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ABSTHACT

The subject of this thesis is the work dcne in the
Faton ¥lectronics Desearch Laboratory as a beginning of a

programme of studies of double resonnnce,

The aim of this work is tc find out the conditions
under which the best ENDOR signal can be obtained, A
reflection cavity was used for all thz results described,

since the original transmission cavity developed faults.

The gamples used were crystals of magnesium oxide
containing small amounts of cobalt impurity, present as

++

Co ions, Co'? ions in MO are known to be in surroundings
of nccurately cubic symmetry., Samples of 57, 27 ~nd 0,57
nominal concenﬁrations were used and for each concentration,
conditions for the best ENDCR signal were found and are
reported. The basic spectrometer is similar in principle

to that used by Feherlb for electron paramagnetic resonance

measurements except that the necessary additional eguipment

was added for double resonarice,

The dependence of ENDCR signal on amount of F.M,,

A.Y, and 22- voltage was linear, as expected, with however
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evidence of departures from linearity in the case of the
W - graph, The variation of ENDOR signal with microwave
power showed a fairly sharp maximum, at a power dependent

on the concentration of Co'’ ions in the sample, A simple

theory predicts & maximum when the spin temperature is
doutled, and mas supported by the results, F. M, was found

to ve preferable to A.M, for the samples used,




I. l. INTRODUCTION

As the name "ENDOR" =~( Electron-Nuclear double
resonance or simply "Double Resonance™ as it is frequently
called) - itself suggests , both electronic and nuclear
transitions are involved. This technique requires partial
saturation of the electron paramagnetic resonance (LPR) signal
under investigation. The double resonance method has been

1

extended by Feher to observe nuclear transitions and thereby

determine hyperfine interactions and nuclear g-factors.

The object of this work is to set up an ENDOR spectro-
meter and evaluate its performance. Several methods are
available for achleving production and detection of the signal, and
so a comparison of these 1s desirable. The optimum condltions
are of course rather important, and alsoc interesting on their
own account, as they should throw some 1light on the rather

complicated processes involved in double resonance.

The phenomenon of electron paramagnetic resonance is
quite well-known a&s a method for studylng dilute paramagnetic
substances. The permanent magnetic dipoles change their
orientations withbrespect to an applied steady magnetic fleld
when an oscillating magnetic field of appropriate radilo

frequency 1s applled.

In the case of an ion which also possesses a nuclear

spin, the energy level scheme is complicated by the fact that

(1)
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each electron orientation level is subdlvided into close-
spaced levels oorrasponding to the different orientations

of the nuclear spin. The .spectrum of absorption as a function
of magnetic fleld 1s invarlatbly changed, each electron
resonance line splitting into several close lines bacause

of the nuclear spin. ENDOR 1is a method of measuring the
spacing of the close lines directly, by inducing dlrect
transitions between the components of an electron line split
by nuclear spin, at the same time as the alectronic
transitions are being induced, by applying a second rédio
frequency oscillating fleld, of rather lower frequency. It
is experimentally more convenlent to detect the small énergy
nuclear transitions by means of thelr effect on the higher
energy electronic tfansitions,requiring two different

frequencles and s0 the name double resonance is appropriate.

As paramagnetic resonance experiments are inevitable
in the course of study of double resonance experiments, it
seems necessary to give the theory,in brief,of paramagnetiec
resonance before golng further 1lnto the fleld of double

resonance, which ls, in effect, a development of the former.

2. Paramagnetic Resonance:-

Even though the aim of this work is to study the
optimum conditions for observing a double resonance transition,

in order to understand double resonance 1t 18 necessary to
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understand the mechanism of paramagnetic resonance as the
naturs of ENDOR 1lines depends upon those of the EFR
lines. A brief discussion of this is given here. For a
full and detalled discussion of this subject referernce
should be made to varlous review articles in general and to

those by Bleaney and Stavens,2 Bowers and Owen® in particular.

Magnetic resonance forms the basis of & branch of
spsctroscopy which ﬁas been a valuable addition to the methods
of investigating the solld state. Under this headlng we
can also add the "Electron-Nuclear double resonance™ 1in add-
ition to nuclear resonance, paramagnetic resonance (EPR),
ferromagnetic resonance and antiferromagnetic resonance.

With the exception of only fhe nuclear resonance which 1is
concerned with nuclear dipoles all the rest are concerned

with electronic dipoles. Paramagnetic resonance desals with
magnetic systems where the electronic dipoles are loosely
coupled systema where the paramagnetic units may be regarded as

individualse.

The present work deals with the study of paramagnetiam,
1.e. the magnetic properties of substances, in which each
permanent magnetic dipole 1s substantially independent of
1ts neighbours. The theory then treats each dipole separatsly,
and the effects of the neighbouring dipoles enter only in a
subsidiéry manner . Quantum theory gives a ngtural explanation

of the presence of permsnent magnetlic dipoles. . According to
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this theory permanent dipoles occur whenever the atom or

the 1lon contains partly £11led ;lectron shells. Such
systems have resultant angular momentum due partly to the
orbital motion and partly to the intrinaic spin of the
electrons, with sach of which 1s associated a magnetic dipole
moment . The requirement of & partly filled electron shell

in order that 1t may possess permanent magnetic dlpolses
therefore restricts the occurrence of paramagnetism in
compounds of certain well-defined regions of the periodic
table, kﬁown a8 translition groups. Of these transition-groups
the most fully 1nvestigatéd 1s the iron-group with the J3d-shell
being partly fillad.

¥oat of the paramagnetic substances are solids. In
the 1rbn~group. with which this work is concerned, the
magne tic susceptibility was found to be much closer to that
which would be expected from the elsctron spins alone than
that calculated for an agglomeration of free ions. The
reéson for this was found to be the strong interaction
between the paramagnetic ion and its immediate surroundings,
the dliamagnetlic material, in which it is imbedded, These
dlamagnetic neighbours are charged and hence produce a strong
electrostatic field, through which the elestrons of the

paramagnetic lon must move.

The effect of the electric fleld may be quite strong
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80 that the coupling between the orbltal angular momentum
vector L and spin sngular momentum vector S, with the

allowed values My and Mg respectively, in the direction

of the applied fleld is broken as a result of which each
precesses about the directlon of the electric fleld

separately. Then J, the vector sum of L and 8, no
longer has any meanling. The quantum numbers to be used

for different energy levels are Mj and Mg. Mg has the

values 8, S-1, .....t0 =5, which is 25 + 1 values in sll.

Usually, the splitting produced between different Ny levels

by such a field 1s of the order of 1(5'5 cm-]' and hence only the
lowest level 1s populated at ordinary temperatures thus
"Quenching® the orbital momentum. In the iron-group,electrons
are fully exposed to the field of the neighbours, and the
effect of the corystalline electric field is so great that

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

orbltal motion 1s "locked into"™ the field of the neighbours,
and is unable to make its proper contribution to the magnetism.
The electron spin, howsver, with 1ts corresponding magnetioc
moment, has no direct Interaction with the crystalline

electric fleld, and hence remalns fres to orient itself in

an external magnetic fleld. Thus the magnetic properties

of the salts of the iron-group correspond to "spin-only"

magnetism,



II. 1. RESONANCE CONDITION

i ApH T M

7 % BH ' +F N,

VH ,
Plg. 1. A Spin %' system explaining HKEPR.

The phenomenon of paramagnetic resonsnce is shown in
its simpleat form by a set of non-interacting paramagnetlc
ione, each possossing 8 single unpaired electron and a magnetlc
dipole moment of % gsp , whare ﬁ: eh/4 fTmc, 18 the Bohr
magneton, and By is upectroscopic splitting factor. In a
steady magnetic field i, each dlpole can orient itself
parallel to H with the energy -%gepa or anti-parallel
to it with the energy *% ga/SH a8 represented dlayrammatically
eabove. These two possible energy levels are separated by | |
a gap of Al-= ga/;H. If we now apply radistion of the

resonant frequency VY1 polarized in a direction perpandiculsr

to the steady magnetic fileld H, such that

R = hw =g,pH - m - (1)
is the energy of each quantum, tranaltiona betwsen the levels

obeying the selactlion rules AMg= 1 are induced. We.know

(8)
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from the theory of the Einstein coefficients, that the
probabllity of transitions upwards by absorption is equal

to the probabllity of transitions downwards by stimulated
emigsion. In comparison with these probabilitiea, the
probabllity of transitlons downwards by spontaneous emission
is quite negliglble. If the populations of the energy
levels were equal, the average rate of transitions up and
down would thersfore be equal, and there would be no net
effect on the éyatam. Actually, howsver, since the splins

are 1n equilibrium at temperature Tg, the population of the

lower level exceeds that of the upper level by the Boltgman
factor

exp KTg, where K 1s the Boltzman constant

Tg 18 the spin temperature

On account of this excess of population ln the lower energy
state, there is a net absorption of energy from the microwave

field.

In order to induce maznetlic dipole transitions between
these two energy levels we must apply a high frequency
magnetic field of frequency Vjsuch that the quantum of high
frequency energy equals the separation between the levels
'according to equation (1). Thus there is resonance
absorptlon corraspcnding to the dipoles being flipped from

the parallel to the anti-parallel state and there 1s induced
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emission corresponding to the reverse proocess.

