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ABS TRACT,
Magnetic measurements have been.carried,out on. compounds of the

form Gdiﬂ' XCo s Where x varies from 1 to O. The megsurements were carried

1 2
out, over a wide range of temperaﬁuresiand applied magnetic fields on a,
vibrating sample magnetometer,
The results show that these compoundsywith high gadolinium content
are strongly megnetic, and their Curie pointis range from 400°K inGdCo2

down to near zero for x&0,l. The compound YCo, is shown to be

2
antiferromagnetic, with. a Neel point of 190°K. The magnetisation versus
temperature results show en snomgly in: the form of g "kink" in the curves
for those compounds with x greater than 0.33, and the presénoe of this
kink is shown to be dependent on the/strengﬁh of the apﬁlied magnetic
field, a minimum, or critical field being required bBefore the anomaly
appears. |

The model proposed to explain,this~behamiour is an adaptation of
one proposed by Lobtgering, for which.an entiferromsgnetic Gd-Co coupling,
an subiferromagnetic Co-Co coupling, and a ferromsgnetic Gd-Gd coupling
are required. Glven these conditions, it is shown that a triangular
configurationgof moments can exist, in which the Gd moments lie prarallel
to the applied magnetic field, and the cobalt moments lie antiparallel

to the applied field, but tilted alternstely right and left at an angle

50 ag to form g triangle with the Gd moment. It is shown that such a

condition cani exist only below & certain oriticsl temperature, and at
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fields above a certain critical wvelue. In all respects this model appears
to fit the oBserved results well, but confirmation of the existence of
such a configuration not only in these compounds, but probably in
rare-earth - (cobalt)é and rare-earth - (iron.)2 compounds also, must await |
neutron diffraction measurements with s moderately high magnetic fieldl‘

applied to the specimens.
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NOMENC LATURE

Other symbols are defined in the text. Occasionglly symbols shown here

are used with different meanings in the text; in such cases they are

re~defined in the text.

H - Msgnetic fiel_d

J - Total gquantum number

L - Total orbital angular momentum

S - Total spin angular momentum

Se - Total spin angular momentum of an electron
R - Rare earths

SWG - ©tandard wire gauvge

£ . Fermi energy
£
kf - PFermi vector
kB" - Boltzmenn's constant
Q, T - Tempersture
OP - Paramagnetic Curie point

G_C -~ Curie temperature
ON‘ - Neel temperature ‘
gj - CGyromegnetic ratio
z - Charge

o~ Magnetisation

/“e- Magnetic moment, Bohr magnetons

vo- Atomic volume
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CHAPTER ONZE

1,1 Introduction

In the past ten years or =, interest in the properties of the
" series of elements known as the rare earths has increased enormously. In
particular, research into their magnetic properties has grown at a
remarkable pace, chiefly through o search for materials which might be
used in solid state deviées. So far as basic theory is concerned, the
interactions which cause co-operative megnebtic phenomena in the solid
elements, compounds and alloys are proving to be of a complex nature., The
work described in this thesis is an investigation into the magnetic
properties of a series of compounds of the form dejluxpoz, where X varies
from 1 to 0, in an attempt to more fully understoni the msgnetic intewr-
actions which are present in the rare earths,

A1) the compounds investigated are of the same structure, the Javes
phase cubic structure, of the MgCuZ type. The intevatomic distances change
very little throughout the series,

1.2 The Rare-Rarths

Though a large amount of information has accrued in the past 150
years on the rare earths, their commercial uses have, up to the present
time, remained few, XAbout 25% of the yearly production of rare earths is
used in carbon arc lighting, another 25% is token up by various metallur-
gical apolications; for instance a 703 fare~earth~3qﬁ iron alloy is used
in the production of lighter {lints, Rare earths are also used to improve

malleability, tensile strength, ductility and welding ability in ferrous



alloys, and the improvement of oxidation resistence in various chromiun
type stainless steels, They also improve some of the mechanical and
metallurgical properties of many other metals, including sluminium, .cobalt,
magnesium, nickel, silver and titanium. Another 25% is used by the glass
industry in polishing powders, decolorisers and colouring agents. The
remaining 25% ig divided among verious applications such as uge in vacuum
tube getters, waterproofing agents, fungicides and catalysts.

The rare earths are very similar chemically, and separation
techniques were far from satisfactory, until the discovery that the rare
earths made excellent radiation shields and radiation absorbers led to
great advances in separation technigues about 25 years ago, It was not
untll these advances had been made thet considerable quantities of most
of the rare earths in a relatively pure form became available. Many
magnetic measurements depend on having a single crystal of the material
available, for example in measuring anisotropy energies, and single
crystals of the rare earthshave only eexeallycheromeavailable .

The name by which this series of elements is usually known ig
rather a misnomer, since the oxides of the elements occur naturally in
large quantitiesvin minerals such as monazite, xenotime and gadolinite,

In fact, they are much more abundant than the platinum group metals., The
word "earth" is also mislesding, since, in the elemental form, =21l the
rare earths are metals, Théy are heavy elements, occurring between atomic
numbers 58 and 71, end are generally trivalent, though some elements may
be divalent, others tetravalent, The valence shells of the series are the

6s and 5d shells, but it is in the 4&Ff shell that the elements differ
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electronically., This is also the shell which gives rise to the interesting
magnetic properties of the rare earths, for the energy oonfigﬁrations are
such that one 4f sub-shell (spin + electrons) must be filled Before the
other (spin=% electrons) may begin to be filled. The outer electron shells
are identical in the series, ig, the 4d, 5s, 5p and 6s shells are all
filled, and in most elements there is one electron in the 5d shell, Table
1 shows the electronic structure of the complete lanthanide (rere earth)
series,

1.3 The Magnetisn of the Rare Rarths

Hund's principle of maximum multiplicity (ref 1.1) shows that the
unpeired 4 electrons which are responsible for paramagnetic behaviour
should increase regularly in number from one with cerium to a maximum of
seven with gadoliniun, and then decrease to one with ytterbium. This
suggests a maximum in permanent magnetic moment at gadolinium, whereas in
fact two moxima occur: one peck near neodymium, and the larger peak at
dysprosiun and holmium, Tig 1.1 shows the variation of permanent msgnetic
moment with atomic number. The reason for the two moxima is given by
Hund's rules, the third of which states that for a shell which is less
then half-filled (in this case n K7), the total quantum nuwber, J, is
given by J = L - 5, and for a shell which is more than half-filled, J =
L + 8. 1T is the total orbital angular momentun of the shell formed by t ke
addition of the angular momenta of the individual Lf electrons, and S is
the total spin engular momentum of the shell formed in a like manner.

The Lf electrons £ill up the shell in a manner dictated by Hund's first

two rules, which state that (i); the spin arrangement should have the
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maxinmum total spin angulsr momentum, and (ii) the orbital arrengement
should have the maximun orbital sngular momentum within the restriction
of rule (i) and of the Pauli exclusion principle., Thus the orbital
angular momenta of the 4Ff electrons will be, in oxder, 3, 2, 1, 0, -1,
-2, =3, 3, 2, 1, 0, =1, =2, =3; and the spin sngular moments of the
individusl electrone will be, in order, # for the first seven electrons,
and ~% for the last seven, So, for example, cerium has L =3 and § = 7,
giving J = 2F; praseodymium has L =5, $ = 1, and J = L, whereas gadol-
inium has T = 3424140-1-2-3 = 0, S = 7/2, and J = + 7/2; terbium has L =
3, S =3 ond J = +6,

Tn order to calculate the magnetic moment of the atoms, J must be
multiplied by g, the gyromagnetic ratio, The value of g is obtained by

using the Lande formula

1. J(T41) 4 5(841) = L(L4l)
23 (J 41)

. g =

and the appropriate values of J, L and S, The égreement between theoret-
) exp?v':mev\\'a\ ' N 3, '
jcal and cmmimswsndt volues 1s excellent, except for Ju” ' amd Sw” ", This
discropanoy is interpreted in tewmms of the fact that the energy separation
between the ground state and the first excited state is fairly small Ffor
these clements, and is comparable to the themal energy, kT. Since such
an excited state has a larger volue of J than the ground state for the
less than half-filled 4 shell, thermal excitation is expected to incresse
the magnetic noment above that calculated according to IHund's rules,

Yan Vieck and Wronk (ref 1.2) have corvried ol this caloulation for



europium and semorium, and agreement of these caleulated results with
experiment is excellent,

1.4 The Lf Shell in the Rare Faorths

The rare earth series is digtinetive in that the electronic shell
giving rise to the slrong magnetic properties of the series, the 4 shell,
ig deep lylng and well screened from neighbouring atoms., The radius of
this shell is only about 107 of the interatomic distance in the metals,

. 0

and. sbout 30 of the gtowmic rodiug, which vanges from 2,044 for euvopium

0
to 1.614 for beta-phase scandium, This gives rise to the 4f shell
experiencing a very high effective nucléar charge, The LI electrons do
not form o band, since they are very deeply buried in the atom, This
deeply burled character of the 4f shell means that it does not take any
part in chendcal honding, which in turn mesns that the elements are
chemically very similar. This sccounts for the great difficulty experien-
ced in developing effective technigues for separating one rare eorth from
another, One further consequence of the cherlcelly similar nature of the
rare earths is that they usually form solid solutions with each other
quite easily, and generally they may substitute for one another in any
given compound, The limit to this behaviour is set by size, so that
alloying and substitubion only occur readily if the atomic radii do not

differ by more than 1597,

1.5 Izchange Interactions in the Rare Tarth Metals = RKKY Theory

The W& electrons of & rare carth atom in the metallic form can not

perform an exchange interaction directly with the 4f electrons of a



neighbouring atom, because of thelr deep lying position, shielded by the
55 and 5p shells. Strong magnetic coupling does exist in the metals,
however, and the theory of indireoct interaction between atoms, due to
Ruderman, Kittel, Kasuya and Yosida, known as the RKKY theory (ref 1.3)
has been developed to explain the observed magnetic phenemensa.

