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ABSTRACT 

This work describes the design and construction of' a self-balancing 

v i b r a t i n g sample magnetometer„ The instrument was used to study some of 

the magnetic properties of the pseudobinary compounds, (Nd^Gdj^^Oj* 

The s t r u c t u r a l and magnetic data for certain compositions w i t h i n the 

series show deviations from the behaviour expected from a simple ferrimagnetic 

system. I n p a r t i c u l a r one composition exhibits three apparent compensation 

points i n i t s remenance versus temperature curve, a unique phenomenon. 

These anomalies are shown to arise from the effects of the c r y s t a l f i e l d 

and i n t e r n a l magnetic f i e l d upon the t r i p o s i t i v e neodymium ion. A consistent 

semi-quantitative picture of the process i s presented which accounts f o r 

the observations provided that the easy axis i n the compounds i s the 111 

di r e c t i o n . 
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CHAPTER 1 

INTRODUCTION 

Since r e l a t i v e l y pure rare earths became readily available some f i f t e e n 

years ago interest i n t h e i r properties and those of t h e i r .compounds has 

burgeoned. The chemically similar rare earths are in t e r e s t i n g magnetically 

by v i r t u e of the buried 4f s h e l l that i s progressively f i l l e d across the 

Lanthanide series. This s h e l l results i n magnecic properties of the ion i n 

a host l a t t i c e that are almost the same as those of the free ion and a 

t r u l y localised magnetic moment arises. The behaviour of the rare earths i s 

f a i r l y w ell understood, whereas the t r a n s i t i o n metal magnetic processes s t i l l 

pose unsolved problems, and i t i s i n the hope t h a i the r e l a t i v e s i m p l i c i t y 

of the rare earths may assist i n solving the complexities of the t r a n s i t i o n 

metals that many workers have turned t h e i r a t tention to rare earth-transition 

metal compounds. Apart from t h i s academic i n t e r e s t , the extensive range of 

possible rare earth i n t e r m e t a l l i c compounds promises and has realised 

technologically useful properties. 

The study reported i n t h i s thesis i s part of the programme of research at 

the Rare Earth s o l i d state group of Durham University i n t o the magnetic and 

str u c t u r a l properties of the pseudobinary Laves phase rare earth (R) 3d 

t r a n s i t i o n series (B) i n t e r m e t a l l i c compounds of type RB 2 > I n chapter 2 

a review of the reported magnetic and st r u c t u r a l studies on these compounds 

i s given. 

Chapter 3 i s confined to some basic theory of ferrimagnetic materials 

and the-foundations f o r c r y s t a l f i e l d calculations. The more commonly known 

theories such as molecular f i e l d theory of ferromagnetism have merely been 
MltMK 
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referred to i n order to conserve space. 

In the fourth chapter the apparatus designed and constructed by the 

author i s described i n some d e t a i l and i n chapter f i v e the experimental 

results are presented i n tables and graphs and a description of the specimen 

preparation and examination i s included. 

F i n a l l y i n chapter s i x the results are discussed and accounted f o r . 

Two appendices follow the l a s t chapter containing electronic c i r c u i t s and 

the computer programmes u t i l i s e d i n the work. 
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CHAPTER 2 
THE RARE EARTH-TRANSITION METAL LAVES PHASE COMPOUNDS 

2.1 Introduction 
Tl>e fourteen rare earth elements may be combined with metals of the 

3d, 4d and 5d transition series to form a p r o l i f i c number of compounds. The 
study of the magnetic properties of these compounds began i n i t i a l l y i n d.1960, 
when pure rare earth metals became more readily available* i n the hope that 
suitable alloying might yield materials with the high Curie temperatures of 
the iron group elements and also the large atomic magnetic moments associated 
with the rare earths. The phase diagrams for the systems are rich i n compounds 
for the four 3d elements to the right of chromium i n the periodic table 
(i. e . Mn, Fe, Co, and Ni). However, there is only one stoichiometry common 
to a l l four elements and that i s the RBg compound, i n which R i s the rare 
earth and B the transition metal. The RB̂  and ^ 2 ^ 1 7 a r e t n e n e x t 3t**B«st 

family of compounds since they form with Fe, Co and Ni only. The largest 
overlapping group of compounds are formed with Co and Ni and among these the 
structures of the AB̂  and stoichiometrics are related through plane 
displacement and atomic substitution. 

In f i g . 2.1 is shown the phase diagram for the Gd-Co system and the large 
number of compounds that form can be seen. The early measurements ( r e f s v 2.1 
-2.4) of. the variation of magnetisation with composition for the iron and 
cobalt compounds revealed deep minima in the v i c i n i t y of, for example, A* 25% 
Gd concentration for the Gd - Co system (see f i g . 2.2 after ref. 2.5). The 
indication of these studies was that the two types of magnetic moments were 
coupled antiparallel i n the heavy rare earth (HRE) compounds giving 
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ferrimagnetism, and with the li g h t rare earth (LRE) confounds the moments are 
parallel giving ferromagnetism (refs. 2.3, 2.6). The search for technologically 
useful materials has been successful despite this set back with the SmCô  type 
compounds which have very high anisotropy giving enormous coercivity and also 
large energy product (as much as ̂  30 M gaussoersted), however the magnetic 
moment is derived almost entirely from the'transition metal and the possible 
advantage of the high moments of the HREs has been forfeited. Of a l l the 
possible stoichiometrics, the RB̂  structure is the simplest, crystallizing 
i n one of the Laves phases which are either cubic or hexagonal, and the 
structure of compounds on either side of the RB̂ s becomes progressively more 
complex. I t is the relative simplicity of the RB̂  structure together with the 
vast number of related compounds (including the 4d, 5d series and dialuminides 
etc.) which form i n Laves phases, that make the system ideal for extensive 
theoretical and experimental studies, and indeed the majority of the work on 
the rare earth intermetaljlics has been directed at the RBgS. The factors 
relating to the formation of the Laves phases and a review of some of the 
magnetic properties of the dialuminide and 3d transition metal Laves phases 
are given i n the remainder of this chapter. A comprehensive review of the 
rare earth-intermetallic compounds is given i n ref. 2.7. 

2.2 Formation and Stability of Laves Phases (RB«) 
The Laves phases denote a large group of related intermetallic compounds, 

RB2, having one of the following structure types ( i ) MgCu2 (C15, cubic), 
( i i ) MgZn2 (C14, hexagonal), or ( i i i ) MgNi2 (C36, hexagonal). The cubic 
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phase is represented i n f i g . 2.3 and can be regarded as two interpenetrating 
lattices of R and B atoms. The B atoms l i e at the corners of tetrahedra 
joined at the points, the spaces i n between the matrix of tetrahedra are 
f i l l e d with the larger R atoms i n a diamond array. There are 8 formula units 
(24 atoms) per unit c e l l i n the cubic phase. The G14 hexagonal (MgZn^) phase 
contains 4 formula units per unit c e l l and the C36 hexagonal (MgNi^) phase 
contains 8 formula units per c e l l . The three structures are closely related; 
the R atom structures can be considered i n terms of the stacking of three 
dpuble layers (A, B, and C) of hexagonally arranged R atoms. The stacking 
sequences for the HgZ^t MgCû  and MgNi2 structures are then ABAB..., ABC ABC..., 
and ABACABAC... respectively, the last structure may be considered as an 
intermediate state between the other two. 

The Laves phases are very close packed structures and clearly one of 
the main considerations for the formation of the phases w i l l be the size 
ratio between the R and B atoms (ions). The pioneer work on these structures 
was performed by Laves (refs. 2.8, 2.9), who extended the ideas of Goldschmidt 
(ref. 2.10) on the importance of radius ratios. On the basis of a hard sphere 
model with A atoms i n mutual contact, the ideal sise ratio (ion ratio) i s 
r
a/* b " 1.225 for a l l three Laves phases (demonstrating their s i m i l a r i t y ) . 
In existing compounds the ratio of the Goldschmidt r a d i i of the pure elements 
varies from 1.05 - 1.68 but the effective radius ratio i s nearly always within 
the range 1.1 - 1.3 by size adjustment of the elemental r a d i i . I t i s generally 
thought (ref. 2.11) that the radius ratio is not effective i n determining which 
of the phases w i l l preferentially form, but rather that i t is the electron 
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per atom ratio which i s the dominant factor i n this respect. This ratio is 
known better perhaps as the valence electron concentration (vec) and refers 
to the average number of valence electrons per atom i n the structure. Hume-
Rothery (ref. 2.12) f i r s t demonstrated the importance of vec i n relation to 
structure s t a b i l i t y i n the phase diagrams of Cu, Ag and AM alloyed with Sn, 
Zn, and Cd. The basis of this process lies i n the differing bandstructure 
(ref, 2.13) associated with each phase since the most stable configuration 
w i l l be that for which the Fermi energy (E f) is lowest. This consideration 
requires that there be a large density of states (at the given vec considered) 
a£ the Ef. I t appears from the work of Laves and Witte (ref. 2.14) on the 
prototype phases that the cubic (C15) phase is stable for a vec i n the range 
1.33 - 1.75, however for a vec above this range the density of states f a l l s 
for this structure and the C36 hexagonal phase is favoured for a vec range of 
1.8 - 1.9S. The C14 structure i s stable for a small range of vec at * 2.00 
and above this range i n general reverts to the cubic phase. At vec values 
intermediate to these ranges two phase materials are formed. I t should be 
stressed, however, that even a correct size ratio and vec do not guarantee the 
formation of a Laves phase, for example although the conditions are apparently 
favourable for the RCu2 compounds these do not form Laves phases. The implica­
tion i s that there are further factors to be assessed i n deciding the possibility 
of formation of a stable phase. One further aspect of the RBj phases is their 
very high coordination, for example in the MgCug phase the R atoms are coordin­
ated to four more equidistant A atoms and twelve B atoms at a slig h t l y smaller 
distance giving an effective coordination of 16. The overall average coordina­
tion for the phases is 13j>. 
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2.3 Structural Properties of the RB«'s with 3d transition metals 
Reference to the Gd-Co phase diagram of f i g . 2.1 ( shows that the RB2's 

form peritectically and this has resulted i n some diversity i n the reported 
results of both structural and magnetic studies, due to the presence of 
second phases i n the compounds. I t is possible to achieve better specimens 
by careful,annealing but i t is very d i f f i c u l t to eliminate a l l traces of 
second phases. 

The l a t t i c e parameters of the RB2's (with Pe» Co or Mi) show the usual 
Lanthanide contraction as is seen i n f i g . 2.4 for the cobalt series. The 
Cerium compound shows a large negative deviation from the expected value and 
this i s associated with the loss of the one 4f electron of Cerium to the 
conduction band leaving the ion quadripositive (ref. 2.15a). The,generally 
peculiar properties of intermetallic compounds containing Cerium arise 
from the ease with which Cerium can lose i t s 4f electron leaving the average 
Cerium ion with a charge between 3+ and 4+. The anomaly associated.with . 
GdCo2 is associated with magnetostrictive expansion caused by the material 
being ordered at the measuring temperature. Fig. 2.5 shows the expansion vs 
temperature curve for 6dCo2 (ref. 2o15b) and the discontinuity at the Curie 
temperature ( 412K) i s clearly seen. The extrapolation of the high temperature 
spacing to room temperature gives a 'nonmagnetic' spacing for GdCo2 i n much 
closer agreement with the Lanthanide contraction prediction. Further evidence 
for a 'nonmagnetic' spacing at room temperature i n agreement with the expected 
results comes from Pseudobinary studies of systems lik e (GdY) Co2 (ref. 2.16). 
Chatterjee and Taylor (ref. 2.17) have observed a general expansion of the 
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l a t t i c e upon magnetic ordering with the HUE RCo 2 compounds. 

The l a t t i c e spacings of the pseudobinary and terminal compounds of the 

seri e s E r F e 2 ~ Er C© 2 ~ ErNi^ are given i n f i g . 2.6 and these r e s u l t s show 

that the iron compounds have larger l a t t i c e spacings than the cobalt or 

nic k e l compounds by approx. 2%, and that the n i c k e l compounds are s l i g h t l y 

smaller than those with cobalt by approx. 0.3%. The pseudobinary s e r i e s i n 

general show positive deviations from Vegards Law (li n e a r interpolation between 

the terminal compounds)with the exception of some of the gadolinium compounds 

where the anomalous behaviour i s simply associated with the ordering ef f e c t s 

mentioned above. Attempts at making pseudobinary systems between n i c k e l and 

iron R(Fe-Ni) 2) ( r e f . 2.15, 2.16) have resulted i n two phase specimens i n 

part of the intermediate region, the second phase being the hexagonal C36 

type. Since the type of Laves phase i s not determined by s i z e e f f e c t s but 

rather by .the vec, and i n the case of the R(Fe-Ni>2 compounds the change i n 

vec i s sim i l a r to that i n going v i a the RCo 2 compound, reason for the formation 

of the C36 phase i s obscure. Oesterreicher and Wallace(ref. 2.18) i n studies 

on the systems Gd(Fe,Al) 2 and Gd(Co,Al) 2 and (Er(Co,Al) 2 showed the e f f e c t 

of the changing vec on the structure, where they -observed the presence of 

the C14 hexagonal phase i n the intermediate ranges. Their magnetic r e s u l t s 

are discussed i n the next section. 

The RMn2 compounds have received the l e a s t attention of the 3d compounds with 

most of the work limited to studies with the heavy rare earths ( r e f . 2.19). 

The preparation of the manganese compounds appears to be more affected by 

second phases i n the usual methods of manufacture (arcmelting, induction melt­

ing etc.) and the compounds have successfully been prepared using a complicated 



amalgam process. 
The RAlg compounds also crystallize i n the Laves phases with l a t t i c e 

parameters closely comparable with the RNi2's and as such are useful i n 
studying the RBj's with a nonmagnetic partner. These compounds are discussed 
in the next section. A complete table of l a t t i c e parameter data may be 
found in ref. 2.7. 

2.4 Magnetic Properties 
2.4.1 Rare Barth-dlaluminides (RA1J 

Before discussing the 3d transition metal Laves phases i t i s useful to 
consider the RAlJ^in which the rare earth ion alone carries a magnetic moment, 
since the properties of these compounds may be used in relation to the more 
complex 3d compounds. 

The rare earth dialuminides a l l show ordered behaviour (ref, 2.20) with 
the exceptions of LaAl 2, LuAl 2

 a n d ^>A12, not surprisingly in this last 
compound the Yb is divalent and hence i t s 4f shell is f u l l . CeAl2 has been 
shown to be antiferromagnetic with a Neel temperature below 4K (ref. 2.21). 
Magnetostatic measurements on the other compounds indicate a ferromagnetic 
rare earth spin structure but with the ordered magnetic moments as much as 

» 

20% below the free Ion value (gJ). The behaviour i n the paramagnetic 
region gives an effective moment i n accordance with the theoretical value 
of g (J(J+1))^. The usual.RKKY theory, (see e.g. ref. 2.7), as applied to 
the indirect coupling i n tne rare earth metals, predicts that the ordering 
temperatures should be proportional to the de Oennes function 
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(g-1) J(J+1) provided that the exchange i s v i a polarisation of the 

conduction electrons. The Curie temperatures of the heavy rare earths show 

reasonable agreement, the l i g h t rare earths are only f a i r and these r e s u l t s 

are taken to imply that the exchange interaction i s fundamentally of the 

RKKY type. Prior to the magnetostatic r e s u l t s , Jaccarino at a l . ( r e f . 

2.22 and 2.23) were able? to determine both the magnitude and sign of the 

conduction electron p o l a r i s a t i o n at the Al s i t e using the Knight s h i f t of the 
27 

Al nmr and at the rare earth s i t e using the g - s h i f t i n e.p.r. studies. 

The r e s u l t s of these studies showed that, there i s a negative interaction 

between the rare earth spin (S) and that of the conduction-electrons ( s g ) . . 

I t should be pointed out that the effectiveness of the p a r a l l e l coupling of 

the rare earth spins v i a polarisation of the conduction electrons i s 

independent of the actual sign of t h i s p o l a r i s a t i o n . Further evidence for 

the ferromagnetic coupling of the rare earth spin angular momenta a r i s e s from 

work on the (6d,Nd) Al,, system ( r e f . 2.20) i n which ferrimagnetism i s observed. 

The l i g h t rare earths have J • L-S and hence i f ferromagnetic coupling of 

the spins (S) occurs the net Nd moment (« J ) w i l l be a n t i p a r a l l e l to that of 

the Gd ion.. 

