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ABSTRACT

A high sensitivity, wide or narféw band, double field
modulation paramagnetic resonance spectrometer eperating at
a wavelength of 1.25 cm. for use at liquid helium temperatures
has been developed which 1s described in detail. This
spectrometer employs a transmission type cylindrical reson-
ant cavity operated in the Hyj;; mode. In wide band oper-
ation, the magnetic field is modulated at 60 cps. to an-
amplitude in excess of the resonance line width and at
462.5 kes. to an amplitude less than or equal te the line
width. For narrow band operation only, the high frequency
modulation is employed and the static magnetic field is
linearly swept. A signal from 10-9 grams' of diphenyl-
trinitro phenyl hydrazyl [(06H5)2-N-N-06H2-(N02)3].A
has been observed at 290°K. using wide band operation
(8 kes.) indicating that sensitivities of the order of
1012 grams can be achieved with it at 4.2°K. in narrow
band operation (1 cps.). This sensitivity is close to the
theoretical value predicted by Bleaney of lO-13 grams and
is severai orders of magnitude greater than that reported
for any other paramagnetic resonance spectrometer.

Using this improved sensitivity, higher order
transitions AM = = 2, ¥ 3 in dailute gadolinium ethyl -
sﬁlphgte [hf7; 857/2] which were not previously obser-
vable, have been studied at 909K, as a function of the

orlentation of the magnetic field with respect to the axis



of symmetry of the crystal. These transitions show that
the effect of off-diagonal terms in spinrﬁamiltonian have a
greater effect on the energy levels than had previously
been appreciated from measurements of the AM = T 1 tran~-
sitions and help to explain the discrepancies between the
calculated and observed zero fiéld splittings. =
An excited state in dilute dyprosium ethyl sulphate
lhfg; 8H15/2] has been observed at L.29K. with g, = 5.85
% 0.05 which had previously only been observed at 20°k.
with g, =5.80 = 0.02 and g, = 8.40 % 0.2,
The line width of dilute praseodymium ethyl sulphate
[hfzg 3H)+] has been measured at l.2°K. and found bo be
35 z 5 gauss showing that the previously observed line width
of 200 gauss at 20°K. is due to spin-lattice broadening.
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LOW TEMPERATURE PARAMAGNETIC RESONANCE STUDIES
OF THE RARE EARTH GROUP IONS USING A NEW HIGH
SENSITIVITY SPECTROMETER

ABSTRACT

A high sensitivity, wide or narrow band, double field modulation para-
magnetic resonance spectrometer operating at a wavelength of 1.25 cm. for
use at liquid helium temperatures has been developed which is described in
detail. This spectrometer employs a transmission type cylindrical resonant
cavity operated in the H,,; mode. In wide band operation, the magnetic field
is modulated at 60 cps. to an amplitude in excess of the resonance line width
and at 462.5 kes. to an amplitude less than or equal to the line width. For
narrow band operation, only the high frequency modulation is employed and
the static magnetic field is linearly swept. A signal from 10-° grams of
diphenyl-trinitro phenyl hydrazyl [ (CH;), © N-N * C;H, * (NO,) ,] has been
observed at 290°K. using wide band operation (8 kcs.) indicating that sensi-
tivities of the order of 10-** grams can be achieved with it at 4.2°K. in narrow
band operation (1 cps.). This sensitivity is close to the theoretical value of
10-1% grams predicted by Bleaney and is several orders of magnitude greater
than that reported for any other paramagnetic resonance spectrometer.

Using this improved sensitivity, higher order transitions AM==2, *3
in dilute gadolinium ethyl sulphate [44%; ®S;,,] which were not previously
observable, have been studied at 90°K. as a function of the orientation of the
magnetic field with respect to the symmetry axis of the crystal. These transi-
tions show that the effect of off-diagonal terms in spin-Hamiltonian have a
greater effect on the energy levels than had previously been appreciated from
measurements of the AM===1 transitions and help to explain the discrep-
ancies between the calculated and observed zero field splittings.

An excited state in dilute dysprosium ethyl sulphate [4{°; *H,,, ,] has
been observed at 4.2°K. with g, = 5.85 == 0.05 which had previously only
been observed at 20°K. with g, = 5.80 == 0.02 and g, = 8.40 = 0.2,

The line width of dilute praseodymium ethyl sulphate [4f*; *H,] has
been measured at 4.2°K. and found to be 35 5 gauss showing that the pre-
viously observed line width of 200 gauss at 20°K. is due to spin-lattice
broadening. ‘
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TERMINQLOGY

The following conventions, definitions, abbre~

viations and symbols are adhered to in this thesis.

Conventions:

Definitions:

Abbreviations:
" Symbols:

Constantss

8.

&a.

2.6l refers to subsection L of section 6

of Chepter II.

(III,7) refers to equation 7 which occurs
in Chapter III. All equations are numbered
coﬁsecutively from the beginning of Chap-
ter I to the end of Chapter IV.

Bleaney (B8) refers to a reference.by
Bleaney whiéh occurs as the eighth refer-
ence in the "B" section of the bibliography
when these are'arrahged'in elphabetical

order. Minor references occur as (El).

Half line width refers to the full width
of a resonance line at half intensity.

Room temperature means 290°K., oxygen temp-
erature 90°K., nitrogen temperature 78°K.,
hydrogen temperature 209K. and helium

temperature l.2°%K.

The meanings of all symbols employed in

this thesis are the same as those in the



list issued by the Physical Society of
London unless defined otherwise and all
#alues of constants are taken from the

Internetional Critical Tables.
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INTRODUCTION

A. Methods Of Measuring The Paramagnetic Properties
Of Matter | o

In this thesis, we shall be concerned with those
magﬁetic properties of ions of the rare earth group, which -
can be measured using paramagnetic resonance., Magnetic
resonance is a branch of radio frequency spectroscopy which
is important for solid state studies. It can.be classified
into (a) muclear, (b) ferromagnetic, (c) antiferromagnetic
and (d) paramagnetic.resonance. ' The first is concermed with
nucleaf dip&les while the remainder are concerned with elec-
tronié dipoles. (b) and (c) deal with magnetic éystems where
the electronic dipoies are étrongly coupled together by ex-
change forces while in (d) the electronic dipoles are loosely
coupled together; each pafamagnetic ion is considered indiv-
idually. |

There is one important'differenée between optical
and radio frequency spectroscopy. The former deals with
spectra which are due to the absorption and spontaneous
emission of radiation with Einstein emiésion, which is stim-
ulated by the presence of radiation of the same frequency,
of at most secondary importance. The latter is only concerned
with the absorption and stimulated emission of radiation.

As the energy hyY of the radlo frequency quantum is

always much smaller than the thermal energy kT, the number



ii

of occurring processes of absorption is only slightly larger
than the number of occurring processes of stimulated emission.
This net surpius, which is'inversely proportional to the
femperature Tg, characterizing the statistical distribution
over the enefgy levels concerned, is what 1s detected in an
experiment.

The magnetic moment of an ion arises from contri-
butions by electronic and nuclear dipoles; the effect of the
former bredominating. A study of magnetism from the micro-
scopic viewpoint consequently deals with the properties of
electrons and nuclei.

The paramagnetic properties of ions have been inves-
tigated by measurements of the (a) susceptibility, (b) spec-
ific heat, (c) gyromagnetic ratlo, (d) Faraday effect,

(e) paramagnetic relaxation and (f) paramagnetic resonance.
Ali but the last of these methods,‘study the magnetic prop-
erties of electrons in atoms or ions from the macroscopic
viewpoint. In ionic crystals, these properties depend upon
the behaviour of the occupied lower electronic states, in
particular, their separation, thelr relative position and
their anisotropic behaviour in a magnetic field. Para-
magnetic resonance, since it is essentially a spectroscopic
method, studies these same properties from the microscopic
viewpoint which enables it to differentiate between impur-
ities. This 1s of great value for studies of the ions of

the rare'earth group where it is difficult to obtain pure
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compounds. Moreover, it is orders of magnitude more sensi-
tive than any of the other methods. Consequently, it can
deal with very small quantitlies of paramagnetic substances
which is also of importance for rare earth group studies.
This sensitivity is sufficient to permit tle perturbing
éffects of the nuclear spin and nuclear electric quadrupole
moment to be detected. This 1s particularly advantageous
since this method can be used to determine nuclear spins,
ratio of the magnetic moments of two isotopes of the same
atom and nuclear moments of those atoms which are nof easlly
accessible to other methods.

Unfortunately, it suffers from several disadvantages.
Single crystals of suitable size, which are required for
accurate work, cannot always be grown. Certain substances
cannot be investigated because there are no allowed trans-
itions befween the levels which give rise to the para-
magnetism. At present, information can be obtained only
about the ground state. Recent work indicates that reson-
ances between the ground state énd the first excited state

may be detected.

B. Magnetic Properties Of Matter In The Solld State

In the solid state, atoms are very close together and
consequently strong forces of interaction exist between them.
For pure elements, there is an exchange interaction between
the.valence electrons. In non-metals, the valence electrons

are paired with spins opposing and this produces no magnetic
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effect. In pure metals, the valence electrons form an
electron éas since they are no longer bound to the atom.
The remaining closed shells exhibit no magnetic properties
Because of the Pauli exclusion principle. It can be shown
by consideration of Fermi-Dirac statistics or exchange de-
magnetization that the electron gas has only a very feeble
magnetic moment.

. Paramagnetism is found in solids only when some of
the atoms contain an incomplete electron shell. In ionic
crystals the tendency is to form ilons with completed shells
(inertlgas configuration). Hence in such compounds only
fhose elements which have incomplete d or f shells are
paramagnetic, since in these elements incomplete shelis
remain after their normal valency requirements are satisfied.

In covalent crystals and covalent complexes the ten-
dency 1s to form bonds, each bond containing a pair of
electrons with oppbsed spins. Hence, such crystals are not
normally paramagnetic. The electrons in an incomplete d
shell frequently take paft in covalent bonding, the atoms
involved exhibiting an abnormal valency (coordination bond).
Thus, many atoms which would be paramagnetic in an ioniec
crystal, are diamagnetic in a covalent crystel. In parti-
cular, covalent compounds of the 3d and Lf series are gen-
erally pafomagnetic and there are reasons for believing that
many typical ionic crystals (e.g. CsTi(SOh)Z-leZO) are not

purely ionic, but that the paramagnefic ioﬁ is parfly



TABLE T

Transition Groups of the Periodic Table

Group 2 Incomplete Shell n
Iron 21 to 29 3a? 1-10
Palladium 38 to 46 _ Lan 0 - 10
Rare Earth 57 to 71 Lo e - 14
Platinum 72 to 78 5qn 2- 9
Actinide 88 to 96 (7?) 641 0

- 8 (2)

facing page v



" covalently bonded. Conversely, there are some purely co-
valent compounds which exhibit paramagnetism, e.g. NO which
has 15 electrons and hence must have at least one of these
électrons unpaired. |

In the pure metals of these groups, the exchange
forces piay the predominant role in peﬁetrating the inner
shells and usually produce exchange demagnetization. It
is possible for these forces to align the spins of the
electrons producing exchange magnetization which results in
.the metal having a permanent magnetic momeht, i.e. ferro-
megnetism., This occurs with certain elements of the iron
group sﬁch as iron, cobalt and nickel.

The five transition groups of the periodic table are
listed in Table I.

The pallédium, platinum and most actinide group ele-
ments apbear to form covalently bound compounds which gen-
erally exhibit no paramagnetism except in complexes. The
iron and rare earth groups form many ionic compounds which
exhibit paramagnetism and hence these groups have been studied
extensively. 1In Table II,‘the.ions of these two groups are
listed togethef with their configuration of the incomplete
shell and the ground state as given by the Hundt rules.
These rules, which determine the lowest-lyihg term for a

given configuration, are

1. a. Of all the terms allowed by the Pauli prin-
ciple, that one with the maximum multiplicity

lies lowest (the multiplicity is equal to



TABLE II

The Ground States of the Free Ions of the Iron and
Rare Earth Groups

Ion Electronic Ground State
Configuration Free Ton

73, ylt 3at o '2D3/2

v3+ 32 3r,

cr3t, vt 3a3 brs /s

Mn3*, cpet 3alt - 5D6
g::;: Fe3*, Mn®* 3a5 ®s,

Fe2t | 3d6 59& |

092+ . 3d7 | MF9/2-'7

N1 3a8 ’F),

e 3a° 2D5/2

702t | 310 Is,

Ea>t 1 £0 s,

Ce 3+ - hrl 2Fg /o

pr3+ 2 BHh

Na* Le3 “Y1g/2

Pm3T Ll EIu

Rare.sm}+ hf5 6H5/2

Earth EM3+ ufé 7F8
- ea?t L7 8s/2

p 3+ L8 Tr,

Dy3* 49 %5/,

Ho3* Lr10 S1g

Er 3t Lrll 4115/2

e Lrl2 3w,

T3+ het? ZFo /5

w3t Lril 1sg
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vi-

28 + 1 where § is the total spin quantum
number) .

b. If sevéral terms have the same maximum multi-
blicity, that term with the greatest E lies
lowest (L is the total electronic orbital
quantum number).

Multiplets arising'from a configuration consisting

of 1es$ than half of the electrons in a completed

subgroup are usuaelly normal (smallest-J lowest)
and those from a cdnfiguratién consisting of more
than half are usually inverted (largest J lowest).

(Multiplets are terms formed through the various

éambinations of a given S and £ and are charact~-

erized by the quantum number J = E + S).



CHAPTER I

QUANTUM THEORY OF PARAMAGNETISM

An excellent summary of both the experimental and
theoretical aspects of paramagnetic resonance is contained
in the review article by Bleaney and Stevens (Bll). A com-
plementary review by Bowers and Owéns (B16), containing a
summary of all the experimental results to date, is at
present in press. In this chapter, the theoretical work des-
criﬁed in these review articles together with general theore-
tical papers by Bleaney (B7,8,10) and Abragam and Pryce (Al)
and specific theoretical papers on the rare earth group ions
by Elliott and Stevens (El,2,3,S7) are summarized. Since
the research described in this thesis is éxperimental,
emphasis is placed on those aépects of the theory which are
necessary to describe the results reported in Chapter IV.
These results ére concerned with only rare earth group ions.
No mention is made of those aspects of the theory'which are
applicable to covalent complexes. This aspect is considered
in papers by Stevens (S9), and Abragam and Pryce (Al) amongst

others.

1.1 Introduction

The maghetic moment of a paremagnetic ion is due to

the orbital and spin angular momentum of the unpaired



electrons which determine the energy levels of the ion.

It is not unreasonsble to expect that these energy levels
will be altered when the magnetic ion is surrounded by other
ions and water dipoles. These interactions with the othér
constituents of the crystal are of three tyﬁes.

The ion is subjected to a strong inhomogeneous elec-
tric field called the crystalline or Stark field which is
due to the other conStituents of the crystal. The mein sym-
metry of this field is determined by the crystal structure;
however it 1s mnot unusual that the distortions from this
symmetry have a profound effect on ﬁhe energy levels. Thé
effects of the crystalline electric field is to 1lift some of
the degeneracy of the energy levels of the free ion. This
‘effect will be discussed in 1.l4.

It is possible that the effect of an exchange be-
tween the electrons of the paramagﬁetic ion and the other
electrons of the crystal will aiter the energy levels. Such
exchange interactions, which can be calculated only approx-
imately, will be mentioned in 1.31.

The third interaction couples the paramagnetic ions
‘together into a 'spin'! system. It will be considered in
| 1.32. - | |

If the distance between the paramagnetic ions is
increased by dilution, then the last two interactions are
decreased and it is only necessary to consider the effect of
the crystelline electric fleld. We then speak of magnet-
ically very t'dilute! salts.



1.2 Paramagnetic Resonance Phenomenon

1.21 The Resonancé Condition

When an ion possessing a magnetic moment, and there-
fore having a degenerate ground state, is placed in a steady
magnetic field, the degeneracy is lifted and the levels
undergo a Zeeman splitting. An oscillating magnetic field
of sulteble frequéncy will induce transitions between the
Zeeman levels if these are allowed.

The precesslon frequency of the magnetic moment about

the axis of the steady magnetic field H is given by
V=g e .H (1
& (lHT 'mc) ' _ )

where g is the spectroscopic splitting factor. g is one if
only orbital motion of the electrons exists and precession .
frequency is then the same as that given b& the classical
theorem of Larmor which is proved in Van Vleck (V3).

If a circularly polarized magnetic field is also
applied such that it also rotates about H in synchronism
with the angular momentum vector, it will exert a constant
couple on the latter, eventually causing it to turn over
and reverse 1ts projection on H. This "flipping over" is
accompanied by an absorption of energy from the radiation
field.

Quantum mechanically, a free ion with resultant
angular momentum J in a magnetic field H has energy levels

corresponding to the various spatial orientations of J with



energies MgRH, where M is the electronic quantum number and
Bis the Bohr magnetbmu.

The selection rule for magnetic dipole transitions
is AM =* 1. These transitions can be induced by a freq-
uency such that '

hY = gBH - (2)

which is identical to (I,1) since

p= u?rhmé (za?

When a system of ions is In thermal equilibrium with
their surroundings, the lowest energy states have the greater
population. Since transitions up and down have equal a priori
probebility, the net result of ‘the application of resonance
radiation is a gain in energy from the rradiation field, and
a shift towards & more equal population of the various levels.
This éorresponds to an increase in the temperature of the
éystem which is sometimes called the "spin" temperature as
differentiated from the "lattice™ temﬁeratﬁre. The reson-
ance absorption'can'be détected By the loss of ehergy from
the radiation, which causes a damping of'the tuned circuit

in which the paramagnetic substance is placed.

1.22 The Fine Btructure

The degeneracy of the ground state of a paramagnetic
ion in a crystal is usually 1lifted by the crystalline elec-

tric field and other interactions, eg. for'Cr3+ in
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Cr (NHBCHB) (SOu)z- 12H50, the cr3* ion is surrounded by a
distorted octahedron of water molecules which produce an
electric field with predominantly cubic symmetry but with a
small component of trigonal symmetry. The seven-fold degen-
erate orbital ground state of the free cr3* ion is split into
a singlet and two triplets by the cubic component of the
field, the singlet lies lowest. Teking into account the
spin of 3/2 this level has four-fold degeneracy and is split
into two doublets by spin-orbit coupling. It can be shown
(Kramer's Theorem) that if the number of eléctrons in an
ion is odd, all lévels are doublets and hence magnet{c; Ir
the number of electrons is even, the levels may be singlets
which are non-magnetic. Although the energy difference be-
tween the lowest and the next higher orbital level is
O(lou)cmﬂand corresponds to an optical fréquencﬁ, the
sblit%ing of the two lowest spin doublets is 0(.2) e and
corresponds to a microwave frequency. In Figufe ia, an
energy level diagram of these splittingé of the ground state
of Cr3+ is given.

| In such a case, it would be possible, in principle,
to measure this splitting directly by varying the frequency
of the applied microwave radiation until an absorption is
observed. However, 1t 1s experimentally usually simpler to
apply a maghetic field, to vary the splittings and examine
the spectrum as a function of field at constant frequency

(2.2). In principle, it is possible to pass from high field



measurements to the zero field splittings.