1.5.1 Qualitative s—f Interaction

The interaction between conduction electrons and ion spins in the
rare earths may be described by s scaler coupling between spins of the

form

H‘kk' — "'"\—1 ) SSQ - T T (\)

ad Kk

where gy is the dominant interaction, k and kl are two orbital states of
the conduction electron, and Se is the spin of this electron., It is
usually sufficlent to replace ‘1k\<'by a unique constant Y‘° The effects
of & scaler imteraction of the type shown in equation (1) have been disw
cussed by Yoside (vef 1.i) for Cu-ln alloys, and by Kasuya (ref 1.,5) for
gadolinium,

The exchange constant Y1 , arises from three effects:

a) The 4f shell produces a coulomb potential and an exchange
potential which act on the conduction, or 8, electrons, The
coulomb potential is non-spherically symmetric, since the 4f
shell is not sphericeal, and it depends on the orientation of
the orbitel moment I of the ion, The most important term is

given by the intersection between the charge of the conduction



eglectron and. the 4f shell quadrupole. It is, however, very
small, because of the small radius of the 4L shell.

The exchange texm depends on the relative orienmtation of con-
duction electron spin and the rare corth spin S. It may be
represented approximately by an interaction of the fom of
equation (1),

Rffect of virtual bound 4L levels, A conduction electron may
be ebsorbed by the 4f shell (in which it occupies a metastable
level), then emitted again. If the metastable level is quite
near the Fermi level, a scattering resonence is obtained, The
virtual levels thus obtained mey also be described by a scalar
interaction of the form shown in equation (1), Here the con=
stant T‘ is only an exchange integral; it is not necessarily

either positive or constant in the series,

De Gennes (ref 1,6) has shown that if the snderson mechanism (ref.

1.7) is applied to these virtuel bound levels, an antiferromagnetio‘1 may

be producede.

1.5.2 Polarisstion of Spin Near Rore Hargh Tous

The interaction described by equation (1) leads to the conduction
electron spins bheing polarised in the neighbourhood of a rare earth ilon,
If the direction of the spin S of the ion does not change, the polarisation
P(R) may be calculated by asswning that the conduction electrons instently
adopt the equilibrium configuration in the presence of the ion spin 3

(adiabatic approximation). By Yosida's approximation (ref 1,.)

\0.



P(R) = <%5, S(R_Q‘R\>
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In this formula e ’Zlk‘:' R' R being the distance from the rare earth
ion being observed, The polarisation P(R) has a fairly large spatial range
and alternates in sign. These two properties, which are to a great extent
independent of the detailed mechanism of the s-f interaction, are fundamen-
tal in the understanding of the magnetisu of the rore earth metals,

1.5.3 Indirect Inberaction between Two Tons

Considexr two lons Sl and, S2 a distance R12 apart in the metal, The
first ion causes spin polarisation Pl(RrRl) in the surrounding conduction
electrons, which reacts on the second ion., In the absence of spin-orbit

coupling, the resultant indirect interaction becomes

.l < -
Ao g (Re-R) =T TS, 8, Bk Ria)- )
— . g3 —_— =
* ' ’L\'Voi EF
The principal problen in applying this interaction to the rare earths is
to correctly include the effect of the spin-orbit coup ling on the spins

Sl and 82. It turns out that, for |<87‘<31 \k,S where ULS is the spin

',



orbit coupling energy, S, may be replaced by (gj—l)J in equation (3).

1.6 Conseguences of the RKKY Theory

The long-range oscillatory nature of the indirect interaction
described by the RKKY theory allows the unusual magnetic phenomena of the
rore earths to be explained, including the existence of metamagnetism
(the phenomenon where a transition takes place fron ferromagnetism to
antiferromagnetism and vice versa, the transition being induced by the
application of o strong field or by a change inAtemperature). The ferro-
mognetic to antiferromegnetic transitions observed in, for example, Th,
Dy, Ho, Er and Tm are a direct result of the existence of helical spin
structures in the heavy rare earths., In turn, the bhelical spin structures
may be accounted for iessivynullly on the basis of the RKKY theory of
indirect exchange, This configuration was first propounded by Yosghimori
(ref 1.8) to explain the properties of the antiferromagnetic compound
¥n0,, by Villain (vef 1,9) for lindu,, and by Kaplan (vef 1.10). Tn this
type of structure, the spin magnetic moments in a given plane (say the
xy plane), are all aligned parallel to one another, while the next bhane
along the gz axis has spin moments which agein are all aligned parallel,
but point in a different direction to those in the neighbouring xy planes.
Tt has been shown that for such a structure to be stable, the interaction
between ncarest-neighbour planes must be of opposite sign to that between
next nearest-neighbour - planes, Such a situation can arise with an
indirect exchange interaction which is long range aud oscillatory in sign.
Iir J1 and J2 are the exchange integrals for the interschions between one

atom and all atoms in the first and second neighbour planes, respectively,

VL.
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(J]:>'O and J2<i 0), then the necessary condition for a helical spin con=
Figurgtion is \J2| > T/l

The helical spin configurstions of the heav& rare earths have been
explained by Miwa and Yosida (ref 1.11) in terms of a helical spin structure
modified by the presence of a msgnebo-crystalline anisotropy.

The REKY theory may also be applied to the parmegnetic Curie points,
ép’ of the rare earths, In fact OP is simply proportional to the mean of
the intersctions bebtween an ion and its neighbours.

If direct coupling between £ shells is negligible, then using

Yosida's model (ref L.k) it follows that

b, =-21 ™ (35-) IOV G, PRy
W

k a

For s given structure, the quantities kFﬂij are unique functions of the
nunber of valence electrons per atom z,
It should be noted, with regard to the RKKY theory, that
a) the model is based on a free electron model of the solids,
b) it assumes the potentisl distribution ot the ion is a §
function,
¢) the use of the RKKY theory in the ware earths is justified by
(1) 4in the heavy rore earths, a plot of QP against
J(T4) (gJ—l)Q, assuming that fiIW(ZkFRij) renains

constant, provides a straight line (wvef 1.6)
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(ii) the model gives good agreement with experimental data
for spin resistivity (ref 1.12)

(1i3) the model gives fairly good agreement with experimental
results for the angle of turn in helical spin config-
urations in the rare earths (ref 1,10)

1.7 Developments of the RKKY Theorv

Freeman and Watson (ref 1,14) have included the effect of the
distribubion of spins in the Lf shell, ige.making the potential well not a
S function. This modifies the form of the polarisation P(R) consider—
ably, though it is still long range and oscillatory in nsture,

Overhauser, Wolf and others (ref 1.15) provide a further refinement
by including a more correct ussge of the Pauli exclusion principle as
applied to the free clectrons (conduction electrons), thus modifying the
function ZF(QkFRij) in equation (3). Again, the polarisation remains long-
range and oscillatory.

Yoside and Votabe (ref 1.16) used a model based on the RKKY theory
in an attempt to predict the turn angle in the heavy rare earth helipal
configurations, and obtained a value of 480, which agrees very well with
the values found experimentally in Ho, Tr and Tm, but bears little
relation to the values found in Gd, Tb and Dy, De Gennes end St Jenmes
(ref 1,17) carrvied out o development of this work by ettempting to
include the effect of aspin disorder resistivity on the electron mean free
path. They obtained turn angle values ranging from 0° in Ga. to 530 in ’l‘m,'

in falr agreement with experinent,

Vo,
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For a given metal, as the temperature is lowered and the amount of
order increases, the mean frce paths associsted with the spin disorder
will increase, which wéuld lead one to expect an incresse in turn angle as
the tempervature is decreased, In fact, experiment shows that turn angles
decrease with decreasing temperature, One mechenisn which wight be
expected Lo explain this discrepancy has heen provosed by Overhauser
(ref 1,18), Hackintosh (ref 1,19), Miwa (réf 1.20) and Elliott and Wedgwood
(ref 1.,21)e The develovment of wagnetic ordering over many lattice
spacings as the tempersture is decreased introduces a periodic sbructure
in the scatbering potential which crectes new planes of energy discontiaunity
in the Brillouwin zone structure, “‘hen the energy gaps appear in the con~
duction hend, the effective nuiber of conduction electrons is reduced and
the electrical wresistivity incsceses, BLliott and edgunood (ref 1.21)
carcied out caleculations using this model, and obtsined results which were
in good. egreerent with empiidcal values for the elewents Tm, Er and Ho,

which have small gap vidths and spin guantun nmmbers, but egrecment was
vory bed for Th and Dy, due uyresumably to the effects of spin disorder
resistivity mentioned esrlier,

Miwa (ref 1.22) hes recently attempted a unified theory which
ineludes both the band gap and disorder scattering effects, but achleves
only moderate success,

Darby and Taylor (ref 1.23) have attempted an explenation of the
widely varying paremegnetic Curie temperatures and some reported Weel
tenperatures of the R qompounds, where 3 is Gd, Th Dy, To, Tm or Yb ond

Zis N, Py Asy, &b or Bi, in terms of the veriations in lattice spacings
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of the compounds, using the free eieotron indirect exchange theory of REKKY,
Thelr results indicate that if the effective number of conduction electrons
per rore eorth ion is baken to be 1.42 for all the compounds, then the
values of the Fermi vector kf and. the widely varying paramagnetic Curie
points of these compounds can be accounted for entively by chenges in
latiice spacing.

In conclusion, we ney say that the IEKY theory provides a very falr
physical pleture of the magnetic properties of the rare earths. It
provides o basis for predicting the megnetism of the rare earths, at least
in their elemental form., Quantitative agreement between the theory, in
its refined form, and experiment is quite good. Vhen we move from the
elemental form of the rare earths, and take a look at rere earth alloys
and compounds, the picture is not so well ordered.

1.8 Rare Terth Allovs end Compounds

Before attempting to understand the magnetic properties of rare
earth compounds as a generic group, it may be instructive to recall why
these properties are of interest, and why they are not easily predictable,
In all the rare earths, the outer electronic configuration is identical,
ie, the 4d, 5s, 5p and 6s shells are all f£illed, and there is §ne electron
in the 54 level in most cases, The 6s and 5d electrons are easily
stripped off, making the ion, as a rule, tripositive, As the L shell is
£illed, the muclear charge slso increases, and since the inner electron
shells do not completely shield the 4f and higher shells from this
increased charge, the Lf and velence shells are both more firmly bhound to

the atom, and contract in dismeter, as the stomic nuwber increases, This
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effect, known as the lenthanide contrasction, is one of the causes of the
variations in the chemical properties of the elements, and also complicates
the magnetic properties of the compounds, Rlementary quantum theory states
that helf and completely £illed levels are stable states, and this
principle, when epplicd to the L shell of the rare earths, means that, for
exanple, the tetravalent state may in some circumstances be more energet-
ically favourable than the trivalent state, in the cese of terbium. Coerium
and praseodymium may also act as tetravelent ions, énd samarium, europium
and ytterbium have divalent states as well as the normal trivalent ones.