If the system remains in thermal equilibrium, more
spins are In the parallel state because it is of lower
energy, so that there 1s a net absorption of mlcrowave power.
In the actual paramagnetic resonance experiments this absorption
can be measured by placing the sample in a cavity resonator,
and detecting the drop in the transmitted microwave power at
TeS0ONANCH . The‘normal practice of experimenting is to keep
the frequency fixed and to vary the field H so that, for
the example discussed ébove, if H 18 steadlly increased =

single absorption line is found at the H value given by
g. Y

83,6

In principle the radiation requires to be circularly

polorized, but in practice linearly polorized radiation is
sufficlent, slnce an oscillating fleld can be conasliderscd as
two fields of half the amplitude rotating in opposite

dirsctions.

Let us now suppose that there is s large number N of
alsctrons. Following the same treatment as that glven by
Andrew4 for an assembly of Nuclel, 1let N-. electrons occupy
the upper energy state, and N, electrons occupy the‘lower
energy state. lLet W- Dbe the probability per unit time for

downward transitions and W. Dbe the probadbility per unit
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time for upward transitions. If the whole system of
spins and lattice 1s In thermal equlllibrium at a temperature
T, then by the principle of detalled balancing, the number

of transitions upwards and downwards must be equal. Hence

W N. = W, N, = = e e~ (2)
Bat E; = 8Xp AB By the Boltzmann's
N_ KT Distribution

€1 + 48 000 e - - -~ - -(3)

Hence  W- =W ( 1*_4E) I e L
2 KT

And w, = w (1- 4L

2 K7
Where W = We + . W,

The above picturs changes 1f we now consider that the spin

system is at a different temperature T, from that of the

lattice which we sssums to be at T. The excess number of

spins n in the lower state 1s then glven by

n = N, « N. == = « =« == (5)
For each transition thls excess changes by 2. Therefore the

rate of change of n 1a given by

dn . 2 NoWeT2WH W ------- (8)
dt
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2w {H- (108 )} - 2w {N,, “"2’?{'%)}

28 (ng - n ) - - = ={(7)

Where

. . m _ NAE - - = =(8)

#here

N = N.L + N, is the total number of splins

+

Thus n 1a the value of n when the spin system is in-

)
thermal equilibrium with the lattice. If (7) 1s integrated,
we get

(n, - n) = (n, = n)e2M" - - - - (9

Where ng is the inltisl value of n. From the above

sguation we see that equilibrium 1s reached exponentially with
a characteristic time T, = Yew - - e - - - (10):

which 18 called spin-lattice reloxation time. The spin-lattice
‘relaxation time whose typical value encountered expérlmentally

- 12
ranges from 10 to 104 seconds has negligible

effect on the line-width in comparison with other sources.

The relaxation time depends upon the temperature,bscoming longer
at low temperatures. Also T; depends very markedly on

the separation bstween the ground state and the first excited
state - large 1, for large separation and short Ty for

small separation.
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In addition to the spin-lattice interaction there is
another type of interaction taking place in the paramagnetic
sample, due to the interaction between the spins themselves.
Being magnetic dipoles, they produce a small magnetlic fleld
at the nsighbouring dlpoles. The result of this 1s that
any paramagnetic 1ion will be subjJected to the fleld of
the remaining 1ons 1in the sample. But by Van Vieck!'sS QM.
work this field, at a given 1lon, due to others 1n the
sample 1s inversely proportlional to the cube of the distance
between the two ions. Hence the effect of only the nearest
neighbours need taken into account. As with all interactions
of thlis sort, 1t depends on the angle between the spins and on
the angle between the spin and the vector to the other 1ion.
Each ion 18 regarded as precessing about the external fleld,

and lts effect can be resolved into two components:

(a) A steady component directed along the fleld. This
gets up a steady field at any other 1ion as s result of which
this 1ion is situated ln a field whose intensity is slightly
different from thoiapplied field. This process gives a
broadening which 1s asimilar to that arising from san inhomogeneous

fisld.

(b) The second component 1s a rotating component
acting at right angles to the D.C. fleld, setting up a rotating
fileld. If the fregquency of the rotating field is equal to
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the precessional frequency of any other 1ion there will
be & couple acting on this second magnetic 1ion tendlng to change
its direction. This component glves a resonance broadening,
in the same way as for spin-lattice relaxation, because it

tends to reduce the lifetime of an ion in a given atate.

The broadening due to the steady component and rotating
component 1s found to be lndependent of the temperature,
though it has strong dependence on the concentration of the
paramagnetic sample. The more concentrated the crystal 1is,

the wider the line obtained.
2., Saturationt-

Having considered the rate at which the spin system
and the lattlice approach thermal equilibrium, we will now
study 1ts condition when 1t has settled down to a steady
state under the influence of radiation. If 1t were not due
to spin-lattice relaxation, the populations of the levels
would be equalized. If a atrong microwave fleld 1s applied,
transitions may be induced by radiation. These transition
rates may be comparable with tranaitiona by relaxation
processes, and as a result the original thermal equilibrium
conditions will be destroyed. As the microwave fleld is
increased, the population of the upper level increases and
aventually s new dynamic equilibrium is attained. The ratio

of the lower to the upper population for a two level system
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considered before 18 given by equation (3) at thermal
equilibrium. In the absence of radiation, the time
variation of ths excesa number of spins following equatlions

{7) =nd (10) is given by

dn _ ng = n === = === (11)
at Ty

In the presence of radlation, we have

dn T - 0 -2np -~ - --=-- (12)
dt T;

Where P 1s the probability per unit time of a transition
belng induced between the levels under the influence of
radiation. In the steady state, the time variation of the

excess n must vanish. ir ng 1is the ataady state

" value of thla excess, then we have

L
no 1+2Prl'1 R

But for a two level system we have, 4

P = _l_'JQ Hl2 g (V) max.
4

But To=1 g (Y) max.

2
* _ 1lJ2 2
. s P‘EV/_ H T, T (14)
And Iig /no= [l + %‘/2 ng Tl g (9 )]-152 -- - “'(15)

Where T2 is‘the spin - spin relaxation time

g () 1s the normalized shape funsction and
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7/ is the slectronic g - factor
Z is ¢alled the saturation factor.

If H}' and N% are the new equilibrium populations of

the lower and upper lsvels respectively, then we have

N+1” - exXp AF
7l KT,
Where T, 1s the new tempsrature of the spln system which

is greater than the lattice tempserature, consistent with

a nat absorption of enargy. This indicates that the
Aifference in population between the two levels has been
reduced. But the absorption signal 1s directly proportional
to the excess number of spins which, in tyrn, 1s inversely
proportional to the temperature. Hence the absorption
signal now becomes smaller. This phenomenon is known as
saturation. The absorption signal increases with microwave
power inlitially because the transition probability increases
and later the signal level begins to flatten off. The
relaxatlon processes can no longer compete with the increased
number of transition as the latter is much faster than the
former and hence fewer spins stay long enough in one satate

to undergo relaxation. Further increase in the microwave
power from the steady-state value does not produce appreciable

increase Iin absorptlion bacauss the steady-state absorption
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must be equal to the amount of energy being given to the
lattice during relaxation. Eventually the population
difference between the levels tends to vanlsh. The signal
increases with power et'first, but then the signal-to-noise
ratlio decreases with increasing power when saturation
occurs because the noise produced by the crystal increases

with the current passed.s



ITI. 1. THE THEORETICAL HAMILTONIAN

Paramagnetic resonance 1s concerned with the 1nvestigation,
in dstail, of the lowest energy levels of paramagnetlc 1ions.
The anergy levels of a paramagnetic ion situated in a
erystal are modifled by the‘orystallinﬂ surroundings. In
order to understand theas modifid&tiona, one musﬁ first have
a knowledge of the interactions within the free 1lon. An
attempt is here made to give a brief account of the varibﬁa
interactions. For detalls reference should be mades to

8

Low?'Abragam and Pryce and to references (2) anda (3).

(a) The most important interaction in an atom is
given by the coulomb term which takes into account the

interaction of the elect~ons with the nuclear charge Ze

and the mutusl rspulsion of the elsctrons. Let thils

coulomb term be Vg,

{b) The next important interaction is a magnetic
interaction between the magnatic moments of the electrons
due to its spin and the magnetic moment due to its orbital

momentum. Let this be Vi, If we confine ourselves

to Russell-Saunders coupling, the spin-orbit interaction

can be written as A L. 3 where A is the spin-orbit
constant. A is found to be a positive qugntity If the shell
i1s less than half=-full and negative if it 1s more than
half~full.

(18)
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(¢) Another much smaller term is that due to
spin-aspin interaction, which has been conslidered by Pryce.g

Let this be Vg g . These three are the dominant terms

of the free 1ion.

(a) If the nucleus has also a spin I eand a
guadrupole moment &, this causes further splitting. The
interaction with the nuclear 2pln arises from two cauases.
The first of thess 1s due to the magnetic intersction with

the magnatic moment of the nucleus, glven by

> 3., D d - 2
v - 2ap [Z{(& Z)I 3('12'/&)%12‘1 }./_?_7_37'__(4)(@-1)] (1)

N

Whare /g -and &y refer to the nuclear magneton and nuclear

gyromagnetic ratio. The term in the curly brackets daescribes
the dipole lnteraction between the nuclear moment and the
magne tic moments of the electron. The othar term denoteas

the anomalous 1lnteraction of the S ~elactrons with the

nuclear spin.

