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ABSIRACTE

The hyperfine field at the cobalt: nucleus in
GdCo,, Gd,_ _Y Co,, Gd,_ Dy Co,, and Gd(C'ol_xNix)z
were studied using the technique of "Spin-Echo"
N.M.R. At 4,2°K cobalt has a negative hyperfine
field of 60,8 Koe with a line width of 1.94 Koe,
This field is composed of contributions from two

main sources;

a) from conduction electron (C.E.) polari-

zation and core polarization of the cobalt

electron configuration by the cobalt sub-
lattice;

b) from C.E. polarization of the cobalt elec-

tron configuration by the gadolinium sub-
lattice.

The spin of the gadolinium sublattice is
decreased in the yttrium substituted series, This




is accompanied by a slight decrease in the hyperfine
field and a simultaneous increase in the line width
of the resonance. An analysis of the variation in

H
Co!
sublattice magnetization, indicates that the contri-

taking into account the induced change in cobalt

bution from the gadolinium sublattice is approxi-
mately 10 Koe per unpaired 4f electron., In addition,
line width measurements show that the R,E., - T.M,

interaction is long range in character,

Magnetization measurements on the nickel sub-
stituted series show that the T,M. moment remains
consfant initially; indicating that the cobalt-nickel
sublattice has an itinerant electron configuration.
The variation in HCo
to a decrease in C,E. concentration with nickel

along this series is ascribed

substitution, A T M, - T,M, interaction of short
range is indicated by the line width variation.
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CHAPTER I

INTRODUCTTION

1.1 The Rare earths are the series of elements
lying between Lanthanum and Lutetium in the periodic
table and having atomic numbers from 57 to 71, Ex-
cept for the elements at the ends of the series, they
are characterized by an incomplete shell of 4 £ elec-
trons varying from 1 to 13. This shell is deeply em-~
bedded inside surrounding shells of electrons; the
electron structure for the series being written as
hfn5525p65d1652 (ignoring shells internal to the A4f).

The chemical similarity introduced by their iden-
tical outer electron configurations prevented, until
recently, the separation of the rare earths to a high
degree of purity, It is only within the last decade
that reasonably pure metals have been produced, and
in that time investigations into this series of elem-
ents have multiplied tremendously.

Early investigations into their crystal structure




have been summarized in a review by Gschneider (1961),
(ref. 1:1). All the metals of the series crystallize
in modified hexagonal close packed (h.c.p.) structures,
although these structures are not all the same. The
heavy Rare earths from Gd-Lu have the magnesium (A3)
type structure with packing sequence along the hexa-
gonal axis ABAB, repeating after two layers. Those
elements below gadolinium have a variety of packing
sequences; some with ABACABAC sequences repeating
after the fourth layer along the hexagonal axis and
others with sequence ABCABC along the (III) direction.
The magnetic properties of the metals can be ex-
plained by assuming that they are tripositive ions
surrounded by conduction electrons from the outer 5d
and 6s shells. The U4f electrons are shielded by the
58 and 5p shells and act to a first approximation as
free electrons. Thus the magnetic moment of the ions
can be derived from Russel-Saunders coupling between
the Spin and Orbital angular moments of the L™ elec-
trons (R.J. Elliot, 1965), (ref. 1:2). The excep-

tions to this are europium and ytterbium which gain



an electron in the 4 f shell to complete a half shell
and full shell respectively. Samarium and europium
also show anomalous magnetic behaviour due to the
fact that the energy difference between ground and
first excited state in these two elements is very
small and leads to admixture between the different
states.

The magnetic structure of this series of elements
is very complex. All of them show some form of mag-
netic ordering when the temperature is lowered, but
only gadolinium is ordered at room temperature., Neu-
tron diffraction studies have indicated that the others
change their structure as the Qemperature is lowered.
Between 228°K and 220°K,&££§;£g£zk)changes from a
helical spin structure to a ferromagnetic structure

where the helical moments lie in the xy plane such

that

pn(x) A BJIM cos(q.Rn)

n (y) = AgIM sin(a.R_)

where Rn is the lattice position of the plane under




consideration and q is the wave number of the helical
spin structure. Other spin structures have also been
reported in the literature and are summarized in the
review article by Elliot, (1965).

The large unquenched orbital angular moments of
the rare earth metals produce a very strong hyperfine
field at the nucleus, In the transition metal elements
the dominant contribution to the hyperfine field comes
from the contact interaction with S electrons in the
conduction band polarized by the 3d shells, (see appen-
dix I). The orbital contribution is negligible as the
3d orbital moment is quenched by the effect of the
crystalline field,

The U4f electrons however are well shielded from
crystal field effects hence their orbital moment is
largely unquenched., Several workers have measured
the hyperfine constants of these metals (refs. 1l:3 -
1:8). With the exception of Gd>* and Eu®* which are
"s" state ions and therefore have zero angular moments,
all the hyperfine fields are in excess of 1 M.oe, In

fact, the large orbital field dominates all other con-




tributions and makes the hyperfine interactions at the
nuclei of rare earths metals relatively insensitive to
their environment,

However, Gegenwarth and co-workers (1967), (ref.
1:9) have illustrated how this comparative lack of
sensitivity may be put to good use in estimating the
various contributions to the hyperfine field in these
metals and their compounds, By correlating the fields
reported for various rare earth nuclei in the metals
and in their compounds with iron, they discovered that
there was a constant difference of about 800 k.oe, be-
tween the fields at the nucleus of a given element in
a metallic environment and in the compound with iron,