The reduced moment values have been attributed to the e f f e c t of the 

c r y s t a l f i e l d on the (2J+1) degenerate multiplet of the rare earth ion. This 

phenomenon was f i r s t treated by Bleaney ( r e f . 2.24) to account for the 

s i m i l a r behaviour observed i n the R N i ^ s but may be applied d i r e c t l y to the 

RAl 2's because of the s i m i l a r i t y i n l a t t i c e parameter. The c r y s t a l f i e l d 

lowers the degeneracy of the i o n i c state and together with the exchange f i e l d 



Al x M-X 

A -0P 
Gd„ Thi_wAI • • A ! - x n , 2 . 

2 0 0 

.3 ioq-

/ 
Q 2 Q 4 CX6 0.8 to 

Composition x 

FlS 2.7. Co^iK TkMPr««m>«BS W TMC Y .U .vTV , , 

SOSSlVrOTEP 6-<J4t a CDMfoOrtJSA . 



causes nixing of the nondegenerate states to produce a quenched magnetic 
moment. This process is treated i n detail i n chapter 3, section 3.3 
The original calculations were crude insofar as they included the exchange 
f i e l d as a perturbation whereas this f i e l d is often comparable to,or larger 
than,the crystal f i e l d . Furthermore, only the 4th degree crystal f i e l d 
terms were used together with the assumption that the easy axis of 
magnetisation is the 100 direction. This assumption is certainly not 
j u s t i f i e d i n the case of the RFe2 compounds (see next section). Support 
for the presence of f a i r l y large crystal f i e l d effects has come from low 
temperature specific heat measurements (ref. 2.25). The results of neutron 
diffraction studies on DyAl 2, NdAl 2 and PrAl 2 (refs. 2.26, 2.27) have 
indicated rare earth moments that are considerably greater than those 
obtained from the magnetostatic work implying that the crystal f i e l d effects 
are not as large as was thought. Furthermore, the DyAl 2 spectra were best 
f i t t e d by some weak helical antiferromagnetic ordering over and above the 
existing ferromagnetic spin structures. 

Pseudobinary work (ref. 2.28) on the compounds GdAl2, TbAl 2 and ErAl 2 

with the rare earth p a r t i a l l y substituted by Y, La or Th have shown that 
the interaction i n the RAl2's is of the RKKY type. Fig. 2.7 shows the 
results for the three substitutions in GdAl2. The Curie temperature shows 
a linear decrease to aero with increasing Y or, La content as may be 
predicted on simple dilution of the rare earth sublattice. The effect of 
substituting quadripositive thorium is to increase the number of conduction 
electrons and hence the Fermi energy E. and Fermi momentum k- leading to a 
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decrease In the Curie temperature from which both k f and J f l f , the rare earth 

conduction electron exchange i n t e r a c t i o n , can be estimated. The negative 

exchange inte r a c t i o n J f l^ found i n thia way compares favourably with the 

results from the Knight s h i f t and e.p.r. studies ( r e f s , 2.22, 2.23) 

although the former technique relates to the conduction electron polarisation 
27 

seen by the Al nucleus. (Work on GdAl^ has given very similar results f o r 

the obtained by each technique). Further evidence f o r the r e l a t i v e 

magnitudes of J f l f arises from the results of spin disorder r e s i s t i v i t y 

( r e f s . 2.29, 2.30) and the reduction of the superconducting t r a n s i t i o n 

temperature i n LaAl 2 by addition of the magnetic rare earth elements ( r e f . 2.31). 

Recently ( r e f . 2.32) a positive g - s h i f t has been reported f o r e.p.r. i n Gd doped 

LaAl 2 implying that J ̂  i s positive. 

Although the magnetic results have shown that an RKKY type of int e r a c t i o n 

i s responsible f o r the observed properties, i t should be pointed out that 

a negative value for J g f , the exchange i n t e g r a l , i s Incompatible with simple 

RKKY theory since t h i s i n t e g r a l i s of i t s nature po s i t i v e . This dilemma has 

been q u a l i t a t i v e l y resolved (and possibly q u a n t i t a t i v e l y i f the theoretical 

values used i n estimation and also the experimental analysis can be improved) 

by Watson et a l . ( r e f s . 2.32, 2°33) using an eff e c t i v e exchange constant, 
J e f f c o m P r i s i n 8 c n e J

8 f o £ t h e RKKY inter a c t i o n and a further i n t e r a c t i o n , 
J i n t * a r* 8* n8 f r o m the effects of interband mixing. This process may be 

q u a l i t a t i v e l y understood by r e f e r r i n g to f i g . 2.8 which applies to Gd wit h a 

half f i l l e d 4f s h e l l . I t depicts a simple unmagnetised conduction band with 

the Fermi level E f, with a highly localised 4f spin*band l y i n g well below 



t h i s l e v e l . The unoccupied 4f+ o r b i t a l s are represented by the narrow band 

above E^. A, conduction electron state of spin + j u s t above w i l l , i n 

general, have a non-zero matrix element <$4f|h|ifrK> with an occupied 4f t 

wave function, causing; mixing of the two states. The res u l t of t h i s 

i n t e r a c t i o n i s to raise the energy of the state at the Fermi surface and 

cause the 4f + to acquire a certain amount of conduction electron character -

t h i s i s called an Emission process. The reverse process (absorption) occurs 

for the unoccupied^ 4f + states which mix with the occupied conduction 

electron spin + states giving them a 4f character and lowering t h e i r energy. 

The net r e s u l t of t h i s interband mixing i s to upset the conduction electron 

spin populations giving an increase i n the number of spin + electrons at the 

expense of the spin + electrons. The polarisation so produced i s i n opposition 

to that produced by the RKKY inter a c t i o n which affects the spin + electrons 

alonet, by decreasing t h e i r energy, and hence polarising them towards the" 

spin + state. As a re s u l t the e f f e c t i v e exchange, J e ff» may be of either 

sign depending upon which int e r a c t i o n i s dominant. Recent studies of the 

Knight s h i f t and magnetic s u s c e p t i b i l i t y on the rare earth copper compounds 

(RCu) ( r e f . 2.34) have cl e a r l y shown that an RKKY int e r a c t i o n plus interband 

mixing are consistent with the experimental r e s u l t s . The interband mixing 

causes a decrease i n the observed moment i n magnetostatic measurements and 

i t may be that the reduced moments i n the RAl 2's, o r i g i n a l l y a t t r i b u t e d to 

crystal f i e l d e f f e c t s , are e n t i r e l y due to t h i s process. I t i s more l i k e l y 

however, that the two effects both play an important part i n determining the 

observed moment i n these compounds. 



2.4.2. Rare earth-3d Transition metal AB^'s 

The replacement of the aluminium ions by one of the magnetic i r o n group 

t r a n s i t i o n metals (Mn, Fe, Co, or Ni) w i l l complicate the magnetic i n t e r ­

actions and. also, depending upon the pa r t i c u l a r 3d-element, vary the valence 

electron concentration. We sha l l consider the RNig, RCo2 and EFe2 compounds 

(and RMn2) f i n a l l y discussing the various pseudobinary systems. 

I n the paramagnetic state, the nickel compounds exhibit Curie-Weiss 

behaviour except f o r the compounds CeNi 2, LuNi 2 and SmNi2 ( r e f . 2.35). The 

f i r s t two of these three compounds are Pauli paramagnets the Cerium being 

quadripositive i n the l a t t e r having l o s t i t s 4f electron to the conduction 

band. The anomalous behaviour of SmNig may be at t r i b u t e d to ex c i t a t i o n 

i n t o the next J «* 7/2 mu l t i p l e t of the Sm ion (g.s.J °= 5/2) since the 

mu l t i p l e t separation i n t h i s p a r t i c u l a r case i s approximately equal to kT 

for T about room temperature. The fact that LuNi 2 and Y N i 2 exhibit 

temperature independent s u s c e p t i b i l i t y implies that the Ni ions carry zero 

magnetic moment since i n Lu the 4f she l l i s f u l l and Y has no 4f electrons. 

The saturation magnetic moment of GdNi 2 further supports the idea of zero nickel 

moment since the measured moment i s very close to the Gd free ion value (gJ). 

Neutron d i f f r a c t i o n studies ( r e f . 2.36) on the TbNi 2 have been unable to 

detect any nickel moments so that i t i s generally assumed that the nickel 

i s i n the nonmagnetic 3 d 1 0 state by electron transfer from the conduction band. 

(The f a c t that t h i s process requires 4 electrons, 2/atom of N i , makes i t 

hard to j u s t i f y , see l a t e r ) . The saturation moments of the rest of the RNi2's 

may then be associated purely with the rare earth component (including the 

induced conduction electron p o l a r i s a t i o n , of course) and on t h i s basis i t i s 



found that the moments axe reduced to a similar extent as was found i n the 

RAlg compounds. As before, Bleaney ( r e f . 2.24) a t t r i b u t e d t h i s reduction to 

the a f f e c t of the c r y s t a l f i e l d on the rare earth ion assuming that the easy 

axis of magnetisation i s the 111 axis. On the simple model Bleaney put 

forward, the maximum and minimum moments of the rare earth ion were estimated 

by including the exchange f i e l d as a perturbation which causes mixing of the 

already c r y s t a l f i e l d s p l i t levels. This procedure i s not very satisfactory 

since the exchange f i e l d i s often too large to consider as a perturbation 

(see Ch. 3 ) , however, the predicted quenching of the rare earth o r b i t a l 

angular momentum gives a range of magnetic moments which are of the correct 

magnitude, showing that c r y s t a l f i e l d effects are most l i k e l y to be an 

important factor i n these compounds. 

The Curie temperatures of the RNi^'s when plott e d against the de Gennes 

function follow two straight l i n e s , one for the heavy and the other f o r the 

l i g h t rare earths. As i n the RA12 series t h i s i s taken to indicate that the 

magnetic int e r a c t i o n i s RKKY i n o r i g i n . 

the saturation moments of the cobalt and ir o n compounds with gadolinium 

have values of 5.091^(author'sresults) and 3.35v>fi respectively and since the 

gadolinium moment must be of order 7ufi ( i t i s an S-state ion and i t s magnetic re­

manent i s unaffected by the cr y s t a l f i e l d ) then the t r a n s i t i o n metals must have 

a n t i p e r a l l e l moments of order l u ^ f o r Cobalt and 1.8uB f o r Fe. The rest of 

the heavy rare earths show results consistent with t h i s picture of f e r r o ­

magnetic structures, the l i g h t rare earths however are interpreted i n terms 

of ferromagneticcoupling of the moments. Wallace ( r e f . 2.37) gives a 
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reasonable account of the process and i t i s reproduced here. The results 

of the g-shifts on RAl^ compounds show that the spin polarisation wave has 

a negative value at the rare earth s i t e . The work of Stevens ( r e f . 2.38) 

has shown by HBssbauer studies, that Fe interacts with the conduction 

electrons to give a p o l a r i s a t i o n p a r a l l e l to the i r o n moment and the 

s i t u a t i o n f o r Co i s presumably similar. The shape of the spin polarisation 

wave i s given by the RKKY theory and the amplitude at the rare earth centre 

i s known, however the f i r s t cycle wavelength has to be determined. Informa­

t i o n comes immediately from the nmr results ci t e d e a r l i e r f o r the RAlj series. 

These show that the negative polarisation extends, or possibly i s negative 

again, out to the A l s i t e . I t i s reasonable however to assume that the 

polarisation wave i s s t i l l on i t s f i r s t c h a l f cycle since the R-Al distance i s 

only * 10% greater than the R-R distance. With these assumptions i n mind i t 

i s possible to construct.the picture shown i n f i g . 2.9., a f t e r Wallace, f o r 

the l i g h t and heavy rare earths. As before the effectiveness of the coupling 

does not depend on the sign of the polarisation which could j u s t as well be 

po s i t i v e as i t i s i n the rare earth metals ( i t i s , of course, necessary that 

the f i r s t cycle wavelength be of the same value). The resultant structures 

arrive immediately from the act that the net J i n the l i g h t rare earths 

i s given by J • L-S, whereas i n the heavies J - L+S. 

Bearing t h i s structure i n mind and assuming constant Co and F« moments 

(see neutron d i f f r a c t i o n results l a t e r i n t h i s section) i t i s possible to 

estimate the rare earth moments from the saturation moment data. The 

conduction electron polarisation i s ignored i n these estimations but i s not 
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expected to be much greater than * & few tenths of a Bohr Magneton* For 

the cobalt series the rare earth moments are reduced from the free ion values 

and are taken to be cr y s t a l f i e l d quenched. The c r y s t a l f i e l d effects are 

smaller i n the cobalt compounds f o r two reasons. F i r s t l y , the cobalt i s 

probably more charged than the nickel thereby reducing the and Bg c r y s t a l 

f i e l d c o e f f i c i e n t s (see chapter 3 section 3.4) and secondly, the l a t t i c e 

parameters of the cobalt series are larger than those of the nickel compounts 

causing a further reduction of the c r y s t a l f i e l d coefficients i n which the 

l a t t i c e parameter appears as a — term i n B^,—— f o r B^ . The spacing 
A A 

difference between the i r o n and cobalt compounds i s a factor of * 10 greater 

than the difference between the cobalt and nickel series. This, together w i t h 

the smaller degree of electron transfer i n the i r o n compounds, results i n 

almost negligible c r y s t a l f i e l d effects f o r these compounds, so that the 

rare earth moments are i n general taken as the free ion values. The moment 

associated w i t h the i r o n varies quite considerably - from 2.2,Ug i n DyFe2 

through 1>45UB i n YFe2 t o 0.55uB i n UFeg (which i s a C15 Laves phase compound). 

The Curie temperatures of the Cobalt and Iron series are shown plott e d 

against the de Oennes function i n f i g . 2.10, where the f i e f o r the Cobalt 

series can be seen to be f a i r l y good. A reasonable f i t i s obtained f o r the 

ir o n compounds provided that* a constant i s added onto the equation, t h i s 

constant representing jpie Fe - Fe inte r a c t i o n given by the intercept on the 

T axis at 0 • 0. The Curie temperature of YFe^ which corresponds to G • 0 

i s 550K i n excellent agreement with the predicted value. The similar compound 

for the cobalt series has sero as the intercept and indeed the pre v a i l i n g 

evidence i s that YCb- i s non magnetic although i t was thought to be a n t i -
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ferromagnetic (see r e f s . 2.39, 2.40) at one time. 

The nature of the t r a n s i t i o n moment has f o r some time been a matter 

for contention, arguments being proposed i n favour of both a localised 

moment and an i t i n e r a n t electron moment. Pseudobinary studies on the 

systems (DyY)Fe2 and Gd(CoNi) 2 ( r e f s . 2.41, 2.42) have favoured the l a t t e r 

model. These compounds show a nonlinear v a r i a t i o n of the t r a n s i t i o n metal 

moment (V^) with composition and, further the moment changes appreciably 

over quite small ranges of composition, a fact that i s incompatible with the 

simple electron transfer effects to be associated with the v a r i a t i o n . The 

observed behaviour was explained on a model i n which the 3d electrons form 

a band giving riae, to an i t i n e r a n t electron moment. These studies have 

been extended to include the system Y(Fe,Co)2 ( r e f . 2.43, 2.44) and also 

Zr(Fe,Co) 2 ( r e f . 2.45). The magnetic results of the Y(FeCo) 2 series are 

shown i n f i g . 2.11. The rapid collapse of the moment at * 20% Fe concentra­

t i o n i s similar to the collapse of the t r a n s i t i o n metal moment observed i n the 

middle of the Gd(CoNi) 2 system. This phenomenon i s a t t r i b u t e d to the reduc­

t i o n and subsequent collapse of the s p l i t t i n g of the 3d-subbands i n association 

with.the increased 3d-electron concentration and the i n t e r - t r a n s i t i o n metal 

exchange i n t e r a c t i o n , both of which are linked d i r e c t l y with actual value of 

the moment of the t r a n s i t i o n metal. Further pseudobinary work ( r e f . 2.46, 

2.47) has further supported the i t i n e r a n t moment model, and i n f i g . 2.12 

are shown the saturation moment and Curie temperatures plotted against 

composition for the series (Ho(Fe-Co)2 and Ho(Co-Ni) 2* I n t h i s diagram the 

reduction i n t o t a l moment i n the v i c i n i t y of HoCo, i s seen to accompany a 
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sharp r i s e i n the Curie temperature. This behaviour i s understood i n terms 

of the development of a t r a n s i t i o n metal moment due to the changing 3d-

electron concentration! the detailed band structure, and the ef f e c t of the 

increasing exchange upon the rare earth. This increase i n exchange f i e l d 

w i l l cause the rare earth ion moment to further approach the free ion value 

as the cr y s t a l f i e l d s p l i t t i n g i s overcome by the exchange f i e l d , and 

calculation of the ef f e c t of the two f i e l d s can account f o r the observed 

behaviour ( r e f . 2.48). Fig. 2.13 shows the results of t h i s calculation 

f o r the s i m i l a r l y behaved Er compounds. Crystal f i e l d effects are clearl y 

important i n these compounds, although actual calculations of the magnitude 

of the ef f e c t require a p r i o r knowledge of the easy d i r e c t i o n . No single 

c r y s t a l studies of these compounds have yet been reported, however hyperfine 

f i e l d studies using the MBssbauer technique have given the easy axis i n the 

poly-c r y s t a l l i n e RFe2 compounds ( r e f . 2.49 - 51). The hyperfine f i e l d at 

the t r a n s i t i o n metal has contributions from the magnetic moment of the com­

pound and these contributions are not necessarily i d e n t i c a l f o r each 

t r a n s i t i o n metal. For example, i f the easy axis i s along the 111 d i r e c t i o n 

then the three t r a n s i t i o n metals that are " o f f - a x i s " (see f i g . 2.3) are 

indistinguishable from each other but inequivalent to the ion that i s 

situated on the axis. I n t h i s case two MBssbauer spectra r e s u l t with an 

in t e n s i t y r a t i o of 3:1. The 100 di r e c t i o n may be the easy axis i n which 

case a l l sites are equivalent and one spectrum alone r e s u l t s , s i m i l a r l y 

i n the 101 (or 110) dir e c t i o n there are two pairs of ihequivalant sites 

giving r i s e to a double spectrum with an in t e n s i t y r a t i o of 1:1. The results 
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for the i r o n compounds showed that a l l three directions occurred i n the 

series although Bowden (ref= 2.50) was able to predict, upon a simple c r y s t a l 

f i e l d model using the signs of the c r y s t a l f i e l d c o e f f i c i e n t s , which of the 

111 or 100 directions would occur, giving excellent agreement with those 

compounds that did not show the 101 easy axis.. These results w i l l be 

referred to l a t e r i n chapter 6, 

The interactions w i t h i n the i r o n and cobalt compounds are more complex 

than f o r those of the Nickel (and Aluminium) compounds, since the t r a n s i t i o n 

metal has a moment. The possible interactions are ( i ) the R-R which i s RKKY 

i n o r i g i n , ( i i ) the R-B which also goes via the conduction electrons and 

( i i i ) the B-B int e r a c t i o n (direct) which i s most l i k e l y the strongest of the 

three (c e r t a i n l y true of the i r o n compounds). The B-B i n t e r a c t i o n i s c l e a r l y 

linked to the other two since the magnetic moment of YCoj i s probably zero 

and i t s Curie temperature, i f i t e x i s t s , i s less than 2K ( r e f . 2.40). The 

interactions probably arise from some bootstrap process which i n turn depends 

upon the 3d band structure. 