(6) The second nuclear interaction term is due to the
electrostatic interaction with the elsotric quadrupole
moment of the nucleus. This term, which is second order in

I, 1is gilven by

> 2%
- €@ [t 1) _ 3% 1) )
2141-1) p 7} 1
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(f) The interaction with the extsrnal magnetic

fleld H 18 given by

- > 0 7 sz+ 2 g:} '
v, =Z B(l+at) H = BH (3)
p ,
{(g) The direct interaction of the nucleus with H

is given by
> -»
no = &Py il

The general Hamiltonlan of the free 1ion 18 given by

(4)
v

the sum of all these seven terms. They are convenlently
arranged in decreasing order so that perturbation methods

may be used for their calculation. They may be written as

Hoozvy v Vg +V eV s Vs Vg Vy (s)

[

For a paramagnetic 1on placed in a diamagnetic

substance another term V, which 1s the electrostatic

energy in the fleld of the neighbourling 1ons, ahculd be

included in eqguation (5). The level separations of Vp

5 <1
‘are usually of the order of 10 em , V, , for iron-
-1 2 -1
group, 18 of order 104 cm , Vpg of order 10 c¢cm , VSS
“1 - - -
and VH of order lem , Vi of order 10 1 to 10 3 cm1 ’

-3 -1 ' ) -4 -1
VQ of order 1C c¢m and Vyp of order 10 to 10 cm
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Here one 1s primarily intersasted in the lowest level
and levels removed from 1t by not more than a few hundred
wave numbars, for hlgher levels are not occupled at the
usual experimental temperatures. Thls means that one need
consider only those levels whicﬁ arise from the lowest
level of V, +V, by the perturbations of Vig *Vgg ete.

&
wt

2. The Spin iumiltonlans:-.

The Hamiltonian given by equation (5) 1is, in
general, very compllcated. " The method of carrying out
perturbation calculations, sapsclally to ths iron group,

10 8

has been worked out by Pryce and others .

One could treat the levels between which transitions
occur as 1isolated and forget higher levels, even though they
may influence the ground states considerably. In the case
of the free 1lon, a state.wlth total quantum number J splits
into (2J +1) levels in sn external magnetic field. With
the same analogy, if transitions between 25 + 1 lavels
are observed experimsntally, ie may defins 3’ as the

"fictitious spin" of the system. W§ can treat the (283+ 1)
levels as if they origlnate from a fictitious state with

spin S for which the magnetic dipole has 25' +1 possible

orlentations. The effective moment of this dipole 1s not

given by the Lande’ g - factor but by a g-factor which may

differ considerably from it. In the case of Cr'H+ where
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the true spin S and the fictitious spin S’ are both
equal to 3/2 the g-factor is 1.9800 in a cubic field.
But in the case of Co™®* where true spin S = 3/2 and

fletitious spin 8'e % the g-factor 1s 4.2785 in &

ol

gimilar environment. If S = &, g = 2.

An easlier method of calculation is to introduce
fictitious angular momenta. An angular momentum which
does little more than describe the multipliclty of a atate
1s assligned to 1it. This means that an extra facotor must
be Iintroduced to take Into account of the fact that the
magnetic moment is different from what would be expected
if the fictitious ancular momentum was the real one. This
allows the state to be treated almost as a pure state, which
1s a conslderable simplification, but it only worka if the
other lsvels are sufficiently far away in energy not to have
any appreciable effect. The calculation of the matrix
elements of the various perturbation operators is slmplified
by the use of operator equivalents; Angular momsntum
operatora, which are used in the spin Hamliltonian, are
considerably simpler to deél with, since there are standard
formulae for finding their matrix elemaents. The arbltrary
coefficients, with which the spin Hamiltonien is built, will

express the measured behaviour of the energles of the
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transitions when these coefficienté are sultably adjusted.
The process of determiﬁing the coefficients experimentally
may be rather long if the number of terms necessary are

large, and there 1s anisotropy.

The advantage of using & spin Hamiltonlsn is that
the rather complicated behaviour of the lowest energy levelé
of the paramagnetic 1on 1in a magnetic field can be
described 1n a relatively simple way by specifying the
fictitious spin, together with a small number of paramseters
which measure the msgnitudes of the variouas terms in the

Hamlltonian.

For a paramagnetic 1ion placed in the surroundings
of a dlamagnetlc sample giving rise to crystal field of cuble
symmetry, the spin Hamiltonisn is very simple, being given
by

- -, - > '
H o g PRT 4l s - g, nﬁ‘,'{f (6)

whare /BN is nuclear magneton
ex is nuclear g-factor

A 1s hyperfins structure constant

and the other quantities are as previously defined.
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+

+
(3) Spin-Hamiltonlan for Co in Mgl:-

Here we discuss the spin-Hamiltonian in brief. For
a detailed account of this subject reference should be made

8 7

to: Abragam & Pryoce, Bowers and Owan? Bleaney and

Low
Steven32 and others listed in the back of the thesis.

+

The sample which 1s used for this work consists of 00+
lons present in small concentrations in single crystals of
Magnesium Oxide, MgO. The Co " ions are surrounded by
s8ix oxygen atoms in the crystal, whlch produce a cubic
crystalline fleld of octahedral symmetry. For this sample
each succeeding perturbation is considerably smaller than the
previous ones. In most of the cases second order perturbation
theory is quite sufficient, but in the case of co™’ in MgO
the Spin~-Hamliltonlan 1s particularly simple.

The size of the crystal field term in the case of cdt
in MgO 1s such that it is small in comparison with the coulomb
interaction, but large compared with the Spin-Orbit interaction
term, so that the terms may be taken in order. If two
terms are of same sigze the situation becomes complicated since
perturbation theory cannot then be used. The method of
obtaining the energy level scheme of Co++ in NMg0 1is
stralght forward and follows the standard procedure, s0 will

not be given hers. Lowj has clearly explained how a triplet



(23)

is left loweat with 3-fold orbital degeneracy. Thbro is
also a small admixture of the upper state into the ground
state, which affects the properties of the ground state
to some extent. The other neighbouring states are é;
(three-fold dcganorate)’and A: with an orbital singlet.

The largest term iIn the Spin-Hamiltonian is the
coulomb term which gives the energy of the coulomb electro-
atatic ilnteraction of the electrons with the nucleus and with
each other. The electron contiguration_outsido closed’shells
of the divalent Go'*+ ion 1s 3d7 having 4F9/2. as the
ground state of the free 1ion. There are three holes 1in the
34 shell, and 8§ = 3/2. The spin multiplicity gives twelve
levels as shown in the figure 2. The next highest atate

4 -1
is found to be P about 20,000 em highser in energy.

It 1s found that the 4P state has the same symmetry
properties in the presence of the crystelline field as the 4F
ground state, so that there is a small admixture of 4 1 4
in the ground state, which affects the energy-level spacings

slightly.

The next term in the Spln-Bamiltonlen 1s the apin-orbit
1ntoract19n term. . Tt may be shown that the effect of this
term is to remove part of the orbltal and spin degeneracy

giving a level two~fold degenerate in spin lying lowesat.
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This level with 2~ fold degeneracy 1s split by external magnetic
field. Paramagnetic resonance transitions are observed
between thess two levels at low temperatures at which other

levels than the lowest are not populated.

In order to treat this, a fictitioud anguler momontumér
with total value (- 1 and allowed values ma'= o + 1

b

and - 1 1is introduced. This makes 1t possible to treat the

problem similar to a free atom spin-orbit coupling, except

that, since (' 1s a fictitious angular momentum, the magnetlc

moment assoclated with 1t will dAiffer from that expected

from a normal angular momentum by a factor <« .

Ir ? is the resultant of ?' and g then the three

3 values are j = 1/2, 3/2 & 6/2. If these J values
>a 32

-
are substituted in the equation J = ('-f??é -2/0. §

in turn, we get %.,(2, «A and -3/2 o« A respectively

-» 3
for the spin-orblt coupling termca[:s. As 2 is

++

negative for Co ws see that the term with J = 1

i

2
llies lowesnt. It is batween the members of this Kramers

doublet that the paramagnetic resonance spectra can be
obssrved. The splitting of the ground state by means of

the spin-orbit interaction 1s also shown in the figure 2.

In second order the spin-orbit coupling mixes in as
was already mentioned before, a slight emount of the /§? triplet

state to the ground state. This second order contribution
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to the energy is (:%Q)Z where A 1s the separation between
the two triplet states. This neglects the contribution
of the admixture of the P - state, which would amount
only to a very slight correction to the already smsll second

order quantity.

The next term in the Spin-~Hamiltonlan is the spin-spin
interaction term. This term, in the present case, has the

form Ds;z where D * ls a second-rank tensor. In this

case S; =+% and the term Ds;z {8 constant with the
value 1/4 D, Therefore this may be omitted from the Spin-

Hamiltonian since 1t does not affect the transitions.