In other words, for a substantial part of the rarc earth series, the
electron configuration can not be predicted with certainty,

The basic point of interest in the magnetic properties of compounds
and alloys of the rere earths is that here we have availablé a series of
elements, chemically very similar, with strong magnetic properties, It
is possible with these elements to make up a series of magneticalyy active
alloys or compounds with another element in which a minimum of paraweters
change through the series, A magnetic sbudy of such a series might be expec-
ted to provide a set of data which can be easily interpreted in temms of
the differences in composition of the specimens, which in turn can be expec-
ted to demonstrate readily the parameters which are importent to the mag-
netic interactions in the series, Such knowledge must throw light on the
nature of the magnetic intersctions, together with ovemsmismsimesenei
el v erstanding of how such an interaction works. Such an under-

standing can only lead to advances in the theory of magnetism, and to the
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ability to tailor a material to cavry out o specific task in a megnetic
device, ' 3

ETeviéus work on rare-earth alloys and compownds: may be found in a
condensed. form in the books by Gschneidner (ref 1.24) published in 1961,
and by Spedding and Deane (ref 1.25); also in a paper by Bozorth (ref.
1.,26), given at the Twelfth fnnual Conference on lingnetimm and lMognetbic
Haterials, November 1966,

1.8.1 Rare naxrth Alloys

The magnetic properties of R=~R alloys have by now been fairly
thoroughly investigoted, and it has been shown (ref 1,27) that the Néel
2

temperature may generally be expressed as follows:=— ON =40 G Q, where

G = CyGq + 06, and G = (g—l)2 J(J41), G being the de Gennes factor

(vef 1.28), and cq and o the stomic concentrations of the counstituents

of the alloy., The Curie points of the alloys, in contragt, show some
ordering with changes in composition, but are much more dependent on the
ac%ual elements in the alloys than in the case of the Wéel temperatures.
The anomalies are thought to be due to trensformations which occur in the
direction vectors of the individusl megnetic moments of the constituent
“atoms when the aversge population of the 4f level exceeds a certain number,
For example, in the Ho-Rr slloys, at a composition correspounding to ebout
ten 4 electrons per atom, a minimuwn occurs in the Curie tempersture against
‘number of L clectrons curve (vef 1.32), this is thought to correspond to

o change in the direction vector of the Ho and Tr moments. In fact, the

anomalies which axrise in the Curie temperatures of the alloys of the heavy

rare earths ore basically due to the spirel spin structure of some of the
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elements, The R-R alloys, in short, are becoming gencrally well understood,
though theve cre some problems still to be solved,

1.8,2 Rere Barth Compounds

Conpounds of the rore earths with other elements are mulbitudinous
and they displey o large varieby of types of magnebic behaviour,
Wilkinson et al (ref 1,29) have studied the magnetic properties of rere
earth compounds containiﬁgjl (b) elements such as N, P, As, and Sb, Their
results show thet THbN, DyN, IoN and Bxrll are ferromagnetic, with Curie
points of 420, 260, 180 and 5OK, respectively, HoP is fervomagnetic below
5OK, but others, such as ThP, TbAs, Tb%, HoSb, FrP and EnSb avre anti-
ferromagnebic with Weel points below 150K. |

Pouthenet (ref 1,30) determined the seturation megnetic moments of
the rare earth oxide gornets, and found that the orbitael moments of the
rare earth elements in these compounds seem to be partially quenched at
temperaturces below sbout 100°K. The strong ferromagnetism of Fuld helow
770K was investipgated by letthiss, Bozorth and Van Vleck (ref 1,31). The
saturation magnetisation at low temperatures has the very high value of
1917 gauss, comparsble with iron, gadolinium, or Fe-Co alloy.

1.8.3 Rore Terth - Tronsition Ketal Compounds

Nesbitt et al (ref 1.33) have carried out measurements on RCO5’
RFGA and RN15. They £ind that, for RC05, an sntiferromagnetic coupling
tekes place, with five cobalt moments opposed to the single rare earth
noment. Vhen the rare esxrth is Sm, Nd or Pr, however, they conclude that

the compound has o ferromegnetic structure, Using such a model, the
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experimental results ars in good agreement with calculated values, except
for Sm, Ce, Id and Pr, The authors meintain that these discrepancies
camot be explained by a failure of the compounds to reach saturetion,

since, for example, if the date for NdCo. is extraspolated to infinite

5
field, the value obbained still lies 10% below the calculated value. They
exylaiﬁ the anomalous behaviour of the Sm, Nd and Pr compounds by
suggesting that the rare earth spin moments couple antiferrowagnetically
with those of the cobelt while the orbital moments couple Pervomogneticelly.
The 06005 anomaly 1s aseribed to & sharp chorge in the lattice parameter
for this compound as compared with the others, which they state indicates
the loss of a 4L electron to the conduction band, It is quite possible,
however, thot the Sm, Nd sand FPr compound results may be explained by a
mechanism due to a crystal field effect which quenches the moment, such
as‘has been proposed by Blesney (ref 1,34) for R}ﬁz and RNis compounds,
and which will be discussed later, Nesbitt's results show that for the
coupound. s DyCo5 and TbCoB, where the agreement between experinment and
theoxry for the magnetic moments (essuming antiferromagnetic alignment) is
very good, a minimun oocﬁrs in the magnetic momeut at a temperature of
y+7OK Tor DyCo5 and IQOOK forxr TbCoS. These minima heve heen demonstrated
to be compensatioh points, ond the substitution of one copper atom for
one cobult atom per formula unit incréases the fempe:ature of the coupcensa-
tion point by 930K in the dysprosium compound, and by‘lBOOK in the terbium
compound. ,

Compensation points are algo observed in Rﬂeh.compounds by Veshitt

et al for holmium, dysprosium and erbium, which strongly suggests that
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these compounds hove antiferromaguetic coupling. The saturation values

of npgnetic norent obteined tend to besry this out, though there are cone
siderable Jdlscrepanclies between experimentsl and theoretical velues, The
avthors do not offer an explenation,

In the case of the RN15 compounds, the authors could discover no
anbiferromegnetic ;oupling or corpensation voints, though some of the con-
vounds arc ferronagnetic at‘low temperatures. The suthors observe that
the compounds beheviour indicates thot nickel csrries o szero monent, CThey
explain their behaviour by suggesting that the nickel 3d band is £11led by
vere earth velence clectrons. They also observe that, for exanple in
GdNiG, the obgserved moment is 6, }m?, whereas 18 the nickel Yook no p art
in the magnetisn of the couwpound, o value of ZHB should be observed, AS
has already been stuted, Pleaney (vef 1.34) expleins the vesults by cale
culating the orbital wouent guenching due to the effects of the crysbal

. . . . 10 )
field; essuming nickel to be in the 34 gtate, though this cannot account
for the anowslous deis result, since gadolinium has no orbital moment,

Abrahans ot al (ref 1.35) have carried out a series of measurenents

on the magnetic properties of RIW compounds. They conpare their measure-

ments with theoreticol values calculated on the assumption that the moment

e

2
ig duc entirely to frce 7’7" jons ond obtain excellent agreement, As din

the case of the RN,
2

compounds investigeted by Skrebek end vallace (rof 1,36), the nickel again

g

compounds lovestigated by Negbitt et al, amd of R,
<

appears to carry no uoment, end can be regarded os neutrel with conligura-
IR RN 10 m A 3L L |
tion 347 . The measured magnetic moments of the compounds sre consistent
with a Terromagnetic cxchange interaction between the spin moments of the

AN



rore carth components. There is also some cvidence to indicate an anti-
Terromagnetic coupling between the orbital uonents of the rere eaxth ions,
though this is not confirued.,

Bozorth et &l (ref 1.37) heve imeasured the Curie points and satura-
tion moments for 3?%]'.1*2, ne 'sz and. 1R o compounds, They £find that the Curie
point (ie the strength of the exchange in‘ter:ac’cion) is 2t Its highest for
the gadolinium compounds, end falls away as the nunber of 4 electrons ig
cither increased or decreased, The saturstion moments of the compounds
lie below the values which might be expected if the ferromegnetic exchange
interaction‘ were between the total moments of the rere earth ions, bubt ere
above the values predicted by a model assuning coupling between spin
moments only, This discrepancy ils interprebted in terins of partial
gquenching of the orbitel moments caused by the strong crystal fleld found
in these conpounds,

" L84 RB, Compounds |

AlL the rare-corth-transition wetal compounds of the 1?532 type hove
the cubic Leves phese (]\igCuz) structure, Migure 1.2 shows a representa-
tion of this type of structure, with rare earth atoms represented by black
balls, and transition metal atoms by white bells. There are cight vare
carth atoms and W sixteen transition metal atoms per unit cell,

Ross end Crangle (vef 1,38) have investigated the nagnetic proper-
ties of RBZ compounds, where B is ¥e, Co, Wi, Bh and Pt, fheir magnetisa-
tion versus temperature results for the iron snd cobalt compouwnds (rer, 4%5.
1.3) show cnomelies in the form of "kinks" in the curves, vhich they say
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seem 0 be associated with the presence of localised wmoments on both kinds
of atoms present in the compounds. They speculate that these kinks, which
are also observed by Wallace and Skrabek (ref 1.36), Ferrell and VWallace
{ref 1.39) and also appear in this thesis, may be due to some kind of Lri-
angular arvangement of spins as discussed by letmeing (ref 1.40), The
results of RNoss and Crangle are congistent with an indirect exchange inter-
action being the dominant mechanism. They conclude that crystal field
effects, in all compounds except those of gadolinium, reduce the orbital
moments of the rare earth ilons, For gadolinium, they propose that the
slight discrepancy between the observed resulis and the full godolinium
moment mey be explained by a net negative magnetisation of the polarised
conduction electrons in the vicinity of the rere eaxrth ions. ThisAimplies
an antiferromagnetic coupling between the localised Lf shell of the gado=-
linium and the nearby conduction electrons, They also state that the
reduced transition metal moments in the iron and cobalt compounds olign
antiparallel to the rere earth for the heavy‘rare earths, and parallel to
the rare earth moment Sor the light rare earths, Thus, in all cases where
the transition metal has o moment, it alisgns antiparsellel to the spin
moment of the rare ecrth.

