually 

obtained with 50 db attenuation before the signal oav1ty. 

Traces of the signal are now taken as the attenuation 

before the cavity 1s reduoed in steps, i.e. the power incident 

on the oav1ty 1s increased. The total attenuation 1n the 

miorowave line io k~pt u::metïant (apart of course from changes 

in the cav1ty itselt) by adjusting the m1crowave "pre"- and 

"post" attenuators together so that the sum of their contributions 

to the attenuation is constant. At leaat two sets of 

readings are taken for each point on the graph and their mean 

oaloulated. A graph, tor eaoh sample, with the intensity or 

the signal plotted against the power incident ia shown on 

graph 1. From the graphe approximate settings or the micro

wave "pre 0 •attenuator for getting a good ENDOR signal can 

be round.. 'l'he table on page 62 gives the sett1ngs of the 

varioue attenuatora for EPR and ENDOR signale. 

... ... 
Referring to the graph for the 5~ noa1nal Co in MgO 

aample ahowa that the 1ntens1ty of the signal remains ta1rly 

constant unt1l the incident power is about 30 db below 1 watt. 

An7 further increase in the incident power aaturatea the EPR 
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~oncentra tion 
~ 

5~ 

~ 

.s~ 

Prequency EPR Sett1ngs 1n db. ENDOR Sett1ngs in db. 
Mc 
"Y, 

9186 

9190 

9186 

Al A2 A a ... Al As A a A4 

50 10 60 25 10 20 60 25 

50 0 62 20 12.5 12.5 62 32 

40 0 60 20 17.5 '7.5 50 l5 

---- -- - L__ ______ ······-·-·--·······-·---

TABLE:- Settings of the var1ous attenuators fo~ BPR and 

beat double resonance signal· 

A1 - pre-attenuation; A 2 - post-attenuation. 

A3 - I .F • a ttenu•t1on; A4 - A.P. attenuation. 

-~ ro -
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signal as ahown by 1ta dacreasing magnitude. Doubling the 

spin temperature corresponds to about 24 db below 1 watt which 

agrees quite well with that of the ENDOR settinga used while 

perrorming the experimenta as ahown in the table. 

The saturation curve or the 2% nominal aample in graph 2 

in4ioatea that the EPR signal remains rairly constant before 

1t gradually ralla. The signal falla by more than 50$ when 

the incident power exceeds 26 db below 1 watt which alao 

agrees w1th the value given in the table. The table corresponds 

to the settings at which most of the maasurementa were made. 

For the low concentrated sample the saturation curve is 

as ahown in the graph 3. 

Some of the points are sl1ghtly away from the ourve d~awn. 

This may be due to noise inherent in the electronics. A part 

trom this, the curves seem to be reasonably good and reproduo1ble. 

The transition studied for all the above experimenta 

is m1 • -7/2~·7/2 

-- .! L_ -'o. -1 
2 ~ -2 

(2) General Remarks on ENDOR Measurements&-

For all the meaaurements undertaken in the course of this 

work the transition m1 : -5~----7 correspond1ng to M - L~ll 2----7 2 8 - --z---7 2 
was atudied. Out of the two expeoted ENDOR 11nes at frequenc1es 
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152.89 Mc/s and 163.00 Mo/a, measurements were made on the 

one appea~ing at 163 Mo/s. It was tound that mo~e double 

resonance lines than those predioted above by the simple theory 

were observed. Soma of the ENDOR lines observed, along wlth 

the approx1mate fraquencias at whioh they occur, are shown 

in the figure 11 • It was also tound that more concentrated 

the aample was, the more were the "unexpeoted" ENDOR 

linea observed which is in confirmation or the work dona by 

D.J.I. Fry and P.M. Llewellyn at Bristol. 

(3) Dependance of Double R:~sonance Sisnal With F.M.Daviation;-

The effeot of frequency modulation on the double resonance 

signal is analogous to the modulation of the steady magnetio 

field when observing a paramagnetic resonance signal. If the 

modulating field is small compared with the line-width of the 

EPR signal 1t is round that the signal strength varies linearly 

w1th the amount of modulation. If the modulating field 1s 

comparable w1th tne w1dth of the EPR signal then the signal 

will be dlstorted and hence de~iation from 11nea~ity occurs. 