The next term we have to consider is the nuclear
hyperfine splltting term. Even though the contribution
from this term is less than thét from the external magnetic
field, 1t 18 consldered first, since it has an effect even
in the absence of the fleld, and is also important in
determining the behaviour of the levals as the field is
increassd. This term arises because of the nuclear spin
of the Co°° nucleus, which 1s 7. This has an associated
magnetic moment, which possesaeg energy according to 1its
orientation with respect to the intense magnetic fleld, of
the order of half a milllon gausa, produced by the ion's
unpaired electrons at the nuclseus. Hence the enargy of the

lon depends upon the orientation of the nucleus as well as

that of the electrons. For calculation of the interaction
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energy between the nuclear angular momentum I and the
effective electron spin s' reference may be made to
Abragam & Prycol} Low!? and others. The hyperfine
structure aﬁlitting of 0059 in week and strong magnetic

field is shown in the figure 3.

The term responsible for this interaction is of the
form A T -8 1in the Spin Hamlltonian.

Where A = &« By &y BB r~3 18 the hyperfine structure
constant. In general A is a second-rank tensor. But
in the case of Co ' in ¥g0 1t may be replaced by a scalar

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

shown by the above equation, thelyperfins structure constant,

in addition to othar quantities, involves ;?5 where r 18

the dlstance of the electron from the nucleus. It 1is

possible to obtain an estimate of o provided gy 1is

known from other experiments and A 1s measured experimentally.

(4) The Effect of the External Magnetic Field:-

We are famlliar with the behaviour of free apins
in an external magnetic field. Ignoring the nuclear hyper-
fine splitting to start with, let us now consider the effect
of external field on the ground state of Co’" with the doublet
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lying lowest after the effects of the octahedral corystalline
fileld of ocublec symmetry and spin-orbit interaction have

besen taken into account. The effect of the external

fi1eld ia to 1lift this degeneracy completely. The degeneracy
in the upper levels 1s also lifted though they are not
populated at ordinary temperatures at which resonance is
possiblg and hence may be lgnored. The two lowest levels
diverge linearly with field. At normal flelds theilr
separation is not sufficient to bring them appreclably
neérer to the higher levels, so that no extra perturbation

is introduced.

The above plcture is changed due to the presence of
nuclear hyperfine interaction. At zero fleld there are
two levels correspondling to F = 4 and F = 3 separated
by 4A. As the fleld 1is 1ncre§sed from zero, these levels
aplit into (2F + 1) equally spaced levels, and hence nine
and seven levels reapsctively are obtained. At'high

fields P 1as not a good guantum number and therefore M and

my quantum numbers are assigned to each level. Energy

level splitting at high field is shown in figure 3.

The interaction between the guadrupole moment of the
cobalt nucleus and the gradient of the electric field at the
nucleus is negligible in thls case because of zero electric

field gradienﬁ.
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(6) Bxternal Fleld On The Nucleus:-

The effect due to thils interaction is gulite small.

>
This term is represented as - gy /3,H.I and is depandent

only on the my quantum number for a given value of the

magnetic field. Thus it doss not show up in paramagnetic
resonance transitions where, for allowed transitions, the

salection rule ia AM8= tl and AOmy = O as indicated

by arrows in figure 3. 1In addition to the term - EN/BN

s -
H. f, we must consider another term of the form E. I which

arises from the next highest state which l1ls separated by

spin-orblt interaction. Therefore this term may be written as

! > - == = >
- &y ,BN He I =z -gy ,BN H.I - k H.I

, ' - k_

#¥here &y - &y * /%

Thus knowing 8y gH' end B, the value of ¥k can be found.
Tne spin-damiltonian required to describe the
double rasonance transition 1ls given by

. 4 / !/ + )
H = ggPH, S, +t A I, S;+ A (I, ST, s5)-gABH, I,

Where the guantization axis and the steady fleld
H are taken to be the 2Z- direction.

Using this spin Hamiltonian and § = % and I = 7/2

the matrix elements are evaluated by using the formula given
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by Condon & Shortley1§ ' The general matrix elements for
the part of the Spin-Hamiltonlan, excluding the last term,
is given by

A

L R e R S CRL LM AL
S L R PR

T T O LT L S R L
O R S I T

The matrix can be solved exactly to give the energy levels as

1 - « A
W]t.-é,ﬁr%> TE2 )/ (Ra+ Esﬁﬁz)zf-llz[(I-f-%)z-k?}
Where R = Mg + mp ; and hence mjg :k -7-% . R can be

corsidered as a8 convenient subsldlary guantum number, an

extension of the low fleld guantum number F.

To obtain the correct energy levels for double

R 4
resonance we still have to conslder the term -gy A H.I which

is small, and dlagonal, and hence can simply be added to the

energy levcls already found.

The double resonance ensrgies, with the selection

rule AMS = 0 and Ami = % 1, are then given by,
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AW = . 29 2 . 2 2
W -§\/(;A ga/guli) A {( ! 'g') -k}:z& /ql Ha

.{;ﬁk 1] aeg B0 Bf(1ep2 - (R 1)‘1
For calculating the energles, or frequencies, the method deviszed
by Pryce may be used. The double resonance freaquency

is given by

o LA
Where ), 1s the miorowave frequency. Here all quantities are
expressed as fraquencles rather then as energles. The values of
coeffiglents x, y and z have been given by Pryce (private
communication) and reproduced by D.J.I. Fry in hia thesis. By

++

using the above formula the double resonance frequencies for Co
in Mg0 have been calculated in the same thesis. The double

resonance transitions obeying the selectlion rules 4Mg = O

and amy = -1 are indicated in figure 4. Dby open arrows along
with EPR transitions indicated by solid arrows.
The table of x, y and z necessary for VY; calculations

is not given here because only one line was used in this work,

80 the positions of the rest are not very important.
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iv. 1. ENDOR PRINCIPLE

The LINDOR Technique depends upon the presence of
the term of the form A I+ 8' in the Spin-Hamiltonian
which 18 responsible for (21 + 1) equally spaced (if we
naglect the quadrupole effects etc) hyperfine levels for
svery electronic level. This technique, developed by Feher,14
.pbrmits direct measurement of transitions between hyperfine
levels in paramagnetic resonance apectra. For double
réesonance, all that 1s needed, in addition to a system capable

of giving paramagnetic resonance, is & number of falrly close

hyperf{ine levels between which transitions can be 1induced.

To understand the princliple let us consider a simple

system with I = % and S"% for which the hyperfine structure

ia resolved. The sames treastment can be extended to Co ™

in Mg0 with I = 7/2 and S ® %. However for understanding
the principle the simple system consldered above 1s adeguate.

In this simple example there will be two levels (in zero field)
separatsd by the hyperfina structure constant A. When a amall
fielld is applied, the upper level (F = 1) splits into three
equally spaced levels and the lower level (F = 0) 1s unaffected
to start with. As mentioned before the magnetic quantum

numbers M, and my are to be used at high field rather

than the quantum number F. As the field is increased further

the interaction vetwsen H and the slectronic spin becomes
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comparable with and then exceeds the interaction between
nuclear 3pin and electronic spin. The situation is then best
described in terms of two lévela corresponding to the two
possible orlentations of the electron spin, with each level
subdivided &nto two, because of the two possible orlentation

of the nuclsus.,

Let us now consider the population of these levels. Let
us suppose N to be the total number of electron spins. The

energy difference between two levels of the aame Mg 1is

conasldered to be negligible in comparison with AE, the

eneargy of microwave transition. Therefore, the population of:

both the upper levels = %‘ (1-¢) and the population of

both the lower levels = —%— (1+€) at thermal squilibrium

»

« o population of any one of the upper levels .- exp ~ (4E )

population of any one of the lower levels RT
1.0, (%":F%) = (1~ 8By If AR <<k T
Gy

or 2 ¢€ = AE

Here £2¢ 18 the electronic Boltzman factor. Thia is

represented schematically as shown in figure 5(a).

If microwave energy, with quanta of energy A)% , of
low power 1s now applied, electronic transitions satisfying the
selection rules 4Mg "Ll and 4my = O are induced

and we get two absorption lines at the appropriate field.
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Due to the fact that as many spins are golng to
the upper state by absorption as are ;oing down to the
lower state by relaxation processes there wlll not be any

change in the population between levels of the same my .

This ploture changes if the microwave power is high
begause saturation effects now have to be brought in. Hence
‘more transitions upwards than downwards occur and as a result
the populations are now as shown at 5 (b). As a result
of saturation the absorptlon slgnal 1s reduced by an amount
depending upon the spin temperature of the system under
consideration. Let the population of the levels marked (2)
and (3) nowbe J (1 +€/2) ana W/4(1 - €A) e
ocondition for this, which 1s a doubling of the "sapin
temperature” of (2) and (3) which follows from equation (13)

o 1+2pT, 2
Where n, n, P and Ty are as defined sarlier.

An examination of the dlagram 5(b) shows clearly

that the levels of the same Mgy (different my ) now

differ in populgtion by % € and hence by applying a radio

frequency.fleld of correct frequency, transitions of the type

AMg =0 and Amp = £ 1 between these levels may now

be induced. Thess transitions are "ENDOR™ <transitions
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shown as /t);',z in figure 5 (¢) and by open arrows in

figure 4 for co™ in KgO. As a result of these
transitions between (1) and (2) a few spins go from
(1).to (2) and thence to (3) thus enhancing the EPR
absorption line. Hence the recelver used for EFR serves as
a receiver for ENDOR also because 1t is the enhancement of

EPR slgnal which 1ndicates the occurrence of ENDOR

transitions,

(2) Conditions for a good "ENDOR" Signal:-

The following treatment is that due to P.M.Llewallyn,

reproduced by D.J.I. Fry6 in his thesis:

The signal produced by the crystal rectifier as a
result of the change in incident microwave power ia
considered. It is the change in voltage Sv aoross the
rectifier which 1s important.