As an example of this, we consider an ion of spin 3/2
with an initial splitting between the doublets M = t /2
and I 3/2 due to the crystalline electric field. .The axis
of quantization is taken to be the same as the axis of the
field. When the magnetic field is applied parallel to the
éxis, the energy levels diverge lineaxly as is shown in
Figure 1b. This is related to the fact that the axis of pre-

cession does not change when the field is applied. The
selection rule is AM = * 1 (magnetic dipole transition).
The central lines are stronger since they are due to trahr
sitions between states for which the projection of the mag-
netic moment on the direction of the microwave magnetic field
is greatest. _

When the external magnetic field is appiied at an
angle to the axis of the crystalline field there is no unique
axis of quantization because there is competition between
the two fields. In the limiting case of very large magnetic
fields, the actualhstates tend towards those defined by using
the direction of this field as the axis of quantization. Tt
1s convenient to describe the actual states using the same
quantum numbers as for very large'magnetic fields. Because
the gctugl states are not pure states of axial quantization,

the selection rule AM =71 1 no longer holds strictly and

"forbidden" lines (lkM_= T 2, ¥ 3, ete.) appear. These are

strongest when the splittings due to the external magnetic

field and the crystalline electric field are about the same.
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Their intensity and position vary in a rather complicated

hanner with the angle between these two axes.
1.23 The Hyperfine Structure

Hyperfine structure is observed in paramagnetic
resonance when the nucleus of the peramagnetic ion possesses
a resultant angular momentum and hence a nuclear magnetic
moment which will interact with the magnetic field of the
electrons.. This hyperfine structure is perturbed when the
nucleus also possesses an electric quadrupole moment which
will interact with the electric field gradient at the
nucleus.

The nuclear magnetic moment will take up 2I + 1
orientations in the field of the surrounding electrons.

The external magnetic field 1s neglected since it is sev-
eral orders of magnitude smaller (0(103)gauss). If a
microwave magnetic fieiﬁ is applied, transitibns will occur
when the electron magnetic moment changes its orientation.
The nuclear magnetic moment will not change its orientation
because it is very small. These changes in the orient-
ation of the fleld acting on the nucleus will change the
energy of interaction and will differ for each of the

21 + 1 nuclear orientations thus splitting each electronic
tfansition into 2; + 1 components of equal intensity and
spacing. In Figure 2, the situation is illustrated whem

.S =% and I = 5/2. The allowed transitions correspond to



AM =11 ana Anm=o.

The effect of the nuclear electric quadrupole
moment is to make the hyperfine structure more complex when
the external magnetic field is at an angle to the symmetry
axis of the crystal. It tries to align the nucleus along
the symmetry eaxis and the complexity arises from the fact
that the magnetic field of the electrons will be simultan-
eously trying to align it in the direction of the external
magnetic field. When the two fields are perpendicular, it
can be shown that the total number of possible.lines is

6I - 1 and that they are of unequal intensity;.

1.3 ILine Width

The resolution of the spectra in paramagnetic reson-
ance speétroscopy, is not limited by instrumental effects,
but rather by the crystalline environment. Interactions
between the paramagnetic ions and the lattice and between
the various ions themselves are the principal causes of
‘line width. It is convenient to treat these interactions
in terms of relaxation effects, characterizing them by
relaxation times: spin-lattice relaxation time and spin-
spin relaxation.

Paramagrietic relaxation, effects may be studied
using frequencies of the order of the reciprocal of the
relaxation time, At such frequencies, the lines are not

resolved, and the line width at half intensity is of the



order of 1/T sec'1 where T is the relaxation time. Such

phenomena has been reviewed by Cooke (C3).

In paramagnetic resonance, wherenthe lines are
resolved because higher frequencies are employed, it is
usually necessary to reduce the line width to improve the
resolution. To achieve this, it is necessary to understand

the underlying processes which we will now outline.
1.31 Spin - Eattice Interaction

The inverse of the spinFlattice rélaxation time is
a measure of the rate at which a spin reverses direction and
gives or receives a quantum of energy to the lattice. If
the lifetime of a state is T then by the uncertainty pfin—
ciple its energy-is uncertain to the order of h/T and
hence the line should have approximately this breadth. Two
theories have been developed. The first is seml-classical,
based on a collision model.

Two processes are assumed to occur. One is a dir-
ect procéss in which quanta of energy are absorbed or emitted
by the lattice. It is of the first order, but only lattice
waves of a certain frequency are effective since it is a
resonance process. In the second, the lattice waves are
non-elastically scattered by the magnetic ions, giving a
quasi~Raman effgct of second order. The intensity of. the
lattice waves of low frequency which give rise to first
order processes 1s proportioned to T, while the number of

Raman processes is proportioned to T2 for T » © and T1



fér,T <& © where 8 is the Dgbeye temperature of the lattice.
Expefimentally, it has been found that at helium temper-
atures the first order processes may predominate while at
higher temperatures the Raman processes predominate.
Quantum mechanically, it 1s necessary to consider
the effect of aﬁ oscillating crystalline electric field
caused by lattice vibrations which will couble with the
orbital momentum of the magnetic ilons. It has been sug-
gested that the coupling between the lattice waves and the
spins 1s produced by spin-orbit coupling. It has also been
found that the spin-lattice relaxation time is strongly |
dependent on the separation between the ground state and
the first excited state; T is longer as the separation
increases. Spin-lattice relaxation is the predominant line
broadening mechanism at high temperatures, but at tempera-
tures below about 10° K, it is usually negligible compared

with the spin-interaction.

1.32 Spin-Spin Interaction

The other broadening process is due to the inter-
action of the magnetic dipoles, which may be assumed to be
situated in a rigid lattice at low temperature. General
theories have been developed by Pryce and Stevens (P3) and
Van Vleck (VL) on the assumption that the spin-latticé
relaxation tiﬁe is long and that the effect of the thermal

motion in broadening the resonance line is negligible. Two

10
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types of interaction between magnetic ions are ldentified;
the dipole-dipole and exchangg.

Semi-classically, each ion may be regarded as a
gyroscopic magnet; i.e. its angular and magnetic moments
are parallel, located at a fixed point in space and in an
external magnetic field H of fixed direction. They will
precess about this direction and can be regarded as equi-
valent to a magnet fixed in this direction together with a
magnet rotating in a plane perpendicular to it. If any
magnet A 1is céhsidered, the steady field at it will be the
resultant of the external field and the internal steady
field of the fixed magnets associated with all the other
magnets. A will therefore precess about this resultant field
with a frequency equal to ¥ H where ¥ is its gyromagnetic
ratio and H is the resultant.steady field. There will be a
spread in the precessional frequencies due to the variation
in the value and orientation of H from magnet to magnet
which will result in a broadening of the line called "steady

field broadening." '
| If two maénets have the same precessional frequen-
cies, thé rotating_field from one will be at the correct
frequency to induce transitions in the other, whereas if
the two magnets have different precessional frequencies,
the rotating fields have little effect. Magnets with the
same precessional frequencies tend tb induce transitions

in each other, reducing their life-times in given states and
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this broadeniﬁg-the resonance line. Such broadening is
called "resonance broadening."

The quantum mechanical treatment based on thése con~-
cepts enables the area and sécond and fourth moments to be
calculated. In the treatment due to Van Vleck (vh), it is
found that exchange contributes to the fourth moment. ¥xchange
between similar ions narrows the moment lines while exchange
between dissimilar ions will broaden it. ®xchange arises
from the coulomb interaction between electrons. It can be
shown that this can.be replaced by an interacﬁion between
their spins of the form % J(1 + 48;-85). 1In the theory of
‘Pryce and Stevens (P3), exchange also enters the second mom-
ent, because it 1s probably more realistic. Since exchange
has not been found_to'pléy any role in ions of the rare

earth group we do not consider this aspect any further.

l.4 ZEnergy Levels Of The Ton

The principal features of paramagnetic resonance
phenomena was outlined in 1.2. From that discussion] one
might'bg tempted to feel that this phenomena is well under-
stood. Fortunately, the fact that each ion in each crystal-
line electric field must be cohsidered on its own merit makes
the investigation of paramagnetic phenomena a prolpfic source

of experimental and theoretical problems.
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1.4,1 General Hamiltonian

The Hamiltonian for a paramagnetic lon in a crystal
can be written as the sum of a number of terms whose effect
on the enefgy of the ion afe in decreasing order of magni-
tude. An exact solution is usually obtained for the largest
term and the effect of the remaining terms taken into ac-
count by perturbation calculations. The order of precedence
of these terms varies with the ion under consideration. For
ions of the rare earth grouﬁ in a crystalline solid subjected
to a magnetic field, the Hamiltonian is

H= H.+ H.o+ Hy + Hg + H, + Hy + H,

q
where HF is the Hamiltonian for the free ion *

His
Hy 1s the effect of the crystalline electric field

is the effect of the spin-orbit coupling

HH is the effect of the external magnetic field

H"u is the effecét;;teraction of the nuclear magnetic
moment with the magnetic field

H is the interactlon of the nuclear electric
quédrupoie moment

H is the interaction of the nucleus with the mag-

netic fleld of the electrons
For the iron group HV > HLS

whereas for the rare earth group Hypg » Hy. This is due

to the fact that 3d electrons are not as well shielded as
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“the Lf electrons. This is verified by the fact that the
optiéal absorption épectral lines of the rare earth group

. atoms are very sharp. Another way of expressing this is to
say that the Lf wave functions do not project very far out-
side of the atom and so only slightly overlap the other atoms
even in the solid state. To a good approximation, the rare

earth ions in the solid state may be considered as free.
1.42 Hamiltonien Of The Free Ion In Magnetic Field

The terms which occur in the Hamiltonlan of the free
ion in a magnetic field may be enumerated in order of de- .
creasing magnitude. They are as follows:
8. The coulomb interactions of the electrons with
the nucleus (assumed fixed) and with each other.

e = (Pi2 i Ze2) +— =

F i 1ej

_e?

E i
b. The magnetic interactions between the electron
spins and the orbits may be written in the form

gY= = .5 + b, 1,-1, + Si°5
F- Jk (ajk i %k jk "1k T %3k Si° %k,

according to Van Vleck (V3). Pryce (P4) has

used a spin-spin interactién of the form

B = % up2 [ 55 - 3 Fpedp - Epefo]
‘ T J T 5k

to describe the interactions between the elec-

trons spins which 1s based on the usual form



15

of dipole-~dipole coupling. The orders of magni-
tude are 102 - 103 em™1 for the spin-orbit coup-
ling and 0(1)em™* for the spin-spin coupling.

c. The interaction with the external magnetic field

is
e~ Tl T Dyn- gl B

where the dlamagnetic term

2HZ | = (42 +
Bz L% T

is omitted, because it causes only a shift in
these levels without altering their relative
separation. The associated energy is 0(1)em~L.
d. The interaction between the magnetic moment of
the nucleus and the magnetid field set up by-

the orbital and spin moments of the electrons

is

H = 2¥ppy ? {(;11';1)--1.+ 3 (?1-5'1)-(5"'1--1')\-1, 8w S(ry)s;-T

ri ‘rib
The last term 1s always zero unless there are S-
électrons present, in which case the other terms
are zero. 'The energy is 0(10"2) em™1,
e. The electrostatic interaction between the elec-
* trons and the nuclear electric quadrupole mom-

ent 1s

Hq = e2 Q . ? _Lf -‘I.____)_""'l - 3(;5_‘3{)2
2I(21-1) rid - T



which is of magnitude 0(10 %) em l. The inter-
action of the nuclear qﬁadruﬁole moment with the
crystalline electric field is usually negligible.
f. The direct interaction of the nuclear moment
with the external field is
Hy=- ¥ By B I
end has the magnitude 0(10-4)cm=1.
‘g« The interaction of crysfalline electric field is
| By = - eV (x1,71,21)
Its order of magnitude has alreédy been discussed

in 1.41. This term wiil be considered in detail

in 1.43.
1.43 Ion In The Crystalline Electric Field

We shall now consider the effect of the interaction
of the free ion with the crystalline electric field which was
mentioned in 1l.42g. In a crystal, a paramagnetic ion is sub-
jected to a strong, inhcmogeneous.electric field which is
usually called the crystalline electric field. This field
arises from the effect of the other constituents of the crys-
tal and consists of two componenets: a. static and b. fluct-
uating. The latter,’which is due to the thermal vibration
of the laftice, has a negligible effect on the energy levels
and usually contributes only to the line width.:

The static component is never,exactly known because

it depends on the charge distribution, the orientation of

16



the water dipoles and the overlapping of the electron clouds.
If the crystal structure is known from X-ray data then, to a
first approximation, the field will have the same symmetry
as the crystal structure. This field will produce a Stark

splitting of the energy levels of the free ion thereby remov-

ing some of the 2J + 1 degeneracy. The degree to which this

degensracy is lifted has been shown by Bethe (BL) to depend
on the symmetry of the field. | | '

We now follow the discussion of this in Bijl (B5).
The application of group theéry is based on the fact fhaf
Schrodinger's equation is invariant under certain transforma-
tions of thé variables of the system. Such transformations
always constitute a group which may be called the symmetry
group of the system. The wave functions of an n-fold degen~
erate energy level will thus be linearly transformed amongst
themselves by a transformation of the symmetry group, i.e.
the wave functions transform according t§ an n-dimensional
representation of the group. The representatiqn is irreduc-
ible, if the n-dimensional spaée spanned by these wave fuhct—
ions does not contain an invariant subspace. An irreducible
representation of degree (2J + 1), Dy, of the space rotation
group is induced by the (éJ + 1)‘ane functions of an atom
having an angular momentum Je ‘

When such an atom is placed in a crystal, its sym-

metry group is no longer the space rotation group but one

17
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of lower symmetry which is a sub-group of the original group.
The wave functions of the atom now transform according to a
fepresentation of this new group. In general, this represen-
tation Dy will be reducible and hence contain invariant sub-
spaces."An irreducible representation of the new group is
realized in each of its invariasnt subgroups. There 1s no
reeson why the wave functions belonging to different irreduc-
ible'representations should have the same energy and in gen-
eral this is true. The original levels of the free iomn will
be split, in a ecrystal, into a number of other levels:which
can be classified according to the irreducible represent-
ations of the new group contained by the original represent-
ation; this number wiil be equal to the number of irreduc-
ible representations of the new group.

If J is half integer, the representations are double
valued and the levels remain degeﬁerate even with fields of
lowest symmetry. Here "Kramers" degeneracy always remains,
which can only be removed by a ﬁagnetic field. We thus see
that group theory will give the type of level that can occur,
the number of levels and with additional information the
relat%ve spacings of the energy levels.

Perturbation calculations are necessary to obtain
the magnitude of the splittings. Only one splitting need be
computed if the relative separations have been obtained from

group theory. For pérturbation theory, the crystalline elec-

tric field must be known. If we assume that this potential

satisfies Laplace's equation then it can be expanded in
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spherical harmonics.

n

m _n
v =3 AR SR (e, #) (3)
where ernl (8, #) is normalized to unity and defined as

1/2 .

2(nk imi ) ¢ zm
o ' (4)
" 2 .
where Pm (x) = Q_E‘_z_) gfl_+m (xz_l)n ()_l_a) T
oo 2% n} g

The number of terms in (I,3) can be reduced considerably by
the following arguments. For d-electrons, all terms for
which n > | will have zero matrix elements while for f-
electrons, the seme is true when n » 6. This arises from
the fact that in the evaluation of integrals of the form
jTX,'Vlr dt where X and P are electron wave functions, the
density 'x.'ql can be expanded in spherical harmonics and
does not contain terms where n > 21 (1 is the quantum num-
ber for the orbital angular momentum). By the orthogonality
of spherical harmonics, the integralA vanishes if V is a
spherical harmonic with n > 21. Similarly, if n is odd,
the integral is zero because the product ‘qu} is unchanged
by the_ substitution X,Ys%2 —>» -X, -y, -2 whereas V reverses
sign. The term for n = 0 is dropped because it is an
additive constant.
To reduce the nu;mber of temé fur_ther, we must con-

sider the symmetrj' properties of the surrocundings. For the

rare earth ethyl sulphates, with which we are concerned,



there is threefold axis of rotation symmetry and a reflection
symmetry plane which is usually denoted by C3h- Elliott anad
Stevens (El) have shown that for this symmetry V can be writ-

ten as _ _
V= g+ A (322-72) + aD (352430222 + 3rh)

+ Ag (23126-315r2z4 + 105rkz2 - 5rb)
+ 28 (x6 - 15ly2 + 152254 - ¥6) (6)

We now define the types of symmetry from the sub=
script m of the spherical harmonic which determine the various
potentials. If m = O the spherical harmonic has axial sym-

p 2 it has rhombic symmetry, m = T 3

metry, while if m
trigonal symmetry and m = t L, tetragonal symmetry. Any pot-
ential containiﬁg terms of different symmetry is sald to have
an overall symmetry,'which is the greatest symmetry common

to all the terms.
1.4}y Matrix Elements Of The Crystalline Field

The method of calculating.the matrix elements of the
crystalline field potentials for ions of the rare earth group
has been discussed in detail by Stevens (87) and Elliott and
Stevens (El, E2, E3). In this section we shall outline their
general method of aftacking this problem.

To evaluate the matrix elements of the crystalline.
field; it 1s necessary to find representations in which the

states are eigenstates of the total angular momentum J and
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to determine the matrix elements joining states in different
J manifolds. These states are formed by taking linear com-
binations of determinantal product states of LT one-electron
states. The rare earth group ions show Russell - Saunders
coupling so the product states are first combilned to form
states for which L and S are constants i.e. |4f%; E,S,7>.
These are then combined into states for which J is constant
i.e. qun; EuS,J,JZ>». Since the basic product statés are
generally not known, it is simpler to determine the matrix
elements using methods which do not require this informafion.
These methods are based on the fact that within a
manifold>of states for which J is a constant, there are simple
relétions between the matrix elements of potential operators
and the appropriate angular momentum operators. Thus, for

example, inside a manifold for which J is constant
2‘(322 -r2)m & T2 [3J§ - J(J + 1)] (7)

These relations can be verified using Wigner coefficients.

| Having established the above relations, it is then
neqessarj to determine the multiplying factor. This is

done by using the fact that the potential functiéns do not
show any dependence on the spin, so that similar operator
equivalents hold inside manifolds in which I is constant.

A convenient state in E,S,J,JZ quantization is chosen and
expressed in E,S,JZ;SZ quantization and an equation obtained .

by equating the two expectation values of the function.
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Another.state in L,S,EE,SZ quantization is then chosen and
expressed in one élecfron product states and again expect-
ation values are equated. 1In this'way, sufficient relations
are obtained to determine the factors in terms of radial
integrals over Uf wave functions.