Wollace and Skrabek (ref 1,41) bave also investigated the magnetic
properties of RNi, end RCo, compounds. As has been previously stated,
their magnetisation vérsus temperature results Ffor some of the RCo2 com=
pounds have a choracteristic shape which is very like the anomalous results

shown in this thesis for GdXYl~xCO? compounds, the results obtained by
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Crongle and Ross for .RCO2 and RPe,. and the results obbtalined by Farrell and

2
Vellace for RCo?. Blesney (ref 1.L2) explains the results of allace and
Skrabel in terms of quenching of the rare earth orbital moment due to the
effects of electrostetic fields set up within the crystal.

The work of Ferrell and Vallace (vef 1,39) on Rﬂiz and. R002 oompou@ds
lorgely discounts the possibility of crystal £ield cuenching being the dominant
cause of the low magnetic moments, This paper, in relation to the crystal
field guenching theory, will be discussed in detsil in Chapter Tour,

Ve may sunmerdise this bricf review of some of the more interesting
magnetic propertiecs of the rare earth alloys and compounds by saying that
the ﬁagnetio situation in o material conbaining rare earths is often of a
complei nature, The two major foctors which make it 4ifficult Ho predict
the magnetic behaviour of rsre carth conpounds awve firstly, the tendeucy
of some of the rare earths to interact with o spin-only moment when o high
crystal field is present in the material, the orbital moment being
quenched; ond secondly, the tendency of the rare earths to lose some of
their valence electrons, end occasionally some Lf electrons, in an unpro=~
dictable mgmer such that the electron configuretions of the rare carth
and of the other element in the compound are not known with any certsinty;

nor is the number off electrons which have been promoted into the conduction

bﬂ,nd. °

1.9 Gd Y. Co_ Compounds
jr it et e ag
The presecant work is an investigation of compounds of the type

Ga Y]—XCO?’ vhere ybtrium acts simply as a non-mognetic substitute for

£

206,



gadolinium, It was at first thought that these coapounds would exhibit
siuple Perrdmngnetise, with a compensation point somewhere near the middle
of the range vhere the moment due to the concentration of gadolinium would
balance the moment due to the cobalt, It was thought that the resulis
obtained would throw light on the type of interactions involved, and to a
good ouantitative knowledge of the coupling constents, The results, as
will be seen loter, proved to be qualitatively and cuantitatively comple-

tely rewote from our predictions.
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: CHAPTER TWO

2, BEPERTMENTAL APPARATUS

24l Tntroduction

o v .

In order to make magnetisatipn and susceptibvility neasurements on
a large number of magnetic materisls, an instrument was required with a
wide renge of sensitivity and cspable of making measurements over a wide
range of field and hemperatﬁre. The instrument constructed wés based on
the vibrating semple megnetometer first developed by Foner (Hef 2.1).
This instrument was chosen because of its essentiel versatility and
built-in error climination, In principle the Foner mognetometer is very
simple, A long, thin, light rod is attached to a vibrating source
(originally a loudspeeker diephragm), which causes the rod to vibrate
vertically elong its owm axis at a fixed frequency. The sample under
investigation is mounted at the bottom of the rod, in an exbternal
mggnetic field, A reference specimen, which is eilther a small permanent
magnet or a small coil carrying a DC current, is mounted at the top of
the rod, Jofh specimens have multi-turn pick-up coils mounted near them,
in which emf's sare induced by the dipole radigtion from the vibrating
sample, One of these two signals is phase-shifted %o be 180° out of
phase with the other, the tvw signals are mixed, and the resultant is put
through a high-gain tuned amplifier, The resultent is zeroced by either
attenuating one signal or altering the current through the DC reference

coil if this is used,
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Tn developing the instrument, it was found that the instability of
the power supply driving the magnetic field was the biggest obstacle to
achieving high sensitivity. 7This gave rige to & very large amount of
noise in a normal pick-up coll system used with a magneb, so that the
instrument's sensitivity wvas very small indeed. Tn an attempt to over-
come this difficulty, a pair of circuler pick-up coills were used in
conjunction with a solenoid. These were mounted with their axes co-
linear, with a small separation between them. The two colls were matched
and connected in serles opposition, with thelr axes along the live of
vibration of the specimen, which rests between the two coils, With this
arrangement, fluctuations in the external magnetic field theoreticélly
induce equal snd opposite emf's in the two colils, while the vibrating
sample induces equal and like emf's. Tn practice, it was found that the
amount of noise in the outpuf off the coils was drastically reduced.

The noise level was still such as ‘to make it impossible to mix the
sample and reference signals satisfactorily, so in the final form, the
signals are switched alternstely into the system and their magnitudes
compered ,

The final form of the magnetometer is shown in ®ig 2.1, It
congists of two pairs of pick-up coils, one pair each for the sample and
reference, Wither of these two coil systems may be suitched into the
system, either directly or through a varviable attenuator in the form of
& helipot, The signal is amplified by a high gein emplifier, tuned to

70 cps. An AC output from the amplifier is supplied 4o a phase sensitive
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detector, which is supplied with a reference direct from the oscillator
driving the vibrating rod. The DC voltage output from the phase~-sensi-
tive detector, which is proportional to the input signsl voltage, is read
on an Avometer. Mg 2.2 shows a signal input/output graph for the
system.

In this form the magnetometer still retains meny of the advantages
of the Foner mognetometer, but lacks one of its main features, namely that
it is not & null-output instrument. It is also sensitive fo rapid, short
period changes in vibration amplitude, and to s lesser extent vibration
frequency. In practice it is found that any changes of frequency or
anplitude are both small and slow, and are thercefore a negligible source
of error,

2.2 Power Supply and Solenoid

2.2.1 Power Sunply

The power supply for the solenold is o ‘estinghouse 0-200 volts DG
50 X¥ Rectifier, with o continuously variable oubput control. The HC
voltage oubput has 5% 600 cps and 0.5 100 cps ripple at all levels.,
There are also irregular fluctustions in the oubtput, of up to 5% change
in voltage level, and of varying rste of chenge,

2.2.2 The Holenoid

The solenoid used was originally constructed by Hutchinson for work
on the megnetostriction of nickel snd gadolinium (1958) (ref 2.2).
Basically, the solenoid consists of flat coils of copper strip in the

shape of pancakes., FSeveral of. these coils are stacked one on top of the
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2.3 lechanical Congtruction

In order to further reduce mechanical vibration, the magnetometer
and. dewars were mounted on a platform attached to a rigidly constructed
tower, as shown in Mg 2.3.

The vibrator, an Advance Type V1 Vibrator is mounted on four brass
pillars so that it may be adjusted to give a ve:tioal mounting. The
vibrator is enclosed in a vacuum chamber, which is removed in two parts,
The lower part has hermetic seals Titted to allow electrical access to
the interior, This mékes two-part demounting necessary.

The vibroting rod is enclosed by a fused silica tube which is
mounted in a vecuum seal on the underside of the supporting platform,
Fused silica is used hecause of the high temperatures which the tube must
withstand to enable measurements to be made on the specimen at elevated
temperatures, (Ref para 2.7)

Since the reference pick-up coils are mounted on the supporting
platform directly below the vibrator, a large smount of unwanted signal
is generated by induction in the pick-up coils direct from the vibrator.
In order to reduce this, a mu-metal screen ig introduced between the two,

The cryostat head is attached to the underside of the main platform,
concentric with the imner glass tube.

2. Dewars

The two Pyrex dewafs, one nitrogen and one helium, were made to

specification by James A, Jobling iitd, of Sunderlend.

The helium dewar is held firmly in the cryostat head by four springs
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supporting a cradle which fits around the bottom of the dewar. 4 neoprene
gasket provides a certain smount of cushioning between the dewar and the
cryostat head, The interior of the dewar is made vacuum tight by a pilece
of rubber tube which fits tightly over the top of the dewar and the lower
part of the cryostat head., Since the interior of the dewar is of'ten sub-
Jected to vacuum pumping to dry it out and to achieve lower temperatures,
an arrengement of O-rings is employed to prevent the rubber tube belng
sucked intoAthe cryostat head.

The springs supporting the dewar are Just tight enough f£o hold the
dewar firmly in its seating when filled with liquid, while allowing any
bulld up of pressure inside the déwar due to rapid boil off of liquid to
force the deway down and escape to the atmosphere,

The imner tube surrounding the vibrating rod is located inside the
helium dewar with PITR spacers.

The nitrogen dewar is also suspended by a cradle and four springs,
50 that when it is empty it is not in contact with the heliwm dewar.
Spacers are used to locate the helium dewar inside the nitrogen dewar,
and to locate the nitrogen dewar centrally in the solenoid,

2.5 Coil Systems

2.5,1 DC Coil (Reference specimen)

The reference coil consists of 750 turns of 38 SVG enamelled copper
wvire wound on a cylindricsl perspex former, which is also the lower of
two mechanical connectors bebtween the vibrator and the main part of the

vibrating rod, [The coil has a turns~area of 5,300 om2 and has a magnetic

i
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moment of 0,53 gauss cm3 per milliamp coil current. It is located at the
centre of the veference pick-up coil system, and takes a moximum current

of 30 milliamps before heating becomes appreclable, A 6 volt 80 ampere-hour
accumulator is used to provide current for the DC coil, as mains operated
DC supplies were Tound to give rise to a noisy output from the reference
pick-up coils.

2.5 .2 Reference Pick-Up Coils

The reference pick-up system consists of two matched coils, each of
2620 turns of 38 8\ enamelled copper wire wound on 2 tufnol former. Zach
coil has a turns-area of 1,03 x 105 cm2 and they are separated by a %" gap.
The coils are comnected in series opposition to reduce unwanted pick-up
arising mainly from the vibrator. A bucking-out coil to eliminate remsin-
ing pick-up is connected in parallel with the pick-up coils, and is mounted
on the outside of the vacuuw chamber using modelling clay, to allow easy
ad justment

2.5.3 Somple Pick-Up Coils

The sample pick-up coil former is made Crom FIFE rod. The two
mnatched coild wound on this former both consist of 400 turns of L6 SWG
enamelled copper wire, with a turns area of 1020 cm2 each, The coils are
separated by a 6 mms gap, and again are commected in series opposgition to
reduce noise arising from variations in the magnet power supply,

The coils are potted in araldite to prevent shorting bebtween
windings at high temperatures. The sample, at the end of the vibrating
rod, is located at the centre of the gap between the coils, The former

Ffor these colls is machined to be a push it on the silica tube enclosing
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the vibreting rod. This allows the position of the coil with respect to
the sample to be adjusted for optimum output.