Signal Jdv = SIR

where &I 1is the change in crystal current, and K the average
resistance of the rectifier over the range of current 5?, .E

being treated as independant of the microwave power P, which

is a feasonable approximation i1f the change in power is very small.

Two cases arise.

(a) Linear Regioni=

In thils case the rectified power is proportional

to the incident power, so that,
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Signal dv =  £(p)
rxp; @1 J1e< d0; d1 oo dop

()2

. 1
« « Signal dv = K(dap ) (p)%2

D
%? is the abvsorption coefficient of the specimen, which is

dependent on T, the "Spin-temperature®, as %g oc

1+ ja

i
Hence, Signal = A . (P = C i
Ty 1 + BHf

Where A, B, C are constants, B :=YET1 To and Hy 1s the

intensity of the microwave magnetic field.
The condltion for maximum signal is 4 (signal) = O;which
. K

glves 1 -8HZ = 0 =1 -/eﬂl T,
- 2. /R
But ng = 1 a2y r, T, Refer to Page 13

Ng
Where ng and ng are as defined on page 9 and 13
respectively. The aexcess population n  which follows the
Boltzmann distribution (see page 9) is given by

n= N AE
2 KT
e+ o Ng = Ty where Tg 1a bath tempersture,
;ﬁ E‘ the temperature of the lattice

() 8
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Thus the maximum signal is obtained whensi-

2 _ /2
Tg = ng = 1+ oy 7/ Ty Tg = 2 which 1s doublling
T8 Ng

the spin tempsrature.

(v) Square-Lew Regioni-

The rectifled voltage is now proportional to the

incldent power, so I =< »p
2

and signal = _AP_ = D Hy where D i3 a constant
1g 1+8H;°

The condition d (Signsal) = O can only be met by Hl%<>°°
4 Hl

80 the optimum signal is obtained with the maximum power

avallable.

In genseral, T, = 1 for maximum signal where the

m T

detecter law is given by I o< p?



V. APPARATUS

As EPR 1s the necessary pre-requisite of "ENDOR",
we may say that the "ENDOR" spectrometer‘is essentially an
EPR speoctrometer with the necessary squipment and arrengements
added to make 1t possible for the second frequency power to
be applied into the cavity in a direction perpendicular to
the microwave fleld at the sample and also to the D.C.magnetic
field. As there is already enough literaturels about
paramagnetic resonance spectrometers, 1t is Justifiable
here to glve only a brief account of the essential parts
followsd by a description, in detail, of the parts of the

spectrometer used to induce double resonance transitions.

(1) BPR Spectrometer:-

The electron paramagnetic resonance spectrometer
which is used here 1s the highly sensitive superheterodyne

type. The main parta of such a spectrometer are

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

(2) A resonant cavity in which the sample to be
studled 1s put- '

(3) variable D.C.magnetic field.

- {4) Recelver with display system.
(5) Equipment necessary for work at low temperatures-
(6) A preciaslon wave-meter, a power meter and a

frequency counter etc « {.e.; calibrating and
measuring equipment.

(41)
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A block diagram of a spectrometer employing
superheterodyne detection system is shown in figure 6 along

with the parts required for a double resonance spsctrometer.

The . source for supplylng microwave power 18 a sperry
2k39 klystron. It 1s necessary that the frequency of the
klyston must be kept constant. Thls 1s achieved by the pound
stabilizing unit by which 1tiia possible to obtaln a short-
term stabllity of one in 10? Aotuslly our stability is 1 in

105. For operational details of this unit and for a block
dlagrum reference should be made to R.V, poundl6 or any

standard book on microwave spectroscopy. The operating
frequency is fixed at about 9200 Mc/s and the powsr output

from this klystron is about 200mw. The power incident on

the oaviﬁ& can be measured with an H.P. 430 CR power meter
after being connectsed to it through a 20 db directional coupler
a3 shown 1n the block dlagram. The power incident on the

cavity can be controlled by means of a calibrated attenuator.

(2) .Cavity: The resonant cavity is the place where
absorptlon of microwave power by the sample takes place
resulting in the change of §Q of the cavity, It waa intended
to use a transmisslon cavity, but a reflection cavity was
used for these experiments. The original transmission
cavity, which ellowed exclusion of liquid helium had & rather low
Q, and the receiver developed faults, which made it desirable
to use instead the reflection system which had been bullt up.
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ENDOR was first obtained with the transmisslon system,

but after rather mysterious faults developed, the

reflection system was much better, and so used in preference.
A reflection cavity, based on that used by R.W.Terhun617
et al, was designed by M¥r. A. Manocogian. This was cut out

of a copper wavegulide pisce (1%0)" thick,coupled to the

rest of the wavegulde through a coupling hole of approximately
(I% )“ in diameter. DBy a moveable plunger, with the inner
surface polished, this could be tuned over a certain rénge

of frequencles. The mode used ls the rectangular TEIOQ
mode, one wave length longe. The cavity has & fairly high @Q
and can be used alternatively elther as an EPR cavity with
high frequency modulation of the steady magnetic field with

a 8light modification or as a double resonance cavity.

(3) ENDOR _Coil:-

It is through this coll that one can feed the second
frequency power for Ilnducling doubls resonance transitions.
The coil is made of very fine copper wire and has two turns
of radius 1/3 cms wound round & flexible teflon film formed
in the shape of an almost circular tube. One end of this
two~turn coll is connected to a piece of phosphor~Bronze

wire of diameter &= C.020" which is the central Sonductor of
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the coaxlial cable. The outer conductor of the coaxial

cable is 3/18" in diameter,thin-wall cupronickel tubing.
Insulation is provided by polyethylene from a normal coaxial
cable, the centre hole being large enough for the phosphor=-
Bronge wire to be pushed thrbugh. By using just a single
plece of polyethylene, falr support is provided at all

polints for the centre conductor, reducing the likelihood of
troublesome microphonicas. Termination at the upper end is
made by a standard coaxlal plug to which,output from the

sscond wide-band amplifiser is connected. The second

frequency coil is introduced into the cavity through a circular
" hole of dlameter about (5)” cut in ths centre of the broad-
side of the cavity as shgg; In the flgure 7. . The microwave
field configuration is shown in figure 8 (a), and figure 8 (b)

shows the directions of the microwave field Hl, second frequency

field Hy and the D.C.magnetic field H at the sample, which 1s

fixed in posltion at the centre of coil.

The main advantage of this cavity over the transmission
cavity 1s that all the three flelds are acting at
right angles to one another which 1s complicated to achleve
wlth the transmission cavity. However, the main disadvantages
with the reflection cavipy used for this work were that there
was no providion for pumping on liquid helium and spurious

nolse due to the bolling helium could not be avoidad.
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(4) D.C.Magnetic Fleld:~

The steady D. C. magnetic field 1s supplied by a
varian magnet which has pole-pleces slx inches in dlasmeter,
and air gap of about 4", A continuous flow of cold water
1s maintained in the cooling coils which avoiils haating np
of the coils. The magnet 1s designed to operate at law
voltage and high currents. The whole magnet can be
rotated about & vertical axis making it possible to apply
the field at apy desired angle in the horizontel plane.
Field of the order of 6000 gauses can be obtalned with this

magnet power supply.

In order to get a steady field without any drifts, it
18 necessary to use magnet current stabllizing syatem. The
stabllization system which 1s used here holds the field constant

to about 1l part in 104.

Small coils, of about a hundred turns each, are
fitted round the pole-pieces of the magnet. Thess are the
modulation colls used to modulate the steady fleld as this
is necessary durlng the course of the experiment. With these
colls, modulation of up to about two gauss peak-to-pesk at

200 c/s can be obtained.

As the frequency 1s usually malntained constant during

the experiment it becomes necessary to vary the D. C. magnetic
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Fig-7- Endor Cavlity
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field slowly in order to pass through resonance, This is
provided for by mezns of a slowly-varying artificial error
signal frem the potentiometer, derived from the fine control,
The control is a "helipot™ which is driven by a clock mector,
By this device the D.,0, field can be svept with different

speeds,

(5) Receiver:-

The function of any receiver is to detect the signal,
amplify it to the appropriate level and to make a presentation
with reasonable signal to noise ratio. Depending upon the
guality of the final signsl required there are several
methods of detection, The simplest of them ig the simple
straight detection sensitive to X". Under those conditions
the crystal current will be proportional to the power
transmitted from the cavity. 7This output from the crystal
is then amplified by a high gain audio amplifier and
displayed on the scope or chart-recorder which gives

the absorption signal. In order to get the signal sensitive
tc phase the output from the A.F. amplifier is fed
into a phase-sensitive detectcr through the "signal® input

and a reference signal from an A,F, oscillator is fed into

P.8.D, through "Seference”™ input., The great advantage of
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using a P.S.D. 18 to the reduction in the band-width and
the improvement in signal/noise ratio. This method of
detection is simplest and easy to set up, but it is found

that it 1s not sensitive enough for very weak signals.