We now consider the calculation of matrix elements
'coupling stateé in different J manifolds. It 1s no longer
‘possible to use operator equivalents and so the Wigner co-
efficients are used airectly. ‘The variation of the matrix
elements with J, is obtained in the same way as above. To

calculate the ﬁultiplying constant, it is convenient to -
regard the potential, say Vg, as a component of a vector in

a D, space withm = 0. For the example <J,J,|vgls+2,5>

the coefficient of 'J, J£>in Vgl J+2, J;>is'equal to a
constant multiplying the appropriate Wigner coefficient.

It will be independent of Jz and hencé can be calculated from
values of J,.

Elliott and Stevens (El, E2, E3) have extended the
above work of Stevens (87) bj showing géneral methods of
finding the ground sta%e éf en ion of thé rare earth group
in any crystalline field. Detailed calculations are done
for the ethyl sulphates. The effects of the nuclear spin
and quadrupole moment are also taken into account.

An important general theorem has been proved by

Elliott and Stevens (E2). It states that
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Sn o _ A (8)
N B .

where A, B are defined in (1,13) and holds when the states
which describe a doublet are eigenstates of the total
angular momentum. This relation is a constant for an ion
independent of its environment and the degree with which it
holds is a good indication of whether or not it is a good
approximation to assume that the crystalline field splitting
is small compared with the separation of the levels of the
free ion. Experimentally, it is more likely to hold in the
second half of the lLf~shell where the first excited level

is well removed and implies that the hyperfine structure

should be isotropic when measured at constant frequency.

1.5 Spin-Hamiltonian

It is difficult to calculate’many of the parameters
which are involved in the total Hamiltonian as it has been
discussed in 1l.4. Purthermore, when they can be evaluated,
the accﬁracy is poofer than can be obtained experimentally.
Consequently, a more convenient means of discussing exper-
imental results which also permifs their correlation with
other types of magnetic measurements has been introduced.
Abragam and Pryce (Al) have shown that the behaviour of the
ene?gy levels of a-pafamagnetic lon can be represented in
the following phenomological manner. This semi-empirical

representation is called the "spin" Hamiltonian, It 1s based



upon the concept of an "effective" spin S which is obtained
by equating the mu.ltiplicity of the lines observed to 28S.
In the remainder of this section, the varioué spin-
Hamiltoniens that have found successful application will be
considered. The eigenvalues in terms of the adjustable

parameters will also be given.
1.51 Axial Symmetry About z - Axis. Bleaney (BT7)

/ﬁ_ &y p H,S, + & ﬁ (HxSx + Hysy) + D‘_S - 1/3s(s+1)]
(9)

where 8y and g, are the values of the spectroscopic splitf
ting-_ factor parallel and perpendicular to the z-axis. The
term in D represents the effect of the initial splitting
due to the crystalline' field. |

In strong fields where gRH» D, it is convenient
to choose the axes so that elements in Sy and Sy do not
oceur in the major term gPH+S of the spin-Hamiltoniem. If
g is ani&;\tropic, this is equivalent to choosing the axis'
about which the spin precesses as the new z-axis. If the
magnetic field H makes an angle © to the symmetry axis of
the crystal, then the allowed trénsitions are AM = % 1.
For the transition M e M-1 we obtain |

2
hy = gpH + 2 (ZM-l) [ 3 8y . cos® o - 1]
g2
_ B'g“ g, Ccos € sin ©
gZ

2
) . 28 Ho [LLS(S’l'l} ZLM(M-l) 9]



D sin e
+( ga ) B_—_E' [2s(s+1) - 6M(M-1)- 'a’]
(10)

2 2

where g =,g"2 cos? 8 # g, sin® o (10a)

This shows that the fine structure results in a splitting
into 28 lines which are equally spaced in the first apﬁrox—
imation. The spacling varies with angle, falling to zero
where (Eﬂ_) cos 6 = T%: « This equal spacing is disturbed
by secong order effects which vanish in strong fields or
élong the symmetry axis. In the absence of the fine struc-
ture splitting, all of the lines would coincide at a rield
H = Hg which is used as the second order perturbation denom-
inator. It is easy to see that the spectrum is the same
independeht of whether the measurements are made at constant
ffequency, as 1s the case in practice, or at constant mag-

netic field.

The intensity of these lines is

\

p= mwwi(e' BEZ, [s(s+1) M(M—l)] F(¥,¥, 8%)
J_‘pk"l‘ 2S+l (ll)

where P is the powef absorbed in the crystal
N is the number of paramagnetic ions
HT is the amplitude of the microwave field
H' cos 2W P t |
gf is the effective g value along the normal to

the axis along which the spin precesses.
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F( W , Ps,8¥) is a 'shape factor' depending on
the line width
F( P,V , 8V ) = I/6v  here AP is ‘the half width
lat half intensity.
It has been assumed that H' is normal to g'. In practice,
H' is normal to H and hence is at an angle to g' resulting
in a small error in the absolute intensities but none in the
relative intensities.
Transitions corresponding to changes in M of greater
than one have been observed which are weaker in intensity
by a factor of the order of (D/H)Z and venish only if: the
external field is parallel to the symmetry axis. The inten-
sity formulae are complicated, and show little depehdence on
the angle between the external and microwave magnetic fields.
For AM =72 2, the position of a line corresponding to the

transition M e—» M-2 is

hv =2zgpH+ 2D (M-1) &3 €4 . cos2 6 - 1
rea

Dg, g, cos © sin 9\2 2
- « — —— -« l4s(s+1)-24M(M-2)-33

2 2 2 :
Dg sin~ 6
+( : ). 2
g2 / 2g($HO

. ‘[ZS(S-I-l)-éM(M-Z)-9](12)

where Hy has the same significance as for the Av=1%t1

transitions.
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1.52 Hyperfine Structure Bleaney (B8)

M= AS,14B(8;T,8,17) + P [122-1/3:I(I+1)] - Y BgE-T (13)

where A, B correspond to the interaction between
the nuclear magnetic moment.ané the magnefiq field of the
incomplete electron shell. P is due to the interaction of
the nuclear electric quédrupole moment with the gradient of
the electric field at the nucleus. The last term takes into
account the direct effect of the external magnetic field on
the huclear'magnetic moment .

If this Hamiltonian is added to that of 2.51 (I,9)
then the strong allqwed transitions are those for which
Am = 0 and the position of the line (M,m)€ew»(M-1,m) is
found by adding to the right hand side of (I,10) the quan-
tity.

Km + __ B2 _ A% + x2 '[I(I+1) -m2]
LgP Hy K2

2
+ 8BS A 5 (2v-1)
2gpH, X
, 2 2 :
+ 1 AZ-Bz) gy &, 10260082
. . sin“9cos?8 m2
2gpH, ( K (g?
(14)
P2,
'coszesinze . (ABgy 8, ;2 ‘m [FI(I+1)- 8m? - 1]
2KM(M-1) K2g2
P2

- Ptsin"e .(BS,._\)-P

- m | 2I(I+1) -~ 2m@ - 1
8 KM(M-1) Kg / [ ]
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where K2g2 = Azg“' 2 cos? 0 + Bzg.‘_2 sin2 (14a)

In the first approximation, thenﬁuclear inter-
action splits each slectronic transitioglzzl % 1) equally
spaced components with separation K between sucgessive
lines. Thére is no first order effect from the quadrupole
interaction if P4& B. The second order effects of the
_ quadrupole term are important since they produce a change
in the spacing of the hyperfine lines, which means that P
can be determined. If H is at angle with the symmetfy axis
of the crystal, the quadrupole interaction will break down
the ordinary selection rule Am = 0 when P& K and the new
selection rules are QAm =0, ¥ 1, ¥ 2. The intensity of
the Am =% 1, t 2 transitions are of the order of (P / K)2
compared with the 4m = 0 transitions. Bleaney (B7) dis-

cusses these effects in great detail.
'1.53 Non-Axial Symmetry

If the symmetry of the crystalline electric field
is not axial, then additional terms in the spin Hamiltonian
must be introduced té account for their departuré. It is
usual to use terms of the form E(S,% - Sy2). Their effect
is taken into account by second order perturbation cal-
culations. Fortunately, for most of the resonance spectra

observed to date, few departures from axial symmetry have

been encountered,
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1.54 S - State Ions

When the orbital state of the free ion has no degen-
eracy the spin-Hamiltonian is quite different. According to
the Hund rule, this will occur whenever as unfilled electrenic
shell is half filled i.e. MaZ", Fo* [3¢5, 6s5/,] ena
aa3t, m2t [L;ﬂ, 8s7/2]

We follow the treatment of Stevens (86). We already know
from group theory (1l.43) that the spin;Hamiltonian should
only contaln even powere of Sx, Sy and S, and that it should
also reflect the same symmetry as that of the crystal. We
start with a given value of S and a certain field symmetry
and consider the even powers of Si?, etc. It can then be
shown that expressions where n > n, are expressible with-
terms where n.éfnl. In this manner it has beeﬂ shown by
Bleaney and Stevens (Bll) that with cubic symmetry and

spin 5/2 and no nuclear spin
#H = ghH.-5*1/6 a [sxh+syh+szu - 1/5 s(s+1)(352+§s-1)] (15)

In a similar menner, Elliott and Stevens (El) have found

that the following spin-Hamiltonian

H

gPH-5 + A5 38,2 - s(s + 1)]
+ a9 [358,4 - 308(s+1)s,2+255,2-65(5+1)+382(5+1)2
L Sz z

+ A0, [2318,6-3155(8+1) s 4 7355 i+ 10552 (5+1) 28, 2
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- 525 S(5+1)5,2 + 294 8,2 - 5 83 (3+1)3
+ L0 s2(s+1)2 - 60 S(s+l)]
. 6
+ 6 [(s+.13)6+ (Sx~1 8¢) ]
will fit the experimental results for dilute gadolinium
ethyl sulphate and magnesium nitrate when the external mag-

netic field is parallel to the symmetry-axis of the crys-

tal.
'1.55 Anomalous Case

In a number of resonance spectra, it has been ob-
served that, contrery to expectation, (BlO;Cu) the maximum
inteﬁsity occurs when the microwave magnetic field was
parallel to the steady magnetic'field producing the Zeeman.
splittings. This phenomena has been explained in the fol-
lowing way. The ground state of such ions is a doublet
whose levels contain states differing ianz by unity but
the normal type of resonance transition is not éilowed
since the matrix elements of Jx and Jy between the two
states are zero. A distortion of the crystalline lattice
produced by the Jehn-Teller effect (J1) (CL4) will remove
the degeneracy of the levels, admixing-the étates of the
two levels, permitting allowed trensitions when the micro-
wave and Zeeman magnets fields are parallel. |

This situation occurs for Pr7* [ufz, BHM]' It has

been studied by Bleaney and Scovil (B10) in the dilute
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ethyl sulphate and Cooke and Duffus (€4)in the dilute mag-
nesium nitrate. It has also been foun& by Bleaney,
Llewellyn, Pryce and Hall (Blli) to occur in plutomium dil-
uted with (U0,)Rb(NO3),: |

These workers have found that the resonance results
can be interpreted using the following spin-Hamiltonian and

fictitious spin 8 = 1/2

M = g, P HzSz * ASIz + P [122 - 1/3 1(1+1)1+. As, +Ags,
| - | (17)

where A° = %{2 + Ay2 . (172)
and the allowed transitions are given by
/2 .
h¥Ys= [(g"(iH cos 6 + Am)Z + Az] (18)

where 6 is the angle H makes with the crystal axis and ef-
fect of quadrupole interaction term has béen neglected.

The last two terms represent the effect of departure of the
cfystalline electric field from the full summetry associla-
ted with the crystal structure.

The line shape of such transitions is always as-
symmetric; the intensity rises slowly on the low field side
and falls sharply on the high field side. It can be
accounted for by assuming a random distribution of strains

in the crystal, giving a Gaussian distribution centred on

zero for the distortion parameters Ay and Ay. If the



transition probability is assumed to be proportionel to A\ ,
the sharp cut-off in the intensity on the high field side
corresponds to the Gaussian distribution of the distortion
energy. Consequently, the correct place to experimentally
measure the position of each resonance is at the high fleld

limit,
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CHAPTER II

PARAMAGNETIC RESONANCE SPECTROMETERS

2.1, Introduction

To perform an experimental study of paremagnetic
resonance phenomena, a suitable spectrometer is required.
The design will be determined by the type of experiment to
be performed, the sensitivity required, equipment available,
finances available and the taste of the designer. The fund-
amental objective in spectrometer design is usually to achieve
ﬁaximum.sensitivity. In this chapter, the basié principles
of spectrometer design and their application by various de-
signers are-discussed in detail. The object of this survey
was to gain an understanding of the limitations of the |
existing designs in the hope that a new spectrometer of
greater sensitivity could be designed. Such a spectrometer
has been developed and constructed. Its design is described
in this chapter. (2.74).

Finally, a cémparison is made of existing types of
spectrometers on the basis of sensitivity, stability, type

of operation, and ease of operation.

2.2. General Requirements

The essential requirements of any paramagnetic -

resonance spectrometer are to place a paramagnetic substance



(usually a crystel) in a region where it can absorb electro-
magnetic radiation, to apply a magnetic field, and tb detect
any absorption of power from the radiation field as a func-
tion of the magnetic field strength. |

A Versafile spectrometer should operate over a wide
range of temperatures. The temperature at whigh an investi-
gation is carried out will depend on the relaxation.times of
the substance under consideration. (B1ll). The best signals
are obtained when the relaxation time T -is long enough to
permit the absorption of energy but not so long as to cause
saturation, This 1is usually of 0(10'6) seconds and can be
obtained at room or oxygen temperatures for chemical com-
pounds containing ions of the iron group whereas the rare
earth group ions, with the exception of gadolinium, require
hydrogen or helium temperatures.

Parasmagnetic resonance spectrometers are generally
operated at microwave frequencies since it is theoretically
‘desirable (82) to split the energy-levels as far apart as
possible. Mofeover, the sensitivity is proportional to the
operating frequehcy (I1,20). Large magnetic fieids are con-
sequently required if the ground state is a KKrgmers doublet.
Table III shows the corresponding values of Y and N for dif-

ferent values of H when g = 2, i.e. free electron.
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Table III

hY =gfH Y kilomegacycles = 2.8040 Hyjlogauss

256.63 1069.9 3,566.3 8,918.8 10,699.0

Hoersteds

| | 0
Ykmes 1 3 10 25 3
A cm 30 10 3.0 ‘1.2 1.0

Experiments are performed in small magnetic fields

using radio frequency techniques when information gbout the

various terms in the Hamlltonian and the ground state energy

levels is desired. This region will not be considered in
this thesis althoughvmuch work is stlll required before a
complete understanding'of resonance phenomena is achieved.
Measurement techniques at microwave frequencies
were highly refined during the war as a result of the
importance placed on the development of radar. These war-
‘time investigations have been fully documented and pub-
lished as the Radiation Laboratory Series. This material
has been found to be a véluable-source of information on
miecrowave and electronic techniques. The circuitry is of
the distributed parameter type, instead of the lumped pare-
meter type used at radio frequencies. The application of‘

these techniques to gas spectroscopy has been reviewed by -

35



36

Bleaney (B6), and Gordy (Gl) and to paramagnetic resonance
by Bleaney and Stevens (B11).

The existence at the end of the war of large quan-
tities of radar equipment at 10, 3, and 1.25 cm. led to its
exploitation for scientiflc purposes. Consequently, most
gas and péramagnefic resonance spectroscopy has been per-
formed at these wavelengths.

In paramagnetic resonance; it is necessary to place
the sample in a high Q tuned cavity because (a) the sample-is
usually a small, single crystal and the highest sensitivity
is obtained by concentrating the microwave magnetic fleld in
it; Saturation effects are increased by doing this; however,
they are not as serious as in gas spectroscopy becauée here
we are dealing with the transition probabilities associated

with magnetic dipoles ('\'10-20

10

emu.) rather than with elec-
tric dipoles (~10 ~“emu.), and (b) the sample should be loc-
ated in a strong, homogeﬁeous stafic magnetic fleld.

Most paramagnetic resonance spectrometers are oper-
ated at constant frequency due to the limited tuning range
of microwave power sources (Kl;) and because high Q tuned
cavities are required. It is éonvenient to lock the freq-
uency of the source electrically to the frequency of the
cavity (B3), R2). Resonances are thus investigated as a
function of maghetic field at constant frequency.

To gain_information concerning the relation between

the crystal symmetry axis and the direction of the crystal-

line electric field, 1t is necessary to rotate either the
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crystal about one of its axes 6r thé'magnetic field with res-
pect to the microwave magnetic field. Rotation of the cry-
stal in the cavity has the dlsadvantage that it upsets the
tuning of the cavity. fhis necessitates rechecking the
tuning after each rotation and remeasuring the frequency.

If the external magnetic field is rotated then the inten-
sity of the signal ié a function of the rotation since it

is proportional to the square of the sine.of the angle be-
tween the magnetic field and the microwave magnetic field.

It is preferable but not essential to be able to perform

both of these operations.
2.3 Noise

The sensitivity of all measurements is limited by
spontaneous fluctuations called noise which are a manifest-
ation of the statistical nature of physical phenomena. For
electronic measurements, this noise 1is dué to the random
motion of the electrons. Noise originating from mechanical
vibration is not considered although it may be troublesome
to eliminate. We assume that any sources of mechanlcal
vibration can be eliminated.

Electronic noise in a paramagnetic resonance spectro-
meter arises from three sources.

a, Klystron or oscillation neise

b. Detector or converter noise

c. Amplifier noise
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In general, reflex klystrons are used as the source
of ﬁicrowave power in paramagnetic re sonance spectroscopy
because of their frequency stability (3.26). We confine
ourselves to a few .comments about the nolse generated in
them., The theory 6f the noise in reflex klystrons is dis-
cussed by Knipp and Kuper (KL) and van der Ziel (V2). It
is sufficient to mention the followling pertinent exﬁeri-
mental facts.

1. The noise~signal power ratio is decreased only
slightly when operating at frequencies below the centre of
a mode-whereas it increases by at least a factor of two at
the high frequency half-power point.

2. Provided that the oscillator is not overloaded
and properly matched, the noise signal power ratio is indep-
endent of the mode of operation. Slight improvement may be
obtained by the use of higher modes i.e. 1éss negative
reflector voltages.

3. The noise-signal power ratio decreases as the
intermediate frequency is increased.

It is usually found that klystron noise does not
appreciably affect the total noise of those systems in
which we are interested and, hence, we will not consider if
further.

In the microwave region, semi-conductor crystal
diédes are generally used as power detectors or frequency
converters. A bolometer can be used as a power detector,

It does not suffer from the "flicker" or excess noise
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effécts that occur in crystals; however, the upper limit of
its frequency response is about 100 cycles. A spectro-
meter using e bolometer is considered in 2.71.