The magnetisation versus temperature behaviour for the heavy rare earths 

Cobalt and iron compounds i s t y p i c a l of the ferrimagnetic structures of 

these compounds, - the curves showing the dips and compensation points 

associated with ferrimagnetism (see chapter 3)° As mentioned previously i n 

r e l a t i o n to the l a t t i c e parameters there has been some d i v e r s i t y i n reported 

magnetic properties the e a r l i e r measurements suffering severely from second 

phases i n the materials. Indeed the cobalt and i r o n compounds consistently 

show high temperature " t a i l s " a r i s i n g from small amounts of second phases. 
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Some evidence for these may be seen i n the results f o r the compounds studied 

i n t h i s work i n chapters 5 and 6. 

The work of Oesterreicher et a l . on the R(Al,Co) 2 series cit e d e a r l i e r 

( r e f . 2.18) gave magnetic results that were consistent w i t h the idea that 

the 3d-band was progressively f i l l e d as Al ions were added re s u l t i n g i n a 

reduction of the t r a n s i t i o n metal moment to zero. This work has been extended 

to include similar studies with RMn̂  compounds ( r e f . 2.52). The electron 

transfer theory of the 1967 study ( r e f . 2.18) i s now thought to be only a 

p a r t i a l transfer since the transfer necessary to account fo r the reduction 

of the magnetic moment to zero i n the Gd(Fe,Al) 2 series (and i n general) 

requires too large a charge separation to be sustained. The R(Mn,Al)2 series, 

where i t i s expected that the v.e.c. w i l l be very low since Mn can accept 

4 electrons/atom to f i l l i t s 3d band, shows no moment associated w i t h the 

Mn ion and f u r t h e r , i n the Gd(Mn,Al)2 series the C15 structure persists 

throughout. This f i n d i n g implies that the v.e.c. remains reasonably constant 

i n the above compounds although, i n the Er(Mn,Al)2» a very small range of 

the C14 phase i s detected - these results are at variance with the electron 

transfer theory. The conclusion must be that transfer undoubtedly does occur 

but to an extent that i s d i f f i c u l t to assess and c e r t a i n l y not to the 

previously envisaged levels. 

Neutron d i f f r a c t i o n studies have been carried out on some of the RCo2 

compounds by Moon et a l . ( r e f . 2.53) and more recently on some of the 

Er(Co,Al) 2 and Tb(Co,Al) 2 compounds (r e f . 2.54). The e a r l i e r results showed 

s l i g h t l y higher moments associated with the rare earth ions and cobalt • 
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moments of 0.8v^/ion i n the LBE compounds and l.Ou^/idn i n the HRE compounds, 

these moment values are further discussed i n chapter 6. The neutron d i f f r a c ­

t i o n spectra revealed some extra temperature dependent peaks which were then 

a t t r i b u t e d tothe possible presence of second phase e f f e c t s . The results of 

the R(Co,Al>2 studies show a tendency towards antiferromagnetic ordering 

with the e x h i b i t i o n of Ne"el points at low applied f i e l d strengths. The 

neutron d i f f r a c t i o n results are interpreted i n terms of a p a r t i a l l y ordered 

state under these conditions, with some evidence of a h e l i c a l spin structure. 

I t should be pointed out, however, that the above structure was observed i n 

low moment compounds i n which the ordering temperatures are also very low, 

thus i t i s l i k e l y that the small exchange forces are affected by second order 

effects causing the h e l i c a l structure and p a r t i a l disorder to be present. 

Recent studies of the pseudobinary system Dy(CoNi) 2 have shown a further 

i n t e r e s t i n g aspect of the RB2 compounds, since t h i s series shows an extensive 

ti n e dependence of i t s magnetisation at low temperatures (re f s . 2.55, 2.56). 

This behaviour has been interpreted i n terms of the formation of narrow 

domain walls and the i n t r i n s i c pinning inherent i n such a system ( r e f . 2.57). 

I n conclusion, i t may be said that the rare earth-3d t r a n s i t i o n metal 

compounds of type RB2, exhibit a wide va r i e t y of magnetic ef f e c t s * the 

detailed explanation of which has yet to be perfected. The magnetic moments 

of the rare earths are dependent on the exchange interactions Which have been 

shown to be of the RKKY type leading to polarisation of the conduction 

electrons. These moments are quenched to a degree depending upon the c r y s t a l 

f i e l d which i n turn depends upon the t r a n s i t i o n metal. Accurate specification 
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of the moments to be associated with either component of the RBj i s made 

d i f f i c u l t by the conduction electron polarisation which as shown above can 

either be positive or negative (or zero, presumably). The dominant exchange 

interactions i n the Fe or Co compounds are the R-B and B-B interactions 

both of which are severely influenced by the B moment i t s e l f . The t r a n s i t i o n 

metal moment has been best understood on an i t i n e r a n t electron model 

dependent upon band f i l l i n g effects (via electron transfer) and v a r i a t i o n i n 

the exchange together with the detailed structure of the bands. This l a s t 

term i s purely speculative at the present with no theoretical calculations 

of the structure i n these compounds. 

The current work presents the results of magnetic studies on the pseudo-

binary compounds (Gd,Nd)Co2 i n which i t was intended to study the affec t of 

the rare earth t o t a l sublattice upon the cobalt moment. In. t h i s system the 

gadolinium and neodymium moments ("J) are a n t i p a r a l l e l r e s u l t i n g i n a 

compensated rare earth sublattice at some composition value. Gadolinium i s , 

as always, the obvious choice f o r the heavy rare earth since i t i s an S-state 

ion and as such i t i s essentially unaffected by the c r y s t a l f i e l d . The l i g h t 

rare earths a l l have sizeable c r y s t a l f i e l d effects but i n Sm and Pr the .. 

mu l t i p l e t separation of the spin o r b i t coupling i s small enough to endanger 

the f i d e l i t y of J as a good quantum member, leaving Nd as the other choicje. 

Some rather unusual magnetisation behaviour was found and t h i s has been 

interpreted i n terms of c r y s t a l f i e l d effects on the Nd ion. 
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CHAPTER 3 

THEORETICAL BASIS 

3.1 Introduction 

Tha we l l known Weiss Molecular F i e l d theory of ferromagnetism (see e.g. 

r e f . 3 .1) has been used to explain the behaviour of the spontaneous magnetisation 

below the Curie temperature, the Curie point i t s e l f and the paramagnetic region. 
I 

There have.*been improvements to the o r i g i n a l . theory but these do not greatly 

aff e c t the present work ( f o r a review see r e f . 3.2). 

I f Russel-Saundere coupling of the o r b i t a l (L) and spin (S) angular 

momenta may be applied to the material, to give a t o t a l angular momentum 

quantum number (J) and associated Lande* factor ( g ) , then the theory predicts 

that the magnetisation per u n i t mass (o^ T ) , at a f i e l d (H) and temperature 

(T) i s given by the expression 

°H,T " J ' V B J ( y > - I • 

I n t h i s equation., N, i s Avogadro's number, A, the atomic or molecular 

weight, v>B, the Bohr magneton and Bj(y) the standard B r i l l o u i n function*. I t 

i s possible to f i n d from the magnetisation a , a useful quantity known as 

the Bohr magneton number given "by 

P - ° H , T ^ ( 3 < 1 ) 

which represents the magnetic moment associated with the atom, or 

molecule, i n units of the u^. Within a domain, the magnetisation with no 

applied f i e l d , 0 0 T» i s termed the spontaneous magnetisation and at absolute 

zero, <*0,o' * 8 c a l l e d the absolute saturation magnetisation. Under these 

conditions „ / „ \ 
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°0,o - g . J. y B. | , 

corresponding to complete alignment of the atomic (molecular) moments. This 

state can also be attained: by the application of a s u f f i c i e n t l y large f i e l d 

and the a g Q representing the condition i s called the saturation magnetisa­

t i o n . Although a g Q and o g T are not the same as oQ Q and 0 Q ^t they are 

almost numerically; equivalent, and generally i n t h i s work i t i s o that i s 

measured (see section 4.3.6). 

3.2 Ferrimagnetism 

A ferrimagnetic material may be defined as one which, below a certain, 

temperature, possesses a spontaneous magnetisation a r i s i n g from a non-

p a r a l l e l arrangement of the strongly coupled atomic moments. This may be 

caused by unequal moments oppositely aligned, or equal (or unequal) moments i n 

some canted structure. The simplest arrangement, that of two a n t i p a r a l l e l 

sublattices A and B, was treated o r i g i n a l l y by N$el ( r e f . 3.3). Even i n 

th i s case there are several p o s s i b i l i t i e s : (a), equal moments at the sites 

of each sublattice but more A sites than B sites (and vice-versa), (b) unequal 

moments on the A and,B sublattice sites with equal number of s i t e s , and 

(c) unequal moments and unequal numbers of s i t e s . When systems with more than 

two sublattices are considered the s i t u a t i o n becomes more complicated and 

i s discussed l a t e r i n t h i s section. 

Neel's molecular f i e l d approach to the two sublattice system was as 



follows. The molecular f i e l d s f o r the sublattices, A and B,are w r i t t e n 

(3.2) 
HmA " ""AA'A " NAB aB 

HmB " ~ N A B G A " "BB-'B 

where > 0 f o r ferrimagnetism and «f N B B (or else the system i s 

simply antiferromagnetic) are the molecular f i e l d constants f o r the AB, AA 

and BB interactions respectively.. I t i s usual to express the smaller i n t e r ­

actions and N g B i n terms of the (usually) dominant in t e r a c t i o n by the 

equations: 

. - '» 
a a — — 
.. NAB 

!BB 
NAB 

The individual sublattice magnetisations can then be found by the usual 

molecular f i e l d calculations to give 

a A(0,T) - aA(O,0) Bj (JE^) 
A 

a B(0,T) - a B(0,0) Bj (3^) 
B 

where X A - JA8AWBHmA and Bj (X A) i s the B r i l l o u i n function ( s i m i l a r l y f o r the 
KT A. 

B s u b l a t t i c e ) . I f i t i s assumed that the sublattice magnetisation vectors 

are a n t i p a r a l l e l then the magnitude of the r e s u l t i n g t o t a l spontaneous 

magnetisation a R 0,T i s 

oR0,T - |aA0,T - aB0,T | 
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The v a r i a t i o n of the magnetisation with temperature w i l l depend on the 
0 0 X 

quantities A * , a and S, but the actual sublattice magnetisations decrease 

monotonically with increasing temperature u n t i l the Curie temperature i s 

reached where they both become zero. However, some unusual c vs T curves may 

resu l t because of the difference between the v a r i a t i o n of the magnetisations 

of the two sublattices w i t h temperature, and these curves may be studied as a 
o 0 T function of a and 6 with constant A ' / n _ _ or vice versa. Figures 0BQ,T 

3.2.1 and 3.2.2 i l l u s t r a t e some possible curves. The f i r s t figures show the 

s i t u a t i o n f o r 0^0,0 < aB0,0 and i n (a) the net molecular f i e l d on the A sites i s 

less than that on the B sites causing the A sublattice magnetisation to f a l l 

w ith increase i n temperature more rapidly than that of the B sublattice. This, 

i n e f f e c t , means that the AA i n t e r a c t i o n must be antiferromagnetic and the SB 

intera c t i o n less so, or even ferromagnetic (i«e-a > B). The second part of the 

diagram represents the reverse s i t u a t i o n (0 > o ) , and i n t h i s case the 

spontaneous magnetisation reverses i t s d i r e c t i o n passing through zero at a 

temperature known as the compensation temperature (T ) . (Note - the dotted 
comp 

curve represents the spontaneous magnetisation, but when observations are made 

a f i e l d has to be applied causing the spin system as a whole to ' f l i p ' when 

the compensation point i s reached and i t i s the s o l i d curve that i s detected 

as a consequence, of t h i s ) . The series of curves shown i n f i g . 3.2.2 represent 

the e f f e c t of varying the r a t i o aA0,T/<yflO,T (by, f o r example, varying the 

chemical composition) f o r constant value8 of a and 6, on the behaviour of <* 

against reduced temperature T/Tc ( i n order to have a common temperature). I n 

the curve, labelled 4, the quantities a.0,0 and aR0,0 are equal and opposite 
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giving a resultant aRG>0 » 0* however, since ^ (a \ 0), above 

absolute zero and below the Curie temperature 0RO,T \ 0. Curve 2 represents 

the t r a n s i t i o n point between curves of the 'Brillouin-type' (eg 1) and those 

similar to curve 3 (also f i g . . 3*2..la). For curves 1 to 3, the r a t i o 

aA0,0/oBo,0 < I j f o r curves 5 to 7 the r a t i o 0^0,0/^0,0 > 1. The 6th 

curve represents the t r a n s i t i o n between curves which exhibit the compensation 

point phenomenon (eg f i g . 3.2.1b) and those of type 7. I t can be seen from 

the foregoing that with a simple two sublattice system a r i c h v a r i e t y of 

o* vs T curves i s possible:. 

Yafet and K i t t e l ( r e f . 3.4) extended the Ne*el theory to include the case 

where the a n t i f erromagnetiis AB inte r a c t i o n i s comparable i n size to the 

antiferromagnetic AA and BB interactions. I n t h i s s i t u a t i o n , the A sublattice 

i t s e l f may s p l i t i n t o two a n t i p a r a l l e l sub»sublatticee, A^and A 2, s i m i l a r l y 

for the B sublattice with the resul t that various o v e r a l l configurations 

are possible:- (a) a n t i p a r a l l e l A and B t o t a l sublattices C*+)» (b) some 

triangular configuration ^ or , or (c) antiferromagnetism w i t h i n the 

two A and B sublattices independently of each other ( $ $ ) • Another i n t e r e s t i n g 

feature of t h i s extended theory i s the p o s s i b i l i t y of tra n s i t i o n s between the 

various spin configurations w i t h change i n composition and temperature. 