And in the ENDOR case, F.M. behaves just like field-modulation 

for EPft i.e. if F.X. deviation is too large, 1t d1storts 

and broadsna the ENDOR 11ne. The ENDOR signal should be 

linearo up to lOo% A.M. (provided the signal generator does 

not give distortion). 

The signal generator used bad internal modulat1on.at 

1000 c/s, F.M. or A.M. of adjustable amount, with a mater 

monitoring percentage A,M. or F.M. deviation. It was thus 
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well-auited for ohecking the effeot, on the signal, of varying 

the amount of modulation. The same measurements oould be 

dona by using external modulation at any troquenoy (up to 25 Ko/s), 

either F.M. or A.M. 

In the range of frequency (120 to 240 Mo/a) used for 

the following experimenta the trequency deviation oould be 

varied up to a maximum of slightly over 600 Ko/s. W1th the 

intention of getting as many readinge as oonveniently possible, 

the frequenoy deviation waa varied in steps of 40 Kc/s and a 

trace of the double resonance line was taken for eaoh atep. 

The graph or ENDOR signal as a funct1on of modulation index, 

def1ned by 

Modulation index -- Frequency Deviation 
Modulating frequency 

was round to be having two straight line parts whioh have 

different slope, and which cannot join in a reasonable mannar. 

The experiment was repeated several timea and a similar 

type of graph, as shown in the graph 4, was obtained ind1cat1ng 

that either the bridge is thrown off balance, or the cav1ty 

has gone off-tune, or both. To reduce the affect of these 

troubles it was decided to take only a rew read1ngs in a short 

interval of time so that the affects of the above mentioned 

d1fficult1es are reduceà. Iu was then observed that the 

double resonance signal var1ed d1rectly w1th the modulation 

index as shown by the graph 5. These grapha show that very 

great care should be taken to avold dlsturbing the balanoed 
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b~idge and detuning the oavity whioh may éTise even by 

aooidental touohing of the table supporting the devar and wave

guide assembly. 

This œethod of measut·ement was repeated for all the 

three aamples and 1t waa round, in eaoh case, that the signal 

streng.th is d1reotly proportional to the modulation index and 

also to the concentration of the paramagnetio sample. 

(4) Dependance of Double Reaon~nce Signal w1th% A.M.:-

The amplitude modulation does not produce any d~astio 

1mprovement in signal strength over F.M. Measurements were 

however undertaken to atudy the relative strengthe of signala 

obtained by this method and those obtained by F.M. The 

peroentage A.M. oould be varied from zero up to a maximum of 

8~. The strength or double resonance signal was measu~ed 

between tbese limita. It was round that it is direotl7 

proportional to the percentage amp 11 tude modula ti on as shawn 

by the graph 6 1 for each concentration. 

It is worth noting that this set of measurementa waa 

intended as a quick confirmation or the linear1ty of signal 

1ncrease with the amount or modulation, whioh appears almost 

certain t'rom the way the equ1pment is set up. Instead, however, 

the measurements caused considerable trouble, and since the 

early peouliar resulta appeared consistent, a certain amount of' 
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time was apent trying to explain these resulta. Eventually 

it beoame evident that the bridge drifted off-balance very 

rap1dly at times, 80 the measurementa were repeated, tak1ng 

particula,l"' oa.re to do a 8el"1es in as rapid succession as 

possible. This method gave the expected linear dependance. 

It is obvious howeve~ that ateps must be taken to prevent th1a 

trouble by 8ome change in design or the equipment. 'lhe source 

of the drift i8 howeve:r not yet very olear. It is possible 

that it might be due to the frequenoy variations of the local 

oscilla tor. 