The theory of semi-conductor noise has been dis-
cussed by Torrey and Whitmer (T2) and van der Ziel (V2),
amongst others. Three noise components can be distinguished:
Johnson or thermal, shot and flicker. The first two are
independent of frequency and fairly well understood. No-
satisfactory theoretical explenation of "flicker" noise
has been advanced. It has been found experimentally, that
the "flicker" noise power is inversely proportional to the
frequency and that it is of the same magnitude as the John-
son and shot noise at a frequency 0(106) cyeles. It would,
thus, be desirable to operate the crystal converter at fre-
quenbies in excess of 10° cycleé'if minimum crystal noise
wére the only experimental consideration. It should be
noted that this upper frequency limit has been set in a wide
renge from 106 to 2 x 107 cycles. It can be shown that the
integrated ®™flicker™ noise in a given bandwidth is reduced
by a factor of 0(103) when the band centre is chénged from
102 ecycles to 106 cyéles. This calculation is based on the
assumption that the’amplitude of the signal displayed on
the oscilloscope is proportional to the power absorbed in
the cavity by the transition. This means that the crystal
converter operates as a square law detector when the ampli-
tude of the modulation of the power level is.small compared

with the power level. This assumption is justified by the
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fact that the relative intensities of the observed signals
agree with the square of the transition probabilities'for
the transitions. It has not been directly verified experi-
mentally. TLittle improvement 1s gained above thi::g::;use
the "flicker" noise is probably negligible.

The electronic amplifiers used with crystai video
detectors-or converters can be easily designed to have noise
figures of about 2 db. at frequencies up to 10 mcs. Since
the overall noise figure of the crystal converter and ampli-
fier is about 15 db, very slight improvement is achieved by
decreasing the noise figure of.the amplifier. This means
that the matching network between the crystal and the input
stage at low frequencies (<.iO'mcs) is non-critical and con-
siderable mismatch can be tolerated without introducing ad-
ﬁerse effects on the overall noise figure of the system
(89,V5,Ek1). Both Valley & Wallman (V1) and van der Ziel
(V2) give a comprehensive analysis of the problems of noise
and the design of matched low noise figure input amplifiers
for erystal detectors.

From the above considerations 1t should be obvious
the ultimate achievable sensitivity of a paramagnetic reson-
ance spectrometer is determined by the crystal noise.

It follows that one of the primary design objectives
'is to detect the resonance signal at a frequency where the

noise from the crystal converter can be minimized.
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'2.u. General Classification

Having discussed the problems which must be consid-
ered the design of a paramagnetic regonance spectrometer; we
now classify the existing designs.

If video presentation of resonance phenomena is
desired then either the frequency or the magnefic field
must be repetitively swept, in time, over a small region of
frequency or field. This leads to the clas;ification accord-
ing to whether frequency or field modulation is employed.

The alternaﬁive_to video is recorder presentation.
In theory, it should be possible'to sweep linearly in either
frequency or magnetic field, as;ié done in nuclear magnetic
‘resonance, and hence record detéétor output as a function
of either frequency or magnetic field. It has already been
mentiongd that the frequency cannot be swept over a suffic-
lent range with a reflex klystron and in any case the tuned
cavity would have to be simﬁltaneously kept in tune with the
klystron. At microwave frequencies, the magnetic field is
always swept when paramagnetic resonance phenomena is dis=-
played on an automatic pen recorder.

Video and recofder display can be best classified by
the.term band width: It has been shown (S10) that the band-
width required to reproduce accurately the line sh&pe of the
resonance phenomens must be about 100 times the repetition
frequency of the modulation. Vidéo and wide band'operation

are synonomous terms. The band width also depends on the



amplitude of the modulation. As the amplitude or frequency
i1s increased the bandwidth must correspondingly be increased,

since it is proportional to

So = A cosun? (19)

where Hy 1s the amplitude of the field modulation at time T
Ay is the maximum emplitude of the field modulation
w] is the frequency of the field modulation

Strandberg (S10) gives an analysis of this effect. When
recorder display 1s utilized, the bandwidth can be greatl&
reduced without affecting the line shepe. Hence the term
' narrow band operation. The band width can then be of the
order of 1/100th the modulation frequency. Here, also, the
signal amplitude depends on the amplitude of the modulation
and should be less than or equal to the line width of the
signal (84} if undesirable effects are to be eliminated.

Stebility is a design criterion, which 1s related
to band-width considerations. 1In general, the stability of
a system must be increased as the bandwidth is decreased
since, although the sensitivity 1s greater in narrow band
- operation, the time required to obtain the same amouﬁt of
information as in wide band operation is increased. It is
convenient to speak of short and-or long term stability thus
relating stability and bandwidths.

Another useful design criterion is the concept of

?eproducibility. This is always closely related to the
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accuracy with which measurements can be made. In general,
it is desirable to have the reproducibility greater than the
accuracy although it is not infrequent that the accuracy 1s

limited by the reproducibility.

2.5. Point-to-Point Spectrometer

The point-to-point method fulfills the basic require-
ments of a spectrometer but is considered obsolete because
of the slowness with which results can be obtained. A block
diagram of its components is shown in Figure 3a. Two types
of 6pération are possible; either the reflectionlor trans-
mission coefficient of the resonant cavity can be measured as
a function of magnetic field strength. Bleaney and Stevens
(B1l) give the necess#ry formulae for calculating thegmég-
netic absorption with this method. Although it is very slow
and tedious this is probably the best method of obtaining

accurate data about the shape of resonance lines.

2.6. Frequency Modulation Spectromsters

Frequency modulation spectrometers employ either
electrical.or mechanical methods of modulating the output
frequency of the klystron. The mechanical method introduces
mechanical instabilities which manifest themselves as elec-
trical instabilities 1.e. noise. Frequency modulation of a
klystron introduces an excess offlow'frequency noise which
severely limits the sensitivity of the system. Moreover,

the power varies congiderably over a mode. Consequently,
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such systems are not very satisfactory from the polnt of

view of sensitivity. Also the stability is poor.
2.61. Line Shape Spectrometer

Weidner and Whitmer (w1)'have constructed a frequency
modulated spectrometer. Since the modulation repetition
rate is very low (1 cps) it is essentially an automatic
recording d.c. or point-to-point spectrometer and, hence,
has the same sensitivity. Similarly, it also has the advan-

tage of accurately reproducing line-shapes on a recorder.
2.62, Balanced Bridge Spectrometer

Bagguley and Griffiths (Bl) have developed a fre-
quency modulation system employing a balance method which
uses two resonant cavities. A block diagram of this'spectro-
meter is shown in Figure L. This method was developed with
the aim of eliminating the "flicker" noise in the.crystal
detector since the reflector was modulated at 1 mcs. The
sysfem has & number of inherent disadvantages. For optimum
sensitivity, the Q of the two cavities should be the samé;
This is not possible since one cavity contains a sample w@ich
loads it decreasing 1ts Q. Moreover, since most experiments
‘are pefformed at low temperatures, the Q's of the cavities
would not be the same even if they were both unloaded except
at the expense of duplication of low temperature'equipment.
The use of two crystal converters also'increases the noise

figure of the system. This spectrometer appears to be no
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more sensitive than a video spectrometer and suffers from the
disadvantage that it is much more difficult to operate and

is less stable.

2.7. Field Modulation Spectromeﬁe}s

In a field modulation spectrometer, the frequency of
the klystron is fixed and preferably locked to the resonant
frequency of the cavity. The amplitude of the field modul-
ation is greater than the half line width in wide bandloper-
‘ation and asbout equal to or less than it in narrow band
operation. Field modulation eliminates the excessive noise
and £nétabilities introduced by frequency modulation. How-
ever, it is more difficult to eliminate the crystal "flicker™"
' noise using this technique. One successful method of achlev-
ing this is described in 3.7h. This difficulty arises from
the fact that it 1s impossible to modulate the field of an
electromagnet to the amplitude required at frequenciles much
in excess of one kilocycle because of the a.c. hysterisis loss
in the iron of the magnet. The detection must occcur at low

frequencies where the crystal converter 1s excessively noilsy.

2.71. Bolometer Spectrometer

A paramagnetic gas resonance spectrometer using a
bolometer has been developed by Beringer and Castle (B2,B3).
A block diagram of this arrangement is shown in Figure 5.
This 1s probably the most sensitive spectrometer that has

been developed because there 1s no problem of excess crystal
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noise. However, it does suffer from the disadvantage that it
can only be used for narrow band operation due to the limited
frequency response of a bolometer (T2). Moreover 1t requires
critical adjustment to keep in balance and is not too stable
since & d.c. bridge is employed. It is rather strange that,
in view of its reported sensitivity, it has only been used ;

to study paramagnetic resonance in gases (B11).
2.72. Superheterodyne Spectrometer

The application of the superheterodyne princlple to
paramagnetic resonance spectrometer design has been discussed
by several authors. Theoretically, it should be a very
sensitive method but in practice it falls short of this limit
by & wide margin, suffering seriously from instability since
not only must one klystron be locked to the fesonant freqg--
uency of the cavity but another klystron must be locked at.

a constant frequency difference to the first one. Further-
more, excessive noise seems to be introduced a4t the crystal
converter. This noise is probably due to low frequency beats
between the two signals which are caused by the fact that any
oscillator does not generate a monochromatic spectrum (finite
Q of tank circuit). Theoretically, the use of a balaﬁeed
miier should eliminate such noise (T2,M3) but this does not
seem to be achieved in practice. A block dlagram of a super-
hetrodyne used by Schneider and England (S1) is shown in

Figure 6. Recently, Hirshon and Fraenkel (Hh) have reported

an improved version. They have taken extreme care to
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stabilize the system; but unfortunately it suffers from

large spurious instabilities which limit its sensitivity.
2.73. Video Spectrometer

-The single modulation'or video spectrometer is the simp-
lest and fastest lnstrument to opéraﬁe and is probably the
most widely used (Bll, S2). A large block diagram of one is
shown in Figure 3b. It can be used on wide or narrow band;
however, its sensitivity 1is poor since the modulation fre-
quency is limited to below 103 cycles (2.7) and hence
tflicker" crystal noise is a serilous problem. Its stabi-

lity is relatively good.
. 2.74. Double Field Modulation Spectrometer

The double modulation spectrometer shown in Figure 7
and developed by the author in this laboratory (83) has all
the advantages of the video type (simplicity, stability,
wide and narrow band operation) with the added adventage of
greatly increased sensitivity since it eliminates most of the
excess crystal noise. The principle of its design is not new.
It was tried in microwave gas spectroscopy by Hartz and van
der Ziel (H1) without notable success. While we were in
the process of applying it to paramagnetic resonance spectro-
scopy at microwave frequencies, Smaller and Yasaitis (S5)
reported the successful application of it to paramagnetic

resonarice spectroscopy at radio frequencies (10 mes - 500 mes).



In their application, it was used to eliminate flicker nolse
in the amplification system. The gain in sensitivity
achieved at radio frequencies by this method is not large.
Moreover, since the limiting sensitivity is proportional
to the detection frequency, we will not consider their
method further. At radio frequencies, this technique is
really only a complicated approach to eliminating the
"flicker" noise in the electronic tdbes. This effect can
be eliminated much more simply by modulating at a single
frequency in excess of 106 cycle since tgere is no iron
nedessary.to produce the required magnetic fields, which
otherwise complicates the matter.

In a video type spectrometer, the magnetic fleld is
modulated at a frequency f£; (usually less than 100 cycles)
with amplitude Hj (greater than the line width at half
amplitude). If the output of the crystal converter is
applied, aftef amplification, on the Y plates of an ngil;
loscope and the X plates are modulated at the frequénéy bif
with the proper phase then any resonances 1in the region
(g I H;) where H 1s the magnetic fleld, are displayed on
the screen as sfationary signals.

If we also modulate the magnetic fleld at a
frequency fp with amplitude H, (1ess‘fhan or equal to the
line width), feed the output of the crystal converter into
an amplifier wlth band centre at f2 and band width of about

100'f1, redetect at video frequencies and apply this signal

48
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to the Y plates, the derivative or modulus of the

of any resonance signal in the region H % Hy will

played on the screen depending on whether a phase
or linear second detector is used (H3,K1,Cl).

The choice of the frequency fp depends on

a. It should be above 1 mcs to enable the

converter to operate in a regien Whére

excess noise 1s negligible;
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b. It should be less than the line width of the

resonance signal in frequency units. For dilute

hydrated crystalé~£his is sbout 16 gauss or

25 mes. In free radical or deuterated

crystels,

it may be as small as 1 or 2 gauss or about 3

mes.
'Hgnce,'the choice of a fregquency of about

£, will satisfy both of the above'conditions.

A

1 hcs for

It can be shown that the use:of-é,frequency of one

megabycle for f2 should result in an improvement of sensi-

tivity Of{X1O3) over that obtained by the use of a single

field modulatién, of low frequency. Plate la. and c.

shows oscillogfams of a signal obtained from 0(10-5) grams

.7of "g" markef“'(diphenyl—trinitro phenyl hydrazyl) :

RcéHS)g- N-NC Ho- (N02)3] on both single and double mod-

ulation. The signal-to-noise ratios are 50:1 and

se10f:1

respectively. The theoretical improvement in sensitivity

is thus experimentally verified. 1In Plate Ib, the "g"

marker resonance is also shown when detected with the
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single modulation spectrometer but with the high frequency
modulation applied to an amplitude equal to the line width.
It can be clearly seen that the ampiitude of the signal has
been decreased by a factor of two verifying that the ampli-
tude of this modulation is actually equal to the line width.
Plate 1d. shows an oscillogram of 10'qgrams of "g" marker
with a signal-to-noise ratio of2:1. All of these.signals
were obtained at room temperature using wide band operation
(8 kilocycles). The use of a radicel as a calibration sig-
nal 1s convenient since the resonance is due to an almost |
free electron [Sradical = 2,0038 (HS) and gglectron = 2.002#].
and the magnetic concentration is large (T3).

The sensitivity achieved using this method in wide
band operation is greater than that obtained using any other
technique in wide or narrow band operation except that of
Beringer and Castle (B2). Unfortunately, we have not had
the time to construct the apparatus necessary for narrow
band operation. Théoretically, an improvement of 102 - 103
should be possible using a narrow band phase sensitive detec-
tor. In practice a factor of 50 is considered good since
instabilities rather than noise now limit the sensitivity.
This would indicate that the ultimate sensitivity of a
double'modulation-spectrometer should be about 10'mgrams in
narrow band operation. The double'modulation technique
described here is mubh easier to apply in narrow band oper-
ation because of its inherently greater electrical stebility.

Stability in narrow band operation of a video spectrometer
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Comparison of Different Type

Table IV

s of Paramagnetic Resonance Spectrometer

: Operation Mass Sensitivity M min
Type flef . Bandwidth Wide Band(10%cps) . ‘Narrow Band (1 cps)
Wide [Narrow |Mmin(GRAMS) |T(°K) Mmin(GRAMS) |T(°K) | Stability
L x 10710 |290° | x 10732 Ja2go° |
Theoretical B11l "Yes Yes 1x iO'lO' 20° L x 10-12 20°
| 5 x 10-11 L° 5 x 10-13 L°
Point-to~Point 'Bll‘ No Yes 1 x 10-6 '290° Fair
D.C. Recorder |Wl No | Yes 1 x.10~° 290° | . Fair
Bélanced Bridge | Bl Yes' Yes 1'x 10™7 290° 1 Poor
Bolometer B2 No ¥e§ | F x 10-10 290° Good
Superhetefodyne S1,HL Yes Yes 1 x_lO"7 290° % X 10'9, 290° Fair
Single Field Bll Yes Yes 5 x 10~7 290° - | Calculated Good
G newamm - NG
. 5 x 10~ Lo b x 10-10 L°
"Double Field SBI Yes Yes 1 x 10-9 . 290°... | Calculated Very
Modulation - Good
1 x 107%8 L fx 107% L°
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is determined by the stability of the microwave power level
at the crystal converter. The double modulation spectro-
meter.is less sensitive to fluctuations in the microwave
power level because the signal is first detected at high
frequencies and then redetected. Signals of good staeblility
have been observed with the double modulation spectrometer
which, when examined simultaneously with the video spectro-
meter, could hardly be studied because of microphonic
difficulties. This also explains why the cavity can be
ellowed to £111 with liquid helium when the double modulat-
ion spectrometer is used. This cannot be permitted if satis-
factory stability is to be obtained with the video spectro-
meter. It shouid be further noted that visual integration
of éignals increases the apparent sensitivity of wide band

operation.

2.8. Comparison Of Techniques

Table IV is arranged to show the characteristics and
sensitivities of all the known paramagnetic resonance spectro-
meters.

The theoretical sensitivity has been calculated using
the formula derived by Bleaney and Stevens (Bll)

;(m _ v NF « kT . df 1/2
in = 5 (20)
% Py

where V 1s the effective volume of the cavity defined by

jHZdv = H, %V (20a)
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QO is the unloaded Q of the cavity
NF 1is the noise figure of the receiver
P, 1s the available power from the microwave
oscillator
df is the effective bandwidth of the receiver
To convert from ;{:min to the minimum detectable mass, we
require the equation

7(..: Tvel2 g2 N [s(s+ 1) - MM - 1)] £(»)
8 kT(2s + 1) (21)

for the Me«» M - 1 transition where
N 1is the number of paramagnetic ioﬁs
S is the spin of the ion
P is the frequency at which the resonance is observed
3 is the Bohr magneton '( =20

Lwme
g' is the spectroscopic splitting factor

f (V) is the normalized line shspe function
and the gram atomic weight of the paramagnetic ion.

The following values have been used in the numerical
calculation
s =1/2, P= 25,000 mes; g = 2, Q, = 5000, df = 1 cps, 104 cps.
V=1ce, T=4°20° 290°K., P; = 4O milliwatts N.F.= 10

¥W/AW % 10°  for a dilute ..hydrated erystal, 100 for gram

ionic weight. All published sensitivities have been normal-

ized using these values.
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CHAPTER III

EXPERIMENTAL APPARATUS

3.1. Introduction

In this chapter, the components of the wide band,
double modulation spectrometer developed to perform the
experiments described in Chapter IV aré described in detail.
Since it can also be operated (with a slight modification)
as a wide band, single modulatibn spectrometer, we shall des-
_ cribe the components required for both at the same time and

indicate, where it is neceséary, those ﬁhich are unique to
. one mode of operation or the other. .

Both function from room to helium temperature.
Blbck.diagrams are employed to illustrate the design prin-
cipies used and the actual circuit diagrams are collected
together in Appendix 1. Two general views of the apparatus
are shown in Plates II and X.

- Chronologicelly, the single modﬁlation spectro-
meter, which is of standard design, was constructed first

and the double modulation spectrometer was deweloped from

it.