Assuming the ionic momeﬁt remains unchanged in
the two environments, then the orbital and core polari-
zation hyperfine field contributions also remain un-
changed, Hence, the field change must be due to the
polarization of the outer 5d and 6s conduction elect-
rons (common to all of the elements) by the neighbour-

ing iron atoms,



Rare Earth Transition Metal Compounds:

1.2 Rare earth transition metal compounds have
been studied for their bulk magnetic properties as
well as for their hyperfine interactions, Several

stoichiometries have been isolated such as A2Bl7’ AB5,

1 and A3B (A = rare earth, B = Fe,

Co, Ni). In particular the structure and saturation

A,B,, ABj, AB,, AB

moment of AB2 compounds have been studied by several
authors,

The AB2 compounds crystallize in a cubic Laves
phase MgCu2 type structure (fig. 1:1), in which the
A atoms lie on a simple cubic lattice while the B
atoms lie on an interpenetrating tetrahedral network.
These tetrahedra have a B atom at each apex by which
they are joined to the neighbouring tetrahedra.
(Gschneider in "Rare Earth Alloys") (1961).

The reported lattice constants for these compounds
vary between 7.1°A and 7.h°A generally increasing as
the atomic radius of the rare earth constituent in-

creases (i.e. from Tm to Gd for the heavy rare earths).

It must be noted, however, that the spread in reported



Figure I: Mg(_lgz Structure.



values for a particular compound is very large in most
cases, This is probably due to impurities present in
the rare earths used for the earlier measurements and
to inhomogenuous specimens,

Moon, Koehler and Farrell (ref, 1:10) have re-
ported on the magnetic structure of some of the A32
compounds as determined by neutron diffraction analy-
sis, They find that the rare earth and cobalt sub-
lattices are aligned ferromagnetically within each
sublattice but their spins are antiparallel between
the sublattices. In addition the moment of the tran-
sition metal ion is less than the free ion value.
Saturation moment measurements on these compounds
have been explained on this basis.

As the strength of hyperfine interactions depends
on the value of the local ionic moment and spin polari-
zation at a particular atom, it is instructive to mea-
sure the interaction in the A32 series, The results
of Wernick and Wertheim (ref. 1:11) (1962) on the
hyperfine field (Hi) at the Fe nucleus in R Fe, com-

2

pounds suggests that the moment on the iron ion remains



constant throughout the series. On the other hand,
several reports (refs. 1:12 - 1:14) have stated that
saturation moment measurements indicate that the rare
earth ion moments in the compounds are lower than in
the free tripositive ions and those on iron are vari-
able, The determination of sublattice magnetization
at varying temperatures by means of hyperfine inter-
actions may help to clear up this problem and to as-
sign component moments unambiguously. Bowden et al,
(ref. 1:15) studied the temperature variation of the

" 57 161

hyperfine fields a Fe and Dy in DyFe_, using

2
Mossbauer effect measurements, He then derived the
variation in sublattice magnetization at both sites

assuming that the dysprosium ion sat in an effective

field generated by the iron sublattice.

Hyperfine Interactions:

1.3 Hyperfine interactions are defined as those
interactions which take place between the atomic elec-
trons and the nuclear charge and moment distributions.

By their nature measurements of hyperfine interactions




are ideal for the determination of electron charge and
spin distributions, magnetization and nuclear magnetic
moments, They can be broadly divided into two classes:
the magnetic interaction with the magnetic moment of
the nucleus, and the electrostatic interaction with
the electric quadropole moment of the nucleus. Appen-
dix I gives a derivation of the magnetic hyperfine
term for a single electron., Multi-electron effects
are then determined by a summation of the effects from
the individual electrons,

Referring to Appendix I (Equation (6), we see
that the hyperfine interaction can be split into three
main contributions, The last term in the equation
(8M:.S6(r)) is the delta function or contact term first
dZscribed by Fermi (ref. 1:16), and is non-zero for
S-electrons only. The magnitude of this effect is
proportional to the value of Sle(0)|2 where lYS(O) 2
is the S-~electron density at the nucleus, PQS(O)‘Z
again has three components:- |

1) the density of conduction electron spin at

the nucleus polarized either by an external
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field or by exchange with the incomplete mag-
netic shell;
2) +the density of core S-electrons polarized
by exchange with the incomplete magnetic shell;

3) the density at the nucleus of the S-character
of the incomplete shell due to admixture with
the conduction electrons.

The first term in equation (A.6), (2Bu.L), is the
orbital term which is zero for S-electrons: For in-
complete shells which are not affected by crystal
field quenching this term is large and usually domin-
ates all other terms, For core electrons and conduc-
tion electrons there are no orbital contributions to

the hyperfine field,

The second term (—2B.[3(u.r)x5(s.r) - (g.s)ré])

r

is the spin dipolar term and is in most cases very
small, According to Lounasmaa (ref. 1:17), it is
about one tenth of the orbital contribution in rare
earth metals,