Com;earison of F' .K. and .A .w.:-

A qualitative oomparison of the 1~DOR signal obtained 

by F.M. and A.M. may now be given in b~1ef. The main 

difference between the signala obtained by the two different 

methode is in the shape of the 11nes. The derivative of 

the absorption signal (-Jl ) was obsel"Ved w1 th F.M. while the 

absorption signal (~)itaelf was obtained with A.K. Even 

though the signal atrength varies linearl,- with the F.M. 

deviation in the oase of frsquenoy modulation and with percentage 

A .M. in the case or &mp'l.1 t·Jde modula ti on 1 t was found, wl th 

maximum F'.M. and A • .M 1 that the signal is always stronger 

with the former than with the latter. F.M. will always 

eventually diatort the line•shape as 1t 1s inereased, and a 

reasonable 11m1t in tho present case la 200 Ke/s. Thls 11mit 

may be small for narrow 11nes. A.M. however is a constant 

frequency, not a sweeping of frequency, and ao should not 

1ntroduee any distortion even at BQ% A.M. 
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At lower modulatio~ levels the signal to noise 

ratio is poor until it becomes ve~y hard to tell which is 

bett~r ofthe two, at very small amounts or modulation. 

(5) Va~iation of ENDOR .Signal with Second Frequencz(~) 
Voltage a-

The amount of second frequency power is determined 

by the maximum voltage of sie;nal generstor, maximum gain or 

wide-band amplifiera and maximum power output of wide-bsnd 

amplifiera. The wide-band amplifiera rollowing are uaed at 

maximum gain; one of them has in tact fixed gain. This output 

power is oontrolled by attenuators in the signal generator 

whioh indicate the output voltage when the meter reading (cw) is 

set to the 0 db. mark, are calibrated in f'V and dh~v aorosa 

50 or 75 ohms, and oan ~• set to values from lOO mv (lOO db) 

down to 0.1 f-V { -20 db). But no double resonance signal was 

observed when the at tenus tor set ting wa s 80 db (corre sponding 

to lO,OOOf4v) and below. Bence this waa taken as zero and from 

this aero, power was increased in steps of 4 db up to 20 db 

maximum. This wae amplified by the two wide-band amplifiera 

befo~e feeding into the ENDO~ coil. The output from these 

wide-band amplifiera varies approximately from 1 volt to 6 volts 

correaponding to these settings. For each or these values 

of the "Y.t voltage the peak-to-peak value of the ENDOR signal 

was measured. A graph is drawn by plotting the second 

frequency voltage aga1nst the intensity of the signal. Several 
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sets of readings were taken for each of the three samplea 

used. It was round, for each sample, that the strength of 

the signal changes 11nearly wi th the ..Y,~- vol tage as shown 

by the graph 7. These graphe do not pasa through the or1g1n. 

This may be due to the fact that there is a certain amount 

of threshold voltage below Whlch no ENDOR signal la possible. 

Pointa on the graph correspondlng to maximum avallable ~a 

voltage do not lie on the line for reasons which are not 

olear though the reault is reproduolble. It may be possible 

to inveatigate this if we had another wide-band amplifier 

and this would be done as soon as one is available. 

(6) To investigate the dependance of the strength of 
the Double Resonance Signal on Spin Temperature:-

While discussing the conditions for a good double 

resonance signal it was shown, for the case where the 

rectified power is proportional 'to the incident power ( llnear 

region), that the spin temperature T8 should be doubled 

for gett1ng a good ENDOR signal, as given by the expression, 

-.. --

where all the quantitioa are as defined before. 

-'!'! 2 

The follow1ng experimenta were done w1th the intention 

of study1ng the dependènce of the ENDOR signal on the spin 

temperature. The method of approach is as !ollows. 
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The comb1nations ot were tound 

exper1mentally whlch gave the beat double resonance signal 

for eaeh sample used. The spin temperature is now varied 

by varying the power incident on the sample in either 

direction, but keeping the amount or power incident into 

the recaiver system always constant, and a trace of the signal 

is obtained. This is repeated in stepa of a few decibels on 

e1ther side or the optimum sett1ng and the strength or the signal 

ia measured in each case. A typioal graph drawn with the 

signal along the ordinate and the amount of power incident 

on the sample (whioh 1s proportional to the spin temperature} 

along the abscissa is ahown in the graph s. 

This graph ia tor the low concentration aample. It is 

clear from the graph that the strength or the signal decreases 

on both aides or the optimum value~ It also shows that the 

signal falls rather rspidly if the spin temperature is lesa 

than the optimum while the fall 1s a little lesa rapid if 

the spin temperature is larger than the optimum. 