3.2 Microwave Apparatus

Identical microwave components are required for

. the single and double modulation spectrometers with the
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exception of the tgned cavity in which the sample under
investigation is placed. The choice of the frequency of
operation was dictated by‘fwo considerations.
a. the availability of apparatus in this laboratory
from the microwave gas spectroscopy group, and
b. the ability to operate over the widest range of
"g" values.,
Consequently, the spectrometers operate at about 25 kmcs. or
1.2 cm. The photograph in Plate III shows the general arrange-
ment of the microwave components."The block diagrem in Fig-

ure 8 shows the same arrangement.
3.21. Wave Guide Components

The attentuators, "E" bends, "H" bends, crystal
detectors, "magic" T's, tapered section; directional coup-
lers, and sfraighé Séctions employed have been designed
from the data in Montgomery (M3) and censtructed in this
laboratory. Electroplating techniques have been found use-
ful in some instances. It'éas considered economical to use
commercial contact flanges RG - L425/U. 18 inch lengths of
commercial flexible waveguide are utilized to connect the
microwave equipment to and from the spectrometer head to
which the cavity is attached. This enables the cavity to
be moved in and out of the magnetic field without breaking
the microwave circuit and has considerable advantage when

experiments are performed using 1liquid helium (3.62).
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'3.22. Microwave Power Generator

- A paramagnetic resonance spectrometer requires a
radiation source which

a. generates an essentially monochromatic spectrum,

b. possesses both long and short term frequency and

power stability (1 part 105)
c. generates sufficient power (100 milliwatts)
d. ecan.be tuned over a reasonable frequency
range (10%)

e. generates a minimum amount of noise.
The most satisfactory source of microwave power in the 1.2
cm region which approximately satisfies these conditions is
the 2K 334. feflex klystrons. This type of tube 1is fully
discussed in (KL). |

It is essential, if stéble, noiseless operation 1s .
to be obtained, to mount the klystron at least six feet
from the electromagnet and to shield it in = brass box
since its operation is severely affected by stray static
an& a.c. magnetic fieids. This box 1is clearly shown in
Plates III and IX. There are particularly troublesome
when the doubie'modulation technique is employed since the
stray r.f. field is large. Improved temperéture stebility
is another advantage of the brass box.

A high stablility, low ripple power supply is
essentigl if conditions a, b and ¢ are to be ‘satisfied.

A power supply of standard design for the 2k 334 with a

55
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voltage stabilization factdr of 103 and about 1 millivolt

r.m.s. of noise and hum has been constructed. The fila-

ment is d.c. heated by a 6.3 volt storage cell to prevent

60 v frequency modulation., Vacuum diodes, inserted between

the reflector and cathode and grid and cathode, prevent

these elements of the klystron from becoming positive'with

respect to ﬁhe cathode and destroying the tube because of

excess beam current and secondary emission from the reflector.

A fuse in the cathode also limits the cathode current. To

facilitate finding the resonant frequency of the cavity, prov-

ision is madé to modulate the klystron reflector at 60 cycles.
For improved stability, it has been found useful to

lock the frequency of the klystron to the frequency of the

tuned cavity. Such a system is described in 3.26.

3.23. Detectors

Broad band crystal detector mounts have been con-
structed (3.21). The 1y26 silicon crystal converter is the
only unit designed to operate at 25 kmes. Speciallj sel-~
ected, low noise temperature,}low conversion loss units

were obtained to ensure a minimum noise figure for the

entire system.
3.24. Cavity Resonators

Cylindrical 1.2 cm. resonant cévities operating in

the Hj37 mode have been designed from the data in



Montgomery kMB). They can be tuned by means of a threaded
end plunger wifh the proper choke termination. This mode
concentrates the microwave magnetic field at the ends of

the cylinder ﬁhere’the sample may be conveniently mountéd on
the face of the tuning plunger, ensuring maximum sensitivity
because most of the magnetic field is then concentrated in
the sample. The Q of the cavity 1s decreased from 0(10%)

to 0(103) by heavy coupling to reduce instabilities caused
by microphonlics and tp permit the crystal converter to oﬁ-
erate with optimum signal-to-noise.

To employ the double modulation technique, it is
necessary to slot the walls of the cavity in a plane through
the axis of the cylinder. The microwave current in the Hjjy
mode flows in planes parallel to this cut and, hence, the Q
of the cavity is not affected by its presence, provided it
is not too wide (< 0.020 inch). The introduction of the
high frequency modulation current inside the cavity-by
vmeans of this slot will be considered in 3.5. A‘diégram
of a slotted cavity is shown in Figure 12 dnd an actual one

can be seen in the photograph in Plate YIE
3.25. Wavelength Measurement

A commercial, transmission type wavemeter is em-
ployed to measure the wavelength of the microwave radia-
tion. It will measure frequencies in the range from

22.20 - 27.00 kmes. with an accuracy of 1 part in 10%.
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The calibration has been carefully checked (M2) using the
microwave frequency standard (accuracy 1 part in 107)

available in this laboratory (M1).
3.26. Klystron Stabllization

It has been found convenient to stabilize the
frequency of the 2x33A reflex klystron using a modifi-
cation of the Pound (P2) stabilization circuit developed
in this laboratory (RZ); This stabilizer, which is shown

in Figure 9, locks thé frequency of the klystron to that
of the tuned cavity and will follow changes in the resonant

frequency of it.

3.3. Magnetic Field Equipment

The design, construction and performance of the
equipment required to produce, control and measure the
various magnetic fields required for a double modulation

spectrometer are described in this section.
3.31. Design And Construction Of The Electromagnet

A small electromagnet, suitsble for a paramagnetic
resoﬁance spectrometer, has been designed and constructed.
Flexibility and economy were7the'maiar deslign considerations.

At 25 kmes. a field of 9000 gauss is required to
observe paramagnetic resonance absorptions when g = 2 and
18,000 gauss when g = 1. It is advantageous to be able

to observe resonances over as large a range of g values as
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possible. The field homogeneity should be about 0.01% over
the volume of the samples which are sbout 2 mm. on edge if
line wldths of one gauss are to be observed. .The air gap
is determined by the diémeter of the cavity and the temp-
erature at which the experiment is to be perfonmed; At
room temperature, where no dewars are required, the gsp
can be 0.600 inches since the outside diameter of the
cavity is 0.580 inches. Using standard sizes of glass,

the smallest outside diemeter of the tail of a dewar into

which the cavity will fit is 0.900 inches. At helium temp-

eratures, two dewars, one inside the other, are required and

the outside diameter becomes 1.250 inches. Since experi-

ments were planned involving g = 1.5 at helium temperatures,

a field of 12 kilogauss in a gap of 1.270 inches is required.

Satisfactory homogeneity cen be obtained with 2 inch dia-
meter pole faces although L4 inch faces would be better. It
is also adventageous to be able to rotate the magrnetiec

field (2.2).

On the basis of the above conslderations, an electro-

magnet has been désigned, which has the following features; '

a. Adjustable gap up to 3 inches
| b. Interchangeable l; inch cylindrical and 2 inch
ﬁapered.pole faces
c. Adjustable shims on the pole faces to improve
the hemogeneity'(Rl)
d. Rotatable magnet yoke (360°)

e. Calibrated scale with 0.5° divisions to
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measure.rotation.

f. Vertical level adjustment

g; Trolley mounting for ease 6f moving

h. Adjustable pads to level and position trolley

i. Water cooling

A view of the magnet is shown in Plate IV with the
spectrometer head and dewars in the gap.

| The yoke and pole pieces were made from a high

quality soft steel billet donated by The Steel Company of
Canada Etd. with the following chemical specifications.,
0.05%C, 0.010%P, o.oes%s,' 0.08%Mn, 0.002%Si. The yoke
was fabricated by Ross and Howard Ltd. aﬁd the remainder of
the unit was constructed in the debartment machine shop.

It was estimated that 0,000 ampere-turns would be
sufficient tq(obtain 15,000 gauss in a:l inch gap assuming

H = 80 ampere-turns / inch. Since a 125 volt 16 ampere

iron
D.C. generator was available, the magnet impedanée colls
were matched to it. ©Each coill was wound with 3,300 turns of
#13 double glass insulated copper wire and has a resistance
of 16 ohms, When the coils are connected in parallel, a
megnetization force of 52,000 ampere-turns is available.

Two layers of 3/16" diasmeter copper tubing are used

to cool each coil.
3.32. -Pefformance Of The Electromagnet

Using the two inch tapered pole faces, it is pos-
sible to obtain a field of 13,000 gauss in a gap of 1.27



inches, and 18,000 gauss in 0.920 inches. This permits g
values down to 1.5 to be observed at helium temperatures
and to 1 at oxygen temperatures.

Line widths of 3.7 gauss have been observed for "g"
marker in agreement with the reported value (H5) which con-
firms that the homogeneity is adequate. Using samples of
mineral oil, 3/8" long 3/16%" diameter, very prominent
wiggles (3.34) (B1L,B1l5) on the proton resonance absorption
are observed with the L inch diameter pole faces. They are
just visible with the 2 inch faces indicating that the homo-
geneity is considerably poorer.

From the shape of the magnetisation curve, it is
evident that the ultimate field obtainable is limited by sat-
uration of the iron inside the.current coils rather than of
the pole faces. This effect is due to the large leaksage
factor which is produced by shape of the magnet window neces-
sary for a paramagnetic resonance spectrometer. Tapered pole
pieces or 6 inch diameter pieces with tapered faces would
improve this gresatly.

When a current of 9 amperes flows in each of the
colls, the temperature of the cooling water rises from 12°C.
to 35°c¢, showing that there is not adequate thermal contact
between the cooling+coils and the wire. More cooling sur-

face would be required if improved long term stability were

desired. For maximum stability, the magnet current is left at

about 6 amperes for an hour in advance of an experiment to

allow the magnet to reach thermel equilibrium.
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3.33. WElectromagnet Power Sources

Two power sources have been used with the electro-
magnet. When a non-stabilized magnetic field reproducible
to 1% is sufficient, a one kilowatt motor generator unit
producing 16 amps at 125 volts is used. It has the advan-
tage that a large range of magnetic fields can be examined
quickly. Current control is obtained by varying the resls-
tance in the field coil.

When accurate measurements are performed, it is
necessary to stabilize the magnet current. Since the accur-
acy of frequency measurements is 1 part 10@, it is necessary
to stabilize the current and to also reproduce any required
current to the same accuracy. A block diagram of the current
stablilizer used is shown in Figure 10. The stabilization
factor is 1 pa;t 10k however, the reproducibility is only 5
parts 104, The accuracy of resonance measurements is con-
sequently limited by the reproducibility.

When the current stabllizer is used; the d.c. power
is obtained from two 150 volt 4OO ampere D.C. motor-generator
units in the Physics Building. The output of one is stacked
on top of the other in order to obtain the necessary voltage.
When still higher voltages are required, the output of the
1 kva. motor-generator, mentioned above, is stacked on top of

the other two.
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3.34. Magnetic Field Measurements

Three methods of measufing magnetic fields have been
employed.

a. Flip coil

b. Proton resonance

c. Comparison with knownllines.

Where 1% accuracy is sufficient, a flip coil and
ballistic galvanometer or fluxmeter 1s used.

With the proton resonance method, thelprecision is
determined by the accuracy with which frequencieé 0(10) mes.
can be measured (1 part 105 is easily obtainable). If a
combined paramagnetic resonance and proton head is used, then -
it is limited by precision with which the proton resonance can
be superimposed on the paramagnetic resonance (1 part 104).
This method has the advantage that the field is measured sim-
ﬁltaneously with the resonance. Inaccuracy is introduced by
the fact that the paramagnetic sample and the proton sample
are not in the same part of the magnetic field. With a homo-
geneous magnetic field this objection is not serious since
the two samples can be arranged within ons centimeter of each
other. Unfortunately, this technique cannot be employed at
helium temperatures unless solid proton samples are used.

This necessitates a more complicated proton head, the line
width is greater (10 gﬁuss) and the accuracy is correspondingly
poorer (5 part 104). Conséquently, the usual procedure at

helium temperatures 1s to calibrate the field in adveance,
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using'a proton head, or else to place the proton head out-
side the dewars. |

The theory and application of nuclear magnetic resonance
to the measurement of magnetic fields has been discussed in
the literature by numerous authors (B15,B16,K3,S2,C2,K5).

The gyromégnetic ratio of the proton has been very accurately
determined (T1) (3% = 0.234865 ¥ 0.00000l kilogauss/megacycle).
Consequently, the proton can be used for accurate field mea-
surements up to 15 kilogauss (63 mes). Above this frequency,
Lithium signals are used (X5).

The proton magnetic field spectrometer shown in
Figure 11 is an improvgd version of one used at Clarendon
Laboratory (S2). An important feature is an automatic
oscillation level regulator which enables optimum signal-to-
noise ratio to be maintained over a wide range of frequen-
cies. Provision to monitor the oscillation level contin-
uously is also made. Four plug-in coils, each covering about
one octave of frequency, allow the magnetic field to be mea-
sured from 1,000 to 16,000 gauss. The oscillation frequency
is measured with a BC-221AH war surplus frequency meter
(3.52). The proton resonance head can be seen on the left-
hand side of the photograph in Plate IX.

Since it was found to be difficult to reproduce mag-
netic field measurements to the accuracy desired (1 part 104)<
with the proton spectrometer because of the diffidulty of
interchanging identically the posit;ons of the paramagnetic

sample and the proton sample, it was considered more accurate’
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to make use of the measurements of known absorptions obtained
with a combined proton and paramagnetic resonance head and to
calibrate the magnetic field from these. Reproducible results,
accurate to 5 parté in 10“, can be obtained using this method
in conjunction with proton resonance measurements. Unfort-
unately, the double modulation spectrometer does not permit
the inclusion of a proton head for mechanical reasons. More-
over, shielding of the proton resonance head from the }62.5

kcs high frequency moduletion would be & formidable ‘task.
3.35. Low Frequency Modulation

Two Helmholtz colils, each wound on bakelite bobbins
with 350 turns qf #20, H.F. insulated, copper wire, supply the
low frequency modulation field. The current is obtalned from
the 60 cycle mains and is controlled by a variac. The voltage
drop across a one-ohm resistance in series with the two coils
drives the X plates of the oscilioscope. A variable phase
shift network is introduced to ensure that the two signals
obtained from each half of the sinusoidal sweep can.be brought
into coincidence. The amplitude of the field modulation is
obtained by calibrating the current in.the coils measured with
a substandard ammeter asgainst the voltage induced in a search
coil placed in the centre of the magnet gep. Since the a.c.
hysteresis depends on the magnitude of the d.c. field, cal-
ibrations must be'madé at different magnetic fields. Magnetic
fields in the interval H % ﬁl where H 1s the magnetic field
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and Hy is the amplitude of the field modulation are dis-
played on the horizontal trace of the oscilloscope, however,
since the sweep is sinusoidal rather than linear, fields

Pl

within this interval are sinusoidally related.
3.36. High Frequency Modulation

There are three possible methods of producing the
high frequency magnetic fleld at the crystal site:

a. Helmholtz type coils outside the cavity

b. Coil inside the cavity

c. Slotted cavity

The fraction of the a.c; magnetic field perpendicular
to the axis of a conducting cylinder which penetrates this
cylinder can be derived (S6). Calculations, based on this
formula, show that at 500 kcs, for a Brass cavity with 0.010
inch wall thickness and 0.50 inch diameter, less than one
percent penetrates into the interior. Since the minimum line
width of a dilute hydrated crystal is about ten gauss (3.7)
(1.3), at least one thousand geauss would be required outside
the 6avity ﬁhich could only be produced by a large current
flowing in many turns. The power consumed by this and by the
a.c. eddy current 1ossfin.the iron of the magnet which, of
necessity, must surround thé cavity to produce the required
static magnetic field could only be generated by a very high
power transmitter. Moreover, the power consumed by the a.c.

eddy current loss would heat the iron to very high temperature,



FIGURE 12

4

TEFLON

DIELECTRIC
N>

SILVER PLATED

- GERMAN SILVER
WAVE GUIDE

COUPLING HOLES

1D|RECTION OF

R.E.CURRENT
J/-(J‘> |__stoT Ras \’\/

Y

> ———5 TUNING
A PLUNGER

LalJ

SLOTTED RESONANT CAVITY
" Hm MODE

_fa'cing page 67




67

meking field stebilization difficult. From these consider-
ations, it can be seen that this is not a very frultful
approach. A small scale test was performed to check these
conclusions. An improvement of ten in the signal-to-noise
retio was achieved when the resonance from a sample of "g"
mafker was examined which has a line width of four gauss
(HS). The Q of the Helmholtz coils was very small making it
difficult to match them to the transmitter and the iron of
the magnet became too hot to touch.

The introduction of a conductor inside a 1.2 cm
microwave cavity would reduce the Q of the cavity to such a
low value as to negate completely any of the advantéges
derived from one (Bll). It was also considered to be dif-
ficult to introduce the loop in such a manner as to keep
the refrigerant out of the cavity[ It should be noted that
coils have been successfully Introduced into large untuned
cavities which are exéited by many modes. This method was
not conéidered seriously. Recently, Bleanej (B13) has
reported a double modulation spectrometer using e half turn

inside a 3 cm cavity. However, the sensitivity is reported
to be inferior to that of the spectrometer described in this
thesis.

If a narrow slot (0.020 inches) is cut down the axis
of the cévity, as in Figﬁre 12, then it is possible to intro-
duce an a.c. magnetic field of any frequency inside the
cavity. The a.c. current flows down the outside of one length

of wavegulide connected to the cavity, around both the inside
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and outside of the cavity, and back up the other wavgguide.
The current flowing on the inside of the cavity produces an
oscillating r.f. magnetic field in the interior of it. The
current on the outside does not contribute for the same
reason as advanced above. The cavity, from the point of
view of the r.f., acts like a half turn with half of the cur-
rent being effective. In this manner, it is possible to
produce r.f. magnetic fields inside a cylindrical conducting
cavity without affecting the microwave performance of the
cavity (3.24). The split cavity can be clearly seen in the

' photograph in Plate VIII.

The power reqﬁifed to derive the high frequency
modulation current through the split cavity is obtained from
a 400 watt [j62.5 kcs. transmitter which consists of a Clapp
type, 6ACT variable frequency oscillator, 807 Class C buffer
and four 81llA's in parallel. A low @ (10-15) tuned tank
circuit is reéuired to permit correct class C operation of
the 811pts.

The a.c. impedance of the split cavity at [62.5 kes is
1.6 ohms and the d.c. resistance is 0(10"2) ohms. The
impedance match is obtained by tuning the split cavity to
resonance at ,62.5 kes and connecting it to the appropriate
tap point on the transmitter tank 6011. 100 amperes r.m.s.
of modulation current can easily be obtained using this pro-
cedure. It has been verified experimentally that the cavity
is equivalent to a half turn with half of the r.f. current
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being effective in producing the r.f. magnetic field. Thus,

25 gauss r.m.s. or 79 gauss peak-to-peak can be obtained.