Marshall (ref. 1:18) assigned the origin of the
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field at a nucleus in a ferromagnetic material to the
hyperfine interaction supplemented by the effect of an
externally applied field, Measurement of the hyperfine
field of a given nucleus in various environments can
then give an estimate of the different contributions

to the hyperfine field,

This procedure is illustrated in the similar var-
iation of Hi in Dysprosium and Gadolinium compounds,
Although the orbital moment, and hence the effective
field, is vastly different in these two series the ab-
solute value of AH in the two series follows almost
identical curves when plotted against Re~RE separation.
AH is the change in R.E, field in going from the salt
to an Intermetallic compound, (ref. 1:.9), This led
to the suggestion that it was only the valence electrons
which were effected by the environment as these are the
same in both elements., The same authors reported a
constant hyperfine field change of plus 800 koe. in
going from R.E. ions to R.E, Fe2 compounds, All of
this suggests a constant core polarization field for

each species being altered by the polarization of 5d
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and 6s valence electrons by the neighbouring ions,
These hyperfine effects can be measured by sev-
eral techniques which are discussed briefly below.
They are (in order of accuracy of measurement);
specific heat measurements, Mossbauer effect measure-
ments, measurements on the angular correlation of y
rays, and resonance methods (which include nuclear
magnetic resonance, electron paramagnetic resonance,

molecular and atomic beam resonance).,

Specific Heat:

1.3.1 Consider a nucleus with nuclear spin I and
nuclear moment By If there is zero field acting on
the nucleus, the 2I+1 nuclear energy levels are de=
generate., However, in the presence of an applied
field, the degeneracy is removed and the levels are
separated by an amount depending on the strength of
this field. The distribution of spin orientations
amongst these energy levels is given by the Boltzmann
distribution law. From a knowledge of the level separ-
ation, the mean energy at a given temperature and

hence the specific heat of the nuclei considered as a
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closed system can be determined.
At high temperatures other contributions to the
specific heat predominate. These are:-
1) the lattice specific heat C1 which follows a
T3 law below about 4°K but cannot be predicted
at higher temperatures;
2) the electronic specific heat Ce which follows
a linear T law over all temperature ranges
below about 1000°K;
3) the magnetic specific heat Cm which follows
a T3/2 law in a ferromagnet and a T3 law in
an anti-ferromagnet and is due to the exchange
interactions between neighbouring spins,
In order to separate (the nuclear specific heat)
Cn out from the remaining three components, the sample
must be cooled down to temperatures below 1°x. Cn
can then be evaluated by extrapolating the high
temperature specific heat contributions to lower femp—
eratures and subtracting them from the total specific

heat. (Lounasmaa, 1967. ref. 1:17).
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This method of investigating hyperfine interac-
tions has the advantage that it can be used on any
nucleus which has a hyperfine interaction, and does
not depend on the availability of radioactive nuclei
as in Mossbauer effect and yray correlations. Also,
the effect is instantly measurable in the sense that
one does not have to search for the effect as in the
resonance methods.

A great disadvantage is that the presence of even
less than 0.1% impurity atoms can lead to an appreci-
able error in the estimation of Cn. Another disad-
vantage is that separation of the other components of
specific heat can be analytically difficult in some
cases, The requirement for very low temperatures
introduces a third difficulty into this technique,

although not a fundamental one,

The Mossbauer Effect:

l1.3.2 The Mossbauer effect was first reported in
1958 by R.L. Mossbauer (ref. 1:19). Since then it has
been applied to many branches of science including

solid state physics. (see ref, 1:20 for its use in
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detecting the gravitational red shift).

Consider a nucleus which decays to its ground
state by the emission of a photon of energy EY? Ac-
cording to momentum conservation concepts this nucleus
must then recoil with a momentum equal to the photon
momentum Ey/c. Thus the kinetic energy of the emitted
photon is shared with the nucleus. Similarly the ab-
sorbing nuclei must gain a momentum equal to the pho-
ton momentum and it too gains kinetic energy.

These two processes displace the emission and
absorption transitiom probabilities in opposite dir-
ections on an energy scale, Appreciable resonant
absorption of y-rays can only occur when the recoil
energy is small in comparison to the natural line widths
of the transition.

In cases where the nucleus recoils as a free
nucleus, this condition is rarely met. However, for
nuclei in a crystal, the nucleus may not be free to
move, The entire crystal may recoil as a unit and al-
though the recoil momentum is the same, the recoil

energy, proportional to 1/m, is negligible, For a
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solid to show this effect the individual atoms should
remain bound to a fixed lattice site for a time long
compared to the lifetime of the excited state. (ref.
1321). Hence, the emission and absorption lines over-
lap and resonance absorption occurs. This is not
strictly true as a certain fraction of the incident
Y=-rays excite phonons or lattice vibrations. The
amount of recoil-less absorptions depends on ambient
temperature, Debye temperature and recoil energy,

In Mossbauer studies, the frequency of the photon
in the reference frame of either the emitting or ab-
sorbing nucleus is §oppler shifted by vibrating the
source or sample holder. The resonance line.shape
is determined by measuring the change in the number
of y-rays transmitted through the absorber as a func-
tion of the doppler velocity (and hence the frequency
shift),

If the emitter line shape has a simple structure
whereas the absorber has several non-degenerate energy
levels as a result of magnetic dipole or electric

quadropole hyperfine interactions then the separation
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between the energy levels can be determined from the
velocity settings at which resonance absorption occurs,
In this way the complete hyperfine spectrum of the
nucleus is measured simultaneiously during the course
of the experiment.

In addition to measuring the hyperfine splittiang
of energy levels, the Mossbauer effect has a unique
ability for measuring the property known as the isomer
shift., This shift is due to the change in effective
charge radius in going from excited to ground state
energy levels and to a difference in the S-electron
density at the nucleus in going from the emitter to
the absorber. The total effect is to displace the
middle of the spectrum by an amount § from the posi-
tion of zero doppler frequency shift, §is defined
by the equation:-

§ = %wZez[«ﬁ> ex. - <rr21>€1:_1 [l"”a(o)l AL zj

2
where <r§)ex. and (r;)gr are the excited and ground
state mean square nuclear charge radii andela(o)Id

andlws(o)lz are the total S-electron densities at
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the nucleus of the absorber and source (Mossbauer and
Clauser, 1967)(ref, 1:22).