Superhetercdyne Scheme:-

A superheterodyne system ls used so that the crystal
contributes nolse in & narrow band at «— 30 Mc/s instead of
zero frequenéy. This 1s advantageous because of the 1/f
erystal noise dependence. This method of detection is most
sensitive of all the me thods and mostly used where accuracy
and senaitivity are of primary importance. The method 1s
similar in princlple to the superhet radio receiver. An
important aspect of the detection scheme 1s that the
converaion loss of the corystal can be reduced by a balanced
mixer which balances out local osclllator nolse. At
frequencles of a few megacycles, the x-tal nolse output is
very small even at hlgh powers where the conversion galn 1s
large. Using good matched crystals it is possible to
minimize local oscillator nolse by means of this balanced
detection. A superheterodyne scheme usually operates at
an intermediate freguency of 30 Mc/sec. This intermediste
frequency 1s obtalned by beating the main signal frequency
with a local oscillator which differs from the signal frequency
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by the intermediate frequency. The limiting factors in
 the senslitivity sesms to be the noise factor of the I.F.
amplifier which can bs minimized by a very careful design,

and the crystal noisse.

The superheterodyne detectlion system used here

closely resembles the system used by Foharla. The block-

diagram of a spectrometer using this scheme has already been
shown. The one which was assembled hers operates at about

3 cms. wave length ( the frequency of operation is round
about 9200 me/s) with a reflection cavity. The signal
generator feeds into the magic - T, where 1ts power is
distributed between two arms. Thé lower arm 18 connected to
the cavity with the sample, the reflected voltage being bucked
out with the aid of the upper arm of the magic~T. For

this purpose the upper arﬁ has s phase shifter and an attenuator,
an arrangement which was found to be more satisfactory

than a slide screw tuner as far as stability and ease of
operation are concerned. The desired signal appears in

the arm connected to the balanced mixer. It is now

fed into a balanced mixer which receives the local

oscillator power from the klyston. The output of the
mixer is fad flrst to a low nolse I. F. pre-amplifier and

then to an I. F.main amplifier both operating at about 30 Mc/S
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with a band width of a few megacycles. There is a detector

built into the last stage of the I.F. amplifiler after which it

leads o atektronix battery amplifier through a 60 c/= filter
which reduces the hum. The output of this battery amplifier,
having a gain of about 100, ls passed through a band-pass
filter and then to one of the terminals of & phass~-gensitive
detector. The final signal can be obtained on the chart
recorder, on which the derivative of the absorption line is

traced.

There are provislons for measuring the main klystron
power, meters for crystal currents, a V.T.V.M, included
through a T-connector after the pre-smplifier for balancing

the bridge, and wave meters for measuring frequencles.

{6} Second Frequency (‘92) Generator and
Accessories;~

The esquipment outlined above 1s just the necessary
things for observing the slectron spin resonance. For
observing double resonance, we must have some additional
squipment. The maln additional part apart from the specilal
type of cavity already described is a signal generator in

the required range along with amplifier units of necessary type

to provide reasonably high power.
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A radiometer, 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 Mc-ranges. The
output level is variable from .1 MV to 100 mv and the sutput
can be drawn through internal impedances of either 50 or 75
chma. Elther amplitude or frequency modulation is avallable
at one kilocycle from an internal source, and the modulation
level is variable over a wlde ranga. This is very useful
as it 1s intended to compare the results obtalned by A.M. and
F.M, There 1s also provision for using external modulation,
either frequency or amplitude. The internal modulation
is also used as the reference signal for the phase-sensitlve
detector when sweepling thes second frequency. As the fleld
at the centre o0f the ENDOR c¢oll is required to be about
1/10 gauss, the output from the signal generator needs
amplification before it 1s fed to the coll. Two wide-band
amplifiers are used, connected in seriles. The band-width of
both these amplifiers is between 5 to 240 Me. The first
amplifier 18 2 C:xCO, model 1006; and the second amplifier is a
I.F.I, model 510. The two amplifiers have a total gain of
about 35 db. The maximum output of the two amplifiers in
series 18 about 7 volts r.m.s. = 1B voltis, peak-to-peak
across a load of 185 ohms. The current = 18/185 amperes
and the fleld at the centre of the coil is given by
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H = 27MMx n 1
10r
Where 1 = current in amperes
r = radius of the coil
n = number of turns in the coll
And H - 18 the fleld in gauss

For the coll used hera; we have,

r = l oms, n = 2 turns

. . H = 2x77rx 2 x 18 gauss . 1 gauss
10 x 1 185 To
3 . .
Which 1s of the same order as required. During the course
of experiment 1t is found that the signal is maximum when

the output from the wide-band ampliiiers 1s maximum.




EXPERIKERTS AKD RESULTS

Many experiments were poerformed with the intention
of understending, in detsll, the behaviour of the apectrometer
for ENDOR under different condlt;ons. Samples of Mgl containlng
a small percentage of Co = ions wers used. Three different
soncentrations were investigated. For each conoentration,

measurements were restricted to the followings

(1) To find out the spin temperature at which
a good EWDOR aignel could be obtalined -~
.. a saturation run, where the saturation
of the EPR line and therefore the spin
temperature of the levsls involved was varied,
- and the effect on the ENDOR signal noted.

(8) Variation of the ERDOR algnal with F.K.
deviation.

(3) vVariation of the ENDOR signal with percentage
amplitude modulation.

(4) Dependence of the ENDOR signal with seocond
frequency ( V) voltage, and

(6) To investigate the dependence of ENDOR signal
on the saturation level.

The variation of ENDOR signal with F,M., A.M. and ),

voltage is expected to be linsar for 8ll concentrations.

The variation of ENDOR signal with saturation level, and
the optimum value of saturation are expected to be dependent

on concentration, and 80 to differ somewhat from sample to

aample.

(55)




(66)

In adAdltion to the measurements mentioned above,
experiments were attempted to find the dependence of the
intensity of double resonance signal on the direction of the
steady magnetic fleld with respect to the microwave magnetlc
field. This was not very successful because the value of
D.C. magnetic fleld et the sample ia‘likely to change slightly
on rotating the magnet, requiring tedious re-setting on the
EPR line after each change of magnst angle. Such a re-setting
then requires re-balancing of the bridge, making the set of
measurements very tedious and time-consuming. Measurements
were discontinued when it was found virtually impossible to
get consistent results. The results would be of interest, and
it 1s intended that the measurements will be made when
improvements in the equipment have bheen made, and the reliability
of the measurements increased. Also, attempts to measure
the double resonance line-width and 1ts dependence on concentration
were not very encouraging because of some difficulties
ancountersed in accurate measuring of the ENDOR frequencles.
The trouble with line-width moasuremént 1s due largely to the
shape of the line -~ the maximum end minimum points of the
differential line~shape are not very well defined. The centre
of the line, however, where the trace intersects the zero, 1is
very clear and allows much greater accuracy of measurement, as

indicated by the figure 9 .

(1) Saturation Runi-

To find the optimum settings for a good double resonance
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/Frequency not easy to

measure accuratelye

5 Error, in frequency

measurement, caused by

 «— this mistake, or change,

in vertical position,

|

{

|

| for centre of line
|

]

Error caused by

similar uncertainty,

trying to measure
the line- width
Fig.- 9. Indicating difficulty of line-

width me asurement.
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gsignal the usual saturation tecﬁnique is followed, It is
expected that a reasonably good double resonance signal

results when the spin temperature is doubled, To find cut
the settinge which correspond to this doubling of the spin

temperature the following procedure is foliowed,

With trhe three fields, i,e., steady field H, the micro-
wave (V) field i1 and tne second frequency (),) field
Ho at right angles to one another, and when the sample is at
liquid helium temperature the cavity is tuned for cavity
regsonance, The local oscillator frequency is adjusted until
the vacuum tube voltmeter reads a maximum, The microwsve
bridge in the dummy arm of the magic -T has nov to be
balanced, To achieve this, the attenuator and the phase
control of the microwave bridge are adjusted in turn until a
minimum reading on the vacuum tube voltmeter at the output of
the pré~amplifier is observed, With this adjustment, the output
of the magic -T should be almost proporticnal te¢ X" ., 1t is
now necessary to have a good combination of the seitings of the
varicus attenuators which are positioned in the system as shown
by the block diagram of figure 10, The sur of the microwave
"pre%-attenuator and the microwave “"post*-attenuator settings
is always kept constant in order to keep the power level at
the input of the superheterodyne receiver as near constant as
possible, In the course of a saturation run it is also

necessary to keep the 1.%, attenuator constant,



klystr A A, 1 Det. As |F.amp{>— Det. ‘1
¥
cavity Pre-amp Scope eher
recorder.
Fig-10. Block diagram showing positions of the various
attenuators in the

system.

(6S)
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The attenuators Ay and Ag are set with a total
attenuation of 40 to 60 db, this amount being necessary
to ensure that the I.F. amplifier 1s not saturated when
the normal amount of attenuation ( 60 db) follows the I.F.
pre~-amplifier. A good trace on the chart recorder 1is usually

obtained with 50 db attenuation before the signal cavity.