Lotgering ( r e f . 3.5) applied the Yafet and K i t t e l theory to the spinel 

structure AflB 2]x^, where A and B are magnetic ions and the AB inte r a c t i o n i s 

comparable to the AA and BB interactions. The configuration i n t h i s type of 

structure i s such that there are two A - sublattices, and four B - sublattices, 

represented by AjA 2 &| ~ Xg. By a consideration of the magnitudes of the 
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superexchange interactions w i t h i n the system, i t i s possible to simplify the 

calculations and deduce the stable configurations of the spin system at absolute 

zero r e l a t i v e to the dominant Weiss molecular f i e l d constants,a and @, for the 

A and B sublattices respectively. Fig. 3.2.3 (after r e f . 3.5) i l l u s t r a t e s the 

a - 3 diagrams f o r the two theories (note: these diagrams apply also to the 

more simple two sublattice ferrimagnetic systems since they express the results 

i n terms of the dominant in t e r a c t i o n s ) . The terms ao and bo represent the net 

sublattice magnetisation vectors at OK and the r a t i o bo/ao ( *= 1.25) i s the 

same i n each of the diagrams. The N&el theory allows only a n t i p a r a l l e l 

arrangement of the sublattice magnetisations w i t h the resu l t that i n the two 

regions X and Y one of the sublattices has to have a reduced magnetisation 

although there i s no reasonable mechanism whereby t h i s can be achieved, and 

furthermore, because one of the sublattice moments i s not saturated the 

requirement by the Third Law of thermodynamics that jl?^ " 0 a t absolute 

zero i s violated * The Yafet and K i t t e l theory overcomes t h i s problem by 

allowing canting of the saturated sub-sublattice moments. 

The three major interactions, AB, AA and BB may be represented by three 

Curie temperatures, T c, T A and T & respectively since the interactions are 
* 

independent of one another and, f u r t h e r , are of d i f f e r i n g magnitudes. I n the 

f e r r i t e s where the AB interaction- dominates-, the observed ferrimagnetic Curie 

point depends only on TQ, however, i n the spinels the observed collapse of 

magnetic ordering w i l l take place at the temperature T^ corresponding to the 

Curie temperature of the largest of the interactions. The intermediate 

behaviour, 0 < T < T_, w i l l be governed by the other two temperatures and, as 
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a r e s u l t , transitions i n the spin configuration can occur, as i s i l l u s t r a t e d 

f o r some cases i n f i g . 3.2.4. The d i r e c t evidence f o r triangular spin config­

urations i s only attainable by neutron d i f f r a c t i o n experiments and i t i s 

thought that some of the chromium spinels may have t h i s arrangement although 

there i s l i t t l e evidence from 0 vs T data ( r e f . 3.6). 

The s i t u a t i o n f o r metallic ferrimagnetic materials, such as are 

investigated i n t h i s work, d i f f e r s from that of the spinels and normal ferrite& 

since i n t h i s case, the exchange interactions are not superexchange (although 

some are in d i r e c t ) and therefore can be ferromagnetic w i t h i n a sublattice. 

This ferromagnetic coupling w i t h i n the sublattice tends to simplify the 

result i n g t o t a l spin structure favouring a p a r a l l e l or a n t i p a r a l l e l arrangement 

of the magnetisation vectors. However, the interactions may s t i l l have 

d i f f e r i n g c r i t i c a l temperatures r e s u l t i n g i n the p r o b a b i l i t y of anomalous 

0 vs T behaviour. The compounds studied i n t h i s work are further discussed 

i n t h i s l i g h t i n Chapter 6. 

3.3 Crystal Field Calculations 

3.3.1 Introduction 

A p a r t i c u l a r ion i n a l a t t i c e i s situated i n an e l e c t r o s t a t i c f i e l d due 

to the influence of the surrounding charged atoms. This f i e l d i s called the 

crys t a l f i e l d and w i l l possess a degree of symmetry r e l a t i n g d i r e c t l y to the 

structure of the l a t t i c e . 

Consider a rare earth ion situated i n the l a t t i c e . The ground state of 

th i s ion i s a 2(J+l)-fold degenerate m u l t i p l e t (J - L ± S according to Hund's 

Rules and Russel-Saunders coupling). I f the ion i s placed at coordinates 
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(r,8,4>) near the origin and is under the influence of ions i at R. 
then the f i e l d i n polar coordinates is l' 

v(r,e,4>) - / q i (3.3) 
• r - R. 
1 —1 1 

on a simple point charge basis. The effect of this f i e l d on the ion is to 
lower the 2(j+l)-fold degeneracy to an extent depending on the symmetry of 
the f i e l d and the value of J. The exact nature of the levels can be 
specified using group theory', but two useful rules can be employed and these 
are defined below:-
( i ) KRAMERS THEOREM. This states that i n the absence of any magnetic fields 
(applied or exchange) the levels of an ion with an odd number of electrons 
can at .most be s p l i t into doubly degenerate levels by the crystal f i e l d . • Thus 

3 + 9 3 
rare earth ions' with half integral values of J (eg Nd , J - L • 6, S « -j) 
when situated i n a crystal f i e l d w i l l have Kramers degeneracy. 
( i i ) JAHN-TELLER EFFECT. The crystal structure of a system containing a 
degenerate ground state w i l l spontaneously distort i n such a way as to remove 
this degeneracy, unless the ground state is a Kramers doublet. That is ions 
with an even number of electrons w i l l always have a singlet ground state 
(eg P r 3 +, J - 4). 

The original crystal f i e l d work was carried out at Oxford to account for 
the results of e.p.r. measurements on the rare earth ethyl" sulphates, which 

1 

are cubic in. structure. The susceptibility results show that the crystal f i e l d 
splittings are smaller than the multiplet separation (next J state i n Russel-



TABLE 3.1 

IRON GROUP 
TRANSITION 
METALS 

RARE 
EARTHS 

COULOMB ENERGY 10 - 40 x 103cm"1 5-40 x 103cm"1 

15 - 60 x 10 3 oK 8-60 x 103K 

8P IN-ORBIT 
COUPLING 
(L+8) m J 

100 - 800 cm"1 

150 - 1200 K 
600 - 3000 cm'1 

900 - 4500 K 

CRYSTAL FIELD 
SPLITTING 

10 - 20 x 103cn"v 
i 

a 

0 - 700 cm"1 

(300 cm ) 
15 - 30 x 103K 0 - 1000 K 



Saunders coupling) implying that J remains a good quantum number i n these 
salts. This result may be expected from the fact that the 4f electrons i n general 
are i n relatively deeply buried orbitals, unlike the 3d electrons i n the iron 
group transition metals i n Which the crystal f i e l d s p l i t t i n g greatly exceeds 
the multiplet separation. Some indication of the comparison of the magnitudes 
of these effects i n the two types of ion is given i n table 3.1. 

3.3.2 The Crystal Field 
In the case of cubic symmetry the f i e l d given by equation 3.3 may be 

expanded in Cartesian coordinates to give 

v10(W.«> - c • c4 [»V«* - | r 4 ] • D 6 • 
• x 2. 4 • y V • y V • A * • « V ) - f r 6 J • 0-4> 

i n which the z-axis is a fourfold axis of symmetry-(100 axis). The constant 
C may (in general) be ignored since i t i s independent of x,y» or z. The 
constants end Dg depend upon the coordination of the neighbouring ions 
relative to the central ion calculated on the simple point charge model. 
The potential must obey Laplaces equation and therefore may be expanded into 
spherical harmonics i n which case the number of terms i n the expansion is 
greatly reduced by the symmetry of the crystal. For example a centre of 
inversion renders a l l harmonics » 0 when i. i s an odd integer. Further 
simplification arises when the matrix elements of the hamiltonian between 
the 4f electron wave functions are considered; these have the form 

j*\f q vc(r,e,*) * 4 f dT 



The 4f wave functions contain spherical harmonics up to i - 3 i.e. so 
the angular integrals involved are 

Y 3
W Y° Y 3

H sine d9d* 

which can be shown to vanish unless I < 6. The situation with the 3d transition 
metals i s simpler requiring terms up to the 4th degree (I < 4) only* since d 
electrons have an orbital quantum number of two. 

The cubic crystalline f i e l d may be expressed in polar coordinates as 

100 (r,9,+) - C + D' |Y°(0,« + <^ ) * JYJ(6^)+ Y^4(e,<(.)j| 

(Y° (e,*) - ( I ) * [Y« < M > + Y>,*Jj + »'6 <YX (M> - (-y)2 |Ŷ  (8,*) + Y^(6,<fr)|> (3.5) 

where, again, and depend on the coordination. 
I f the magnetic ion has a charge then the crystalline potential energy 

w i l l be 

H
l C " £ < i V j ... v(3.6) J 

where the i s oyer the electrons i n the unfilled shells. 

3.3.3 Evaluation of the Matrix elements 
There are two common methods for finding the matrix elements of H . between 

c 
the coupled wavefunctions, 
(a) Direct Integration: 

This method is the more fundamental of the two. The free ion wavefunctions 
are expanded into a product involving the individual electron wavef unctions 
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en which the terms VCx^g^) i n B Q act. In polar coordinates the elements are 
formed from sums of integrals such as 

parameter, alternatively! a theoretically calculated value is used (ref. 3.7). 
The angular part of the integral can now be evaluated using the rules discussed 
by Bleaney and Stevens (p. 12S and 130 of ref. 3.8). The direct integration 
method is complicated and seldom Used, the second method being preferred, 
(b) Stevens Operator Equivalents Method. 

This method can be used to evaluate matrix elements between coupled 
wavefunctions that are specified by an atgular momentum quantum number J (or L). 
The procedure eliminates the need to return to the single electron wavefunction 
by using,, instead, an 'operator equivalent' to H , comprising angular momentum 
operators which act on the angular part of the wavefunctions of the coupled 
system while isolating the ignorance of the detailed properties of the states i n 
a common factor.(This process is an application of the Wigner-Eichart theorem 
see e.g. ref. 3.9.) 

The cartesian function f(x,y,a) of a given degree converts to operator 
equivalent form by the replacement of x, y and z by J , J and J respectively, 

x .y a 
allowing for non-commutation of J , J and J i n products of x, y and s by 
using a l l the possible combinations of J x etc. and dividing by the number of 
these combinations. A few examples are 

J (r.e.f.) r M Y "(r . M , ) • <M.<M 

The radial part of this integral <r^> is not accurately known and is used as 

I(3c r, ) 5 o.<r > I3J J(J*l) •» o.<r > 0 j j 



4Q 

2 2 <r > Of Z (x. 2 - y. 2) , «.<r2> [ j x
2 - J y

2 J « «. 

1 (xf - 6 x f y. 2 + y. 4) - s l f i x . + i y t ) 4 + (x, - i y . ) 4 ] * 2^ 
i x 

= 0 J <r 4> J | j +
4
 + J,,4] - Bj <r 4> o 4 

4 
(Note:- J ± •> Jx ± iJy are the step up/down operators). 

Thus matrix elements from the expression 

between coupled states |LSJ J > (or | j > for brevity) are equal to those of 
2 0 

Oj<r > Qg between the angular part of the coupled wavefunctions i.e. 

<Jz»| E(3z £
2 - r . 2 ) | J z> s a j<r 2><J z'| [ 3 J Z

2 - J(J+1)] IJ z> 

In the latter part of the equality, <r > is the radial part of the 
integral, are multiplicative constants depending upon A (the orbital 
quantum number of the electrons i n the unfilled shell) and n' (the number of 
electrons i n that shell and also J (or L & S). The multiplicative constants 
for the fourth and sixth degree expressions are 3j and Yj respectively. ' 

Equation 3.4 for the cubic crystalline f i e l d may be transformed into 
operator equivalents and yields for the crystal f i e l d Hamiltonian 

-- 1 0 0 - ^ » , « 4 > [•«• • v ] - & v 6 > r°6°- * v ] • • • • <3-7> 
w 100 _0 
c 4 [°4° + 5 0 4 4 ] + B6° [°6° - 2 1 0 6 4 ] — <3-8> 

where the terms B_0 comprise the coordination constants (C ) the multiplicative n n 
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factors & y) and the radial part of the integral (<r n>). This Hamiltonian 
is expressed relative to the 100 axis but may be'changed into that for the 111 axis 
by writing the cartesian expressions for the o j 9 1 and using the transformation 
matrix 

"V 
* i m 1//3 Y. 

1 
z i - /2J3 0 Z i 

(ref. 3.10.)» and reconverting the result into operator equivalents, from which 
process the 111 axis Hamiltonian is 

jo 4° + 20/2 o 4
3J 

1 111 H <-T) B 4 
£ 0 3 + u 8 "6 

....(3.9) 

where the B̂  and Bg are the same constants as for the Hfi case. 
To set up the matrix, the elements may be found by operating with the 0 m 

using the normalrules, or, recourse may be had to the published results of this 
process i n for example Hutchings (ref. 3.11). By suitable matrix operations 
the original matrix may be simplified to form submatrices, the number of such 
submatrices being dependent upon the symmetry of the crystal f i e l d . The sub-
matrices may be solved i n the usual way, by the subtraction of eigenvalues (X) 
from the diagonal elements and finding the solution of the resulting secular 
equation by equating i t s determinant to zero. Alternatively, standard computer 
programmes may be used and i n the present work diagonalisation was accomplished 
with a Jacobi reduction programme (see appendix I I ) . 
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3.3.4 The Crystal Field Hamiltonian 
A number of ways have been followed by various authors i n the setting up 

of the crystal f i e l d Hamiltonian and as a' check on the computer programmes, the 
results of Lea, Leask and Wolf (ref. 3.12) were recalculated for J = 9/2. 
Their Hamiltonian takes the form 

••'["tesJ* ( 1 - U b fe)] < 3 l 0 ) 

in which W x - B4- F(4) and W(l-Uf) - Bg. F(6) (3.11) 

In these equations & Bg, have their usual meaning, and 0^ and Og 
represent the fourth and sixth degree operator equivalent expressions. The factors 
F ^ and F ^ are merely numerical multipliers extracted from the matrix elements 
to make the results for a span of J-values similar i n magnitude. I t can be seen 
from equations 3.11 that W is a parameter which slides the energy scale and that 
x specifies the rati o of the fourth degree to sixth degree crystal f i e l d effects. 
This process may appear to be somewhat arbitrary but arises from the fact that 
B̂  and Bg contain coordination factors based on the point charge model and also 
the radial integrals <r n> which are d i f f i c u l t to calculate with any degree of 
accuracy. Hence the terms B̂  and Bg are used as parameters by employing the 
relations i n equ. 3.11 and varied to suit the experimental conditions. 

A slightly simpler form for the Hamiltonian of equation 3.10 was used i n 
this work 

H - SF £x [ i ^ o j • ( H x J ) [B 4©JJ ...,..(3.12) 

in which B̂  is used as the energy 'term for 4th and 6th degree terms, x represents 



directly the ratio of the 4th/6th degree crystal f i e l d energy, and SF is 
an adjustable scaling factor. 

3.3.5 The Effect of Magnetic Interactions 
When calculations of the effect of the crystal f i e l d are made on 

materials i n which there are magnetic fields due to, for example, exchange 
interactions, the total Hamiltonian must include the Zeeman term, unless 
this term is small enough to be introduced as a perturbation. In normal 
ferromagnetic materials with Curie temperatures of some hundreds of degrees 
Kelvin, the internal (exchange) fields can be as high as Several megaoersteds 

3 -1 
10 KA.mm ) and i n these cases the Zeeman splitting.of the multiplet 

is often many times larger than the crystal f i e l d s p l i t t i n g . The Zeeman 
term i n the total Hamiltonian may be written 

\ ' "^"B H i n t J C 3- 1 3 > . 
where H ^ is the internal magnetic f i e l d (comprising the exchange and 
any applied f i e l d s ) . This term only contributes diagonal matrix elements 
since a l l the off-diagonal elements, are zero 

(8 M« H. . < m.' I J |m.> • 0 unless m.' • m.). B mt J J j j 
Thus the t o t a l Hamiltonian may be written 

H j * * - SF |x (B4O4] + (1 - 1x1) [B 40 6]J - gu B. Hint.J...(3.14) 

The solution of the energy matrix set up i n this way yields the eigen­
values and eigenvectors of the (2J+1) energy levels, which may, of course, 
be degenerate. The eigenvectors then led immediately to the observable 
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magnetic moment associated with the ion i n a particular state from the 
equation -

V = g V. D a . m. •o..ooo(3.15) J B 3 3 3 

where a. is the coefficient of the |m.> term of the eigenvector, since 
J J 

the eigenvectors are linear combinations of the free ion states. The 
magnetic moment associated with the ion at a temperature T may be found from 
the addition of Mj (the moment of each state) multiplied by the relevant 
Boltzmann factor, hence, 

-Si 
- I Uj e kT 

*"*; J e e 0 1 o o • ( 3 t 1 6 ) 

? e W 

where Vj is the moment associated with the j t h energy level and AÊ  is the 
difference i n energy between the j t h level and the ground state, and the 
summation extends over a l l levels within the (2J+l)-multiplet s p l i t by 
the exchange and crystal fields. 