The Mossbauer effect shares with specific heat
measurements the ability to measure hyperfine transi-
tions without searching for them, It also has the
advantage that in many cases measurements can be made
up to room temperature and in others only easily
achieved cryogenic temperatures are required. It is
also a simple matter Lo make variable temperature
measurements of the hyperfine interaction and from
this to deduce the temperature variation of magneti-
sation (Nagle etal, 1960)(ref. 1:23). However, the
resolving power of the effect is limited by the life-
time of the excited state to a value much lower than
that obtainable in resonance methods,

This has both advantages and disadvantages., The
precision of M.E. experiments is lower than N.M.R.
but inhomogenously broadened lines can easily be ob-
served by M.E. whereas this is practically impossible
CW
iqAN.M.R. This is a situation often encountered in

alloys.,
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Angular Correlation of y~rays:

1.3.3 The technique of angular correlation of
y-rays has been used for some time by nuclear physic-
ists to study nuclear parameters such as spin and
magnetic moments, It is only recently that this tech-
nique has been used to study hyperfine interactions

in nuclei. (ref., 1:24).

In general, the y-radiation emitted by an ensem-
ble of radioactive nuclei is isotropic., However, if
this ensemble has its nuclear spins aligned by some
means then the y-radiation emitted will have an aniso-
tropy depending on the parity of the radiation field
(dipolar or quadropolar).

In the method of y-y correlation, a nucleus is
chosen which emits two y-rays in cascade, Spin align-
ment is then determined by counting only those nuclei
which emit the first y-ray:in a given direction., The
anisotropy of lhe second transition is then determined
by counting those radiations emitted in coincidence
with the first counter as a function of the angle

between the. two counters., If the magnetic mements of
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the intermediate state interacts with a hyperfine
field, then the nuclei will precess about the field
direction and result in a rotation of the radiation
patterns, A determination of the degree of rotation,
A®= w. T where T is the lifetime of the intermediate

L

state and W, o= farmoyr frequency, then gives an esti-

mate of the strength of the hyperfine interaction,
(sunHe ).

Another method of producing the initial nuclear
alignment is that employed in the technique of angu-
lar correlation following coulomb excitation implan-
tation. In this method the nuclei under study are
propelled into a host material by high energy pro-
jectiles (oxygen nuclei 016 are generally used).

The nuclei under investigation are placed as a thin
foil on the surface of a quantity of the host mater-
ial. The angular distribution of subsequent y-rays
is measured in coincidence with back-scattered oxygen
nuclei. The strength of the hyperfine interaction

is again determined from the change in the angular

distribution pattern.
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The accuracy of this method of delecting hyper-
Tine interactions is limited, in the same way as the
Mossbauer effect, by the lifetime and hence line
width of the intermediate state, Mossbauer nuclei
however, must be of low energy which is not the case
in angular correlation, Hence a greater variety of
nuclei may be studied, In other respects the +two

methods are very similar,

Resonance Methods:

1.3.4 Resonance methads of detecting hyperfine
interactions are the oldest metihods in use *today,
The first exwneriment of this type was performed by
Rabi et al, (ref. 1:25) in 1939 on atomic beams in
whiclh the space quantization of the beam by an inhomo-
seneous nagnetic ffield is destroved by feeding in
radiofregquency energy.

In the following decade the method of nuclear

resonance in bulk material was introduced as is di

5]

cussed in =section 2.1 where an extensive examination

of the techniques of N,M,R, is given. Consider
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a nucleus with spin I and magnetic moment p. The
application of a magnetic field to a group of such
nuclei results in the splitting of its energy level

into 2T + 1 energy levels with energy
E = Mp.Hn/I

where -J«<M(I and M are the 2T + 1 quantized eigen-
values of I with respect to a Z direction defined by
Hn-

Transitions take place between eigenstates with
energy differences E = an/I. These transitions are
induced by the application of a radiofrequency field
of frequency v such that the quantum energy hv is
equal to the energy separation AE between adjacent
eigenstates, The absorption of energy by the nuclei
is detected by its effect on the circuit producing
the r-f energy in conventional N,M,R. spectrometry
or by detecting the subsequent nuclear precession in
pulse methods,

The resonance technique is the most precise
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method of detecting hyperfine interaction. Its pre-
cision when used with externally applied magnetic
fields is limited only by accurate knowledge of the
field strength and the homogeneity of the field over
the sample volume,

The high precision of this method is counteracted
by its disadvantages; one of these is that resonsnces
are not immediately observable, but must be searched
for. This can be time consuming but its effect may
be reduced by using N.M.R, in conjunction with other
methods such as Specific heat or Mossbauer effect
measurements, The approximate value of the hyperfine
constant is determined by the less accurate measure-
ment and then precisely defined by searching for the
resonance in the frequency range indicated,

The tendency of conducting solids to exclude
radiofrequency energy from the interior of the solid
also presents a problem for the detection of N.M.R,
in solids. This is partly overcome by using metal
powders usually dispersed in a non-conducting medium

such as paraffin. None of the other methods suffer
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from this defect,

Resonance detection of hyperfine interactions is
also affected by interactions between the various
spin states of the nuclei under investigation and by
interactions between the ensemble of nuclear spins
and the crystal lattice., F, Bloch (ref, 1:26) de-
rived the original phenomenological equations describ-
ing these interactions. His results indicated that
during resonance, the nuclear magnetism should be
exponentially damped and he defined a longitudinal
or spin-lattice relaxation time (Tl) which represented
the damping of the Z component of nuiclear magnetism
and a transverse or spin-spin relaxation time (T2)
which represented the damping of nuclear magnetism
normal to the Z direction. The Z direction above is
defined by the direction of the externally applied
field.