Traces of the slignal are now taken as the attenuation
before the cavity 1s reduced in steps, 1.e. the power incident
on the cavity is increased. The total attenuation in the
microwave line io kept ucneztant (apart of course from changes
in the cavity 1tself) by adjusting the microwave "pre"- and
"post" attenuators together so that the sum of their contributions
to the attenuation 18 constant. At least two sets of
readings are taken for each polnt on the graph and thelr mean
calculated. A graph, for each sample, with the intensity of
the signal plotted sgainst the power incident is shown on
graph 1. From the graphs approximate settings of the micro-
wave "pre'-attenuator for getting a good ENDOR signal can
be found. The table on page 62 gives the settings of the

various attenuators for EPR and ENDOR signals.

Referring to the graph for the 5€ nominal Co = in Mg0
sample shows that the intensity of the signal remains fairly
constant until the incident powesr 1s about 30 db below 1 watt.

Any further increase in the Ilncident power saturates the EPR
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Concentration  Frequency EPR S8Settings in db. ENDOR Settings in d4b.
Mc Ay | Ay | Ay | Ay Ay | Ay | Ay Ay
Y,
5% 9186 5010 | 60 | 25 10 20{ 60| 25
2% 9190 50] 0 |62 | 20 12,5 12.5| 62| 32
5% 9186 40} o0 | 60 | 20 17.5 |7.5)] 50| 15

TABIE:~ Settings of the various attenuators for EPR and

best double resonance signal-

Al - pre-attenustion; A2 - post-attenuation.

Az - I.F. attenuation; Ag - A.F. attenuation.

(29)
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slgnal as shown by its decreasing magnitude. Doubling the
spin temperature corresponds to about 24 db below 1 watt which
agrees quite well with that of the ENDOR settings used while

performing the experiments as shown in the table.

The saturation curve of the 24 nominal sample in graph 2
indicates that the EPR signal remains fairly constant before
it gradually falls, The signal falls by more than 50% when
the incident power exceeds 26 db below 1 watt which also
agrees with the value glven in the table. The table corresponds

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

For the low concentrated sample the saturation curve is

as shown in the graph J.

Some of the points are slightly away from the surve drawne.
This may be due to noise inherent in the electronics. Apart

from this, the curves seem to bs reasonadly good and reproducible.

The transition studied for all the above experiments

is my = -7/2¢—-7/2
and Ha = _% >=1
2

(2) General Remarks on ENDOR Measurementsi-

Por all the measurements undertaken in ths course of this

work the transition m; =z -5, -7 correspondilng to M = _l. 'l
2 "2 802 2

- -

was studled. Out of the two expected ENDOR lines at frequencies
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152.89 Mc/s and 163.00 Mc/s, measurements were made on the

one appearing at 163 Mc/s. It was found that more double
resonance lines than those predicted above by the simple theory
ware observed. Some of the ENDOR 1lines observed, along with
the approximate frequencles at which they occur, are shown

in the figure 11 . It was also found that more concentrated
the sample was, the more were the "unexpected® ENDOR

lines observed which ls in confirmation of the work done by

D.J.I, Pry and P.M. Llewellyn at Bristol.

{(3) Dependence of Double Resonance Signal With P.M.Deviation:=-

The effect of frequency modulation on the double resonance
signal 1s analogous to the modulation of the steady magnetic
fleld when observing a paramagnetic resonance signal. If the
modulating fleld ls amall compared with the line-width of the
EPR s8ignal 1t is found that the slgnal strength varles linearly
with the amouﬁt of modulatiorn. If the modulating field is
comparable with the width of the EPR signal then the signal
will be distorted and hence devistion from linearity occurs;

And in the ENDOR case, .M. behaves jJust like field-modulation
for EPR 1.e. 1f F.M. deviation is too large, 1t distorts

and broadens the ENDOR 1line. - The ENDOR signal should be
linear up to 100% A.M. (provided the signal generator does

not give distortion).

The signal generator used had internal modulsation at
1000 ¢/8, F.M. or A.M. of adjustable amount, with a meter

monitoring percentage A,M. or F.M. deviation. It was thus
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o
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Fig- n-

L 163.0 ¥e.
1289 - 0 © 7 -

Concentratim
148.6 | -5% nominal

€ 143.7

139.9

(c) —%
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Trace of the chart-recorder showing (a) the first high field EPR line
tally observed

(b) one of the two expected ENDOR transitions, (c% exparifsv
ENODR transitions. Phase I1n (¢) 1s opposite to nat of (b) because

the bridge was again balanced.

Ssmglo = Cott’
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(LQ)



(68)
well-sulted for checking the effect, on the signal,of'jvarying
the amount of modulation. The same messurements could be
done by using external modulation at any frequency (up to 25 Kc/s),
either F.M. or A.M.

In the range of frequency (120 to 240 M¥c¢/s) used for
the following experiments the frequency deviation could be
varied up to & maximum of slightly over 600 Kc/s. With the
intention of getting as many readincs as conveniently possibls,
the frequency deviation was varied in steps of 40 K¢/s and a
trace of the double resonance line was taken for each atep.
The graph of ENDOR signal as a function of modulation index,
defined by

Modulation index - Fregquency Deviation
Modulating frequency

was found to be having two stralght line parts which have

different alope, and which cannot join in a reasonable manner.

The experiment was repeated several times and a similar
type of graph, as shown in the graph 4, was obtained indicating
that sither the bridge is thrown off balance, or the cavity
has gone off-tune, or both. To reduce the effect of these
troubles it was decided to take only a few readings in a short
interval of time so that the effects of the sabove mentioned
difficulties are reducsd. It was then observed that the
double resonance signal varled directly with the modulation
index as shown by the graph 5. These graphs show that very
great care should be taken to avoild disturbing the balanced
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bridge snd detuning the cavity which may drise even by
accidental touching of the table supporting the devar and wave-

gulds assembly.

This method of messurement was repeated for all the
three samples and 1t was found, in each case, that the alignal
strangth is directly proportional to the modulation index and

also to the concentration of the paramagnetic sample.

(4) Dependence of Double Resonance Signal with € A.M.:-

The amplitude modulation does not produce any drastle
improvement in signal strength over F.M. Measurements were
however undertaken to study the relative strengths of signals
obtalned by this method and those obtained by F.M. The
psrcentage A.M. could be Qaried from zero up to a maximum of
80%. The strength of double resonance signal was measured
betweén these limits. It was found that 1t 1s directly
proportional to the percentage amplltude modulation as shown

by the graph 6, for each concentration.

It is worth noting that this set of measurements was
Intended as a qulck confirmation of the linearity of signal
increase with the amount of modulation, which appears almost
cartaln from the way the squipment 18 set up. Instead, however,
the measurements caused considerable trouble, and since the

early peculiar results appeared conslstent, a certaln amount of
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time was spent trying to explain these results. Eventually

1t becams evident that the bridge drifted off-balance very
rapldly at times, a0 the measurements weravrepoated, taking
particular care to do & series 1ln as rapid succession as
possible. This method :ave thes expected linear dependence.

It 12 obvious however that steps must be taken to prevent thia
trouble by some change in deslgn of the aqulpment. The source
of the drift 1s however not yet very clear. It 1s possible
that it might be due to the frequency variations of the local

oascillsator.

Comparison of F.M. and AJM.s~-

A gqualitative comparison of the ENDOR signal obtained
by F.M. and A.M. may now bs given in brief. The main
difference between the signals obtained by the two different
methods 18 in the shaps of the lines. The derivative of
the absorption signal("l/1 )was observed with F.M. while the
absorption signal(,/q.)itaelf was obtained with A.M. Even
though the signal strength varles linesrly with ths F.M.
deviation in the case of frsquency modulation and with percentage
AJ. in the case of emplityde modulation it was found, with
maximum F.M. and A.M, that the algnal 1s always stronger
with the former than with the latter. F.M. will always
sventually dlstort the line-shape as 1t 18 increased, and a
reasonable limit in the present case 1s 200 Ke/s. This limit
may be small for narrow lines. A.M. however 1s a constant
frequency, not a sweeping of frequency, and so should not

introdiuce any distortion even at 80% A.M.
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At lower modulation levels the signal to nolase
ratio is poor until it becomes very hard to tell which 1s

better ofthe two, at very small amounts of modulation.

(5) Varistion of ZNDOR Signal with Second Frequency (7))
voltagei~

‘The amount of second frequency power 1s determined
by the maximum voltage of signal generstor, maximum gain of
wide-band amplifiers and maximum power output of wide-band
amplifiers. The wide-band amplifiers following are used at
maximum gain; one of them has in fact fixed galn. This output
power 1s controlled by attenuators in the signal generator
which indicate the output voltage when the meter reading (cw) 1s
set to the O db mark, are calibrated in AV and dbéuv across
50 or 75 ohms, and can ve gset to values from 100 mv (100 db)
down to O.1 uv (-20 db). 3But no dcﬁble resonance signal was
observed when the attenuator setting was 80 db (corresponding
to 1o,ooo/uv) and below. Hence this was taken as zero and from
this gero, power was increased in steps of 4 db up to 20 4b
maximumnm. This was amplified by the two wide-band amplifiera
before fesding into the EXDOR coil. The output from these
wide-vand amplifiers varies approximately from 1 volt to 6 volts
corresponding to these settings. For sach of these values
of the Yy voltage the peak-to-peak value of the ENDOR signal
was measured. A graph is drawn by plotting the second

frequency voltage against the intensity of the signal. Several
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sets of readings were taken for each of the three samples
used. It was found, for each sample, thét the étrength of
the signal changes linearly with the Ya-voltage as shown
by the graph 7. These graphs do not pass through the origin.
This may be due to the fact that there is a certain amount
of threshold voltage below which no EKDOR slgnal is posslble.
Points on the graph corresponding to maximum available VY
voltage do not lie on the line for reasons which are not
ciear though the result 1s reproducibla. It mey be possible
to investigate this if we had another wide-band amplifiler

and thias would be done as soon as onse is available.