3.4 Application of Crystal Field Calculations to the RE-TM Cubic 
Laves Phase Compounds 

The problem i n applying crystal f i e l d calculations to any particular 
material is merely one of finding an expression for the crystal f i e l d 
potential and finding the correct combination of Steven's operator 
equivalents. This procedure is simplest i n the case of cubic fields since 
these have been studied i n the past and are well represented i n the literature. 
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The Cubic Laves phases contain 8 molecules/unit cell(formula AB2> 
that is 8A and 16B ions. I t is the crystal f i e l d at the A site (rare 
earth site) that is required. The cubic laves phase structure is shown 
in f i g . 3.4.1a, the second part of the diagram (3.4.1b) shows the B ions 
only. The nearest neighbours to the A ions are twelve B ions at 

R l - ^ a o - °' 4 1 5 ao 
where a Q i s the la t t i c e parameter. I t is not immediately clear that 
these B ions are i n any way cubically arranged but they do have a 3-fold 
symmetry axis along the I l l - d i r e c t i o n of the unit c e l l (see f i g . 4.3.1b) 
with 6 ions at cos6 - ( ^ j ) * , • - 30, 90, 150, 210, 270 and 330°; 

3 ions at cos9 = " ( y j ) * • • 0, 120, 240; 
and 3 ions at cos9 - -(H)' • - 0, 120, 240. 

> 

The next nearest neighbours are four A ions arranged i n a regular tetrahed­
ron at 

R2 ' 7 ao " °' 4 3 3 ae (" <TT>* R i ) ( 3 * 1 7 ) 

and i n the same polar coordinates 
one ion at cos6 •* 1 

and three ions at cosd - >- y $ » 60, 180, 300. 
The next shell of neighbours comprises B ions at 0.65 a and these are 

o 
appreciably further away and hence neglected. The crystal f i e l d has been 
calculated (ref. 3.13) for the nearest and next nearest neighbour ions and 
the potential does show cubic symmetry. The coordination constants within 
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the crystal f i e l d coefficients and Bg, may be found on the point charge 
model and hence 

B4 " 36" ~ 5 | Z 2 " Z l ] < r 4 > *J 

i c g • a (3<18) 

V B i j 7 | z 2 + °- 3 0 3 z i J < y 6 > yj 

These coefficients may then be numerically evaluated to gauge their order 
of magnitude and substituted into the expression for the total Hamiltonian 
(equ, 3.14). 
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CHAPTER 4 

EXPERIMENTAL APPARATUS 

4.1 Introduction; Principal Methods of Magnetisation Measurements 
There are three major classes of methods for measuring magnetic moments; 

the Faraday method, which involves measuring the force on a sample placed i n a 
non-uniform magnetic f i e l d ; the indirect method of observing some phenomenon 
dependent upon the magnetic properties of the material; and f i n a l l y , the 
detection of the magnetic flux density in. the v i c i n i t y of the specimen. 

The f orc*e method of magnetic moment determination has been used to great ' 
advantage to develop sensitive devices such as the Sucksmith ring balance (Ref.4.1) 
and a susceptibility balance employing the force principle is described i n the 
next Section (4.2). There are several drawbacks to this method of measurement, 
the main one being that the magnetic moment is not observed i n a uniform f i e l d , 
since a f i e l d gradient is essential to produce the-force. Furthermore, this method 
is not readily adaptable to measurement of magnetisation versus applied f i e l d or 
crystallographic orientation. Objections have also been raised on theoretical 
grounds by Wolf (Ref. 4.2) to the use of the force method on highly anisotropic 
materials. 

Numerous indirect ways of measuring magnetic moments via associated 
properties include the Faraday effect, galvano-magnetic effects, such as the 
ferromagnetic Hall, effect, and microwave ferromagnetic resonance observations 
(see e.g. Ref. 4.3 page 228).. The advantages and disadvantages of the indirect 
techniques are typified by ferromagnetic resonance measurements i n which the 
magnetisation can be found provided that the detailed shape of the specimen is 
known. I t is also clear that these methods are limited i n that the particular 
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phenomenon is observed only in a narrow class of materials, and even then 
considerable prior knowledge about the specimen is required, in spite of these 
disadvantages, the indirect method can. yield extremely sensitive results. 

The third method relies on the detection of the induced voltage i n a pick­
up co i l when the flux associated with the specimen changes, owing to a change i n 
applied magnetising force or pick-up-coil position i n relation to the sample. 
An example of the f i r s t type is the Pulsed Magnetometer, i n which a high f i e l d 
is applied to the specimen for a time of the order of milliseconds and the 
resultant flux change i n the specimen is detected by pick-up coils situated round 
the specimen. The disadvantage of this method is that the pick-up coils detect 
the effect of the changing magnetising force upon free space as well as on the 
specimen. Consequently, the method is used only i n pulsed f i e l d work where the 
required high fields (200 Koe) are achieved for times of the order of a few m i l l i -
'seconds and i n which no other detection, system is possible. 

Vibrating c o i l magnetometers have been successfully made (Ref. 4.4) i n which 
the c o i l system is vibrated parallel to the applied f i e l d . The disadvantage of 
this method lies i n the fact that the magnetic f i e l d needs to.be very uniform, 
otherwise complicated corrections are necessary to account for the spurious e.m.f' 
induced i n the pick-up system. Furthermore, for small magnetic moments, the 
magnetic effects of materials surrounding the specimen become appreciable and 
added corrections are necessary.. 

The vibrating sample magnetometer (VSM) was developed mainly by Foner 
(Refs. 4.5, 4.6) and his particular system has the advantage, when using iron-
cored magnets, of specimen vibration .perpendicular to the magnetic f i e l d direction 
thereby saving the destructive magnet redesign necessary for parallel vibration. 

http://to.be
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The magnetometer developed by the author i n the present work, following E l l i s 
(Refo 4.7), i s basically simile' to the Foner instrument except that an air-cored 
solenoid is used to provide the magnetic f i e l d and therefore a simpler pick-up 
c o i l system i s possible i n conjunction with vibration parallel to the f i e l d 
direction. 

• The advantages of the1 VSM over other types of magnetometer are that i t can 
be made insensitive to small magnetic f i e l d i n s t a b i l i t i e s , magnetic f i e l d non-
uniformity, and yet be very sensitive to magnetic moment« 

4.2 The Susceptibility Balance 
4.2.1 The instrument used for susceptibility measurements has been described 
previously (Ref. 4.8) and only a brief account i s given below. In the present 
work the apparatus was improved by the addition of a continuously variable rider 
system for i n i t i a l balancing, and by using transitorised circuitry i n place of the 
original valve electronics. The diagram, Fig. 4.2.1, shews the basic balance 
construction. The lig h t beam has a torsion suspension at i t s centre, this suspen­
sion also carrying the current to the two coils situated at the ends of the beam. 
The ceils are situated i n the loudspeaker type magnets shown in the diagram. The 
balance condition is electronically detected by means of the optical system and 
the two photoresistors. Very coarse balancing i s attained by addition of weights 
to the pan, P, less coarse and fine balance are achieved using the three riders 
of largely differing mass on the bar B* The ultimate balance is maintained by an. 
electronic servosystem which acts, i n such a way as to keep equal illumination on. 
the photoresistors, by adjusting the.current i n the two ceils and hence the torque 
on the balance beam. When the specimen, located i n a quarts bucket t i s situated 
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in a non-uniform magnetic f i e l d , the resultant force is detected by the momentary 
deflection of.the beam, causing irregular illumination of the photoresistors,. 
this i n turn giving rise to a restoring torque. This torque i s sufficient to return 
the beam to i t s original position; minus the slight deflections inherent i n any 
servo - system. The. magnetic f i e l d is.applied using a water-cooled solenoid 
(Ref. 4.°)f the additional f i e l d gradient» or non-uniformity, being derived from 
the inserted c o i l shown i n the.figure. 

Fig. 4.2.2 gives the circu i t of the servosystem. The photoresistors are 
Milliard's (type 0KP 61), the resistance of which decreases.with increase i n illum­
ination.. The output is taken to the balance ,coils from the .points A and B, A 
scalamp galvanometer, connected i n parallel with the coils, monitors the.output 
voltage and gives a direct indication of,the current. In setting up the balance 
system prior to measurement, the photoresistors are switched out (SI) and the two 
parallel resistors enable electronic balancing to be carried out-using the set zero 
control. I t is possible to increase the output current available by switching 
(S2) i n the parallel emitter resistors, t h i s , however, decreases the s t a b i l i t y . 

4.2.2. Interpretation of Measurement 
For a specimen magnetised with a f i e l d H and situated i n a f i e l d non-

dH z 

uniformity -rr~ » th* force on the specimen, F i s given by 

F z 
dH 

^z dz 
where. Q is the dipole moment i n the z direction (Ref. 4.10). 
Now, 

Q, 'Z m.y.H 



where m i s the mass of the specimen and x i s the susceptibility per unit mass. 
dH 

Therefore F w ° n. x> B . — . 
z * da 

The f i e l d H may be replaced by C.h where h is the residing on the f i e l d 
control helipotentiometer and i s a constant. Further* the force, F^, is 
measured i n terms of a change of sealamp galvanometer scale reading, AI. 
Thus F • C4. al where C. is a constant. 

We can therefore write 

C, 1 
(4.1) 

dH z 
where the bracketed term is a constant, i f ^ is constant. 
The other quantities are directly measurable. By using a suitable calibration 
specimen the constant 

c - C* dH3 

Cl~dz" 
may be measured. The maximum sensitivity of the balance was such that i t could 
detect 0.25 x 10~5 emu/gm with a sample of 100 mgm. However, f i e l d i n s t a b i l i t i e s 
caused by the water cooling (current shunting) of the magnet reduced the: 

—5 
sensitivity by a factor of ten giving a practical l i m i t of ;2.5 x 10 emu/ .gm. 

4.3 The Vibrating'Specimen Magnetometer 
4.3.1 Principles of Operation. 

The basic principle of the magnetometer i s that a magnetised specimen is 
equivalent to a small current carrying c o i l insofar as both produce a dipole 
magnetic f i e l d , and therefore i t is possible to compare the two dipole fields 
by detecting the flux i n their v i c i n i t y with-pick-up coils. 
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Figure 4.3.1 is a block diagram of the VSM b u i l t by the author. The 
vibrator is driven by the power amplifier and variable frequency oscillator. 
The vibrator is mechanically connected, via a rod, to the reference dc c o i l and 
the sample, the sample being some distance from the vibrator and reference 
c o i l , and situated i n a variable magnetic f i e l d parallel to the axis of the 
rod. The specimen, when magnetised, acts as a small oscillating dipole, and 
induces an alternating emf in the sample pick-up coils. This emf may be 
electrically shorted by means of the "Short Switch', or reduced by using the 
helical potentiometer attennuator (helipot). The reference c e i l carries a small 
variable dc and consequently also appears as an oscillating dipole to the 
reference pick-up coils. The resultant emf i n these coils depends on the 
magnitude and direction of the 4c, and therefore this emf may be adjusted to 
balance that from the sample pick-up coils. Alternatively, the helipot can be 
adjusted to give amplitude balancing of the signals. Both pick-up c o i l systems 
comprise pairs of coils wound in series opposition, this procedure drastically 
reducing unwanted pick-up from the external magnetic f i e l d i n the one case and 
synchronous vibrator derived pick-up i n the other case. The dipole signals 
however, are added i n the two coils giving twice the signal obtained using one 
c o i l . The upper c o i l of the pair of reference coils is i n closer proximity 
to the vibrator than the lower' coil., and i n order to reduce the synchronous 
pick-up further, the upper c o i l is wound with fewer turns thereby compensating for 
the asymmetry of the pick-upv In spite of th i s , the ooherent pick-up is s t i l l 
at an unacceptable level necessitating the use of the attenuator and phase 
sh i f t network to obtain a coherent signal of equal amplitude and opposite phase 
to that of the coherent pick-up thereby eliminating this unwanted signal. This 
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process i s carried out with no current i n the dc reference c o i l and the short 
switch on. 

Since a l l these signals are very snail (ranging from lOyV to a few mV) i t 
is necessary to amplify, the net signal using a low noise amplifier (LNA). This 
has a maximum gain of MO? and i t s output i s fed to an oscilloscope to provide 
a visible display of the signal;, the oscilloscope also serves as a check on 
the oscillator amplitude and frequency, and the power amplifier output. The 
production of a null input to the LNA is further assisted by the use of a phase 
sensitive detector (PSD) which, apart from rejecting off frequency signals gives 
a coherent signal gain of a further 3dB. The PSD reference signal is derived 
from the power amplifier output and the necessary phase (and amplitude)is 
obtained with the reference phase shifter shown i n the diagram. 

Therefore, with this system, the specimen signal can be matched with the 
reference, dc c o i l signal by adjustment of the variable DC supply. Since the 
specimen signal relates directly to i t s magnetic moment and magnetisation (see 
section 4.3.6(c)), these properties can be found i n terms of a current i n the 
dc c o i l . The instrument may be calibrated by using a sample of known magnetise-

• 

tion and mass (see section 4.3.6(d)), and hence the magnetometer can be used 
to measure the magnetisation df any specimen provided that i t i s large enough 
to be detectable (see section 4*3.6(d)). 

The magnetometer i s further equipped with a servo mechanism linked to the 
PSD balanced output which adjusts the variable dc supply i n such a way as to 
maintain a nu l l input to the IMA when the specimen "signal alters. This system 
enables automatic output onto an XY recorder for magnetisation versus f i e l d , 
or temperature, measurements, alternatively for magnetisation variation with 



•-'iff 

4 

ft 

J . vn I —mm r 2 

6 

WW 
2 SI 

ft 
0 2J* 

in 

1 If & A 1 — I 

R&. /t-.3.Q. Wlgl* BttiPfcg O w a W W Ci«CU%T 



55 

time « normal chart recorder may be employed. 

4.3.2 . Electronic Detail* 
In this subjection details .of each part of the magnetometer are given, 

(a) Oscillator, Preamplifier and their Power Supply. 
The oscillator i s a transistor adaptation of the well known Wien Bridge 

oscillator and has the advantage, apart from compactness over valve cir c u i t s , 
that direct coupling is possible eliminating undesirable phase shifts and large 
high voltage capacitors. 

• Figure 4.3.2 shows the oscillator c i r c u i t . A frequency span of 20Hz - 20KHz 
is covered by three overlapping ranges switched by the 3-way 2-pole switch, 
fine control being afforded by the twin gang 10 K logarithmic potentiometer. 
The advantages of being able to vary the frequency are further discussed i n 
section 4.3.2(c). The bias current of transistor ( t r 1); is small due to i t s 
high input impedance, consequently the effect of bias resistance change i n 
frequency alteration is minimised.. The amplifier (tr3) i s used to further 
reduce the effects of changes i n the resistive arms of the bridge, the ampli­
f i e r output impedance being; very low.. Amplitude control i s exercised by the 
thermistor (th2 - STC type A) which i s i n the negative feed back element. 
Variation i n ambient temperature also effects this control element necessitating 
the use of the compensating thermistor ( t h l , also STC type A). The impedance 
of this thermistor depends on ambient temperature, rather than signal level, 
and when the temperature rises the negative feed-back signal is reduced by 
the shunting effect of the thermistor. By suitable choice of the capacitor 
in series with thermistor 1, the reduced^ resistance of thermistor 2, for a rise 
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i n temperature, can be exactly compensated giving the oscillator a temperature 
independent output. The diode network i n the feedback c i r c u i t ensures reliable 
oscillation by virtue of the diodes'nonlinearity, a signal of some 100 mV being 
required to lower the effective resistance from i n f i n i t y .to a few hundred ohms. 
The c r i t i c a l components i n the c i r c u i t are the biassing resistors of t r l , 
consequently preset potentiometers are used in this part of the c i r c u i t . 

In order to drive the power amplifier without loading the oscillator, a 
preamplifier i s used. The c i r c u i t i s given i n Fig. 4.3.3. The emitter resis­
tance, of tr2 is tapped to provide the 100 mV drive to the power amplifier, the 
f u l l emitter output voltage is taken to an output on the oscillator/power ampli­
f i e r chassis for monitoring the oscillator output. 

The 20 volt stabilised power supply is f a i r l y conventional and i t s circ u i t 
is shown in Fig. 4.3.4. 
(b) The Power Amplifier. 