Subsequent authors (Abragam, 1961)(ref. 1:27)
have described several ways in which spin-lattice
relaxation may take place, In metals the dominant

mechanism is the coupling of the nuclear spin to the
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conduction electron spins by means of the contact
hyperfine term (Appendix I)., This coupling can induce
a simultaneous flip o6f the electron and nuclear spins
in opposite directions, the energy given off in the
transition being used to increase the electronic kine-
tic energy., The process continues until it produces
an equilibrium distribution between nuclear spins
and conduction electron spins determined by the lattice
temperature TL'
Spin-spin relaxation is caused by a dipolar coup-
ling between the spins of various nuclei which resultis
in an exchange of energy between them, This exchange
produces an equilibrium distribution of nuclear spins
characterized by a spin temperature TS which is not
necessarily equal to TL above, (Abragam, 1961). 1In
fact, if the difference between T1 and T2 is suffi-
ciently large the spin states during relaxation may
sometimes be characterized by a spin temperature Ti
which gradually "cools" to the lattice temperature TL.

A small value of Tl facilitates the observations

of nuclear magnetic resonance, especially when using
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continuous wave excitation, If a giyen nucleus did

not re-emit the energy it absorbed when it was excited
to a higher energy level, then the populations of the
energy levels would soon be equalized and no further
absorption could take place (saturation). Consequently,

rapid re-emission, i.e, shorter T allows the use of

11
a greater excitation power and results in greater ecase
of detection,

The spin-spin relaxation processes in ferromag-
netic metals are strongly influenced by the hyperfine
interactions and there is no direct relationship be-
tween the width of the resonance line and the relaxa-
tion time. However, in ordinary nuclear magnetic
resonance a large value of relaxation time generally
indicates a marrow, highly peaked resonance line, In
such a case T2 is related to the spread AH in the
resonance field seen by the nucleus and is of order,
1/yAH, where AH is the field variation due to spin-

spin interactions between nuclei and not to a non-~

uniform external field,
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The Present Research:

1.4 In the work reported below an attempt was
made to measure the hyperfine field at both the
gadolinium (Gd) and cobalt (Co) nuclear sites in GdCo2
and related pseudobinary compounds formed by the con-
tinuous substitution of yttrium for gadolinium or of
nickel for cobalt. Resonance measurements were also
made on compounds formed by the substitution of dys-
prosium for gadolinium,

Bulk magnetization measurements were made on the
nickel substituted compounds as no previous measure-
ments have been made on this series, The saturation
moment per formula unit and the Curie temperature
was determined for each sample in the series.

The measured hyperfine field was compared with
fields reported in similar compounds in order to ob-

tain an estimate of the different contributions to

the hypeyrfine field.

o0o
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CHAPTER IT

TECHNTIQUES OF MEASUREMENT

Early Techniques Of Nuclear Magnetic Resonance:

2.1.1 Nuclear magnetic resonance measures the pro-
perties of the nucleus of a given species directly,

and can distinguish between nuclei at different mag-
netic sites in the crystal, This technique was first
reported in 1946 by two independent groups, that of
Purcell, Torrey and Pound (ref. 2:1) and that of Bloch,
Hansen and Packard (ref. 2:2)., Purcell et al. measured
the unbalance produced in one arm of a balanced r,.f.
bridge when there was a resonant absorption of energy
in that arm. Bloch et al., observed the voltage induced
in a receiving coil which was orthogonal to both the
applied field and the transmitting coil. Both of these
experiments were used to determine the magnetic moment
of the proton nucleus from a knowledge of the applied

field and the measured resonant frequency.
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These initial experimenters were followed by
others who used modified versions of the original
methods. These modifications usually involved the
addition of more sophisticated electronics to the
detection part of the apparatus in order to improve
the signal to noise ratio for samples with weak sig-

nals.

Continuous Wave Spectrometer:

2.1.2 The above methods were useful in experiments
conducted at a fixed frequency but were found to be
cumbersome to adjust if the frequency were changed,
Therefore a new arrangement was required if the fre-
quency was to be varied continuously. This problem
was solved by the introduction of the marginal oscil-
lator., In this circuit the sample is placed in a coil
which forms part of the resomnant cirouwit of an oscil-
lator. The frequency is swept by slowly varying a
capacitor., When resonant absorption occurs the energy
loss in the coil increases and hence causes a decrease

in the level of oscillation of the oscillator, This

circuit can also be used in conjunction with a "lock-
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in" amplifier set at the modulation frequency. A
wide frequency range can thus be covered merely by
changing the coils of oscillator. Two early spec-
trometers of this type are those of Pound and Knight

(ref. 2:3) and Proctor (ref, 2:4).

Pulsed Spectrometers:

2.1.3 The three methods mentioned above all act
by continuous excitation of the sample under study.
There are, however, two techniques which make use of
discontinuous excitation of the nuclei. These are
the super-regenerative detection of N.M.,R. and "Spin-
Echo".