3.4. Detection Apparatus

3.41. 8Single Modulation

A two stage, low noise, variable gain amplifier of
standard design is used to amplify the signals from the cry-
stal converter to a sufficient level for presentation on an
oscilloscope. It has been shown (S10) that the band width of
a video amplifier should be about 100 fl where fl is the mod-~
ulation frequency if undistorted line shapes are to be reprod-
uced. S8ince fy is 60 cycles in our arrangement, the amplifier
was designed to be 3 db, down at 20 cycles and 15 kilocycles.
The phase shift is then negligible from LO cycles to 7 kilo-
cycles. This was checked in operation by increasing the
amplitude of the field modulation until the intensity of the
signal began to decrease. This occurred at about twenty
times the line width demonstrating that the frequency res-
ponse of the amplifier was more than adequate. Since the
overall noise figure of the system is primarily determined by
the crystal converter, matching between it and the inpuf stage
was found to be non-critical. The maximum gain of the ampli-
fier is 5000. Provision is made to mix electronicaliy préton

roesonance and calibrating signals with the paramagnetic reson-

ance signal.
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3.42. Double Modulation

A three stage low noise, stagger tuned, variable gain
amplifier of standard design is used to amplify signals when
the double modulation technique is employed. The band centre
is 462.5 kes., the bandwidth is 8 kes. and the gain is 10%
The metching was found to be non-critical between crystal
converter and input stage as in 3.41 (EL, SlO,Té). The signal
from the third stage is fed into either an infinite impedance
linear detector or a phase sensitive detector and then onto
the Y plates of an oscilloscope. The bandwidth of the output
of either detector is 100 f, or about 8 kecs. (S810). The
signal obtained from the infinite impedance detector is the
modulus of the derivative of the line shape of the resonance:
(H3,Cl) while the phase sensitive detector yields the deriv-
étive.' Figure 13 shows a block diagram of the detection
system. It was found to be most essential that the crystal
converter and the tuned amplifier be carefully shielded. The
amplifier was constructed in a sealed brass box and then
enclosed in another brass box with the crystal converter.

The only ground point is the mounting of the crystal holder

" to this outer box. The photograph in Plate V shows the arrange-
ment with the lids removed. The closed box cen be seen in

Plate III.

The amplifier box, all the controls and power and
signal leads are insulated from the outer box. It was found

to be possible, using this technique, to reducé the pickup from
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11

the 400 watt 462.5 kcs. transmitter, used to drive the high
frequency split cavity to below ﬁhe input noise level of

the amplifier which is 0.5 microvolts r.m.s. Pickup in ex-
cess of the noise will produce phase sensitive detection of
signals of same magnitude in the linear detector. When
strong sigﬁals are detected, the gain is reduced so that the
signal does not block the second detector. 1In this'con-
dition, ﬁﬂé noise in the sbsence of a signal is square - law
detected ﬁhile that on the signal is linearly detected which
gives an apparent improvement in the signal-to-noise ratio.
For weak signzal aetection, the gain is increased until lineaf
detection occurs on the noise. Provision has been made to
monitor the crystal current with a microammeter; this facil-

itates tuning the cavity in the absence of resonance signals.
3.43 Video Display

The resonance signals, from elther the single or double
modulation -spectrometer are displayed on a 7 inch oscillo-
scope. Thé output of the phase shift network (3.35) drives
the X plates while the Y plates are driven by (a) video
amplifier (3.41); (b) phase-sensitive detector (3.&2) or
(c) linear detector (3.42). Vhen photographs of the reson-
anées on the oscilloscope screen are taken, a 5 inch Cossor
double beam oscilloscope with 35 mm camera is used. This
unit has been modified to enable only one half of the trace

to be recorded. The beam trigger is controlled by 60 cycle
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voltage of varisble phase. By changing the phase, it can be

arranged that one half of the trace is blanked out.

3.4ly. Narrow Band Operation

No narrow band pperation-has been attempted because
insufficient time was availeble to construct the'necessary
apparatus réquired to sweep and stabilize the magnetic field.
Moreover, the klystron frequency stabilizer (R2) has not yet
been completed. The sensitivity of the double modulation
spectrometer greatly reduces the necessity of employing ner-
row band operation because there is still considerable re-
search to be performedzga the 1limit of its sensitivity.

Moreover, narrow band is a slower method of collecting data.

3.5. Auxiliary Electronic Apparatus
3.51. Calibrator

It is useful to measure the relative and absolute
intensities of resonance signals to permit comparison with
theoretical transition probabilities. Provision has been
made to inject "spikes" of calibrated amplitude in coin;
cidehce with résonanee»signals to perform these measurements.
60 cycle line voltage of variable phase is clipped by a
blocked grid amplifier. The 60 cycle square wave so produced
is differentiated and then either the positive or negative
spikes are amplified; the spikes selection is accomplished
by changing the d.c. level at which these spikes arrive on



the grid of the amplifier. One control sets the reference
output amplitude of the spike, & resistance switching net-
work permits multiplication or division by ten and another
network divides the resulting amplitude by one hundred in
units of one. These spikes are electronically mixed with

the resonance signais (3.41) and then displayed on the oscil-
loscope (3.43).

3.52. Frequency Meter

A war surplus BC-221AH frequency meter 1s used to mea-
sure the frequency of fhe proton resonance signals when mag-
netic fleld measureménts are performed. It is accurate to
1l pért 105 over the frequency range 2-80'mcsf The output
above 20 mcs has been improved by the addition of a harmonic
amplifier and a cathode follower has been added to drive the

ceble that feeds the signal from this unit to the proton.head.
3.53. Power Supplies

All the power required by the various electronic com-
ponents in the two spectrometers is obtained from standard
electronically regulated supplies (E}). The stabilization
has been further improved in some cases by the addition of an
electronic line voltage regulator. It has been found to be
generally advisable to employ direct current heating of fila-
ments to eliminate a.c. hum. This power is obtained from

trickle-charged, lead storage cells.



PLATE VI - View of the double modulation head with the dewars
in the magnetic field -
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3.6. Low Temperature Apparatus

Both spectrométers have been expressly designed for
operation at helium temperatures. Consequently, considerable
efforf.has been devoted to the developmént of a flexible
system which would enable measurements to be made accurately
and quickly. The unit consisting of the cavity, connecting
wave guide, pumping valves, dewars, etec. is hereafter referred
to as the spectrometer head. As has already been mentioned
(3.21) the head is mounted on bearings which rest on railway
tracké permitting it to be smoothly rolled in and out of the}'
magnetic field. The photograph in Plate VI clearly shows this

aspéct of the construction.
3.61. 8ingle Modulation Head

Since the construction of a low temperature single
modulation head presents fewer technical difficulties, it
will be discussed first. If the head is to be used at
oxygen or hydrogen temperafures then the system is greatly
simplified. Figure 14 shows a cross-sectional drawing (S2)
of such a head. A cylindrical cavity operated in the Hy11
mode and tuned with a threaded end plunger (3.24) is sealed
with a coned cap coated with glycerine or silicone grease.

Elliptical holes couple the cavity to the rectangular
waveguide (1/8" x 1/L") which is constructed by drawing Ger-
man silvgr tubing 6 mm-diamétef 0.1 mm wall thickness.

German silver is used to reduce the heat leak into the
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refrigerant. The cut-off frequéncy of this waveguide is
decreased by filling it with a dielectric. Teflon

(E = 2.00) polystyrene, (E = 2.50) or fluorethense (E = 2.2)
are suitable dielectrics, teflon being preferable because of
its:flexibility at low temperatures and chemical inertness.
Electroformed tapered sections match the dielectric guide

to the standard 1/4" x 1/2" 0.D. K band guide. Thin mica
sheets, beeswaxed té the ehds of the tapered secfions form a
vacuum seal for the cavity without introducing serious dis-
continuity in the microwave systen.

A 5 mm German silver tube mounted in & hole in the top .
of the cavity provides a sealed passage from the interior of
the cavity to that portion of the head which is at room temp-
eratures. The top end is terminsted in a female ground cone.
A male cone forms a rotatable vacuum seal., A scale plate
engraved in five degree intervals and a vernier permit the
rotation to be measured to one degree. A 3 mm German silver
tube, connected to the'ﬁale cone at the top, extends down
the interior of the 5 mm tube to a-crystal mount and choke
which seals the cavity to microwaves. The sample is mounted
on the end of the plunger with polystyrene cement. In this
manner the crystal can be introduced flush with one end of
the cavity and can be rotated in situ. Valves are provided
to enable the cavity and wave guide to be evacuated and filled
with a gas which does not freeze at the operating temperature.

It is also possible, using this arrangement, to change crystals
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without warming the cavity.

A metal cap, through which the waveguide and central
tube pass, fits over the dewar and 1s sealed to it by a
section of a rubber inner tﬁbe. Other tubes which pass
through the cap permit the refrigeranf to be pumped when
lower temperatures are required and the vepour pressure to be
measured,

When helium temperatures are required, two coaxial
dewars are used. The outer one which is filled with liquid
oxygen or nitrogen; is suspended from the head in a spring
loaded cradle. A tube is required to connect a syphon be-

' tween the dewar to be filled and the liquid helium transport
dewar. Additional pumping valves are required to facilitate
the transfer by either pumping or blowing the liquid over.
Moreover, since ‘helium gas 1s expensive and, at times, dif-
ficult to obtain, a recovery system is required. A schematic
diegram of the necessary pumping system is shown in Figure 1§
and the pumping system and valves can be seen in the photo-
graphs in Plates II, VI, and IX. It is advantageous to main-
tain the top of thé heiium dewar‘af-oxygen temperature to
minimize the heat leak. The metal cap then involves a cup
which cen be filled with 6xygen. A photograph of the helium

temperature, single modulation head is shown in Plate VIi.

3.62. Double Modulation Head

The application of the doﬁble'modulation'techniqﬁe'

at tgmperaturesﬂwhich require liquid refrigerénts introduces
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numerous technical difficulties, which will be discussed in
detail in this section. It is unfortunately necessary to
report that some of these difficulties have not yet been
solvéd in a satisfactory manner.. Consequently, a consider-
able amount of time and effort has been expended on these
problems and some of the solutions reported are still of a
makeshift nature.

Plates VI and VIII contain photqgraphs of the double
- modulation head. The pﬁmping and filling system has alregdﬁ
beén'discussed_in 3.61. It should be noted that it is not
possible, because of the nature of the constructioﬁ of the
double modulation cavity, to remove or rotate the crystal
after the dewar has been positioned. Instead, the crystal is
mounted on the tuning plunger before the cavity is tuned; no
central tube, coned head, vernier scale, and mounting head
are now required.

It is advantageous to prevent the refrigerant from
entering the interior of the cavity because any bubbling of
it due to boiling will produce a modulation of the microwave
power which will result in very undesirable instabilitiés.
Moreover, some refrigerant; are very lossy at microwave
- frequencies. 8ince the cavity in the doﬁble modulation
spectrometer has a slot in it, it is necessary for low temp-

~erature operation to seal the cavity to prevent the refrig-

erant from entering it.
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Thermal setting Araldite, which has been used suc-
cessfullj in the low temperature laboratory at helium temp-
eratufes, was used to £ill the slot. Initially, the slot In
a finished cavity was filled with Araldite, however, it was
found to be impossible to prevent some of it from entering
the interior of the cavity. Since Araldite proved lossy at
microwave frequencies, the Q of the cavity was drastically
reduced. This difficulty could be surmounted by soldering
the German silver waveguide to a brass cylinder with a slot
milled in it. The slot was then filled withAthe adhesive
which was cured:by baking it in an oven at a suitable temp-
erature for the recommended time. This assembly was then
machined into a microwave cavity of the correct dimensions.
Nonetheless, because thg thermal setting Araldite contains a
considerable quantity of occluded air, it was found, even
after careful curing, to be porous, particularly after being
immersed in liquid helium because small cracks developed.
Consequently, this approgch was abandoned; however, some sub-
sequent work using cold setting Araldite which was heat cured
in an oven indicates that iﬁ still might be successful. .

A more successful approach is to enclose the cavity'
and assoclated waveguide below the oxygen cap in a rubber
condom. They survive immersion in liquid helium without
cracking even when stretched, however, they unpredictably
develop small holes due to slight'flaws in manufacfure. For-
tunately, it has been found fhat liquid helium can be allowed

inside the cavity, although difficulty is experienced in



predicting the amount by which the resonant frequency 1s
shifted by its presence. Part of the reason for this lies

in the fact that although the heat of vaporization is small
(4 calories/mole) the boiling takes place mostly at the sur-
face particularly below the A point. The same is definitely
not true for either nitrogen or oxygen. Very anamolous
effects occur which make operation almost impossible when
they are present inside the cavity. Moreover, boiling occurs
throughout the volume of these refrigerants.

Another problem which has proven Qifficult to solve
arises from the fact that the wave guide must be insulafed
from the boftom of the oxygen cap, yet pass through it.

This insulation must also form a vacuum seal capable of hold-
ing tight at oxygen temperature Qince‘it is undesirable to
contaminate the helium gas with oxygen to facilitate easy
cleaning of the recovered helium and also to reduce the helium
boiling rate. Initially doublé Kovar seals, one end sol&ered
to the oxygen cép and the other to the waveguide were tried.
A diegrem of one is shown in Figure 15a. These seals are
vacuum tight and withstand liquid oxygen if they have been
amnealled in a hydrogen oven. Unfortunately Kovar is ferro-
magnetic and a poor electrical conductor and the induced

eddy currents produce a large quantity of heat which is most
undesirable. Similer units employing housekeeper séals were -
then tried, however they had a high breakage rate which

occurred because of lack of mechenical strength and chemical

19
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reaction with water and liquid oxygen. It was considered to
be possible to minimize the heating effect in the Kovar by
plating to the skin depth of 462.5 kes with silver. This
was tried without success because it was found to be impos-
sible to obtain satisfactory bonding of the silver into the
Kovar.

Bakelite discs which were Araldited to the cap and
also to the waveguide were tried. Leaks developed in the
Araldite for reasons similar to those mentioned in the dis-
cussion of sealing the cavity. Interfitting brass and bake-
lite cone sockets, again Araldited were unsuccessfully
attempted for the same reasons. It was noted, during these
efforts, that thermally cured cold setting araldite seals were -
much more reliable than the thermal setting variety. It is
now felt that these methods might have been successful if the
latter had been used.

In the meantime, another approach to this problem
proved to be very successful. A thin circular disc of copper
was soldered to each pilece of waveguide. Discs of neoprene on
each side of the copper of large diameter form a sandwich which
is compressed, after 1ubrication with silicone grease, against
a metal seat soldered in the bottom of the oxygen cap. The
waveguide is insulated from the cap by the neoprene discs

yet a vacuum seal is achieved. A drawing of this arrangement

is shown in Fig. 15b.
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Since r.f. currents of up to 80 amperes rmg, flow in
the German silver wave guide in order to produce high freg-
uency field modulation of sufficient amplitude, a consider-
able amount of heat is generated which boils off the liquid
helium. The heat leak, in the absence of the moedulation
current, was found to be about 10 c.c. of liquid helium per
hour (0.015 watts). When 25 amperes r.m.s. of r.f. current
was passed through the system, the evaporation rate increased
to 100 c.c. per minute (9.0 watts). Calculations based on
these measurements indicated that this evaporation rate could
be drastically decreased by electroplating the gulde with
silver to a thickness of about 0.0005 inches. At this thick-
ness the conduction heat leak of the guide equals the heat
generated by fhe r.f. current, i.e., the total heat .input is
minimized. The rate was then found to be about L c.c. per

minute (0.36 watts).
3.63. Helium Recovery System

Due to the coét and the scarcity of helium gas, it is
recovered by the low temperature laboratory. The vacuum sys-
tem incorporates a recovery line so that when helium gas is
being pumped, it can be returned to a reservoir. Figure 16
is a schematic diagram of the system employed. Some of the&

pumping arrangement can be seén in the photographs in Plates

II and IX.
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3.7 Cfxstals

The first step in the investigation of a paramagnetic

ion is to choose a suitable crystal in which to carry out the

study. This choice is governed by a number of requirements;

(a)

(b)

(c)

(a)

(e)-

(£)

The crystal structure should be isemorphous
throughout a group of similar ions to be studied.
This decreases the work involved in calculation
of the crystalline electric potentials and
enables results on the ionic group to be cor-
related. This group must.include a diamagnetic
ion with which to *'dilute! the crystals.

The crystal structure should be known from X-ray
analysis in order to simplify the determination
of the form of the'pbtential function which must
be ébnsistent with'the crystal symmetrjﬂ

The structure should have pfeferably axial sym-
metry which facilitates the interpretation of

the results. |

It 1s advantageous for susceptiblility and specific
heat measurements to have been made. The results
of the resonancé experimenté can be compared with
the se. |

There should be only one ion in unit cell. This
makes 1t easier to mount the crystal in the proper
plane and gives maximum intensity in the spectrum.
Single crystals must grow easily iﬁ & desirsble

shape (in general one with a low surface to
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volume ratio).

(g) The crystal must withstand low temperatures

without cracking and be chemically stable.

In the iron group, the alums, the fluosilicates
and the Tutton salts have been found to be suitable for
paramagnetic resonance investigations while in the rare
earth group the ethyl sulphates and the magnesium nit-
rates are satisfactory;‘ In Figure 17, the essential parts
of the crystal structure, for the ethyl sulphate as deter-
mined by Ketelaar (XK2), are illustrated.

In concentrated crystals, the width of the reson-
ance line is determined by the spin-spin interaction
(B11,P3). The resulting line width (e»r 200 gauss) is
usually too great to resolve the hyperfine structﬁre and
certainly forbids the making of accurate méasurements.
Penrose (P2) found that the line width could be greatly
redﬁced By diluting the salt with an isomorphous diamag-
netic compound. The width is now limited by the fluctuat-
ing magnetic field of the protons in the neighbouring water
molecules. The contribution of the protons to the line
width can be calculated. It is 16 gauss in good agreement
with the experimentally observed vaelue. This is usually
sufficiently small. It can be further reduced by growing
the crystals from heaﬁy water (Bll). 1In order to reach
the "proton" width, it is experimentally found that the
ratio of the paramagnetic to diamagnetic iqns must be about

1l part in 200 for the ethyl sulphates and 1 part in 20 for
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the magnesium nitrates.

The mixed crystals'are grown by adding appropriate
semounts of concentrated solutions and then evaporating. The
size of a suitable crystal for use in a 1.2 cm cavity is_
usually about one or two millimeters on edge i.e. 10'2 cm3,
It was found that a considerable amount of time was spent
in performing the necessary chemistry to prepare the various
rare earth compounds. (E2,V6,Yl) are valuable references
on the subject. The teéhniques; although straightforward,
require considerable practice befofe they can be successfully

employed.
3.8. Performance

The apparatus has been deéigned for ease, speed and
accuracy of operation becausé of the large number of exper-
imental runs which must be performed to do a complete inves-
tigation of a given crystal. The resonance phenomena of any
crystal must bé investligated at different temperatures,
frequencies, and concentrations and also for many angles
between the crystalline axis and the magnetic field. The
apparatus discussed in this'chapter performs most of the se
functions very well. .