Since the magnitudes of signals induced by the vibrating sample (and dc 
coil) are directly proportional to the amplitude of oscillation, i t is desirable 
that this be as large as i s feasible, allowing for mechanical limits i n the 
r i g i d i t y of the rod and specimen,, tube. This requirement necessitates high input 
power to the vibrator, and so a 25 watt Henrys Radio amplifier was used for the 
purpose.. This commercial unit required some modification and the c i r c u i t is 
shown i n Fig. 4.3.5. Under heavy load conditions, the current i n the earthed 
positive supply line i s of order 1 amp,, resulting i n coherent ohmic signals 
on the supply line of up to .a few-millivolts. These signals were eliminated 
by using a separate thick positive lead from the power supply to the high current 



t m 
« 

It. 1* 

3 mr4 

WW T 
2 

vWV 

f t 

arlK Id 8 

I 

111-
8 o 8 

1 T S 



57 

output transistors and decoupling further both the amplifier positive supplies 
(capacitors CI and C2). The- amplifier i t s e l f i s of the directly coupled type 
giving, an excellent frequency response,with less than 0.1% distortion at 
f u l l output power. Under continuous high output working, i t was necessary to 
cool the power transistors with a suitable blower, otherwise the output 
transistors (OC28'e) tended to f a i l .carrying the two driver transistors with 
them. The 8ft output of the amplifier was matched to the 3ft impedance of the 
vibrator with a suitable transformer, this affects, somewhat, the frequency 
response but as mentioned below i s perfectly satisfactory at the operating 
frequency. The 60 volt power supply i s a Henrys Radio MBP60 type. 

The layout of the power amplifier/oscillator chassis is shown i n Fig. 
4.3.6. The second Fig. 4.3.7 gives the electrical interconnections for this 
chassis. 
(e) The Vibrator and. Reasons-for Choice of Vibration Frequency. 

The. vibrator i s a commercial unit (Ling Altec Shaker model 201) working 
on the same principle as that of the moving c o i l loudspeaker.- I t i s designed 
for large amplitude high acceleration vibration and under working conditions 
gives an amplitude of about 2mm. at 70 Hs. The mechanical mounting of the 
vibrator is treated later, i n section 4.3.3. 

The frequency of 70 Hz chosen as the normal operation frequency achieves >. 
the best solution to several'opposing, conditions. The vibration amplitude, 
theoretically, i s inversely proportional to the frequency at a given input 
vibrator power, the- signal induced i n ;the pick-up coils by the oscillating 
dipolea i s proportional to the amplitude and to the rate of change of motion, 
given by v the frequency of oscillation. However, i t was found that the largest 
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signal is obtained at large amplitudes, and-low frequency, as opposed to remain­
ing constant at a given vibrator power. The reason for this behaviour i s that 
the vibrator has a non-linear response of frequency vs amplitude at a given 
power input* The choice of a low frequency has the further conditions that i t 
should be as far as possible i r o n mains frequency and i t s harmonics. A frequency 
below 50 Hz suffers from beat frequency effects with mains pick-up, leaving the 
range 50 - 100 He from which 70 Hs was selected as the most reasonable operating 
frequency. 

I t should be noted that: the a b i l i t y to vary the frequency gives the poss­
i b i l i t y of using the electronics i n a vibrating reed magnetometer. This type of 
magnetometer,employs very much smaller specimens (< 1 mgm) mounted on a high-
frequency vibrating reed and i n order to ensure high amplitude, the reed i s made 
to resonate*,. The normal pick-up systems and magnetometer circuitry can then be 
used to detect and measure the magnetisation. 
<d) Attenuator and Phase-Shift Network for Synchronous Pick-up Elimination. 

The signal for this-network i s derived from the main power amplifier output 
transformers, and i t s amplitude and phase are adjusted with the preliminary circ u i t 
(Fig. 4.3*8). The adjusted signal i s the input to the attenuator and phase s h i f t 
c i r c u i t i n Fig. 4.3.9. An emitter follower ( T r l ^ supplies the phase s p l i t t i n g 
stage (Tr2) which has equal amplitude but opposite phase signals on i t s emitter 
and collector. The phase-of the signal that appears on the bjpse of Tr3 varies 
with the setting of RV1, further> the output from this transistor can be 
switched with SI giving' a 180- phase s h i f t of the input to the f i n a l emitter 
follower stage. The variable* resistor RV2 reduces the output signal to the 
very small signal required to balance the synchronous pick-up. In this manner 
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the synchronous piak*--up may be .eliminated'; whatever i t s phase. The ciscuit is 
powered .by a stabilised power supply similar to that shown i n Fig. 4.3.4. 
(a) Pick-up Coil Systems and.«DC Reference Coil. 
. . The dc c o i l .and. magnetised specimen both act lik e small magnetic dipoles, 

and the usual dipole f i e l d formulae may therefore be applied to obtain the 
magnitude and direction of the f i e l d at any point. Since two pick-up coils are 
used i n .series opposition these must be placed on either side of the dipole i n 
such a way that the flux change i s a maximum for a given vibration amplitude. 
This position arises when the flux at the c o i l circumference is at right angles 
to the axis of oscillation .(and the dipole) and the locus of such positions 
i s along a cone of angle 55 P with the axis. Therefore, for a given average c o i l 
Tadius r the. average separation.for maximum signal pick-up can be determined. 

The reference coils*., using 34 swg enamelled copper wire on a perspex former, 
were wound asymmetrically, as mentioned previously with 1,650 turns on the 
upper c o i l and 2,520 turns on the lower one, this asymmetry considerably reducing 
synchronous pick-up. The former dimensions are given i n the mechanical construc­
tion diagram., Fig. 4.3.15^ . . .. . v ... 

Two pairs of specimen pick-up coils were devised, one for low temperature 
work (0 - 400K) and the other for. high temperature work (300 - 1000K). The low 
temperature coils were wound with 650 turns each of 44 swg enamelled copper wire 
on a pyrophyllite former;, this material being better adapted to withstanding 
the temperature cycling-than,,for example, PTFE. The high temperature coils, 
apart from the larger dimensions,-are similar to the low temperature coils, 
and both c o i l formers are shown in Fig. 4.3.10. The high temperature system i s 
further discussed i n section 4.3.4(d). 
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The dc reference c o i l was wound on a perspex former carried on the vibrator 
rod and i s shown i n Fig. 4.3.15.. Enamelled copper wire of 34 swg-was used for 
this ,coil which had 750 turns, and a resultant magnetic moment of 3.3 x 10 1 0 

3 3 
tesla m /ma (3.3 gauss cm /mA>. I t i s perhaps worth noting that the moment of 
a 100 mgm.specimen (of typical molecular weight = 250) with l y ^ per formula unit 

-9 3 

gives a moment of 2 x 10 tesla m . The dc c o i l is. capable of carrying the 
f u l l 50 ma output of the variable dc supply without any appreciable heating 
. effects.. . 

The input c i r c u i t to the LNA, showing the pick-up coils, short switch, 
helipot attenuator and' synchronous pick-up elimination feed, is given i n Fig. 
4.3.11. Owing to the presence .of high impedance, (LNA 80 Kfi input impedance, 
helipot 250 Kft), the c i r c u i t required screening. 
(f) Low Noise Amplifier (LNA). 

This unit is a commercial: transistor amplifier made by Brookdeal Electronics 
(type LA 350) and i t s circuits are included i n Appendix 1. The amplifier has 
a variable band width (3dB points) and for normal 70 Hz operation the 3dB points 

5 
are set at 30 Hz and 100 Hz* The maximum gain .of 100 dB (x 10 , voltage gain) 
is adjustable i n steps of 5dB down to 45 dB ( 200, voltage gain). The input 
impedance of the LNA can be switched to 80 Kfi or 2 MQ; i n the high impedance 
position the amplifier becomes unstable, with a high frequency oscillation, at 
high gain settings, so i n normal use the low impedance input is used. 
(g) Phase Sensitive Detector.. (PSD).. 

The PSD is also from Brookdeal Electronics (type FM322) and designed for 
use i n conjunction with the LNA. The PSD circuits are given i n Appendix 1. A 
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sufficient reference-signal ds indioated by a neon lamp on the front panel, a 
similar lamp being used in the signal channel to indicate overloading. A 
normal PSD balanced output i s supplied and this f a c i l i t y i s used to operate the 
servomechanism described later (k). the balanced output i s also linked to a 
panel meter giving a visual indication of the phase of the input signal, 
and i t i s this meter which indicates the presence of a .null input (at 70 Hz) 
to the LNA. 
(h) Oscilloscope. 

The oscilloscope is a Heathkit Model 0S-2 and i t s circuits are given i n 
Appendix 1. The oscilloscope i s used to monitor the LNA output, oscillator 
frequency, power amplifier output, and the LNA input, by means of a switch 
on the magnetometer consolev I t s most important role is the monitoring of 
the LNA output when the synchronous pick-up is being eliminated using the 
phase s h i f t ,and attenuator c i r c u i t s , since i t is possible to obtain a zero on 
the PSD with an input signal that is ir/2 out of phase with the reference. I f 
the l a t t e r was the case then the LNA would not be usable at high gain because 
this .out of phase signal would cause overloading. 
( i ) Reference Phase Shifter. (PSD). 

The ci r c u i t for this unit i s almost identical to that of Fig. 4.3.9. 
except that i t has preset controls and a modified output stage. The reference 
signal phase can be set with the preset controls by using a double beam o s c i l l - . 
oscope to observe both i t and the LNA output signal (when there is a 70 Hz input). 
This c i r c u i t is required mainly after the magnetometer frequency i s changed 
when the inherent phase s h i f t 'in the signal c i r c u i t changes requiring a corres­
ponding alteration of the reference phase. 
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( j ) Variable DC Supply and Mater Circuit. 
The dc supply is a 6:volt saner stabilised type, the c i r c u i t of which is 

given .in Fig- 4.3*12. Stabilisation is achieved by holding the base of t r l at 
the aener voltage of 6*8: volts. The less than unity voltage gain of the two 
emitter follower configurations results i n an output voltage, across the 22 K , 
of 5.8 volts. Tha supply .will deliver up to 50 mA with no detectable ripple 
effects i n the magnetometer circuits. The console auto/manual switch links the 
base of the output transistor to either the servo-system (next section , ) 
or the emitter of t r l . .. 

The power supply output is connected across a potential divider which 
embodies the manual current controls; i n the automatic mode these current controls 
are set at maximum. Fig. 4*3vl3 .gives the c i r c u i t of the meter section. A 
reversing, switch SI, provides for the advent of reversed magnetisation i n the 
sample, or, more commonly, reversal of the specimen pick-up c o i l leads or magnet 
currant. The dc c o i l current i s measured using the main console mounted milliam-
eter, this meter having three switched .ranges (82, - 10 mA, 25 mA and 50 mA 
f.s.d.). More sensitive measurements are made on the 500 uA f.s.d. meter, 
switched into the c i r c u i t by 85, or alternatively an Avometer may be plugged into 
the Jack socket (83) . For small .currents (< 1 mA) the degree of current change 
for a given manual adjustment i s too coarse, and i n this case a normally shorted 
series resistor, R, may be switched (S6) into the c i r c u i t reducing the maximum 
current to less than 10 mAv hence giving finer current control. As mentioned 
previously, i t is periodically neoessary to check that the synchronous pick-up 
signal is s t i l l : balanced:.out,(i.,B« no specimen signal) and i n this test the dc 
co i l current must be sero. Rather than reduce i t to zero using the controls, 
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or even switching i t of£r- the current 1B switched, S4, through a 27(2 resistor 
instead of the dc c o i l . This process eliminates the d r i f t that results from 
intermittent use of a power supply. 
<k) Servosystem and Auto/Manual Switch. 

The output -voltage of the dc c o i l power supply may be varied by changing 
the base voltage of i t s output transistor. A range of at least 0 - 6.5 volts 
i s required for the output range 0 -F 5.8 volts. The balanced output of the PSD 
varies by ± 10 mV* (on maximum PSD .output meter sensitivity) and this voltage 
requires amplification i n order to drive the power supply output, stage. The 
servo-amplifier .circuit is given i n Fig. 4*3.14. A high input impedance i s 
obtained using the super-alpha pair ( t r l and tr2) therefore giving a minimal 
effect on the PSD output, The next two stages achieve the necessary gain 
( 350) giving an output variation of 0 - 7 volts at the emitter of the f i n a l 
stage transistor, and i n the Automatic mode this voltage is applied to the 
output transistor of the variable dc power supply. The PSD balanced output is 
smoothed internally giving a time constant of 0.3 seconds and the three large 
capacitors i n the servo-amplifier circ u i t make the response time of this large 
enough, to.prevent hunting v(or severe self-oscillation). The output of the 
servo-amplifier i s very: sensitive to the i n i t i a l biassing of t r l because the 
amplifier is directly coupled, and this biassing i s achieved by means of a fine 
and coarse "set volts" potentiometers. In order that the dc c o i l current may 
be reduced to zero automatically, the voltage applied to the base of the power 
supply output transistor must be slightly negative ( - 0.5 vo l t s ) , and this . 
requirement is met by floating the 9 volt servo-amplifier power supply, relative 
to the general magnetometer earth, using the set zero potentiometer. This 
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ensures that the available drive can be set to vary from * 0.5 volts to 
6.5 volts. 

The magnetometer can be: made to self balance by choosing the correct pol­
ar i t y for the servo-amplifier input using the reversing switch, this allowing 
for the reverse current situations mentioned i n the previous sub-section. A l l . 
servomechenisms require some degree of off-balance i n order to operate, the 
extent of this being inversely proportional to the servoloop gain* In the 
present system, the off : balance can be improved i n two ways: f i r s t , the output 
of the servo-amplifier can be set nearer to the required value using the fine 
set volts control (this i s not servoaction of course I ) ; secondly, the 
LNA:gain .can be increased, u n t i l oscillation sets in, thus reducing the dc 
c o i l current error caused by the given off balance. 

Automatic recording'of the balance current ( i ^ ) against temperature (or 
fiel d ) can be attained by.monitoring the voltage across a standard resistor "plugged 
i n series with ig (jack socket see Fig. 4.3.13), with an X-Y recorder. Thermo­
couple leads (or Hall Probe leads) are attached to the X axis input, and the Y 
axis input i s connected to the standard resistor terminals. 

4,3.3. Mechanical Details 
Fig. 4.3.15 shows:the mechanical construction and essential dimensions of 

the vibrator and reference c o i l assembly. The rod is attached to the vibrator* 
by means of a 2BA stud with lock nuts at each end; the quartz sample tube which 
i s a close f i t inside the-outer quartz tube (which bears the sample pick-up 
coils) forms the lower bearing of the vibrating system. By adjustment of the 
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screw*, labelled 1, 2 and 3 i n the figurej i t is possible to vary the vibrator 
position thereby ensuring there i s no contact between the vibrating rod and 
the surrounding reference c o i l former. 

During measurements the specimen tube and vibrator assembly were f i l l e d 
with:helium gas to act as a heat exchanger and also prevent condensation or 
solidification of other gases at liquid helium temperature. Specimens can be 
changed at liquid helium temperatures simply by removing the vibrator and 
withdrawing the rod with the specimen tube attached, this operation being 
performed with a flow of helium into the reference c o i l chamber, to prevent 
any replacement of helium #ith a i r . 

The dimensions of the. quartz tubes used i n the magnetometer axe given i n 
Fig. 4.3.16. 

A photograph of the completed magnetometer appears i n the frontispiece. 

4.3.4 Sattelite Systems 
(a) Vacuum systems. 

Fig. 4.3.17 gives a schematic representation of the system. The purposes 
of the system are as follows:^ 

( i ) to enable f i l l i n g - of the inner chamber (specimen and vibrator space) 
with helium gas, as mentioned above, 

( i i ) to allow flushing of the helium dewar with helium gas and collection 
of any hoiled off helium gas, 

( i i i ) to flush and evacuate the helium dewar wall space, and 
(iv) to allow pumping over liquid gases (nitrogen and helium). 



TABLE 4.1 

Paraffin as a cooling agent In relation to Water 

Water Paraffin 
Specific heat 1 0.51 
Viscosity (20°C) 1 0.5 
Conductivity 1 0.2 
Density 1 0.8 
Latent Beat of 1 0.065 

Vapourisation 
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<b)~ Solenoid and Power Supply. 
.. The solenoid has been- described previously (ref. 4.8) and during the present 

Work was modified and rewound* Eddy ourrent effects were reduced by inserting 
an inner core made of nylon i n place of the original brass tube* The main im­
provement, however, was the change to forced paraffin cooling i n place of 
water cooling, this having the effect* of <i) eliminating currant shunting by 
the water, and ( i i ) preventing rapid corrosion of the internal connections of 
the magnet by electrolysis. The disadvantages of this type of cooling lies i n 
.the far lower efficiency (*>10 times less) of paraffin when compared to water, 
table 4»1 illustrates the point* This problem was overcome, i n part, by the 
installation of three water cooled heat exchangers i n the paraffin return pipe* 
even so, when operating the magnets at fields i n excess of 10 Koe i t is 

* • 

necessary to do so for short periods of time (< 5 minutes), or excessive 
heating occurs*. 