The general nature of the ourves for the other samples 

is quite similar to the one discussed above though the optimum 

attenuator setting i.e., input power, is different for 

different concentrations as shown by the dotted ourves on page 78. 
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CONCLUSION 

The optimum working cond1 ti ons of ENDOR 

spectrometer haa been :round out for each ot the three MgO 

aamples oonta1n1ng 
++ 

Co ions. Graph 1 tor the 5% 

aamp1e indic a tes tha t the spin tempera ture or the EPR 1ine 

oorreaponding to the transition -- 1 ~-1 
2 ~7 2 

and 

mx • -7 -7 is doub1ed when the power incident 1nto the 
11~ '§ 

cav1ty 1s 24 db. be1ow 1 watt. Re:rerring to the table on 

page 62 shows that the oorreaponding setting A1 is 

If we add 13.5 do. to this value (oonverting the power 

incident on the aample 1nto decibels be1ow l watt and 

taking into aocount the attenuation due to the wave-guide 

assembly) we aee that the beat ENDOR signal could be 

obtained when the power incident waa 23.5 db. be1ow 1 

watt, ln c1oas agreement with that 1nd1cated by the graph. 

10 db. 

From graph 2 for the 2% aample and for the same 

transition 26 db. below 1 watt corresponds to the doub1ing 

ot the spin temperature. The table shows that the beat 

ENDOR signal 1a obtained when the power incident la 26 db. 

below l watt, aga1n in close agreement. 

The a ame is true for the 0.5% a ample as shown by 

the graph 3 and the table. 

(79) 
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The dependance of the BNDOR signal with the 

amount of F.M. and A.M. 1s quite straight forward and 

11near as expeoted as ahown from the grapha 5 and 6 

respeot1vely. The main difference between the ENDOR 

signal obtained by F.M. and that by A.M. is in the line 

shape. Also, at high modulation F.M. distorta the line, 

a deviation of about 200 Ko/a being the limit tor samples 

ot higher concentrations, while A.M. does not distort the 

ENDOR l1ne tor reasona mentioned before. 

The BPR and ENDOR signala decay with time. This 

is due to progressive imbalanoe of the bridge, the main 

question being what causes th1s imbalanoe. This may be 

due to the faot that the electrical length of the wave-guide 

lead1ng to the oavity changes due to the boiling away of 

liquid helium as a result of whioh there ia a change in 

phase. A simple calculation ahowed that this produces a 

few degrees change or phase. This may cause the microwave 

bridge to go off·balance whioh 1s responsible for the 

decaying signal. However, this affect should be small 

when oompared to the others wh1ch may be responsible for 

this trouble. Another possible source cauaing this effect 

may be the local osoillator whose frequency fluctuations 

may be large in comparison w1th the band-width of the pre

amplifier. This could be avoided by using another stab1lized 

klystron in place of the local oscillator. For further work 

1t 1s intended to use e1ther a stab111zed local oscillator 
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or to get the 30 Kc/s beat from the main klystron 

itaelf by a. modulation system. 

Dependance of the ENDOR signal on .Y 2 - vol tage 

1s round to be linear as expected, but the graph of ENDOR 

signal plotted againat~ 2 - voltage doea not pasa through 

the origin. The point on the graph correaponding to 

the maximUDl available '1 2 - vol tage doe a not lie on the 

straight lina. Insutficient"Y2- voltage is ava1lable 

to extend the range of measurementa, without which one 

cannot say how genuine the rise is. At the moment, the 

hi&hest points aeem however quite genuine and reproduoible. 

Obvioualy further investigation ia needed when the 

available power can be increased by us1ng another wide•band 

amplifier. 

Graph 8 shows that the amplitude of the ENDOR 

signal falls aa the microwave power incident on the sample 

1s either increased or decreased from the optimum talue. 

Though the general nature or the curvea ia the same for 

different concentrations of the sample, the optimum value 1s 

different for each. 