2,6 Vibrating Rod

A long drinking strow of 4 mm diemcter was found to be.sstisfactory
as a vibrating rod, being light, thin, and longitudinally rigid, To with-
stand the high temperatures produced in that region, the bottom six inches
of the rod are of fused silica tube, the specimen being attached to the
lower end with high temﬁerature cement, Bach specimen is mounted on a
separate length of silica tube, to facilitate the changing of specimens,
The strew and silica tube ave connected by slipping the two over a short
length of hored out perspex rod, the joint belng sellotaped together.

This arrangement proved satisfactory, the joint withstanding the tempera-
ture experienced in thet region without losing longitudinal rigidity.

2.7 Temperature Variation

207 .1 Method of Obtaining Hish ahd Tow Temperatures

To enable measurements to be taken at eleveted temperatures, two
smell heater windings were wound on the silica tube, one sbove and one
below the sample piclk=up coil, "These two coils, dissipating up to 25
watts, enabled readings to be teken at sauple temperatures up to BOOOC°
Ylectrical leads Lo the sample pick-up coils and heater windings are
taken through the cryostat head by hermetic seals, A 24 volt DC supply
used with a rheostat provides varisble power for the heater,

Low temperature measurements are mede using liquid nibrogen and

liguid heliun by employing standerd techniques, Normelly, low temperature

measurements are taken during the warm up period, In order to c heck that
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appreciable thermal gradients do not exist in the specimen during these
warm up oBservations, preliminary magnetisation measurements were made on
nickel, cobalt and gadolinium, and compared with published results (ref.
2.3). It was found that, to within 5%, these results were in agreement,
showing that the rate of temperature rise is sufficiently low for thermal
equilibrium in the specimen to be obtained, Above room temperature, the
rote of temperature rise or £211 can be controlled by altering the current
through the heating coil, |

2.72 Temperature lleasurement

Heasurement of the specimen temperature is carried out by using a
copper constantan thermocouple threaded down the inside of the vibrating
rod. One junction is held on the specimen, the other junction being kept
at OOC. The thermal emf is measured with a Pye Portable Potentiometer
and is converted to temperature values using a graph prepared from the
data given in the book by Keye and Laby (ref 2.4).

2,8 Vacuum System

The helium dewar interspace and the interior of the vacuum chamber
and tube enclosing the vibrating rod mey be evacuvated either together or
sepavetely using a Speedivac 2-stage high vacuum pump. The pressure is
measured with s mercury manometer to ensure that a satisfactory vacuum,
ie. not more than 1 mm of mercury is maintained, To avoid freezing out of
the remaining gases in the innermost tube, this was flushed with helium

gas before final evacustion,
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2,9 Tlectronics

2.9.1 Drivineg Oscillator

A 12-volt sinusoidal output from a Farnell Type LF 3olid State
oscilletor drives a single stage power amplifier, which is inductively
coupled to the Advence vibrator which drives the vibrating rod,

2.9.2 Tuned Amplifiexr

The tuned amplifier is a Grubb-Parsons Type TA high-gain tuned
amplifier, and it incorporates a special low-noise first stege, which is
followed by two conventilonal triode amplifier stages which include a gain
control, Stages four and five use high-slope pentodes operating with
separate tuned twin-T negative feedback loops. These are band stop filters
originally tuned to 10 cycles per second, but were modified for our pur-
poses to have their stop band at 70 cps. This frequen@y was chosen as
being well away from the fundamentsl and harmonics of the mains supply
voltage. The twin-1 filters allow voltages at all frequencies except the
tuned frequency to feed back to the input of the pentode immedistely
vreceding the filter., The feed~back signal is also phage-changed by 180°
by the filter, so that the effect is thal of a strong negative feed-back
at all frequencies excepbing the tuned frequency, thus reducing the gain
at all other frequencies. The amplifier normally gives a DC voltage outw
put; but since a phase~sensitive detector is necessary to give noise dis=
crimination, an AC output is taken from the amplifier after the stage just
preceding the rectifying circuit. Circuit details sre showm in Wig 2.k.

2.9.% Fhase-Sensitive Detector

The phese=sensitive detector used is similar to one described by
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Schuster {(ref 2.5)a The circuit used is shown in fig 2.5, The phase-
sensitive detector acts as a poise disceriminator,; a volbage difference
appeardng between the snodes of the twin trlodes due to any signal
supplied to the cethodes which is of the same frequency os the reference
voltege, 4Any signzl ol o difforent freguency from th;'referenoe appesrs
as an alternabing voliage across the anodes, and as such, can be much
reduced by connecting a condenser between the anodes, and veading the DC
voltage across the condenser.

The phose~sensitive detector is normally used to measure phase,
since the outpul is related to the phase difference between the signsl
and veferences voltages. I the phase difference is Xept constant,
however, the output is related to the omplitude of the supplied signal,

~

Tery good nolse discrimination is achieved Tor rendom noise due to
mechani.cal vibration, mains pick-up, noise from the solenoid power supply
ete, but zero errors due to pick-up at the opersving frequency from the
oscillator, vibrator etc, are eliminsted elscvhere. Tnwanted coherent
pick~up in the reference pick-up coils is belanced out by altering the

position of the bucking-out coil already mentioned,
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B el Specimen Peoduction

The cobalt, ybtrium, and gadolinium metals used in the production of
the sgpecimens were obtained in ingot form from the Koch Light Chemical
Compeny with purities of LIV, 3N and 3N respectively, Before weighing, the
netals were cleaned with a file, o separate file being used for cach
element to -avold cross contemination. The cobalt metal was then chemically
cleaned using a sbondard etching fluid, A variety of etches weve tried on
the gadolinium and yttriwn metels, however none of these proved completely
reliable, consequently it wes decided not to etch these metalse

Stoichiometric amounts of the métals for each compound Gdx Yl-x 002
were weighed for x = 13;0.8;0,6;0,5;0.430,3%;0,2;0,1;0, The total weight
for each specimen was sbout 2 gms. 7The specimens were then made by
melting the constituents together in an argon arc furnace at Sheffield
niversity Physics Deportment made aveilable to us by Dr J. Crangle of
that department.

Zach specimen was turned snd remelted at least three times to
ensure homogeneity. Specimens for x = 0.6 and 0 were prepared a second
time because it was suspected that the first attempts to wake these come
pounds had resulted -in an inhomogeneous mixture of compounds, The second
attempt proved to be more successful., Difficulty was experienced in
meking the Gd0.5YO.5002 compound, fragments tending to fly off the speci~-

men, due o the high stresses set up in the materdial becouse of rapid
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cooling, A second attempt at remelting the main lump and the Pragments
together was more successful, Rewelghing the specimens after melting
showed that the maximun weight loss was 0.0é 28,

Debye-ficherrer X-ray photographs were taken of each specimen and
were found to be identical, the total change in lattice parsmeter between
pure Gd062 and pure Y062 5eing too small to detect. The structure was
found to be of the cubilc Laves phase (MgCuz) type with & latvtice parameter
of 7.26 0.053, in good agreement with the value obtained for 6@602 by
Ross and Crangle (ref 1.30) and Vernick and Geller (ref 3.1). Powder lines
for Gg,Y,00, and gadolinium-cobalt compounds other than.:;Coz were speci-
fically searched for as being possible imperfections, and slight traces of
Ga and Co were found., It was assumed that yttrium~cobslt would”&ield
approximately the same lines as gadolinium-cobalt compounds (ref, section
1.4). In addition, preliminary measurements showed that the magnetisation
versus bemperature curve for Gd002 gave very good quantitative agreement
with the resultsobtained by Ross and Cranéle, It was concluded that the
specimens made were of the type Gaxyl_xgozo

All the specimens made were quite brittle and tended to crumble
easily, more particularly those with a low gadolinium content., In order
to obtain lov demagnetising factors, attempts were made to meke thin disc-
shaped specimens, by crushing some of the materisl to a powder and come-
pressing 1t in a steel press., A fine powder was casily obtained using a
pestle and mortar, there being no fear.of decomposition sinee the compounds

seem to be very stable, The compounds sre very hard, however, snd attempts

to meke a well compacted disc were unsuccessful, Consequently, pieces of
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the compound were chosen which were approximately rod~shaped, of 3 mms or
less in length. These were weighed and mounted in specimen tubes as
described in section 2,6,

3,2 Calibration of the lNagnectomeber

Tron and cobalt were chosen as calibrating specimens, Preliminary
experiment s were carried out using rods of iron of different lengths, to
establish the imporbance of specimen size, This showed that the apparent
value of magnetisation obtained begen to drop for & specimen length in
excess of 4,5 mmg, It was assuned that the specimen width would not be
important., Consecuently, the final specimens were of length not greater
than 3 mms, and of variable cross-section. The silica tube bearing the
pure amnealed iron specimen was mounted on the end of the vibrating tube,
with the thermocouple in contact with the specimen, The enclosing tube
(ref, section 2,3) bearing the lower pick-up coils was put in position, and
the specimen space was evacuated. The solenoid was wheeled in position
and was lifted until the top of the solenoid was just below the pick-up
coils. A low current was passed through the solenoid, and the position
of the pick—uP coils was adjusted until the output from the magnetometer
due to the magnetised vibrating iron specimen was a maximum, The solenocid
wa.s then removed; and the inner and outer dewars were put in position.

The solenoid was then put into its operating position, where the specimen
is within 2 mms of the centre of the solenoid tube, and is thus in the
region of maxiwunm field homogeneity., The specimen was demagnetised, and
then o magnetisation versus field run ot room tenperature was carried out,

To do this, the spplied field was raised in intervals of 420 oersteds,

W9,
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At each interval, the specimen signal being very strong, the reference
coils were irst switched into the magnetometer direct, end the output
voltage for a fixed reference coil current was noted, the reference pibk—
up coils and phase-sensitive detector having been zeroed at the commence-
ment of the ewxperiment, <The specimen colls were then switched iunto the
magnetometer via the helipot input control, and the helipot wes adjusted
until the saune output voltage was obtained as for the reference coils,

e magnetisation (L , DEY gre at each point is given
Th gnetisation (in emu am) at h point g b

_..1000,T 1
HoW S

where I is the current through the reference coil in milliamps, H is the
helipot reading, ' is the magss of the specimen in groms and & is 8 con-

1000.T 5

version factor., In the calibration runs, =S wes plotted against
’ .

].OSIO:{I was obtained., Dy dividing

field, and the saturetion value of
this by the velue of saturation magnetisation for iron given by Pozorth
(ref 2,3), the comversion factor § was obtained,

Another field run was carried out at —19500 on the iron specimen,
by pouring liquid nitrogen into the inner dewar ond allowing sufficient
time to elopse for the temperature vo achieve equilibrium,

A similar procedure was carried out with the cobalt specimeh, Both
specimens gave the same value 112, for the factor S. Results are shown
in figs 3,1 and 3.2.