In a super-regenerative detector only one coil is
used and the oscillator is used as both transmitter
and detector. The oscillator valve is turned "on!
and "off" alternately by the application of a sinus-
soidal quench voltage to its control grid. During
the "on" period, the oscillation amplitude builds up
in two ways:-

a) from thermal noise present at the frequency

of the tuned circuit;
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b) from any signal induced by precessing nuclear
moments present as a result of the previous
excitation period.

Since the signal in b), if present, is likely to be
larger than that in a), the oscillations start to
build up from a higher level and the integrated inten-
sity of the "on" pulse will be greater. This change
is detected as the oscillator frequency passes through
resonance,

It is obvious from the above that the inverse of
the quench frequency must be shorter than the trans-
verse relaxation time (T2) so that the precessing
nuclear moments have not decayed to zer6 amplitude
during the "off" interval. A circuit for the above
method of detection was first reported by Roberts
(ref. 2:5) and modified versions have been used since
then. Recent report has been made of its use by Narath,
O0'Sullivan, Robinson, and Simmons (ref. 2:6) who used
it for the detection of the nuclear quadropole reson-

35 . o
ance of C1l in Cu012.2H 0 at 767K.

2
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2,1.h The phenomenon of "Spin-Echoes" was first
reported by Hahn in 1950 (ref, 2:7). It was discovered
during a study of the related phenomenon of free induc-
tion decay (F.I.D.). In F.I.D. the decay of precess-
ing nuclear moments is observed immediately after the
application of a short intense pulse of radio-frequ-
ency energy. In the echo effect two pulses of r.f,
separated by a time interval T are applied to the
sample under study. At a time 2T after the applica-
tion of the first pulse a third pulse is observed in
the receiver coil, The F.I,D. of the previous two
pulses is caused by spin-spin interactions and by
decoherence between nuclei precessing at slightly
different resonant frequencies (i.e. in slightly dif=-
ferent effective fields)., The third pulse results

from a recoherence of these spins due to the applic-
ation of the second pulse (Appendix II). This pulse,
the "echo!" pulse, has an amplitude depending omn the

ratio of T to T, and T

> 10 the transverse and longitudi-

nal relaxation times,
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Since the original experiment several reports
have been made of equipment designed to observe the
effect and the technique has been used both in nuclear
and electron resonance detection. A comprehensive
spectrometer has been reported by W.G. Clark (1964)
while other spectrometers have been reported by VW.B.
Mims (1965), Streever and Uriano (1965) and J. Schwarz
(1957). The theory of the effect has been derived
by E.L. Hahn (1950), Das and Saha (1954), Jaynes and
Bloom (1955) and by A. Abragam (1961).

Of the references mentioned, Jaynes and Bloom
give an elegant matrix treatment of the "Spin-Echo"
effect. Das and Saha, and Abragam have derived these
equations in the presence of diffusion effects and
have shown &that the two pulse "echo" has a non-
exponential decay with diffusion damping term of form
(exp.(-1/3kt3)); k being a function of field gradient

and diffusion coefficient, (Appendix II),.

Nuclear Resonance In Ferromagnetic Materials:

2.1.5 All of these methods observe the resonance

in an externally applied field. However, in 1959,
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Portis and Gossard (ref. 2:15) observed resonant
absorption of r,f. energy in ferromagnetic cobalt in
zero applied field. In the original experiment, a
marginal oscillator was used as the spectrometer,
Since that time, ferromagnetics have been examined
using most of the methods described above excepting
the bridge technique which is unsuitable for use at
variable frequencies., The remaining three methods
(Marginal oscillator, Super-regenerative and Spin-
Echo) can all be used for variable frequency measure-
ments but they vary in both complexity and sensiti-
vity.

The marginal oscillator is simplest to use as
there is only one parameter to vary in addition to
the frequency of oscillation., This variable is the
modulation frequency. The modulation depth is not
critical as long as it is small, This method is of
little use for detecting a resonance line whose
width is more than a few percent of the central reso-
nance frequency, as it would be difficult to separate

the resonant peak from variations in the base line
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due to the changing frequency.

The super-regenerative detector is more complex
as it requires a variation in quench frequency in
addition to variations in modulation frequency and
modulation depth, This complexity is compensated by
the improved ability to measure wider lines (Narath
et al, 1964) by using more incoherent frequency
pulses (i.e. pulses containing a greater range of
fregquencies)., This detector can also measure weaker
resonances than the marginal oscillator since a higher
radiofrequency (r.f.) amplitude can be used.

Spin-Echo detection is complicated by the neces-
sity to vary pulse width, pulse separation and radio-
frequency intensity as well as frequency. However,
as it can measure a line shape point by point (ref.
2:16), it is the most accurate for determining the
distribution of the effective field and is least
affected by spurious effects, such as oscillator
noise and microphonics., The absence of oscillator
noise when the echo pulse is being received helps to

increase the sensitivity of this technique; further
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improvement in sensitivity results from the use of a

high r.f. amplitude,

N.M.R. Techniques In GdCo?:

2.2 As mentioned in section 1:4, these measure-
ments were performed in an attempt to measure the
hyperfine constants of the various nuclei present in
Gd002 and related intermetallic compounds, From a
knowledge of the magnetic moment and nuclear spin of
the resonant nucleus, the internal field at that
nucleus, can then be determined.

During the course of the work reported here, all
of the nuclear magnetic resonance (n.m.r.) methods
mentioned in section 2:1 subsections 2,3, and 4 of

this chapter were used.