The dependance of the ENDOR signal on the direction 

of the D. c. magnetic field is useful and interest1ng. It ia 

intended to make further 8tud1es on this as soon as the equipment 

~or the finer magnet control, whioh 1s being des1gned and 

built# 1s ready. 
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It 1s also proposed to undertake the ENDOR line

width measurementa as soon aa some 1mprovements on the 

accuracy ot meaauring frequenoies are made. 

The measurements made in this project aeem to be 

qu1te atraight forward. This is only true provided the 

equ1pment funot1ona properly without any dritt oauaed by 

the detuning of the cavity and frequenoy fluctuations. But, 

for the type of work done in this course, 1t 1a very hard 

and t1me consuming to get consistent resulta unless great 

precautions are taken. These measurementa may help in 

further underatand1ng the double resonance theory. 



APPENDIX 

EXPER IftHl.'NTAL PROCEDURE FOR ENDOR 

Gett1ng the trace of a do~ble ~esonance signal 

1nvolves various routine steps which a~e outlined below. It 

is assumed that the reader is familier- w1 th the ma jo~ adjustments, 

such as stabiltzing the main klystron etc. As EP'R 1s pre

requ1s1te of EN~R, the expa~1mental p~ooedure of the former 

1s also dealt with in brier. 

To start w.ith the sample 1s pos1t1oned in the ENDOR coil 

in the appropr1ate orientation and the coll 1s inserted 1nto the 

cavity. The follow1ng routine procedure 1s followed at 11quid 

helium temperature. 

{ 1) The oavity is tuned for resonance · 

(2) The local osc1llator klystron 1s tuned unt11 the meters 

reg1ster1ng the crystal current and the V.T.V.M. show maximum read1nes. 

The refleotor voltage of the main klystron should also be 

adjusted by the fine control to achieve this. 

(3) The attenuator and the phase control ln the dummy arm of 

the magic - T are adjusted in turn unt1l the reading on the 

V.T.V.M. is a minimum. After ach1ev1ng this the attenuator 

control 1s slightly tu~ned to make the output of the magic - T 

proportional to the derivative of the absorption signal only. 

(83) 
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(4). W1th the sw1 teh controll1ng the madulat1on of the 

steady field on~ and 200 c/s signal connected to the 

reference input of the P.S.D., the attenuators A1 and A2 

are set in auch a way that the I.F. amplifier is not saturated. 

A trace of the EPR signal is obtained on the recorder and 

1ts amplitude measured. Increasing the power incident on the 

aample by a tew decibels at a time but keeping the power input 

to the receiver constant, the amplitufe of the trace of the 

EPR signal i s measured in each case. The a mount of power 

incident on the saœple is calQulated by knowing the reading of 

the power me ter a nd the typical satura tian curves shawn in 

graphs 1~ 2 and 3 are drawn. The frequency of the main klystron 

at which the signal appeara can be measured by means of a 

cavity frequency-meter. If a measure of the D.C. field is 

also r-equired 1t oan be obtained by .N.M.R. apparatus. 

For getting an ENDOR signal the following routine 1s 

followed in addition to that explained above. 

(5) The slow sweep of the steady magnetic field is stopped 

when the pen of the recorder is exactly at the centre of the 

derivative of the EPR signal• 

(6) 1000 c/s reference to the p.a.d. is conneoted instead 

of 200 c/s during EPR. 

{7) Becauae the interna! modulation of the second frequency 

1 e auff1c1ent the awitch controlling the modulation of the 

ateady field is sw1tched off. 



(85) 

(8) The band-width of the band-pass t1lter is 

adjusted so that it passes only a few cycles around the 

fraquency or 1000 o/s. 

( 9) The ca vi ty is tuned a rrl the miorowave bridge is 

again balanoed. 

(10) The second frequency la swept slowly by means of a 

olock-motor unt11 double resonance signala appear on the 

ohart-recorder at the appropriate trequenciea which may 

be measured by means of a frequenoy oounter. 

(11) Once the ENDO~ signal is obta1ned, its dependance 

on miorowave power, amounts of frequenoy and amplitude 

modulation and on the second frequency voltage can be 

measured as deaoribed before and graphs drawn to explain 

their influence on the signal. 
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