The magnet power Bupply is a Brentford 75 Kwatt (250 v and 300 A) 
stabilised unit, with.a s t a b i l i t y better than 1 i n 10*. The supply is coarsely 
controlled by a motor.driven 3-phaee variac, fine control being exercised by 
120 parallel power transistors, i n series with the current. This 'system*.ia 
conjunction with the solenoid allows f i e l d rises to 10 Koe i n as l i t t l e as 
10 seconds. Slower speeds are obtained with a remote control unit , which also 
has a continuously variable helipotentiometer for manual adjustment of the , 
f i e l d . Two sources of stabilisation may be selected, voltage or current 

and i t is current stabilisation that i s used for the solenoid to oyercome the 
resistance change resulting from the .heating of the .solenoid. 
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The magnet wa« calibrated-using an Axial Hall Probe, the electronics of 
which are included i n appendix 1. The Hall Probe was i t s e l f calibrated against 
the NMR of protons i n water up to 5»5 K gauss (0.55 Tesla). The magnet c a l i ­
bration i s given i n Fig. 4*3.18, as a f i e l d against helipot reading or current 
i n the solenoid• and i s linear since, with'paraffin cooling, a l l the current 

(o) Dewer Systems* 
The dewars are made of Pyrex glass and are tailed as shown with 

dimensions, i n the diagram* Eig. 4.3,19. The nitrogen dewar was evacuated 
and sealed permanently, but the inner helium dewar i s flushed and pumped on each 
occasion of use to remove any .helium gas, which can diffuse through the inner 
wall. Removal and replacement of the dewars is assisted by lowering the 
solenoid on a hydraulic mounting. Temperatures between liquid helium and room 
were obtained i n the usual manner with the system, 
(d) High Temperature Coil System. 

High- temperature measurements (> 400 k) using a VSM normally require a 
modified sample pick-up c o i l system so that the wires can withstand the high 
temperature environments. This requirement is met usually by the use of glass 
fibre insulation or a helically grooved former, the f i r s t method limited by 
the melting point of glass and .the latte r by the very much reduced number of 
turns possible for the pick-up coils. The system derived, for use up to 1000°C, 
is shown in Fig. 4.3.20. The furnace is wound non-inductively of Kanthal wire 

; insulated with Refrosil quarts sleeving and held i n place by the quarts nipples 
drawn from the .inner tube. The multiturn pick-up coils era isolated from the 
furnace by the quarts dewar, and cooled by a continuous and variable flow of 

passes through the solenoid windings. 

It 6 MAY 1972 
lonon 
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water down grooves on the- c o i l former. Using this system i t i s possible to 
attain temperatures up to lQOoV with a s t a b i l i t y governed by the control of 
the current and water flow, of a few degrees C. 

4;3.5 : Temperature Measurement 
Throughout the main part of this work, temperatures were measured using 

a copper-constantan - thermocouple i n contact' with the specimen. Standard 
thermocouple quality copper and constantan wires were used, insulated with 
PTFE sleeving, and ttte juctions made in a normal bunsen flame. The thermo­
electric emf's are measured using a Pye Portable Potentiometer b u i l t into the 
magnetometer console, .and:.a Scalamp Galvanometer to detect the potentiometer 
balance point. The thermocouple calibration was checked periodically at 
several fixed points and compared with the standard reference tables (ref.4.11). 

More recently, for temperatures below nitrogen (77K) a gold vs copper 
thermocouple has been added to* the system* The gold wire, available from 
Oxford Instruments Cryospares Division, has a small (0.2%) Iron addition, 
giving a thermoelectric power : of about 10 uV per degree at liquid helium 
temperature, compared with the 1 uV per degree of a copper-constantan thermo­
couple. There are no standard tables available for this type of couple, so i t 
was necessary to calibrate at liquid nitrogen (77K), pumped nitrogen (3mm 
pressure, 54.5°K), liquid neon (27K) and liquid helium (4.2K). A computer 
programme was written to f i t the observed calibration points to a third degree 
polynomial and from the results the emf vs temperature data were calculated. 
The programme and data appear i n appendix 2. The thermoelectric power f a l l s 
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off rapidly above 100K BO that'••its use is restricted to the range 4.2K to 77K. 
I t should be noted that although constantan at 4K has a f a i r l y high suscep­

t i b i l i t y the amount of wire i n the specimen area is small and only i n extreme 
sensitivity measurements^is-any correction necessary. Another point is that 
although Gold, with iron impurity, is normally used with Chromel, giving a 
thermoelectric power of 16 (iV̂  per .degree, Chromel i s ferromagnetic at low 
temperature giving a signal sufficiently large to swamp any specimen requiring 
high sensitivity, hence the use of copper as the other junction material. 

The potentiometer ,is: designed for accumulator operation, however a small 
power supply was b u i l t instead and i t s c i r c u i t is given i n appendix 1. 

4.3.6 Physical: Considerations 
In this section, some footers such as the size of specimen and demagnetis­

ing effects are discussed,' the physical methods for finding the magnetic moment 
and Curie point from the measurements, and f i n a l l y the calibration and accuracy 
are considered.. 
(a) Effect of Variation of Specimen Size on Measured Signal. 

•»It was thought that the size of the specimen may affect the measured signal 
thereby causing, a varying calibration factor, dependent on the specimen dimensions. 
The, following calculations for a spherical specimen'was performed to account 
for the experimental fact that the calibration factor is independent of the size 
of the specimen. 

Consider a magnetised spherical specimen of radius, r , situated at the 
centre of a one turn pick-up c o i l of radius, R, where r < R. The flux density 
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in the specimen i s given by . 

where M is the magnetic moment of the sphere, V i t s volume, D the demagnetising 
factor assocuated with specimen shape (see next section (b)), and H app the 
applied magnetising force. For a sphere D - 1/3 giving 

B - f f • WQHapp. 

In the vsm the latter term, PQHapp in the equation does not contribute 
to the signal i n the pick-up coils since I t is a constant and a property of 
the free space the specimen occupies. Further, the signal from the vibrating 
sample depends on that part of the varying f lux-which threads the c o i l . This 
quantity, • , is given by. the equation 

• - B. n r 2 - * r (4.2) 
m . it 

where ^ represents the lost flux i n the space between the specimen surface and 
the c o i l . A_ 

Now $ L .« j Prf QdA where Br, ̂  is the flux density external to 

the specimen at distance r' and angle 8 with the axis of the coi l . , A magnetised 
sphere appears externally as a dipole at i t s centre so that the usual dipole 
equations for the tangential'component, BQ, and radial component, Br, may be 
applied. In this case 6 « 90° and Br is zero giving 

M 
B f l " 8 4irr 

and hence 

r — 
\ r 4irr^ 
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The area element 6A can be expressed radially as 
<5A - 2irr. 5r. 

hence 

6 - 1 f M M dr » 
2r 

Therefore( from equation 4.2 
. 2 M 2 M . M 
•m 3 V- ^ 27 + 2R 

but 

V - £ i r 3 

so 

m 

Equation 4.3 thus proves that the specimen signal is independent of i t s . 
size and dependent only on i t s magnetic moment and the radius of the pick-up 
coils. Further calculation reveals that for a system of two separated pick-up 
coils the detected signal i s reduced by virtue of the increased lost f l u x , but 
remains independent of the specimen size (limited, of course, by the condition 
r < R). . 
(b) The Demagnetising Field. 

Since i n magnetisation (cr) measurements i t is often desired to plot a vs 
f i e l d r the effect of the demagnetising f i e l d produced by the induced poles on 
the speoiman i t s e l f must be taken into account. This demagnetising f i e l d 
depends on the shape of the specimen and i t s intensity of magnetisation 
(magnetic moment, or pole strength, per unit volume) thus the internal f i e l d 

M 
2R (4.3) 
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may be written .. 
H i n t " Happ * "D 

where Hp is the demagnetising f i e l d strength. For a f l a t specimen magnetised 
perpendicular to i t s main surface, the entire-demagnetising f i e l d , produced 
by the surface poles, traverses the sample giving a maximum reverse f i e l d 
effect. However, in a long thin .specimen magnetised along i t s axis, the poles 
at i t s ends produce a reverse f i e l d that i s predominantly external to the speci 
men, resulting, i n a small demagnetising f i e l d effect i n the specimen. The 
siae of the demagnetising'field has been calculated for ellipsoids, i n which 
the f i e l d is uniform, and i n the case of, for example, a saturated Gadolinium 
sphere amounts to more than 1 Roe. In the present work, with maximum fields 

4 
of order 10 oersted, the-demagnetising fields can give up to as^0X reduction 
i n the internal f i e l d , a serious effect when extrapolating f i e l d plots (see 
- next .section (c ) ) . Consequently the specimens -were selected as needles and 
several of them glued i n the-specimen tube, to give the required sample mass, 
such, that the f i e l d vector was-along the needle axis. An alternative pnocedure 
would have been to fashion spherioal specimens and use the^known demagnetising* 
factor for a sphere to find the internal f i e l d . However, the specimens are 
f a i r l y reactive particularly when Ireshly exposed, as they would be i n a "Race 
Track" grinder, and the use of needle lik e specimens reduces the f i e l d to..less 
than 2% which is an acceptable level. The demagnetising effects were studied 
particularly with the calibration (iron) specimens (section 4.3.6d) and the 
above justifications for ignoring the effects proven within experimental error. 
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<c)> Molecular Moment-,and-.Curie Point. 
The molecular moment-can be related directly to the absolute saturation 

momentr cfQ q (see^section 3vl>. Unfortunately to measure this quantity requires 
either an i n f i n i t e fieldr or aero temperature, so that, i n practice, extrapolation 
from large fields at low temperature i s necessary. Normal ferromagnetic materials 
are composed of domains, eaoh^of which has aQ T associated with i t s e l f , but 
the domains may have a variety of orientations. An experimental empirical 

3 
relationship has been found to apply at low temperatures for fields of 10 

4 
to 3 x 10 oersteds (ref. 4.3 p.265), of the form 

„ _ _ /, _ a _ b o_ _ • 0 — i T ( I - f - S j ) • eg (4.4) 
»'T .,....r...« 

where o g T i s termed the saturation magnetisation r and a > b » c are constants. 

The terms jr and are thought to arise from domain and imperfection effects. 
H 

The f i n a l factor, cH, i s relatively small at fields of 30 Koe but becomes 
significant at higher values of H (as i n pulsed magnatometry), and is thought 
to arise from a redistribution of spin states, resulting i n an increase i n the 
domain magnetisation above the spontaneous value (PQ T ) . The .saturation 
magna t i sat ion, a

s ^ , is not the .same as o Q T but at fields of * 10* oe 
i t i s sufficiently close-for the difference to be negligible. Since i n the 
present work i t was not possible to obtain a vs H data at low fixed temperatures, 
apart from 4.2K, the saturation jaagnetisation was obtained by extrapolating 
a .0. va ̂  plot to ~ " 0 at 4v2K. This point represents the application of 
i n f i n i t e f i e l d , and at low temperature, a g T can be taken to mean absolute 
alignment of the molecular moments (i . e . - a Q^ 0)-. From this result the 
molecular moment ia calculated using equation 3.1. 
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There are many methods commonly used to determine Curie temperatures, a 
few examples being from the maximum in the variation with temperature of the 
coefficient of resistance, from the vanishing of i n i t i a l permeability, or 
from the disappearance of the spontaneous magnetisation ( a

0 T)« In the present 
work, an adaptation of the last-method is used, Belov (ref. 4.12) has shown, 
from a thermodynamic description of the magnetic processes near the Curie point, 
that the relation 

2 2 aH a - a ' + -==- may be applied. 
H,T - 0,T . H,T 

2 H 
Thus,-on a plot of a against the isotherm whose linear extrapolation passes 
through the origin reveals' the Curie temperature (o*Q T • 0). This procedure 
requires the gathering of much data and i n this work a considerably simpler 
and often used method is employed instead. As before, the magnetisation i n 

4 
fields of order 10 oe-can-be-taken as -the spontaneous magnetisation at 
temperatures not too near the Curie point, since up to a few degrees from this 
temperature the. difference is about 1%. The molecular f i e l d predictions used 
by Weiss and Forre? (ref,. 4,• 13),that 

2 
°0 T a T ) may be used, i n which case the extrapolation 

2 
of a a vs T curve to zero yields the Curie temperature as the intercept on 
the temperature axis. 
(d) Calibration and Accuracy. 

I t has already been stated that the magnetisation of the specimen is related 
to the current, i t f , i n t h e d c o o i l , and this relationship is numerically 
established by using a specimen of known mass and magnetisation and measuring 
the required balance current. This calibration process was carried out using 
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samples of.Iron and Cobalt, the magnetisation data being obtained from the 
absolute data of Weiss and Porfer (ref. 4.13). The magnetisation per unit 
mass (c) of a specimen is then given by 

S. (4.5) 

where m is the specimen mass and S the calibration constant. In atomic units 
the magnetisation i s then-obtained from equ. 3.1, 

S. i o.A 
-° ™ m 5586' yB ̂ e r , n o l e e u l e ( o r formula unit) 

(4.6) 
where A is the atomic or molecular weight. 

In practice the .quantities i 0 and m are measured i n milliamps and m i l l i ­
grammes respectively; For<the original pick-up c o i l system the factor S was 

. -A 
43.65 units giving an ultimate sensitivity of 4.4 x 10 emu corresponding to 
10 uA. For the series of compounds investigated i n this work the atomic 
(molecular) weight: is approximately 250, the maximum specimen size was 
approximately 100 mgm givingsa maximum sensitivity i n these compounds of 
0.002 yfi per formula unit; Considering equ. 4.6 the quantities liable to error 
are S, i 0 and m (and A, the .molecular weight, to a much lesser extent owing 
to slight departures from stoichiometry of the compounds i n their manufacture). 

The error i n i- is better than 0.5%, and m could be measured to better 
0 i. 

than 1%. The overall accuracy may-be put at 2% since the i f l uncertainty i n the 
calibration factor, S, must be included. The calibration specimens were very 
carefully weighed to better than 0.1% so reducing «s far as possible errors 
in S. 
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CHAPTER 5 

EXPERIMENTAL RESULTS 

5.1 Specimen Preparation and L a t t i c e Parameters 

The majority of the specimens were prepared at the department of Physical 

Metallurgy of the University of Birmingham by Dr. I . R. Harris using the 

standard arc furnace technique. B r i e f l y , t h i s consists of melting together 

stoichiometric quantities of the required metals on a water cooled copper hearth* 

under an atmosphere of pure argon at reduced pressure ( * 200 T o r r ) , using a 

controllable e l e c t r i c a rc. The lower face of the melted button i s , of course, 

i n contact with the cold copper so that i t i s necessary to turn the specimen 

over and remelt i t several times to obtain a homogeneous mixture. The 

d i f f i c u l t y i n obtaining single phase RBg compounds was mentioned i n chapter 

2 and i n t h i s work each specimen was vacuum annealed j u s t below the p e r i t e c t i c 

temperature for about 10 days. The specimens were examined v i s u a l l y for 

excessive oxidation (severe blue discolouration of the surface, or worse) and 

otherwise any thin oxide f i l m was removed by f i l i n g i n an argon atmosphere 

glove box. Powdered samples from the button specimens were examined by X-ray 

d i f f r a c t i o n using an 11 cm Debye-Scherver powder camera. The films so obtained, 

were analysed i n the usual way, the l a t t i c e parameter being derived from a 

Nelson Ril e y extrapolation ( r e f . 5.1) to eliminate systematic e r r o r s . A 

computer programme was written for analysing cubic powder d i f f r a c t i o n patterns 

and appears i n appendix I I . 

The l a t t i c e parameters are given i n table 3.1 and are"plotted as a function 

of composition i n f i g . 5.1. A l l the (Nd,Gd)Co2 specimens were single phase 

to the l i m i t of X-ray powder pattern determination 1%). 



TABLE 5.1 

L a t t i c e Parameters of Nd^Gd^Cdj* C15 Cubic Laves Phase 

Composition L a t t i c e Parameter 
a i n Kx 

X <% - Kx x 1.00202) 

0 7.2425 

0.17 7.2472 

0.33 7.2509 

0.45 7.2568 

0.5 7.2601 

0.55 • 7.2619 

0.57 7.2632 

0.59 7.2675 

0.67 7.2682 

0.70 7.2706 J|t 

0.83 7.2752 
f 

1.00 7.2835 



n 

5.2 Magnet&e, Measurements 

The saturation magnetisation ( a g T ) was obtained for each specimen at 

4.2K from the magnetisation versus f i e l d data using the vibrating sample 

magnetometer by extrapolation of the a vs i plot to H • « (chapter 4 

section 4.3.6c). The magnetisation versus temperature behaviour was examined 

at a variety of f i e l d s from zero to 8 kOe. The l a t t e r data was used to 
2 

find the Curie temperature using a o- vs T plot extrapolated to zero 

magnetisation (also see chapter 4 section 4.3.6c). Those specimens which 

were found to exhibit compensation points were examined under conditions of 

zero applied f i e l d to obtain the temperature at which the magnetisation 

reversed C E t o m p ) • A l l the specimens were further checked for compensation 

points using the elegantly simple method of Gorter and Schulkes ( r e f . 5.2) 

i n which the specimen i s allowed to warm up (from, e.g. 77|Q while suspended 

on a torsion free thread between the poles of a small magnet (^ 2k0e). As 

the compensation temperature ( i f any) i s reached the specimen can be seen 

to " f r e e " i t s e l f from the magnetic f i e l d and above t h i s temperature i t 

rotates through 180° as the magnetisation reverses direction. I n t h i s process 

the spins, which cause the magnetisation, remain fixed r e l a t i v e to the 

specimen, the i n e r t i a of the spin system as a whole exceeding that of the 

specimen, whereas i f the specimen were fixed, as i n VSM measurements, the 

spin system i s made to rotate by any applied f i e l d (see chapter 3 section 

3.2). 