At intervals during the experimental work, a check calibration run
was carvied out using the iron specimen. This wes in order to detect ony

deterioration in the pick-up coils specifically, the system in general,
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and to provide a repeatability check, Throughout the experimental work,
the calibration factor 8 stayed constant at 112, with a spreed of 2%, 1t
is felt that the 2¥ repeatability error arose mainly from the re-
positioning of the pick—-up coils for each specimen, since the output was
quite sensitive to their position., Tt was relatively simple to re-position
the pick-up coils accurately for specimens which are magnetically strong at
room temperature, but for specimens which are weakly parsmagnetic at room
temperature, coil re-positioning was carried out by shifting the centre of
the pick-up coils to the centre of the specimen position, since this was
found to be the position for maximum oubtput for strongly magnetic specimens,
Vhile there was a region of 1 mm, coil position in which the output remained
constant and at o maximum output signal, there were f'ound to be errors of
+ 5% in repeatability trials on weakly magnetic specimens.

4 temperature versus magnetisation run was carried out at H spplied
= 8.4 koe,on the iron specimen, in order to detect any temperature depen—
dence of the calibration constant, due to factors such as change in
impedance of the specimen plck-up coil, The mnagnetisation curve obtained
was comp ared with the absolute date of Weiss and Forrer (ref 3.2). VAthin
the limits of experimental error, S was found to be temperature independent,

343 llagnetic Messurements

In meking magnetbic measurements on the specimens, the same setting
up procedure was followed as in the calibration runs,

Magnetisation versus temperabture measurements were carried out on all
the specimens at various applied magnetic fields, the temverature being

raised slowly from 4.2OK to approximately 5800K over a perlod of approxi-
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mately two hours, and magnetisation versus externsl magnetic field measurGQ

ments were made on all specimens at varlous constant temperatures, such as
) 0 0

L.2 X, 80 K, 288 K and elevated temperatures, Checks of reproducibility

were made by repeating measurements on some of the materials at intervals

of up to two months,

In two cases (for X = 0,6 snd 0,2), two separate specimens were taken
from different parts of the original lumps of metal. In both cases, the
two specimens were quite different in length, shape and weight. In both
cases, the results corresponded to within the total experimental error,*7i).

In cases where the specimen signal was less than the‘referenoé
signal, the specimen signal output wos first read divect through the sysbem.
The reference signal was then switched in via the helipot, which was
adjusted to give an output resding equal to thet due to the specimen. Fhen
teking readings in this mamner, the conversion factor was adjusted
accordingly.

In all cases, before taking o veading, the outputs due to the speci-
men and reference are checked twice to ensure that they coxrespond, vThe
interval between taking the two readings is approximately two seconds,
Reference coll zero and phese seusitive detector zero were checked
frequently during each run to engsure that no sero shift had occurred in
the system,

Dol Desulbs
The results obtained on the compounds studied cre shovwn graphically

in the following pages.
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Figures 3,3 to 3,15 show the variation of magnetisation with temp-
erature for each specimen at various fixed external fields, These results
are glven in order of decreasing gadolinium content, and for any one
specimen, are given in order of decreasing field,

igures 3,16 to 3,26 show the varistion of megnetisation with
applied magnetic field strength for each specimen at various fixed temp-
eratures, Agéin, the results are given in order of decreasing gadolinium

content, and for any one specimen, in order of decressing temperature,
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CHAPTER L
DISCUSSION

L,). Imtroduction

When this work begon, it was thought that in keeping with the early
work of Walloce (ref 1,3%6) ond Neshitt et o1 (vef 1.33), the magnetic
behaviour of these substituted compounds could be understood using a model
in which the megnetisation vectors of the gadolinium/yttrium sublattice,
and the cobalt sublattice, would be aligned anbtipvarallel, the dominant
sublattice being parallel to the applied mognetic field provided that the
mognetocrystalline anisetropy is small. It was expected that by diluting
the gadolinium sublottice with ybbriwn, which is a non-magnetic ion; the
satburation moment per molecule at absolibe zero would vary with ybttrium
concentrabion and would pass through a mininuw ot a composition where the
magnetisations of the two sublattices were of equal magnitude, In this
way, provided that the individuel moments did not change with ybtrium con-
centration, and that The momeﬁt on the gadolinium ion could be talen as
its free don value of ZuB, then the moment on the cobalt ion could be
obtained, thus resolving some of the problems raised in Chapter One,
Unfortunately, os may readily be seen from figure 4.1l no such minlinum is
observed, and this rather elementary approach must be drastically modified,
if not totally sbandoned., In figure L.l, ajlis the observed megnebisa-
tion in emy/gn. at an applied field valuc of 8.k koe and o temperature of
A.ZOK. “his value was used in preference to values obltained by extra-

polating the linear high field parbs of the magnetisation versus field

Q).
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curves at A.ZOK back to H=0, since it was felt that the a pplied field was
not high enough for the curves to approach saturation sufficiently for this
method to be used with accuracy. 0’2 ig an estimate of the magnetisatbion
which would be observed ot 8.4 Koe and 4.20K if the anomaly did not occur,
and is obtalined by extrapolating the high temperature portion of the mag-
netisation versus tempersiture curves at 8.4 Koo applied field beck to

o . . .
= L2 K, Tt will be vealised, therefore, that values for ¢~ , are rather

2
epproximate, and have en estimated crror of 4 5% on top of the total experi-
mental evror on the results as a whole,

Ve must now look 2t the results in more detail, so as to identify the
cuestions which must be snswered by sny nodel chosen to account for the

magnetic behaviour of these conpounds.

La2 Obsexrved nenetle Dehaviour
(S

The temperature varlation of magnetisation for those compounds with

X7 0.37% (wef Tigs 3.5 to 3e7) is charcebteristic of +the behaviour of neo,
. “

and R¥e, compounds, as was menbioned in Chapter Cne, The dmportant

I‘J

features of this behaviour are
a) The Leupervuure dependence of the megnetisation ig complex,
Lhe magnebisetion decvessing in two distinet steps as the
temperature 1s velsed., The tewperabure at which the anomelous,
Jow temperature step occurs (GS), shovm n Pigure L2 as a
function off X, appcars to be charccteristic of the conpound
involved, os clso, of course, is the bigh temperature step,

which represents the vicinity of a Curie point.

g3
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Specimens Por which X & 0. do not show the first of
these chavacteristics, however, ond in some cases it
is difficult to establich an accurate value for the
Curde tomperature., For the specisl case when X = 0

(ie YCO2) , the saturation magnetisation is extreomely

Eal

low, and os figure 3,15 shows there 1s evidence for a

- ) 3 ) O - ) .
Heel point ot a temperabure of 190 K, It is dmportent
ot this stogo to note that this is in complete con~

oo

a8t

to the previously mentioned results of Wallace
and krabek, who find that ¥Co,, is ferromagnetic, with
a Curie tempersture of 29601{; and of Marrell and
Wellace, who find a Curie temperature of EQOOK.
Mgure 4.5 shows the results obtalined by the present
cuthor Por the varistion of the peramsgnetic Curie
voints, obtained by exbtrepolating the high temperature
linear vorbion of the inverse susceptibility versus
temperature curve on to the tomperature axls, (end the
Neel point, in the case of YCoz), as a function of
gadoliniwa concentration, X,

Fal

)  The observation of o low temperaturc saturation moment
who$e velue is such that it may evidently -be taken -
cs evidence for the antiparallel allignment of the two
mognetic suvblottices,

In attempting to understand the unexpected results it is necessary

and convenient at this point to exemine in some detail the models proposed

8S.,
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in the earlier work with unsubstituted compounds.

L3 Spin Aligument

Trom the saturation moment at absolute zero results obtained by the
earlier workers for the unsubstituted I{Co2 and e, compounds, namely
Viallace and Skrabek, Crangle and Ross, and Farrell and Wallace, it is clear

’ & 3 s

that the resultant magretisation of the iron or coball sublettice is

Aparallel/antiparallel to the resultant sublatiice magnetisation of the

light/heavy rore earths respectively. DPesring Iund's rules in mind, it is
clear thet this sinply means thet the transition netal megnetisation is
always anbiperellel to the net spin-only moment of the rare-carth sub-
lattice,

Qualitative confirmetion of this model has come from the neutron’
diffeection studies carried out by loon et al {ref L4.1) on a few 2Co,
compounds, The electron spin resonance work by Peter (ref L4.2), Jaccarino
et el (ref L.3) involving Gd and GdAl, has shovn that the conduction
electrons at the gadolinium ion site have a net spin opposed to the spin
vector of the Gd lon, Similar evidence is not aveilable for other lenth-
anides, but it is usually agsumed that their beheviour is similar, This
negative polarisation of the conduction eléotrons has been shown to exbend
as far as the aluminium site in Gdl&l2 (ref Ll). Terrcll pointed out thet
if one assumes that the same situation applies in the RCoz compounds, and
that the interaction between the conduction electrons and the cobalt
moment is ferrvomeguetic, then the coupling between the cobalt and rare
earth will be fervomagnetic in the light rare earths ond sntiferromegnetic

in the heavy rare eerths. This is borne out experimentally, so it appesrs



that a very reasonable qualitetive explanstion of the magnetic behaviour
of the ungsubstitubed R002 and RFQQ compound s may be advanced on the basis
of an indirect polarisation interaction occurring between the rare earth
and. transition metal ions. We must now, however, take into account the

nagnitudes of the moments measured experimentelly.

Lol  Vnlues of Magnetic Moment

As was mentioned in Chapter One, considerseble doubt exists about the
moments carried by both the rave earth and cobalt (or iron) ilons in the
unsub stituted 3002 and. RFez compounds, In general, previous views have
been that firstly, the moment on the rare earth ion is less than that for
the free tripositive lanthonon ion, an effect attributed by Skrabek and
Tallace to partial quenching of the moment by the crystal field; secondly,
the transition metal noment as was mentioned in Chapter One is appreciobly
reduced, being zero for sll RNiz, RN15 and RNi compounds, varying from
approximately Zero in Y002 to about }pB in DyCoz, and having a value of
about l.;uB in the RFeZ compounds, Heny of these values have heen
obtained by extrapolating the lanthanon lon moment from itls RN12 value to
either the R002 or RFez compounds, thus allowing an estimate to be msde
of the magnitude of the transition metal ion moment. The behaviour of the
cobalt moment has been attributed by Pleaney (xef 133k and 1.42) to the
presence of an induced moment proportional to (gJ-l) <:Jé) = (gJ“1>F
Qé s Where as 1s discussed below M% is the maximum momewnt allowed for the
5
lanthanan ion in a cubic crystsl field.