The Marginal Oscillator:

2.2,1 Initial attempts were made to observe the
GdCo2 resonance using a marginal oscillator which was
a modified version of one reported by R.C. LaForce

in 1961 (ref, 2:17). For a block diagram and circuits

see figure 2:1, The oscillator used was a Hartley
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oscillator, the grid and plate inductors being formed
by shorted lengths of coaxial tubing. The sample was
enclosed in a plastic bag, and placed at the shorted
end of the grid inductor while the plate inductor had
an adjustable shorting contact so that it could be
varied to obtain the best signal.

These two inductors were connected to the main
body of the oscillator by U.H.F. connectors. The
oscillator itself was built around a 955 acorn triode
and was constructed inside a rectangular metal box.
This triode is tuned by means of a butterfly capac-
itor, the stators of which were connected to the
inner conductors of the two coaxial tubes., The rotor
of the condenser was rotated by means of an insulated
shaft connected to a slow motor drive thus varying
the oscillator frequency.

The oscillator was frequency modulated as it was
used for zero field measurements. This frequency
modulation was produced by two variable capacity diodes
Dl’ D, placed back to back across the stators of the

2

butterfly. The diodes, were biased as far as possible
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in the back direction in order to increase their sen-
sitivity. The modulation voltage was then superim-
posed on the bias voltage in order to vary their
capacity and hence the frequency of oscillation. The
circuit for producing this bias is shown in the paper
reporfted by LaForce,

As the frequency of oscillation varied, the power
level of the oscillations also varied because of the
variations in capacity. This would produce a spurious
fregquency dependent variation in output amplitude if
not corrected, Consequently, a circuit was incor-
porated for maintaining the grid bias, and hence
oscillation level, constant as the frequency was
varied (LaForce, 1961).

The amplitude modulation produced at the plate
of the marginal oscillator was passed into an amplif-
ier tuned to the modulation frequency., The amplifier
was of conventional design with twin-T feedback tun-
ing and will not be described further here,

The amplifier voltage was then fed into a phase

sensitive detector which had a reference voltage de-
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rived from the modulation oscillation. The phase
shifter was used to make the relative phase between
the reference and signal voltages either 0° o£ 180°.
The D,C. voltage thus produced was fed onto a strip
chart recorder.

As the oscillator passed through the resonant
frequency, the added losses in the sample appeared
as an increased resistance in the grid inductance and
hence changed the level of oscillation of the oscilla-
tor. This caused a change in the amplitude modulat-
ion at the anode and was amplified and recorded on the
strip chart recorder,

| The frequency of oscillation was measured by

weakly coupling a single loop of wire into the oscil-
lator box. The r.f. signal picked up was then passed
on to a mixer and local oscillator., The output from
the mixer was fed into a fixed frequency radio re-
ceiver, Trequency markers were superimposed on the
chart recorder by means of a manual push button,

This apparatus was initially used to observe

‘the nuclear resonance signal of finely powdered face-
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centred~-cubic cobalt at room temperature, as a means
of checking its operation and obtaining some indica-
tion of its sensitivity. The signal obtained was well
resolved with high signal to noise ratio, (fig, 2:1),
Once this was completed, an exbensive search
was made o1 a resonance in GdCoz. The sample was
argain in the form of a »nowder, sealed in a polythene
bag and situated in the grid inductance of the spec-
trometer, The spectrometer frequency was then varied
from its maximum wvalue of 250 MHz to a minimum of
30 MHz, This was achieved in several stages as no
single tuned circuit was sufficient to cover the en-
tire frequency rdnge.
At room temperature, measurements were made Trom
250 MHz to 140 MHz using two sets of coaxial tubes
as the resonant circuits, At liquid nitrogen tempera-
tures it was essential to replace these coaxial lines
by coils made from copyver sbtrip above 100 MHz and
from 18 s,.w,g. copher wire for frequencies from 100
MHz to 30 Mllz, These coils had a cdiameter of approxi-

mately one inch, and the grid coil was placed around
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the tail of a narrow tailed dewar which contained the
sample.

Unfortunately, no resonance was observed in the
material for any frequency at either temperature.

It was then considered essential to move to a
system with higher sensitivity, and to this end a
super-regenerative technique was chosen as this could
be rapidly assembled and based on some of the compon-

ent parts of the marginal oscillator.

The Super-regenerative Detector:

2.2.2 The basic theory and circuits of super-
regenerative receivers are described in a book by
J.ﬁ. Whitehead (ref. 2:18). The advantage of super-
regenerative detectors over marginal oscillators is
that they can detect resonances with a much broader
line width, It has the disadvantage that it cannot
measure line shape directly due to the numerous side-
bands, spaced at intervals Av (equal to the quench
frequency fgq). The central frequency can be deter-
mined, however, by varying the quench frequency and

thus spreading the sidebands.
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The value of the quench frequency is limited by
the wvalues of Tl and T2. It cannot be greater than

1/T or else the sample under study becomes saturated

11
by the high power levels present in a super-regenera-
tive detector. Again it cannot be less than 1/T2

since then the sighal due to the precessing nuclei will
have decayed to zero before the initiation of the next
pulse; see section 2.1.3 above, Maximum sensitivity

is obtained when the width of the individual sidebands
(ns £q) are equal to the resomance line width (Narath

et al., 1964),

The oscillator used in this case was the same as
described in section 2,2.1 above, except that it had
been modified to allow a quenching voltage to be ap-
plied to it. Instead of having a grounded cathode,

a potential divider was placed between the cathode
and ground, and the quenching voltage was applied to
the centre of this divider. The level control cir-
cuit was used to set the grid current to a value
approximately 10 times greater than that used in the

marginal oscillator mode. This was in order to pro-
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vide for the much greater power level used in the
super-regenerative mode.