The chief limitation is the accuracy with which the
magnetic field can be measured and stabilized. This could
be greatly improved by the construction of é profon reson-
ance magnetic field stabilizer. To justify the work in-

volved, it would be necessary to build a magnet which would



give the required magneﬁic-fieids in the same gap but with
larger diameter pole faces so that both the paramagnetic
resonance and the proton resonance heads could be simult-
aneously placed in cleose proximity in a homogeneous féeld
even when two dewars surround the paramagnetic resenance
head. The field measurements could then be performed at
- the same time as the resonénce measurements. With good
field homogeneity, the correction for the different pesi-
tions of the two heads sheuld‘be small and easily measured.
The other limitation is not serious. It is desir-
eble to be able to rotate the crystel in the cavity and
also to be able to change crystals during a run: The
mechanical nature of the double modulation spectrometer
prevents this. In any case, a low temperature single modu-
lation spectrometer has been constructed to allow this to
be performed. TUsually, the high sensitivity is only used
to investigate the finer details of the resonances observed
at lower sensitivity, in which case sufficient information
is availeble to mount the crystal correctly. |
It is possible to turn the machine on and perform
room temperature measurements within fifteen minutes. ®Even
when helium temperature experiments are performed the time
1ap§e is only forty-five minutes. TWith the sensitivity

available using the double modulation spectremeter

85 .
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(1079 grams) almost all resonance phenomena can be presented
on an oscilioscope which permits a spectrum to be measured
in a matter of minutes. This sensitivity is far in excess
of that obtained in other magnetic measurements.

The greater sensitivity, available when narrow band
operation is employed, was not felt té justify the com-

plications which then arise, particularly for helium temp-

erature operation.



CHAPTER IV

EXPERIMENTAL RESULTS

4.1. Introduction

The phenomenon of paramagnetic resonance was exper-
imentally discovered by Zavoisky (Zl) in 1945. Concentrated
crystals of the salts of the iron group were then rapidly
studied. The experimental technique was greatly advanced
by Penrose (P2) in 1949, who found that, by diluting copper
potassium sulphate with the isomorphic diamagnetic mag-
nesium salt, the spin-spin interaction was sufficiently
reduced to make it possible to resolve the hyperfine struc-
ture of the copper ion. After this discovery, the exper-
imental emphasis shifted to studies of diluted salts of the
iron group.

In 1949, the Oxford group began a systematic study
of the ions of the rare earth group in the ethyl sulphate
crystal structure. These results are reported in Bleaney
and Stevens (Bll) and in Bowers and Owens (Bl6). In 1953,
interest shifted.to the rare earth double nitrates and
. coincided with the publication of the study of optical
absorption in these double nitrates at helium temperatures
by Hellwege and Hellwege (H2). The paramagnetic resonance

measurements of the rare earth double nitrates have been



reported by Cooke and Duffus (CL,C5) and the crystal strﬁc-‘
ture has been investigated by Jantsch.(J2).

One of the primery motivations for the development:
of the paramagnetic resonance spectrometer with increased
sensitivity described in this thesis (2.74) (S3) was thé
desire to attempt to measure the nuclear spin and quadru-
pole moment of radio-active isotopes of the rare earth ions.
It was also realized that higher order éffects in the prev-
iously observed spectra should be detectable. The exper-
imental resﬁlts obtained using this spectrometer are dis-
cussed in the remeinder of this chapter (4.2 - L4 and sum-

marized in L4.§

L.2. Gadolinium Ethyl Sulphate

The trivalent gadolinium ion, whose seven 4f elec-
trons half fill this shell, has 887/2 ground state by the
Hundt rule. Its behaviour is very different from that of
the other rare earth ions since it has zero orbital mom-
entum. The crystalline electric field can affect its
energy leveis only through high-order interactions. The
initial splittiné of the 887/2 level is very small (géner—
ally less than lcm'l) and the spin-lattice relaxation time
is so long that narrow resonance lines can be observed e&en

at room temperature.



l4.21. Theory

The theory of the Gd>T ion in the ethyl sulphate

has been discussed by Elliott and Stevens (E1) (1.54).

They show that it should be possible to fit the results,

when the axis of the external magnetic field coincides

with that of the crystalline electric field, to a spin-

Hamiltonian of the form

# = ¢ Bu-5+a26Y(5)+A0P) (3)+a0rQ (8)+aZP5 (5) (22)

m
where each P, is an operator function which has the same

transformation properties as the corresponding spherical

harmonic Yﬂf

The operator equivalents for the Pgs are

Po(s) =

Pﬁ<s)

[¢2]
[N
(1]

38,2 - § (5 + 1) (23a)

358,k - [308(s + 1) - 25] 5,2

- 63(8+1) + 35%(s + 1)2 (23b)
2318,6 - 1058 4 [3s(s + 1) - 7]
+ 8,2 [10582(s + 1)2 - 5258 (s+1)+294]

- 583(s + 1)+ L0s2(s+1)2 - 608(8+1)

(23c)
1/2 (52 + 58) | (234)
/2 (52 + 89 (23e)

89
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When the magnetic field H is perﬁendicular.to the
symmetry axis of the crystal, it is convenient in strong
fields to use the direction of H as the axis or quantiz-
ation and the spin-Hamiltonian (22) becomes

”

H=gBRH . 8, + A% (3/2 Pg = 1/2 Pg)

+ &) (35/8 B} - 5/2 B, + 3/8 Pg?
+ Ag (231/32 1>6 - 63/16 1>LIL + 105/32 P2 - 5/16 PZ)
+ AZ (1/16 Pécos 6¢ + 15/32 Pé + 3/16 P“ + 1/32 P6)

(ZLL)'

where @ is the angle between the magnetic field and a side
of the hexagon formed by the cross-section of the crystal
normal to the crystal axis. cos 6@ = -1 when the magnetic
field is parallel to one of these sides.

The diagonal terms in (24) are

M= g BES, 1/2A0Po+3/8Au u+1/16(A6cos6¢—sA6)P6 (25)

It is convehiént, for computational purposes, to introduce

ﬁew coefficients aﬁ related to the Aﬂ as follows.

_ .0 0 _ 0 0 _ 0 6 _ 6
= 3A2 s au = 60Ah, 8, = 1260A6, ag = 1260A6 F26?

‘The seven strong transitions corresponding to
‘AM =% 1 have been studied by Bleaney, et al (B9, B1l2)
parallel and perpendicular to the crystal symmetry axié

and Scovil (S2) has verified that their angular dependence
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is, to a first approximation, (3cos8® - 1) as éxpected for

the largest term PO since it has the same transformation

2’
properties as the spherical harmonic Yg.

L.22. Experimental Results For Dilute Gadolinium Ethyl

Sulphate

Transitions corresponding to AM = ¥1,% oanat 3
have been observed in crystals containing gadolinium ethyl
sulphate diluted one part in about two hundred in the iso-
morphic, diamagnetic lanthanum salt at liquid oxygen temp-
erature using the double field modulation spectrometer
(2.74). Only the A M = ¥ 1 transitions were visible with
the same crystal in the video spectrometer (2.73). Theor-
etically, the intensity of the AM = T 2 transitions should
be smaller than that of the AM =% 1 transitions by a
factor of about (D/E)2 or about 0.006. The intensity of

the AM =

3 transitions should be smaller than that of

xS

the AM =7 2 transitions by a similar factor. Exper-
imentally, it has been found that the relative intensities
of the AM=7% 1, ¥ 2, and ¥ 3 transitions are in the
ratio 10h : 102 t 1 in good agreement with the above cal-
culation. The most intense AM =% 3 transitions occurred
at signal-to-noise ratios of 10:l confirming the improve-
ment in the sensitivity of the double modulation spectro-
meter of about 1000 over the video type.

The positions of the AM = & 1 transitions in

the parallel and perpendicular direction to the crystal



symmetry axis have been measured at 290°K., 9OOK., and
20°K. by Scovil (82,B12). His results at 290°K. and 90°K.
are compared with ours in Table VII.

The positions of the energy leve'ls for the parallel
directionA as predicted by the diagonal ferms in the spin-
Hamiltonian (III, 7.2). are

E (-7/2) = 1/2G + 7ag + TaE + 1a2

E (-5/2) = 5/26 + laj ~13a) - 5a
% (-3/2) = 3/26 - 3a) - 38 + 980
E (-1/2) = 1/26 - 5a) + 99 + Sag
B (+1/2) =-1/26 - Sag + 9aﬁ - Sag
E (+3/2) =-3/26 - 3a) + 38 + 9a)
E (+5/2) =-5/2G + 1ag —l3a)3 - Sag
E (+7/2) ==7/26 + 78 + 7aﬂ + 1a?

where G = g, B H

The transitions for the parallel direction cor-

respondihg to AM= T, are,

= 0 0 0

, a4 120 L 0 ., .0
E"B/z - 3/2 G+ )_|.a2 lOaLI_ lL[.a6
B = g+ 22° - 122° #14ad
-3/24&w%- 1/2 2 Iy 6

El/oes+ 1/2= €



1
(o}
1

Cwm 0 0 _ 0,
Bi1/oert 3/2° 2ap + 1l2a) - liag

0 .
_E+3/2‘_,+ 5/o = G uaz + Zl.Oaf)L 4+ 1}43.2

T ena /2= O 6a) ] ZOaﬁ - 620
AM =T 2 gre,

'E;7/2<_’_ 3/2 =2G + lOag + 1Oa)(_)L - 8a2
E—5/2-b- 1/2 =2G + 6ac2) - 2.2&?L
E;3/2‘__'_* 1o =26 + 2ag - 12&2 +lha2
;E_.l/zﬁﬁ 3/5 =26 - 2a(2) + 12a2 - mag
By /o ent 5/p =20 = 685 + 22&1?L

E,3/0 ent q/2 =26 - lOag - 10aﬁ + 8&2

and for A M = 2 3 are

; = Y 0 . 0
B 7/2¢s- 1/0 =3G 12a2 - 2au + 6a6
0

. o
Bo3/2em v 3/2 =3¢
= 0 0

=20 - 0 550 - 400

E+l/2 - ,,7/2 =3G 128.2 + 2&Ll- 636
Similarly, the positions of the energy levels for
the perpendicular direction as predicted by the diagonal

terms in the spin-Hamiltonian (III,22) are,

23



B(7/2) = 7/26 + 7/283 -
E(S/zi = 5/26 + 1/2ag +
B(3/2) = 3/26 - 3/2a) +
E(',l/zi = 1/26 - 5/2a) -

o
5/232

3/28) +

E(-1/2)=-1/2G

B(-3/2)=-3/2G

®(-5/2)=-5/2G + 1/2ag +

B(-7/2)=-7/2G + 7/2a3
where G = g, # H_

The transitions for the

responding to AM = *lare

ZL/Bag - 1/16(8dcosb@-5a2)
39/8a, + 5/16ka2cos6¢-5a25
9/8ay, - 9/16(a20056¢-5a2)
21/8a) + 5/16(a8 cosbg-5a0)
27/85‘8 + 5/16@20056;2!- Sag)
9/8a; = 9/16(a8costp-5a3)
39/82) + 5/16ka20036¢-5a2i

21/8e; - 1/16.’(.a2c056¢- 5a2?

perpendicular direction cor-

- Bag - 15/2a8 - 3/8‘a20036¢-5a2)

I + 7/8( agcoséﬂ-Sag)

- 9/2&1(_)L + 7/8(a2c036¢—5a2?

- 15/)_@3 - 7/8‘(a20036¢-5&2?

Eet/2es45/2 = 6 +
: _ . 5,0 0
B 5/oent3/o = GF 285 % 15/La
. ] 6 0
E+3/2‘_’+1/2 =G + 1ag + 9/2a2 - 7/8(a60_os6¢-5a6)
'E+1/2<-’-1/2 =@
. _ 0
B 1/2es-3/2=C " 182
_ _ 0
E.3/24»-5/2= G - 28,
B =G - 3a0
Fe5/2es-3/2 2

+ 15/2a?L + 3/8(a20036¢-5a2?

o



TABLE V

Experimental Data AM = *1Transitions For Dilute
Gadolinium Ethyl Sulphate at 2900K.

H parallel to crystal symmetry axis

P= 2;.250 kmes. T = 290°K.
Transition Field Relative Separation
AM = ¥ ] (gauss) Position Between
: Transitions
-7/2 «»-5/2
~5/2 «»-3/2 9567.2 +863.6
392.7
-3/2e»-1/2 9174.5 +1170.9
L,70.9
-1/24»+1/2 8703.6 0 X
73.0
+1/2 «»+3/2 8230.6 -473.0 s
395.3
+3/2 e +5/2 7835.3 -868.3
_ ‘ 298.7
+5/2 4»+7/2 7536.6 -1167.0
H perpendicular to crystal symmetry axis
V= 24,250 kmes. . T = 290°K.
Transition Field Relative Separation Correction Corrected
AM = * 1 (gauss) Position Between (P2) Field
Transitions . 2’
+7/2«»+5/2 9373.8 +686.1 - -15.1 9358.7
280. ;
+5/2 «=»+3/2 9093.0 +405.6 o + 2.5 9095.5
209.2
+3/2«»+1/2 8883.8 +196.4 +1h .2 8898.0
196.4 .
+1/2«s-1/2 8687.L 0 +19.0 8706.4
. 191.h
-1/2«~-3/2 8496.0 -191.4 L +16.3 8512.3
194.1
-3/2«»-5/2 8301.9 -385.5 2,0.8 + 5.3 - 8307.2
-5/2¢s-7/2 8061.1 -626.3 ) -15.4 8045.7
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TABLE VI

Experimental Data OM = I1Transitions For Dilute
Gadolinium Ethyl Sulphate at 90°K.,

H parallel to crystal symmetry axis
V= 24,550 kmecs.

Transitien
AM =% 1

- =1/2e>-5/2

e

+7/2 «9+5/2
+5/2e¢»+3/2
+3/2€4+1/2
+1/2 «»-1/2
-1/2€~»-3/2
-3/24>-5/2
~5/2e»-7/2

-5/24=>-3/2
~3/24»-1/2
-1/24+>+1/2
+1/2 €«»+3/2

. +3/2«»+5/2

+ S/2es+7/2

Fleld
(gauss)

9,319.6
8,819.4
8,323.1
7,905.6
7,58L.0

T = 90°%K.
Relative Separation
Position Between
. Transitions
+500.2
500.2
0
1,96.3
-496.3
| 417.5
-913.8
321.2
-1235.0

H perpendicular to crystal symmetry axis
V= 2,375 kmes.

Field Relative
(gauss) Position
94,60.9 +728.2
9161.1  +428.L
8940.6 +207.9
8732.7 0
8529.5  -203.2
832l.7 -1,08.0

* 661.0

8071.7

T = 90

Between (P2)
Transitions 2
~-16.4
299.8
4 + 2.7
220.5
+15.0
207.9
+20.7
203.2 .
+17.7
204.8 .
: + 5.8
253.0
-16.8

°k.

Separation Correction Corrected

Pield

oL54.5
9163.8
8956.0
8753.4
8547.2
8330.5
805L.9
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TABLE VII

NgM Values And Splifting Parameters For Dilute
Gadolinium Ethyl Sulphate From AM = % 1 Transitions

290°k.. 90°kK.

Buckmaster Scovil(82) Buckmaster | Scovil
g, 1.9908%0.001 1.992%0.002 1.9880%0.001 1.992£0.002
(gJ_ o) 1.9919%0.001 1.992%0.002 1.9915%0.001 1.992%0.002
uncorrecte
g, ©°1.9905%0.001 1.992%0.002 1.9901%0.001 1.992%0.002
(corrected Pg) '
& +193.282.0 190 +206.252,0  204.7%2.0
a)i" -3.84%0.3 -3.62 -3.98%0.3  -3.96%0.3
ag " +0.44%0.3  40.538 +0.41%0.3  +0.63%0.1
9, +193.3%2 +204.5
(uncorrected)
0 +
& -3.8320.3 -1;.05
(uncorrected)
(agcoséﬁ-Sagj_L f4.9210.5 -5.58
(uncorrected) _
.0 ' + ‘ 4
8, +192.8%72.0 4191 +20L . 7% 2.0
(corrected“Pg) '
0 : - "
o, | -3.98%0.3  -3.73 -14.50%0.3
(corrected Pg)
(agooséf-5ag), -4.86%0.5 -6.22%0.5
(corrected Pg)
az_‘_ +2.7%1.0 +2.7 L.251.0 +3.5%0.5

(corrected P2)

L -1

All values of éﬂ are in units of 107" em .
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to AM ¥ 2 are

Ein/oess3/p = 6+ Eag - 15/L|.ag + 1/2(a2cos6¢-5a2)

' _ 0 0
E+5/2 ‘_’+1/2 = 2G + 38.2 + 33/).'.8.“'

: = 0, 0 6 0
E+3/2H_1/2 = 2G + a2 + 9/23)4_ - 7/8(360086¢-5a6)
- 6
Ei1/oew-3/2 F 2G - ag - 9/2aﬁ + 7/8(a6c036¢—5ag)
| 0
B 1 /pen-g/p = 26 - 3ag - 33/he
E = 26 - 580 + 15/40 - 1/2(e2cos6@-580)
-3/2e=~=7/2 2 I 6 6’
and to AM = T 3 are
1E+7/2|r~+1/2'= 3G + 6ag + 3/haﬁ - 3/8(a2c056¢-5a2)
- 0 0
B, o pes-1/2 = 30 t 383+ 33/ka
B 3/2en-3/27
_ o 0
By1/2ew-5/2 = 30 "38, - 33/ka
z = 36 - 680 - 3/hal + 3/8(alcosb@-52°)
B 1/oen-1/2" 3 as 3 hau - 3 8¢ cOS aéh

Tables V and VI give the observed positions of
the AM = T 1 transitions at 290°K. and 90°K. for the
parallel and perpendicular directions of the magnetic
field with respect to the crystal symmetry axis. Table
VII compares the values of the coefficlents (aﬁ) and the
"gh yalues as calculated from the above data with those of
Scovil (82,Bl2). The results are in agreement within the

experimental error. The value of aZ has been computed
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TABLE VIII

Experimental Data AM = £ 2 Transitions For Dilute
Gadolinium Ethyl Sulphate At 90°K.

H parallel to crystal symmetry axis.

Tiiﬁsifiog
-1/2es-3/2
-5/2 «=-1/2
-3/2e>+1/2
-1/2 «~+3/2
+1/2 «+5/2

P= 2,;.})55 kmes. T = 90°K.
Field Relative Separation
(gauss) Position Between
‘(Mean=1;388) Transitions

5473 +1085

378
5095 + 707

459
4636 + 21,8

504
4132 - 256

450
3682 - 706

374
3308 -1080

+3/2 «»+7/2

H perpendicular to crystal symmetry axis

-542.0

Separation Correction :Corrected

W= 2, 455 kmes. T = 909,
Transition Fleld Relative
AN = £2 (gauss) Position Between (PZ)
. (Mean=),388) Transitions 2’
+7/2 «>+3/2  L95L.5  +566.5 s s -14.8
N 2 *
+5/24w+1/2 }679.2 +291.2 - +15.3
218.
+3/2 e»-1/2 }460.8 + 72.8 058 +3.8
202.
+1/2€>-3/2 }j258.0 -130.0 56.0 +39.0
198.
-1/2 e>-5/2 }j060.0 ~-328.0 +26.0
21l.0
-3/2e>-7/2 3846.0 - 7.6

Field

4939.7
1469 .5
4h95.6
1297.0
1086.0

- 383L.4
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TABLE IX

AM = * 2 TI‘aJ..‘lS'i:tiOI.lS For Dilute
Gadolinium Ethyl Sulphate

T = 90%, V= 2M.M55 kmes.

o)
Angle © _,% ‘_,_l_%

-10
-5
gy O
5
10
15
20
25
.30
35
10
L5
50

55 -

60
65

.