Bleaney examined this crystal field quenching model in some detail

8¢€.
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by considering the effect of the twelve nearest neighbour trangition metal

‘_J.

ons at

©

disbance of O.#1h6a0, and. the four rare earth lons at & distance

of’ 0.453a0. The tronsition metal ilons, while not belng in a cubic array,

do give zise to o cubic potentisl, while the four lantheounon ions formn a
regular tebtrahedron, Bleaney then calcoulated the interaction enexrgy of

these neighbours with the L4 electrons of the ion under consideration, and

worked out the splitting of the onergy levels which would wvesult.

The results obtained Ly Bleancy for the RCOZ‘compounds arc shown in
Teble 2, where M% is the maximum moment ellowed Ffor the lanthanon ion in
a cublc crystal field where the exchange interaction energy hetween
lanthanon and cobalt ions is large compsred with the individual splittings
of the low-lying energy states, bubt is not large compaved with the overall
splitting. H% then dnduces a moment on the transition metal jon through

s . . . 1 .
an indirect exchonge inbersction vroportional o (gJ»l) Hs. The esbi-

_ . J, .
nated moment Lfor the tiransition metal shown in the table “is obtained by

Pleaney using this expression and scaling from the moment of ~2.6 magnetons

ascribed to o paiv of cobalt ilons in Gdfo,. The resultant momeunt s com=
“

1Y Qe

pared. with the moments observed by Skrabek end Wallace. As can be scen,

agreement between calculated and observed resultant moments is quite good.
The work of Terrell and Wnllace (vef 1.39) on the mognetic properties
of’ RNig and. R002 compounds tends to digcount Bleaney's crystal field cffect

explanation for these compounds. If Bleaney's estimates of the strength

of the crystal field are correct, there ought to be significant depsrtures

at low temperatures from the Curie-Velss behaviour exhibited by the com~

gq.
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“ MAXINVUM ESTIMATED
C oMPOUND " MomenNT ” MomeNT ResSULTANT | oBsERVED
(LanTHaNoN) | For Cop | MomeNT MoMeNT
Ms
Pr Co, 2.07 +0.39 2.5 2438
MNd Co, 3-25 +0.90 4.1 3.46
Sm Co, 071 + 1-33 2.0 1. 26
Gd Co, 7-0 -2 4.4 431
T4 Co, 5. 62 - 1.4 4.2 4.3
Dy Co, 8.02 - 1.5 65 6-72
Ho C02 10 - 1.5 8.5 7.!9
Et Co, ©.07 -0-77 53 5.87
T Co, 427 -0.46 3.9 3.96

Taple 2. sHowie MomenTs calculATen &y oleadey For
RCop coMpoids Usig A crRysTAL FIELD APPROACH.
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pounds. Ferrcll and Wallace set oub to detect any such deviations, Their

results tend to show that in the RNi,. compounds the nickel carries no mom-

2
ent, although the ferrvomegnetic moments of the coupounds are well helow
the moments of the respective frce triposgitive rare esrth ions,

AlL of the RN12 compound s, except Smﬂiz and. the Pauli paramegnets

CeNi2 and YN12 follow the Curie~tfeiss lew, end exhibit effective magnetic
moments, in the paramagnetic region, which agree well with the free ion
values. The anomalous behaviour of SmNiz iy ascribed by Tarrell aond
Wallace to a contribution from the first excited state of tripositive
samarium, with J = 7/2, The authors observe no departure from Curie-ileiss
behaviour in those RN, compounds, namely Prii, and TmNiz, which from
Bleaney's calculations might be expected to show the lorgest deviations,
Tor example, a deviation of 70% from the Curvie-lVelss lew is predicted
for PTNiz at 15OK, vhereas the measured deviation is zero., The authors
state that the crystal field intersction in the RNi2 compound s is much
weaker thon anticipated by Bleaney, and is without effect in the paremeg-
netic regions above 15OK. Their results show an apprecisble quenching at
4.2OK, however, and they conclude that the onset of quenching must take
place between 4.2OK and. 150K. They do not consider the possibility that
some entirely different mechaniem mey be the cause of the low moments in
the fexTomaénetic region.

Faxrrell and Wallaoce explain the results they obtain for the RCO2
compounds of the heavy rare earth by assigning the full moment of the free
tripositive ion to the rare carth component, snd say that this is aligned

antiparallel to cobalt moments of about J}I.B per cobalt stom, Thig inter-



pretation is in good agreement with the neutron diffraction resulis
published by Foon ct al (ref 4.l), and is consistent with an indircct
exchange interaction, vie the conduction clectrons in the materials, The
authors exploin the fect that the rere carth moments in the RCo2‘compounds
are higher than those in the RN12 compounds by concluding that the crystsl
field quenching is much smaller in the RCO2 compounds. This is said to be
due in part to a strengthening of the molecular fields, resulting in a more
complete mixture of crystél field stotes, caused basicaelly by the presence
of localised moments at the cobalt sites, In addition to this eflfect, the
interotomic distences in the RCo2 corpound s are greaber than in the Rﬂig,
and this, btaken in conjunction with the shiclded Coulomb poteﬁtial created
by the conductivity of the meterials, might greatly diminish the effect

of the crystal £ield on the orbibel moments of the rare earth lons,

From the results of Torrell and Wollace, it scems reasonsble to say
that their Work'suggests that the treatment of Bleancy can, ot best, give
no more than a small correction term to the finel lanthanide moment in
the cobalt compounds, However, the problem of the megnitude of the mom-
ent corried by the Co flon itself is still open to cuestion. The experi-
mental values obtoined by necutron diffrection are probably no nore

accurate then 4 0,2 =nd hence the oproposal of Virllace and his cow

s
workers concerning electron transfer from the lenthenon to the cobeld lou,
thus reducing the monent on the latter by~ O’QMB nast renein open to
donbt, |

Tn the scrdes o conpounds which we hove examined both the gadolinium

. s A . oy PR : ;
end yttriun lons ere 8 state ions (no orbiltel noment), aud consequently the

a2,
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aquenching model ic not cpplicable, Tt is thercfore reasonable to asswie
that the saturation wonent per ion on the Gd/Y sublattice may be taken to
decresse linearly from.ﬂ47un ot GdC02 to gero at YCOZ. The unknown
behaviour of the cobalt sublattice is then the predominant facltor in oxeme-
ining eny nodel o account Ffor their behoviour.

L.b Canted Spin JSrravpeaents

Tf one adopts the Tafet, Kittel and Totgering (YEL) (vef 1.40 rnd
1.5) theory of triangulor spin svvangenents nentioned in Chapter One,
magnetisation versus teuperature curves of the type shown in this thesis
For # 0,33 cre to be expected for a spin gystem in which a trianguley
arrangenent of woments as shova in figure L.h4 exlists as ¢ ground stote at
lovi temperaturces, snd changes to an antiperallel crrangement chove some
characteristic tempereture € o IHowever, the field dependence of o7 —0,

v o
shown in figure L.b for Gd,. , ¥, Co, indicates that at zero applied field
Ol 042
there is no anowalous step in the nagnetisstion versus tempersture curve,
and therefore on antiparallel spin arrengement cxists down to zero temp-
erature vhen the applied field is helow a critical velue. It appears,
‘then, that il a triangular stote is to occur at oll it must be induced by
wiil be favoured by
the external Tield, ond [owmmehees on ontiferrvonsgnetic coupling hetween the
two cobalt sublattices. That such a coup ling does in fect exist is
suggested by the nmagnetisstion versus temperature results for YCO2
(ref Tig 3.15), vhich shows a very definite mawimum in mognetisation at
O;- R L.~ de A7 .

190 K. Tt nust be remembered, however, that this is the only weasurement

which does show Y002 as belng antiferromagnetic, so that 1t would be wise

to treat 1t with some resgerve,

Q3.
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That o critical field (HG), above which a triangular spin arrange-
ment is stable, can exist may be shown by writing down the expression for
the internal field ot o cobalt sito(sa.y the Co, si'te,) the cobalt bheing

divided into tWwe sublattices:

W =-ml-EBt + A +p§] - o= ()

=3]

vhere h

4 Ja S - ;] qJ. e o P
-~ is the field ot bthe COl site

n is the molecudar field coefficient for the Gd-Co interaction
nP is the molecular Tield coefficient for the Co-Co J'.ntey:'action
:b_l is the neguetisation veptoz- of' the Co:L sublattice

H is the applied magnetic field

A= Qs = resultant megnetisation of the lanthenon sublattice

o]

= Z’_Q_j = resultant megnetisation of Bl and B, (transition metal)
5 res

sublattices
W

hI%l must be perallel to }_)_1, and therefore-A + ]3_]§_+E‘hxust be either

S———

parallel or antiparallel to }_3_1. Similarly, if we write down the equation

* - ! 0
for the internal field on the second Co sublattice

g, = -n[-ABL v AApR] an - ()

it follows that th must be parallel to b 0 ond therefore=f + BD + H must

be either parallel or entiparallel to 'b2. Thus, wvhen b, and b? arc not
. 3)

. .o 0
If we use the notation showm in figure L.k, where + = 90" represents the

perallel, then -nd - n PB4+ 0 =0

L) L) () L]

case of entiparellel elignment, then

16,
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ond A = 2a

e

50 that in scalar fornm, equation (3) becomes *
~2na + Lopbsing 4H = 0
and therelfore sin'\' :: '_?__0_-,:._\2/1‘__ - — - 7 (W»
W
Since we have olready built in a situation where there is non-alignment
of %he two cobalt sﬁblattices, then sinds < \.

Thus the critical field, H’c’ will be given by

lmQ'“L — \
Lo B2

and therefore I =2 (a=2Pb) oo a0 ee s (B)

This solution bears all the gualitative proverties observed in the
behaviour of the compounds. For exemple from equatién (&), as H increascs
sinJr/ decreases, thercfore experimentally, oy i.llcreases, 28 1s observed
experinentslly, ‘This solution also theoreticelly predicts the existence

of a critical field, which is observed experimentally in figure 4.5. As

the applied field U is increased, sin«}— must decrease, and thevefore ©3 %

o

must increase, as is observed experimentally (ref fig k.5). At even higher

fields one would expect sinr} =0 (ot o fleld M = 2na) , &% which point
field

the magnetic moment in the direction of the applied \should be that of the

free lanthenide moment. It is interesting that, for &dCo,,, the value of o,

corresponds to 3.% per molecule at O Koe, which is the value %o be

expected for a stroightforward antiparallel spin arrengement, with the

1.