This spectrometer was also tested on cobalt at
room temperature for high frequency sensitivity. In
addition, powdered iron was used at liquid nitrogen
temperatures to test for low frequency sensitivity.

When first used, the super-regenerative detector
picked up the cobalt resonance very easily. The graph
shown in figure 2.2 is with reduced amplifier sensi-
tivity. In order to obtain the best absorption curve,
both quench frequency and quench amplitude had to be
varied, The quench amplitude controls the degree aof
coherence (Narath, 1964) between the various sidebands
given out by the oscillator and this in turn influ-
ences the sensitivity of the spectrometer,

In order to observe the iron resonance it was
necessary to increase the depth of frequency modula-
tion to a value well in excess of the iron resonance
line-width. (fig. 2:2).

Tt will be noticed that the signal to noise ratio

is greater in the cobalt resonance than in the iron
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resonance, This gives some indication of the differ-
ence in resonance signal intensity between the two
elements and why it was necessary to use a more sen-
sitive spectrometer in order to observe the iron reso-
nance.

A search was again made to detect a resonance in
GdCo2 at liquid nitrogen temperatures, Unfortunately,
however, this was unsuccessful over the entire fre-
quency range from 35 to 250 megacyvcles. The search
wvas repeated with various combinations of quenching
frequency, quenching voltage and modulation depth, but

at no time was a resonance observed,

The Spin Echo Apparatus:

2.2.3 Because of the lack of success in detect-

iﬁg a resonance in GdCo, by the above methods, it was

2
decided to attempt to detect the effect using the
experimentally more complex but more sensitive "Spin-

Echo" technique.

(a) A block diagram of the "Spin-Echo" apparatus is

shown in fig. 2:3. The pulsed oscillator was cons=
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nected by means of 300 ohm cable to a coil surround-
ing the sample and a concentric receiving coil was
used to detect any echoes produced by the sample.
This detected signal was heterodyned with a c.w.
signal from the local oscillator (a Marconi. TF.01/B.)
in the mixer circuit. The frequency was then shifted
to approximately 34 MHz. and passed into an I.F.
amplifier strip, tuned to that frequency, where it
was amplified and rectified., The output of the I.F,
strip was connected to the input of an oscilloscope
which was synchronised by a pulse from the pulse
generator. The echo then showed up as a pulse of
short duration on the oscilloscope.

The pulse generator was able to provide three
pulses which were either positive or negative going
with the negative level held at ground potential,

The widths of these pulses could be varied indepen-
dently from a minimum value of about +p sec. to a
maximum value of 25 p sec. Depending on whether a
two or three pulse echo sequence was being used, the

separation between the pulses could have a common
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control or be independent.

The basic pulse sequence was produced by a series
of six Ferranti logic modules. The sequence was ini-
tiated by a pulse from a free running multivibrator
(L.C.E. 507) (see fig. 2:k), the frequency of which
was determined by six stepped capacitors. These capa-
citors were added in parallel to each other by means
of a shorting switch thus allowing the repetition rate
to be varied from 20 - 1000 p.p.s.

The output from the L.C.E, 507 then goes to the
input of three univibrator modules (L.C.E. 506).

These modules have diode-capacitor inputs which are
connected so that they were triggered only on the
negative going edge of the input pulse,

The first two modules produce the delay pulse
width, Thes2 widths could be varied in a similar man-
ner to the repetition rate except that three switches
were now used to vary the first delay width from 5 p
sec. to a maximum of Ay 500 1 sec, in 125 steps. The
capacitors for the second delay width were ganged to

those for the first, but the voltage levels in the
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second module were so arranged that the delay widths
were approximately twice those of the first. Two
variable capacitors provide the fine control of the
delay widths., When used in the three pulse echo mode
an additional switch was provided so that the first
delay width could be held constant while the second
was varied, |

The third univibrator provided the first pulse
for the output amplifiers. The second and third out-
put pulses were provided by the remaining two uni-
vibrators which were triggered by the second and first
univibrators respectively. Each of the output pulse
widths were switched from .5 g sec, to 25 p sec, in
25 steps.

These output modules could provide either posi-
tive or negative going pulses switched between the
pPlus six and zero voltage levels., These were then
fed into the output amplifiers,

The two output amplifiers are identical except
that one has a three terminal "or-gate" input, where-

as the other has only a single input. These ampli-
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fiers were used to change the output pulse power from
6 volts at 6 m,a, maximum, to a value of 40 volts at
500 m.a. maximum, It was desirable thatl this great
increase in power should produce very little degen=-
eration in pulse rise and fall times, For this reason
all transistors employed were of the high current
fast switching type and were used in complementary
configurations in order to increase switching speeds,
For a schematic diagram of the circuit employed, see
figure 2:5.

The input transistor was a PNP transistor with
the emitter at plus 6v and collector load at Ov,
With the input voltage level at plus 6v the transis-
tor was switched off and no current was drawn by the
collector, There was then no voltage drop across the
collector load and its voltage was zero, If the in-
put voltage level dropped to zero volts, the current
drawn through the base saturated the transistor and
forced its collector voltage up to just less than 6
volts.,

The remainder of the circuit had a ground pot-
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