(8) To investigate the dependence of the strength of
the Double Reaonance Signal on Spin Temperaturei-

While discussing the conditiona'for‘a good double
resonance signal it was shown, for the case where the
rectified power is proportional to the incident power ( linear
region), that the spin temperature T, should be doubled

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

-3
]
1
o3
(o]
11

. 2 -
1+ H Ty T =z 2
Ts - Yu® mome
where all the quantitioes are as defined before.

The following experiments were done with the intention
of studying the dependence of the ENDOR signal on the spin

temperature. The method of approach is as follows.
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The combinations of A; and Ap were found

experimentally which gave the best double resonance slgnal

for each sample used. The spin temperature ls now varied

by varying the power Incident on the sample in either

direction, but keepling the amount of power incident into

the receiver system always constant, and a trace of the slignal

is obtalned. This is repeated in steps of a few declbels on
elther slde of the optimum setting and the strength of the signal
18 measured 1in each case. A typlcal graph drawn with the
signal along the ordinate and the amount of power incident

on the sample (which is proportional to the spin temperature)

along the sbscissa is shown in the graph 8.

This graph is for the low concentratlon sample. It 1s
clear from the graph that the strength of thse signal decrsases
on both sides of the optimum value. It also shows that the
signal falls rather rapidly if the spin tempsrature is less
than the optimum while the fall is a little less rapid if

the spin temperature 1s larger than the optimum.

The general nature of the curves for the othsr samples
1s quite similar to the one discussed above though the optimum
attenuator setting 1.e., input powsr, is different for

different concentrations as shown by the dotted curves on page wnp.



(78)

-8 ydos9

(Hom | mo|2q -qp) i1amod IADMOIDIN

SEl G/l  G€Z

5832

S€¢

G-a¢

SEY

N\
u n G0

-ddwbs (%) S -X

0¢

ov

joubis iopuzy

o)
©

yibuaays

00l



CORCLUSION

The optimum working conditions of  ENDOR
spectrometer has besn found out for each of the three Mgl
semples containing Co = ions. Oraph 1 for the 5%
sample indicates that the spin temperature of the EPR 1line

corresponding to the transition My = % s ,-& and
2
myp = -7 ~7 418 doubled when the power incident into the

T3
cavity is 24 db. below 1 watt. Referring to the table on

page 62 shows that the corresponding setting A; 1s 10 4b.

If we add 13.5 db. to this value (converting the power
incident on the sample into decibels below 1 watt anmd
taking into account the attenuation due to the wave-gulde
assembly) we see that the best ENDOR signal could be
obtained when the power inocldent was 23.5 db. below 1

watt, in close agreement with that indlcated by the graph.

From graph 2 for the 2% sample and for the same
transition 26 db. below 1 watt corresponds to the doubling
of the spin temperature. The table shows that the best
ENDOR asignal is obtained when the power incident 1s 26 4b.

below 1 watt, again in close agreement.

The same is true for the 0.5% sample as shown by
the graph & and the table.
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The dependence of the RNDOR aignal with the
amount of F.M. and A.M. 18 quite straight forward and |
linear as expected as shown from the graphs 5 and 6
respectively. The main difference between the ENDOR
signal obtained by P.M. and that by A.M. 1s in the line
shape . Also, at high modulation F.M. distorts the llne,
a deviation of about 200 Kc/s being the limit for samples
of higher concentrations, while A.M. does not distort the

ENDOR 1line for reasons mentionsd before.

The BPR and ENDOR signals decay with time. This
1s due to progressive imbalance of the bridge, the main
question being what causes thls imbalance. Thisz may be
due to the fact that the electrical lsngth of the wave-guide
leading to the cavity changes due to the bolling away of
1iquid helium as a result of which there 1s a change in
phase. A simple calculation showed that this produces a
few degrees change of phase. This may cause the microwave
bridge to go off-balance which is responsible for the
decaying signal. However, this effect should be small
when compared to the others which may be responsible for
this trouble. Another posaible source causing this effect
may be the local oscillator whose frequency fluctuations
may be large In comparison with the band-width of the pre-
amplifier. This could be avoided by using another astabllized
klystron in place of the local oscillator. For further work

it 1s intended to use elther a stabilized local oscillator
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or to get the 30 Mc/s beat from the main klystron

itself by a modulatlon system.

Dependence of the ENDOR signal oxﬂ)z - voltage
is found to be linear as expected, but the graph of ENDOR
signal plottod againsti>2 - voltage does not pass through
the origin. The point on the graph corresponding to
the maximum available:92 ~ voltage does not lie on the
straight line. Insufficient V2 - voltage 1s available
to extend the range of measurements, without which one
cannot say how genuine the rise 1s. At the moment, the
highest points seem however quite genulne and reproducible.
Obviously further investigation 1s neaded when the
available power ocan be increased by using another wlde-band

amplifier.

Greph 8 shows that the amplitude of the ENDOR
signal falls as the microwave powsr Incident on the sample
is either increassad or decreased from the optimum %alue.
Though the general nature of the curves 1s the same for
different concentrations of the sample, the optimum value is

Aifferent for eache.

The dependence of the ENDOR signal on the direction

of the D. C. magnetic fleld is useful and interesting. It 1s

intended to make further astudies on this as soon as the equipment
for the finer megnet control, which is being designed and

built, is ready.
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It is also proposed to undertake the ENDOR 1line-
width measurements as soon &8s some improvements on the

accuracy of measuring frequencles are made.

The measurements made in this project seem to be
quite stralight forward. This is only true provided the
equipment functions properly without any drift caused by
the detuning of the cavity end frequency fluctuations. But,
for the type of work done in this gourse, it is very hard
and time consuming to get conslstent results unless great
precautions are taken. These measurements may help in

further understanding the double resonance theory.



APPENDIX

EXPERIKMENTAL PROCEDURE FOR ENDOR

Getting the trace of a doable resonance signal
Involves various routine steps whicﬁ are outlined below. It
1s assumed that the reader is famllier with the major adjustments,
such a8 stabllizing the main klystron etc. As EPR 13 pre-
raquisite of ENDOR, the exparimental procedure of the former

is also dealt with in brief.

To start with the sample 1s positioned 1n the ENDOR coil
in the appropriaete orientation and the coil is inserted into the
cavity. The following routine procedure 1s followed at liquid

helium temperature.

(1) The cavity is tuned for resonance -

(2) The local oscillator klystron is tuned until the meters
reglstering the crystsl current and the V.T.V.M. show maximum readings.
The reflector voltage of the main klystron should also be

adjusted by the fine control to achleve thia.

(3) The attenuator and the phase control in the dummy arm of
the maglc - T are adjusted in turn until the reading on the
V.T.V.M, 138 a minimum. After achleving this the attenuator
control 1s slightly turned to maeke the output of the magic - T

proportlonal to the derivative of the absorptlon signal only.
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(4) With the aswitch controlling the modulation of the
steady field on, and 200 c/s signal connected to the
reference input of the P.S.D., the attenuators A, and A,

are set in such a way that the I.F. amplifier 1s not saturated.
A trsce of the EPR signal is obtalned on the recorder anmd

its amplitude measured. Increasing the power incldent on the
sample by a few declbels at a time but keeping the powser input
to the receiver constant, the amplitufe of the trace of the

EPR signal 1s measured in each case. The amount of power
incident on the sample ls calaulated by knowing the reading of
the power meter and ths typlcal saturation curves shown in
graphs 1, 2 and 3 are drawn. The frequency of the main klystron
at which the signsl appears can be measured by means of a
cavity frequency-meter. If a measure of the D.C. fisld i=s

also required it can be obtained by N.M.R. apparatua.

For getting an ENDOR s8ignal the following routine 1s
followed in addition to that explained above.

(5) The slow sweep of the steady magnetic fleld is stopped
when the pen of the recorder is exactly at the centre of the
derivative of the EPR signal:

(8) 1000 ¢/s reference to the p.s.d. 1s connected instead
of 200 ¢/s during EPR.

(7) Because the internal modulation of the second frequency
1a sufficient the switch controlling the modulation of the
steady fleld is switched off.
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(8) The band-width of the band-paas filter is
adjusted so that it passes only a few cycles around the

frequency of 1000 ¢/s.

(9) The cavity is tuned and the mlcrowave bridgse is

again balanced.

(10) The second frequency is swept slowly by means of a
clock-motor until double resonance signals appear on the
chart-racorder at the approprlate freguencles which may

be measured by means of a frequency counter.

(11) ~ Once the ENDOR signal is obtained, its dependence
on microwave power, amounts of fregquency and amplitude
modulation and on the second frequency voltage can be
measured as described before and graphs drawn to explain

thelr influence on the signsal.
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