75
80
85
g, %

95
100

3,342.9

3.309.7

3,346.6
3,383.1
3,445.5
3,518.8
3,611.1
3,716.3
3,836.9
3,972.4
,115.9
h,271.2
L,420.4
%4,559.9
1,692.0
4,803.5
4,882.7
,976.9
4,954.5
,932.3
4,885.5

3,721.
3,693.

: 1
o hady

3
1

3,686.L

3,711.
3,752.
3,817.
3,885.
3,967.
L ,054.
L ,146.
L,240.
,328.
- L,La5.
4,489,
4,549.
Iy ,600.
4,636,
L,662,
4,675.
4,679.
L,672.
L ,660.

3
1

1
8
6
2
9
3
8
I
6

9
7
8
8
7
2
8

1

43 ey =L
2%

Iy,167.1
It,146.0

1,138.8
,159.6
li,192.1
L,225.6
L,263.8
L,304.2
4,341.5
4,376.5
L,L40L .7
L,h27.4
Iy, 6.0
4,45h.3
L,461.2
L,Lh62.9

4,h62.7

L,463.1
L,Lhé1.4
L,60.8
L,461.5
L,h62.l

-

Error:

-3
272

b,634 .k
4,638.2

4,634.5
4,627.9
4,625.9
L,622.3
4,595.5
4,577.0
l4,550.1
}4,520.1

4,485.6

boL49.1
I,41s.Y
4,377.3
b,344.8
4,315.1
Ly ,290.2

4,272.0

4,261.0
4,258.0
L,262.2
4,273.3

t 0.5 gauss

I

2
5,060.1

5,089.4

5,079.2
5,049.8
5,013.5
h,951.7
L,879.0
4,796.4
L,707.3
l,617.1
L,527.2

L,449.

1
li,357.0
4,285.0
4,217.8
4,161.2

4,117.3

4,084.5
ly,065.6
4,060.0

4,067.5

4,087.3

3%
5,405.5
5,456.5

S,4L47.6
5,402.2
5,331.5
5,235.8
5,119.5
4,985.1
4,845.1
1,699.8
}4,556.3
b,ha7.h
l,286.9
4,175.9
1,080.9
3,997.7
3,927.8
3,880.6
3,854.0
3,846.0
3,857.5
3,883.2
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TABLE X

Values of g, And g, And Splitting Perameters Fg
Dilute Gadolinium Ethyl Sulphate From AM = * 2 Transitions

At 900K,

Trensition Mean Field gn
T 7/2et 30 1,390.5 1.9897
t g/oe~t 1/2 L,3855 1,9906
T 3/pewt 1/2 l,384.0 1.9926

Y= 24.455 lmes.
Mean Value g, = 1.9910 = 0.001

Mean Value g, Excluding * 3/2¢»% 1/2 Transitions 1.9902

rremsition el & gzz:i;t%gg) riera comdocted
T 7/2ess '3/2 400.3  1.9853 -11.2 . 4389.1 1.9903'
T g/oest 1/2 1369.6 1.9992 +20.7 14390.3 | 1.9898
t 3/0e¥ 1/2 L4309.4 2.0278 +36.9 4346.3 2.0100

+ - .
Mean Value g, Uncorrected 2.0041 - 0.001 Corrected 1.9967 % 0.001
Mean Value g, Corrected Excluding t 3/ TR 12

Transitions 1.9901 ¥ 0.001

6
0 0 (aécoséﬂ
22 & o -5e9)
+ _ +
Parallel 205.1 - 2.0 -3.61 = 0.2 0.98 = 0.3
+ .
Perpendicular 204.7 - 2.0 -4.22 Io.2 ' -} .59 I 0.3
Perpendicular 202.2 £ 2.0 -4.79 % 0.2 -5.10 T 0.3
(Corrected) :
L -1

All values of éz's are in units of 10- cm .
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using g = 90° where coség = -1. However this value is sub-
jeet to considerable error.

Table VIII summarizes the experimental data for the
AM = ¥ 2 transitions for dilute gadolinium ethyl sulphate
when the magnetic field is parallel and perpendicular to
the symmetry axis of the crystal. The field values for the
parallel direction are estimated from the rotational data
given in Table IX and shown graphically in Figure 18, since
the intensities of the AM = ¥ 2 transitions falls to zero
as 1is expected from .the fact that the AM = t 1 transitions
iﬁ this direction are symmetfical within experimenfal error
as predicted by the diagonal terms in the spin-Hamiltonian
(ITI,22). The behavior of the - 7/2¢»T 3/2 and I 52T 172
transitions is in close agreement with”that expected thebre-
tically from the largest off-diagonal term Pg in the spin-
Hamiltonian. The behavior of the ¥ 3/24>F 1/2 transitions
is most clearly seen in Figure 18. No satisfactory explan-
ation can be offered. Approximate calculations based on
the second largest off-diagonal term PE do not improve the
situation. The fact that these transitions occur at lower
magnetic fieids than expected indicates that the zero field
splitting is greater than predicted by the present spin-
Hemiltonian however this is not in agreement with the
results of Bleaney, Scovil and Trenam (B1ll). The most strik-
ing features of the behavior of'these tranéitiqns are their
complete lack of symmetry with respect to each other. That

each transition is relatively independent of the orientation



PLATE 1IXa PLATE IXb

Structure on OM=zxl L of 5 AMa23 transitions
transitions due to near crossover point
lattice defects and pairs

o 2 "-
of Gd ions

PLATE IXc PLATE IXd
AMsx2transitions near 6 OMsx2 transitions at
crossover point magnetic field orientation

where total separation is

3

500 gauss

o
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TABELE XI

AM = T * 3 Transitions Fer Dilute Gadelinium Ethyl Sulphate
As A Function Of Angle Between Directien Of Magnetic Field
And Crystal Symmetry Axis At 5© Intervals

V= 2,.52 kmes. T = 90°K.
8° -T7/2es-1/2 -5/2ev#1/2 -3/24443/2 -1/24+45/2 +1/2e+%7/2

-10
-6050
« 5
L)
5
10
11 3372.7
15
16 2989.75
20 3329.15 2975.97
21 3319.66 2977.01
25 3287.09 2986.43
26 32774l 2987.54 263L.47
30 3413.19 3238.40 3001.65
31 3227.74L 3227.74 - 3003.37 269..68
35 3295.42 3178.99 3006.13 ° 274.2.02
36 3269.14 3171.59 3009.95 2761.69
Lo 3176.10 3119.78 3010.33 2811.02
L1 3149.28 3109.40 3011.91 2820.23
L5 3057.78 3057.78 3012.52 2866 .60
L6 3045.87 3045.87 3008.25 2881.24
50 292l .6l 2992.81 3000.11 292l .6l
51 293 .72 2983. 23 2997.49 2934.72 2735.04
55 28LY .67 2933.5 2984.99 2984..99 284, .67
56 2830.17 2925.47 2985.75 2985.75 . 2830.17
60 . 2755.94 2872.75 2991.25 3011.11 2971.25
61 2744..07 2865.01 2968. 80 3023.08 2968, 80
65 2675.37 2820.92 = 2948.34 3049.09 3049.09
66 2666.98 2811.14 2947.69 3055.28 3079.98
70 261l . 28 2778.29  ° 2931.48 3075.68 3155.37
71 2600.07 2772.51 2927.63 3077.80 3172.76
75 2565.23 2Thly . 77 2914.08 3087. 7 3239.14
76 2557.41 2741.50 2910.07 3091.6 3253.13
80 2527.52 2722.22 2901.58 3096.11 3303.12
81 2514.91 2717.28 2899.99 3099.04 3314.84
.85 2505.18 2700.5 2893.26 3099.42 3346.60
86 : 2697.41 2890. 76 3100.07 3354.08
ngg | 2500,03 2692.38 2889.59 3100.00 3363.66
gg 2502.47 2697.02 12893.43 3101.02 3356.60
100 2522.03 2709.44 2901.03 3097.61 3319.47
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TABLE XII.
Values of g, and g, And Splitting Parameters For Dilute
Gedolinium Ethyl Sulphate From AM=- 3 Transitiens At 90°K.

Ne .velue for g, cean be calculated as noe transitions were
observed in this direction er sufficiently near to permit

acecurate extrapolatien.

Mean Correction Corrected g,
Transition Field g, Fector P Field . Correected
*7/2et1/2 2932 1.9915 ‘b 2936 1.9886
I5/2e31/2 2897 2.0156  +hl 2938 1.9875
+3/2e»-3/2 2893 2.018)  +5h 2947 1,981

Mean Value g, Uncerrected 2.0085%0.001 Cerrected 1.9858%0.001
Mean Value g, Corrected Excluding +3/2e»-3/2 Transition 1.9881
' * 0.001

It is not possible to calculate the values of the aﬁ's from
the experimental data for the AM = £ 3 transition.s since
. there are not a sufficient number of linearly independent
equations. We, therefére, calculate the positions froem
the data for the AM = ¥ 1 and ¥ 2 transitions and cempare
with the observed pesitions

P= 24,520 kmes. T = 90°K.

Transition Measured Correction Corrected Calculated Calculated
AM = % 3 PpPesition Factor P§ Field AM=%*1 Data AM=ft 2 Data

+7/2+4+1/2 3364 4 1.7 3366 3374 3369
. 45/2e&-1/2 3101  +38.8 3140 3141 3138
+3/24=3/2 2893 +53.8 2947 293l . 2934
+1/2e-5/2 2692 +hly .2 . 2736 2727 2731
-1/2es~=7/2 2500 + 6.8 2507 2494 2500
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of the magnetic field with the symmetry' axlis over a region
of about 20o is the only similerity. The values of the
splitting parameters given in Table X and calculated from
the AM =¥ 2 transitions are considered to be less

reliable than those from fhe AM = P 1l transitions because

4+

of the above-noted behavior of the 3/2e»* 1/2 transitions!
This is most clearly seen in the "g" values where they
appreciably increase the value of the mean for the three
pairs of transitioné. Consequently, the g values have also
been calculated excluding the data for the I 3/2e+ 1/2 |
transitions and these values are shown in Table X.. }
Teble XI summarizes the experimentél data for thé

AM = % 3 transitions for dilute gadolinium ethyl sulphate
and Table XII gives the values of the splitting parameters
and spéctroscepic splitting’ factors for the parallel and’ .
perpendicular directions. This data shows that the effects
observed in the AM = ¥ 2 transitions are further magni-
fied in the AM = z 3 transitions., Unfortunately, not all
of these transitions could be observed at each orientation
so the data is incemplete and the calculations corréspend-
ingly less reliable. The relative intensities of the
5 AM =%t 3 are quite asymmetric; the low field tramsition
is always the weakest and the two' high field transitions
strongest. A similar effect was‘also observed in the

AM = t transitions, however it was not so marked.

The behavior of those transitions between the + 1/2 and

-~ 1/2 levels and the + 3/2 &+ - 3/2 transition as a

97
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function of the angle between the direction of the static mag-
netic field end the symmetry axis of the crystal are vefy
asymmetric. Consequently, the data in Table XII is not
reliable although it has also been corrected for ths éffect
of the largest off-diagonal term in the spin-Hamiltenlan

Pg (S;). Following a suggestion of Stevens (Bleaney, Scovil
and Trenam Bl2), an attempt has been made %o consider the
effect of a term of the form Pg(sz) theoretically; however,
this was unsuccessful. Moreover, the form of P% (SZ), when
considered as a Legendre polynmial, is net correct té aid in
symmetrizing the rotational data and hence 1s not considered
as the correct interpretation of thg asymmetry of these re-

sults.

,.3 ELine Width Of Praseodymium Ethyl Sulphate At L.2°K.

The paramagnetic resonance spectrum of Pr3* |
[ufa; 3Hﬂ] has been studied at liquid hydrogen temperatures in
the dilute ethyl sulphate by Bleanqy and Scovil (B1l0) and at
liquid helium temperatures in the dilute magnesium nitrate.
by Cooke and Duffus (CL4). The experimental results have
been fitted to the spin-Hamiltonian given in 1.55 (I,17)
where a theoretical discussion is included which considers
the asymmetry of the line shape.

Dilute praseodymium ethyl sulﬁhate has been examined
at liquid heligm temperatures. Six asymetric resonances were
observed with maximum intensity when the direction of the

static and r.f. magnetic flelds were parallel in canfirmation
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of the above results. It was observed that the line width
is considerably narrower at liquid helium temperature than
reported by Bleaney and Scevil (B10). At L.29K. it has
been found to be 35 * 5 gauss whereas they report 200 gauss
at 20°K. indicating that spin-latfice broadening must occur
at the latter temperature. Unfortunately, the electromagnet
broke down at this stage of the measurements and the exper-
.iment was stopped. It has not been repeated and thus no

values for the splitting parameters are reported.
L.ly. Excited State In Dybrosium Ethyl Sulphate At 4.2°K.

Recently, Bleaney (Bl3) has reported the detection:
of an excited state in djbrosiﬁm ethyl sulphate Or'
Iﬁfg; 8H15/2] at liquid hydrogen temperatures which dls-
appeared above 209K. due to spin-lattice breadeningLand
beloW.13°K'due to suggested dépopulation of the excited

level. Theoretically, the ground state is probably

+H

Iz, =F 9/2 (g, = 12; susceptibility measurement

g 11.3 * 0.1) with admixtures of J; = ¥ 3/2 and
t 15/2 giving no allowed transitions. The observed "g"
values for the excited level are g, = 5.80 * 0.02 and
g, = 8.40 *o.2. They are in good agreement with the
hypothesis that this level is an admixture of J, = ¥ 7/2
and ¥ 5/2.

Dilute dibrosium ethyllsulphate ha? been examined

at liquid helium temperatures. A weak resonance with a

signal-to-noise ratio of 20:1 has been obéeéved with the



double field modulation spectrometer (2.74) with

gy = 5.85 o 0.05'in agreement with the above measurements.
The.weak intensity observed supports the depopulation h&po-
thesis. Unfortunateiy, this experiment was also halted due
to electromagnet troubles and consequently g, was not mea-

sured.
4.5. Future Experiments

The apparatué has only recently been brought inte
successful opefation at liquid helium temperatures. TUnfor-
tunately, whenever successful experiments have been under-
way at this temperature, the electromagnéet gave trouble due
to an intermittent short to one of the cooling coils. Con-
se quently, although resonances have been observed in a num-
ber of substances very few measurements have been made and

those reported in 4.3 and .4 have not been confirmed.

100

It would be worthwhile to study the intensity of the.

‘excited state transition in djbrosium ethyl sulphate as a

function of the temperature in the liquid helium temperature

range to carefully check the depopulation hypothesis.

An experiment has been planned to attempt to measure

the spin and magnetic moment of the promethium isotope P

T [ufu; SIM] in the magnesium nitrate crystal environment.

This ion should exhibit the same resonance properties as
praseodymium which has been discussed in 1;55. The ground

state is not Kramer's degenefate however distortions fram
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trigonal symmetry due to the Jahn-Teller effect should
produce transitions with maximum iﬁtensity when the dir-
ection of the r.f. magnetic is parallel te that of the
static magnetic field. No naturally occurring isotopes

of promethium are known. Isotope 17, which has a half-
life of about four years, can be produced artificlally by
neutron bombardment of Nd 146 or as a‘fission product, Its
spin is not known; however, from the nuclear shell model,
it is probably 5/2 with 7/2 another possibility. Init-
ially, 3 millicuries of promethium 147 should weigh

o(10~T7) grems. Iﬁ should be possible to obtain a lanthanum
.magnesium nitrate crystal containing 0(10'8) grams of pro-
methium. Our spectrometer (2.7L) possésses-sufficient
sensitivity to observe a resonance from such a crystal.
Some lanthanum magnesium nitrate crystals have been prep-
ared from atomic weight purity lanthanum to reduce the pos-
sibility of rare earth contamination. One of these crystals
will be examined in the sbectrometer at liquid helium temp-
eratures to ldentify any such contamination and then re-
dissolved in a solution of promethium nitrate and the mixed
erystal grown. The promethium has been obtained from Atomic
Energy of Caneda Etd. as a fission produgt to reduce the
possibility of otﬁer rare earth ions being present. The
spectroscoplc analysis shows & maximum of 2.4 mg./ml. iren,
0.8 mg./ml. aluminum, 0.5 mg./ml. lead, 0.5 mg./ml. nickel
and 1.5 mg./ml. cobalt.
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If this experiment 1s successful, there are a number
of other radioactive rare earth isotopes which have shorter
half-lives which could be examined. The determination of
their nuclear spins and magnetic moments would be most use-
ful. It was for such experiments as these that the high
. sensitivity spectrometer was developed.

Resonances from impurities in semi-conductor crystals
have been observed recently. It is hoped that resonances
can be observed in some silicon crystals that have been doped
with antimony, indium, arsenic, gallium and boron. Some
preliminary theoretical work by Dr. J. M. Daniels supports
this hope.

[ X5

,.."\(Pz
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APPENDIX I

The electronic ciréuit diagrams of the components
of the single and double modulation paramagnetic resonance
spectrometers described in this thesis are collected to-
gether in this appendix together with several photegraphs

of the equipment.
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Plate X A general view of the apparatus . . . . . 1109
Plate XI A general view of the microwave bench
showing the [j62.5 kes., amplifier with
the shielding cover plates removgd .« « 110
Figure 19 Circult diagram for proton resonance
detector r.f, heed . . . . . . . « « « 1ll
Figure 20 Circuit diagram for proten resonance
low noise audio amplifier and cathode
follower « ¢« o o ¢ o o o« o o & ... « o o 112
Figure 21 Circuit diagram for proton resonance r.f.
level V.T.V.M. and oscillator level
. control and stebilizer . . . . . . . . » 113
Figure 22 500 kcs.. class C. power amplifier and
variaﬁle load matching section to split
cavity . . . ... P s 1 1
Flgure 23 Oscillator and buffer for high frequency
modulation . « ¢ ¢ o o o ¢ o o o o o o 115
Figure 2l Circuit diagrem for 500 kcs. transmitter
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Figure

Figure

Filgure

Figure
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25 Circuit diagram of video amplifier . .

26 Circuit dlagram of calibrator

27 Circult diasgram of typicel low ripple,

high regulation power supply .

28 Circuit diagream for high voltage reg-

ulated klystron power supply . . «

29 Block diagram of magnet field control

circuit .

30 Circult diagram of current contrels

for electromagnet and 60 cps. field

moedulation .
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