- whemergtiwens

cobalt and gadolinium iong carrying the full value of their mowent., The
obsexved mognetisation for GdC02 ( o7 ) corresponds to a moment of
4.§pB, which would be the moment observed for a trisngular spin srrange-
ment in.whioh’f—was aporoximately A50, all ions cerrying their full
moment o

It is also of interest to note that.@s is not dependent upon the
sbrength of the applied magnetic field, for any given compound. One might
expect thet the value of GS would incresse with increasing magnetic field.

.

(ne possible explanation is that any one compound is in fact a wixture of

‘compound.s, and that OS is the Curie tempersture of one compound which has

a very high saturabion magnetisation (giving the strong field dependence),
50 that the observed curve is oactually the addition of the magnetisation
curves of two or more separate compounds. This is unlikely, however, since
firstly, X-ray anslysis of the compounds, though showing slight traces of
cobalt and gadolinium, shows no traces of other simple compounds. Secondly,
93 is strongly dependent on X, which means that for this proposition to be
true, each gpecimen must conbain at least one compound which is not con-
tained in any other specimen,

It is convenient at this point to note that one other possible

J.

explanation is that OS is actually the Curie tempernture of a Gd—-Gd exchange
intevaction. Tt is of interest to note that there sppears to be o relation-
ship between OS end X of the form QS:: K¥%., vhere K is a constent, It

o N . . e, . . L a=3/2 .
follows that the kink temperature is proportional to 4 , Where d ig the

average distance between gadolinium atoms, If we assune that thermal energy

= k@, we arrive at the conclusion that the energy of exchange between the

19,
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gadolinium atoms in these compounds is proportional to d o

S

hebol Mognetic Lloment Determinabion

It is possible to obbain on expression using the YKL approach for
the magnetic momeut ot sbsolute zero in the Tollowing menner. The
observed magnetisation at absolute zero, o), mey be written as

o, =M, - 2 sinA-
1 A B
where MA ond MB are the scalay wagnetisationsof the rare esrth and cobalt
sublattices respectively.
Y
Then La— M
W ?«?r

o7\ :MA’Q’M%

s
= W, - WM T

A \"\"&'2"

since Mg = 2a and NB = U4b, in scalar quontities.
' /

a—\:m(\“‘@‘\ P

M

Therefore

Hence the observed mognetic moment per molecule (_irio) is given hy

‘“027‘%(\-)\5} | ‘t;\\_f’

vhere ‘jA is the effective muber of Bohr magnebons associated with the
gadolinium don, taking into account the concentration of Gd in any given
compound, Since both m and. I-IC cen be obtained for those compounds, where
X50.35, 1t is possidble to evoluate n and ﬁ. Tn the case of I = 0.6, Lhe
results give n o 1500, ohd B2=0.,5. Tt must be emphasised that these

Tigures can only be taken as an order of megnitude calculation, because

9.
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of the large vossible errvors involved, HHowever the value of Hc obtained
by substituting nwibers for n and P in equation 5 certoinly give something
like the »ight oxder of magnitudes, .

T4 appears thet the theory of triangular spin configurations, os
proposed by Yafet and Kittel (ref &.5) and Tetgering (ref 1.40) provides
a very reasonable explanation for the mognetic phenomena observed in the
deY1~xCO2 conpounds, Moon et al (ref 4k.1l) have however found no track of
triongular spin configurations in the unsubstituted RCo2 compounds in
their neutron diffraction work. This is not, of course, surprising,

since it has been shown in this thesls that such a configurebtion is only

gset up if the epplied magnetic fileld is above a cortein level, There is
no evidence to indicate that the neutron diffraction measurements carried
out on the R002 conpounds involved the application of an external magnetic

field to the specimens under investigations.

4.6 Collective Blectron Theory

In a paper yet to be published, Plercy and Taylor (ref L4..6) discuss
the resulbts they obtain for the compounds Dnyl_kFe2 in terms of a collec-
{tive electbron model Ffor the s-d electrons associsted with the iron ion.
Their results show that o minimum occurs in the infinite field, 0°x
magnetic moment per molecule versus dyspfosium concentration curve at a
value for X of approximately 0.28. The coercivity also has o maximum value
in this region, and has o velue in excess of 10 oe at X = 0,35 at Q.QOK._
Fiercy and Taylor show that the iron moment inust change in a non-linear

mpnner through the sevies. “hey suggest thot a collective electron model

reedily explains the required variation of the iron moment, which must have

180 .



a constont value of about 16%PB Tor 0,39 X >0, and then increases more or

to e value of sbout 2.2 . ot I = 1. UThey suggest that the

less linearly B

constant iveon moment at low X values occurs becsuse the Fowal level is
locked ob o minimwa of the density ol states curve, “/ith increasing
dysprosiuvn concentretlon the exchange energy increases, ond couses the
Tormi level to wove through the minimum, so that the lion nmoment ilucrecses,.
O El
The results vhich they obtain respond guite well to this trestment, as do
5 k J. )

previously published mesults on R¥Fe, compounds, This would suggest that

>

xS

the results prescnted in this thesls for “the deYlwaOZ corpounds wdght
respond well to o similar model, but such o nmodel must awelt the develop-
ment of o theoretical treatument of the exchange between the localised »are
earth moment and the collective electron transition metal noment.

¥or any such nodel to work, however, there must be an exchange inter-
sction in the materiels botween the lenthawon and the cobalt electrons.
Consequently, any splitting of the cobelt Fermi levels nust be proportional
to the sbrength of the exchange lutersction, which in turn is proporbtional
to the Curie tempersture. YThus, the magnetic moment of the cobalt in these
compounds must be dependent upon the Curie tenperature, and figure 4.6
shows/uco, the estinated magnetic moment of the cobalt ét OOK, plotted
againgt the paramagnéﬁic Curie temperéture.

I an indebted to liessrs, Plercy end Toylor {or bringing their work to
iy notice prior to publication,

Leo7 Recent Publication

Since the completion of this work, Lemsire and Schweiger (vef L.7)

have published their magnetic measurements on (d
o UIVERBTAR,
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results show that Y002 is paramagnetic, and this might suggest that not
only the entiferromagnetismn of TCo,, reported in this thesis, but also the
anonaly in the magnetissbion versus température curves way be due to the
presence of gadolinium or cobalt metal particles as an dmpurity, or
possibly that the effect is enhenced by impurities., Since the results
agree so closely at OOK, however, it iz surprising that the effect appears
to be to lower the mognetisation temporarily at Qs’ the effect dlsappear~
ing quite guickly ot elther side of this Lemperature,

lemaire and Schweizer's vesults do show the presence of on anomely
in the high godoliniun concentration alloys, however, but they are much
less noticeable than in the present work. The presence of the anomaly is
anply borne out by the previously mentioned results of Ross and Crangle and
Tarrell and VRllace, however, so theve is 1ittle doubt that it docs in fact
exist,

Iemaire and Schwelszer conclude that the magnetic structure of the
deyi_xgoz compounds is one of auntiparallel slignment between the gadolinium
and cobalt moments, end that the cobalt moment values depend on the strength
of the interaction vith the gadolinium moments, ond on the councentration of
gadolinium,

Though Iemaire and Schweizer's results tend to show thai the cobalt
mowent is reduced in these compounds, it musy be pointed out that this
reduction would not of itself preclude the existence of triangular gpin

configurations, with a smaller devistion from true antiparallelism,

1034,
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CHAPTER 5
SUMIARY

The wagnetic properties of the substituted compounds of the form
deYl_xCoz‘have been shown in this thesls to have an anomglous feature,
which takes the form of a kiunk in the magnetisation versus temperature
graphs, al least for those compounds for which X is greater than 0.33.

The results have been examined in the light of models which have been pro-
posed by previous workers to explain the magnetic properties of similar
unsuhstitubed compounds, A model due to Blesney which takes into sccount
the effects of crystal fields on the orbital moments of the lanthenide ions
has been shown to have, in all probability, 1ittle effect on the moments
of these‘compounds, Secondly, & model due to Piercy and Teylor which
suggests that the magnetic phenomena observed in this type of compound
might be explained in terms of an exchange between the lanthanon moment and
a collective electron band of the cobalt has been briefly mentioned,
Though this model has not been applied as yet o these compounds, it seems
possible that such a theory might explain the obsexved phenomena.

The finel model, edapted from work by'Yafet, Kittel and Totgering,
seems to provide a very reasoncble basis for explaining all the magnetic
properties of' these compounds presented in this thesis, including:

a) fThe decrease of low temperature magnetic moment with

decreasing gadolinium contont.
b) The presence of a kink anomaly in the magﬁetisation versus

temperature curves for those compounds with X > 0,33,

\Ol,



¢) The fact that the kink snomaly only occurs vhen the

applied field is above a certein criticael vslue.

d) The antifervomagnetic behaviour of YGo,.

This wodel (YKL model) predicts o forvimagnetic beheviour from the
ordering tenperaturc down to a characteristic critical temperature, followved
by the setting up of a“fiangular spin arrengewent, provided the rpplied
field is shove o crifical value, in which the moment of the gadoliniwn subw
lottice is parallel to the applied Tield, and two cobalt sublattices are
antiparallel, but tilbted at an angle, thus forming & triangular avcange-
ment,

The resolution of the arrvengeneont of the moments in the 2002 and
RF62 coupounds, as well as the arrangements in the GdXYlﬂxCoz compound s,
mast owelt future work, vhich should follow thryee mein lines of jnquiry.,
Pirstly, high field measurements should be corried out to obtain o more
nearly tiuwe saturction. Secondly, neutron diffraction work involving the
application of veriable magnetic fields to the single crystals should be
cerried out to determine the spin avrangenments, Mudally, single crystal
nagnetic measurements must be carried out to determine the anisotropy
constants of these matorials,

Mo menbtion hes beon made in this vork of Hhe apparent enomelies which

cxigt 1n The clevoted toupersture reglons of the nuguetisstion vorsus

teuperature curves, ol low naognetisation velucs, since it is Pelt that
these enonnlics cre elmost certoinly due to the presence of dinpuritics, ond

oo sueh, chould be totelly disieprided.

\0b.
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