Table 5.2 contains the magnetic data for the (Nd,6d)Go2 s e r i e s giving 

"* saturation, T and T . where applicable. I n f i g . 5.2 i s shown 
sac c comp 



TABLE 5.2 

MAGNETIC DATA FOR' Nd^Gd J^COJ 

Composition 
x 

"gat -
t» /formula 

B unit 
% Sat. 
at 12k0« K + 2 

unless other­
wise stated 

T 
conp 

K ± 2 

0 5«©9 96 416 — 

0-17 3.54 91 362 

©•33 2 »23 91 301 -
0*45 1*12 89 275 -
©•5 ©•59 8© 253 -
©•55 ©•18 66 24© -
©•57 p.00 © 235 90,205 

0*582 - - 235 126 

©•59 ©•33 74 23© 146 

0-615 - - 225 ± 5 171 

©•63 - - 22© ± 5 18© 

©•67 1.00 85 20© ± 1© 200 

0.7 1-24 .9$ 202 -
©•75 2*045 88 185 -
©•83 2*89 87 156 

1*0 4*2© 91 113 
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the v a r i a t i o n of ° a a t and % saturation (percentage of o g a f c at maximum 

applied f i e l d ) with composition, while i n figure 5.3 i s given the var i a t i o n 

of T c across the series» and i n f i g . 5.4 the compensation point versus 

composition i s plotted. F i g s . 5.5 ~ 5.20 show some t y p i c a l behaviour of 

selected compounds throughout the composition range. 

A few specimens of the s e r i e s (Nd.Gd)!^ were made to find the behaviour 

of the (Nd-Gd) sublattice magnetisation, and the saturation moment and Curie 

temperature versus composition are plotted i n f i g . 5.21. 

Su s c e p t i b i l i t y measurements at elevated temperatures were made on a l l 

the compounds but these were severely affected by second phases i n most 

cases. F i g . 5.22 shows the behaviour for the GdCo2 and Nd > 1 7Gd # g 3Co 2 

specimens and F i g . 5.23 for Nd,^Gd^C©^ a t y p i c a l biphase material. The 

r e s u l t s of these measurements are discussed together with the other r e s u l t s 

i n the next chapter. 



CHAPTER 5 - REFERENCES 

5.1 Nelson, J.B., and R i l e y , D.P», Proo. Phys. S e e , 57., 160, (1945) 

5.2 Gorter, E.W., and Schulkes, J.A. Phys. Rev. 90, 487, (1953) 



I I f I f 

7 2 * 

Lmricc TW*ttTM8 0J» TMC 
s « w Md.x«j Co 

5.1. 727 

/ 724 

725 

724 
0« 10 



TwACMTAa.tr &ATugAn«*l (%) 

s 5 8 

13 
1 • 

1 y ! 

9 

CN 
• ID 

I 

Of Of) 



l I l I 

3oo 

FIG. 5.3. 
i 206 
a 

CeM-Msrrieri CO iM NU^GtL, C 

U too 

I I 

DC 
COMPOSITION 



8 
V . i 

10 
2 M 

i 
o (J 

in at 

8 I 

ft 
in 

• 

8 in 
i 



MS* 

Ok .a? 

I 
E P«G. 5.5 

Gi CO. o-va a t V^K 

Ul 

i i 

K I E L * (Kotj) 



i 

in 

-6 * 

10 
*|<o»|Qlu MeixtftiJ.JIIN-9VU| 



Ul 

S i 

ui 
<3> 

i m i 
* r 

1A 



lA 

8 
u Ul 

in l _ 

Ui 

CD 
in 

i 
CO Of 





I I 

8 

8 
n 

\ In 
of i in 

? b 
hi 

J8£ 

8 
I I S 



1 
%5 

ft 
of 

2 

ui 

Ul 

1 . 1 

in 

(9 

f (0 

nil 



•CO 

\ 
\ 
\ 

\ 6 
\ 

\ 

\ 
\ i n 4 r? CD 

\ 
\ 

I I I • I I • 

9 in 



8 • i 01 

8 
N 

10 * 

Q h 

2 F 
00 

CO 

in 

I i 



I 

8 

8 

Ul 

UJ 

ill F 

ft in 

I I 

o *» 



a i i (V 

s 

10 in 
in hi 

8 •!« 

8 
I 

(l"MjoufJ«ri) J0NWN3W3VJ 



"•i. 

I 

in 

X IS 

8 r 
ui 

<5* 
en 

3' 
u ) in (9 

J 
1 



I I 

CO 

<2> 
10 
<a -6-

CO 



00' 
X 

in 3 

2 

111 

8 

I 
10 



2 
4 

I I 

in 

in 

i 

i 

i CO 
I 



I I I 8 

OO 

ex 

bi 

Uf 

v 
F 

in 

i 
eft 



W W ! 

|8 
i I 

f t in 

2 

I 

4 in 

a 

in 



3 

8 

\ 8 
v 

\ 

ii 
I 

1̂ 

1 I 

(«•**) 



t • • - • . y 

s 

f 

o 
0 

* 1 
cn in m 



83 
CHAPTER 6 

DISCUSSION OF RESULTS 

In t h i s chapter the results given i n chapter f i v e are discussed i n some 

d e t a i l and accounted f o r on the basis of the information given i n chapters 

two and three. The l a t t i c e parameter data i s considered f i r s t followed by 

the magnetic r e s u l t s . 

6.1 Lattice Parameter Data 

The l a t t i c e parameters of the N d ^ d j ^ C o j series given i n f i g . 5.1 show 

several in t e r e s t i n g features. F i r s t l y , the gradient.change i n the v i c i n i t y 

of x - 0.35 i s probably d i r e c t l y associated w i t h the magnetostrictive effects 

already discufesed i n chapter two for GdC62 where the magnetic contribution to 

the binding energy i s negative. The Curie point data ( i n f i g . 5.3) show that 

those compounds below x » 0.35 { i . e . towards the GdCo^ end) are magnetically 

ordered at the X-ray measuring temperature 293ft). Furthermore, extrapola­

t i o n of the l a t t i c e parameter data-for x > 0.35 yields a 'non magnetic' GdCoj 

l a t t i c e parameter of 7.233KX (1 X = 1.00202KX) i n excellent agreement with 

the value of 7.2333 ± 0.0005 KX obtained by Mansey et a i ( r e f . 2jL5b) from 

expansion measurements on GdCo2* The data above.x "0.35 i s b e s t . f i t t e d by 

two lines with a s l i g h t change of slope i n the region of x - 0.65 apart.from 

the anomalous point at x •» 0.59. The magnetisation measurements were made 

upon the same specimens f o r which the l a t t i c e parameters are given i n f i g . , 5 . 1 

Further specimens were prepared at the University of Birmingham to investigate 

the anomaly at x = 0.59 and the further s l i g h t anomaly at x • 0.7. The 

results of t h i s investigation showed rather surprisingly that the l a t t i c e 



TABLE 6.1 

Typical Spectrographs Analysis of Koch-Light Gadolinium Ingot 
(99.9%) 

Element Estimated quantity present 

Samarium 50 ppm 

Terbium 300 ppm 

Europium 100 ppm 

Yttrium 50 ppm 

Iron 100 ppm 

Calcium 100 ppm 

Copper 100 ppm 

Neodymium 300 ppm 
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parameters of the compounds were dependent upon the source of the Gadolinium. 

I n t h i s work, the gadolinium was obtained from either Koch-Light Laboratories 

Limited or Johnson and Matthey (Rare Earth Products) Ltd., the two sources 

giving very similar stated p u r i t i e s , arid the Koch-»Light analysis appears i n Table 

6.1. The o r i g i n a l series of compounds was made-from Jbhnson-Matthey gadolinium 

at the compositions x - 0, 0.13, .0,33, 0.5, 0.67, 0.83, 1.0; however, i n the 

l i g h t of the magnetic results,-further specimens were made at Birmingham f o r 

the compositions x • 0.55, 0.57, and 0.59. This laat specimen was made from 

Koch-Light gadolinium and i t s l a t t i c e , parameter i s the anomalous one i n f i g . 

5.1. When further specimens were made at d i f f e r e n t compositions more anomalies 

resulted, u n t i l i t was realised).that.it was the source of the gadolinium which 

affected the l a t t i c e parameters. The preliminary results of these further 

s t r u c t u r a l measurements are given i n figure 6.1 and the difference caused by 

the source of the gadolinium i s clear. This behaviour i s believed to be the 

res u l t of the gadolinium containing i n t e r s t i t i a l gas which expands the gadolinium 

l a t t i c e , consequently the Koch-Light series shows a smaller change i n the 

l a t t i c e parameter i n going from NdC©2 to GdCOg. The Johnson-Matthey specimens 

upon which the magnetic studies reported here were carried out, now show a 

small anomaly i n the region of x - 0.7* At the present time the exact nature 

of t h i s anomaly i s uncertain, insofar as i t i s either a slope change or a small 

dip, but observations on furtherstoichiometrics should c l a r i f y t h i s point.. One 

further aspect worth noting i s that the deviation from a Vegard's Law behaviour 

between 'non-magnetic' GdCo2 and NdC©2 i s very small p a r t i c u l a r l y when compared, 

wit h the large deviations which are seen i n , f o r example, the Er(Fe-Co)- and 
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Er(Co-Ni) 2 series (see f i g . 2.6) (r e f . 2.47). These deviations have been 

at t r i b u t e d to the changing magnitude of the 3d-transition metal moment and i n 

the case of the (Nd,Gd)Co2 compounds the t r a n s i t i o n metal moment may be 

expected to remain reasonably constant leading to the lack of any large devia­

t i o n from Vegard's Law. 

6.2 Susce p t i b i l i t y Results 

I t was mentioned i n chapter f i v e that the s u s c e p t i b i l i t y measurements 

suffered from the effects of a second phase and, i n general r as the results f o r 

Nd.gGdelCo2 ( f i g . 5.23 ) show, t h i s phase was GdCOj. Calculation of the 

quantity of t h i s second phase component, from the magnetisation magnitude, 

shows that the impurity phase i s about 0.005% of the t o t a l specimen. This 

percentage i s very small, revealing the effectiveness of the annealing process, 

but unfortunately the s e n s i t i v i t y of the s u s c e p t i b i l i t y measurements i s such 

that impurity levels ten times smaller than t h i s can be detected. At the time 

of the measurements the apparatus was l i m i t e d i n i t s upper temperature, at 

least f o r these specimens, by slow decomposition of the sample by oxidation of 

the rare earth component because the s u s c e p t i b i l i t y balance system was not 

f u l l y adapted to high vacuum evacuated work. The view that i n s u f f i c i e n t l y high 

temperatures were attained i s supported by the results f o r the GdC©2 and t 

Nd.jjGd^COj compounds which showed no second phase effects ( f i g . 5.22 ) . 

The e f f e c t i v e moments calculated from the graphs f o r these two compounds 

(peff - 7.34uB f o r QdGo^ and peff » *.4*u B f o r Nd.^Gd.^COg) are.approximately 

75% bf the calculated theoretical values, furthermore, the psfcmagnetic Curie 
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points are close to. fche ferromagnetic Curie points, a feature that i s not 

generally expected i n ferrimagnetic materials. ( I n these compounds, the 

extrapolation of the l / x vs T p l o t from high temperature gives a 6p much 

less than T because 1/v f a l l s rapidly to zero near T ) . Thus i t i s thought 
c A c ' 

that although reasonably straight lines may be drawn through the points on 

these curves ( f i g . 5.22 ) , the materials are hot yet upon the Curie 

Weiss part.of the l / x vs 1 p l o t . 

6.3 Magnetisation.Results 

The saturation magnetisation data^at 4.2k given i n f i g . 5.2 together 

with the percentage saturation at 10 kOe imply an equilibrium concentration 

( i . e . one f o r which the.resultant .magnetisation i s zero) at x • 0.57. Indeed, 

a specimen,prepared at t h i s composition showed a linear behaviour of q vs H 

( f i g . 5.12) w i t h a very small (< 0.01^), t h i s r e s u l t being taken to indicate 

zero saturation moment. The a vs H behaviour of t h i s specimen i s further 

discussed below. The saturation moments at 4.2K for x < 0.57 l i e on an 

almost perfect s t r a i g h t l i n e but the data above.0.57 are best fitted»by two 

straight lines w i t h the Blight v e r t i c a l s h i f t s at x » 0.59 and x - 0.73. I t 

i s possible that the displacement at x - 0.59 i s due to the fact that t h i s 

specimen contains Koch-Light gadolinium and the s l i g h t l y d i f f e r e n t . l a t t i c e 

parameter (0.05%) of t h i s specimen from that of a,hypothetical Johnson-: 

Matthey specimen may be enough to upset the precise location of the equilibrium 

concentration. Thus i t may be more correct to ignore t h i s point , and draw the 

l i n e from the x • 0.7 specimen through the zero point at 0.57. The anomaly 
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at x " 0.73 i s larger and furthermore, i s accompanied by a dip i n the percentage 

saturation curve and also the l a t t i c e parameter anomaly ( f i g . 6.1) already 

discussed, thus i t may be taken that the s h i f t at x - 0.73 i s an established 

phenomenon. 

I n order to analyse the saturation moment data i t i s necessary to know 

the r e s u l t , i n terms of coupling of the individual moments, of the various, 

exchange interactions (these are-given l a t e r i n table 6.2). The review of 

chapter two has shown that the heavy.rare earths i n general a l i g n a n t i p a r a l l e l 

to the t r a n s i t i o n metal moment, whereas the l i g h t rare earths are p a r a l l e l . 

Further* the psuedqbinary (Nd;Gd)Al2 was understood in,terms of a gadolinium 

sublattice ordered a n t i p a r a l l e l to the neodymium sublattice. I n t h i s work t h i s 

coupling was further substantiated by making specimens i n the series (Nd,Gd)Ni2, 

the magnetic results of which are shown.in f i g . 5.21, and indeed the equilibrium 

concentration was located precisely where i t might be expected on these 

grounds. Turning to the (Nd,Gd)Co2 compounds, i t i s known that the terminal 

compounds GdC©2 and NdC©2 are ferrimagnetic and ferromagnetic respectively so 

that i t i s reasonable to assume that these structures remain Btable throughout 

the composition range. ,. The neutron d i f f r a c t i o n studies of Moon e t . a l . ( r e f . 

2. 53 ) showed tha t , i n the RCo2 compounds, the moment associated with the 

cobalt ion i s 1.0yB i n the heavy rare earth compounds and 0.8iuB i n the l i g h t 

rare earth compounds. These results were taken from po l y c r y s t a l l i n e samples, 

of course, and-the re s u l t i n g accuracy i s only ± 0.2u for each moment. I n 
a 

NdCo2 the neodymium moment was measured as 2.6uB (± 0.2) giving a t o t a l 

moment of 4;2u_ for the compound, i n excellent agreement.with the present 
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study. I f a moment of 7.01^ i s at t r i b u t e d to gadolinium throughout the series, 

which i s reasonable on the grounds that i t i s essentially unaffected by the 

c r y s t a l f i e l d , then the t o t a l moment of GdC©2 i s 5.0^, also i n good agreement 

with the present study. The saturation moment data across the composition 

range may be analysed in.terms of these moment values. Fig* 6.2 shows the 

saturation moment vs composition data together with the estimated behaviours 

obtained by assigning various values to the ind i v i d u a l moments. Because the 

cobalt moment i s l.OWg at the GdCo2 end and 0.8Wg at NdCo2» i t i s assumed 

i n some of the estimated curves of f i g . .6.2 that the cobalt moment varies 

l i n e a r l y between these two extremes..,. This process may be rather meaningless 

i n view of the errors of ± 0;2pg but i t i s reasonable as a s t a r t i n g basis to 

take values close to the middle of-the errors; Examination of f i g . 6.2 

reveals that the experimental data-in the range 0 < x < 0.57 i s f i t t e d by 

assuming a. neodymium moment Of 2. I J J ^ . and a linear v a r i a t i o n of the cobalt 

moment. The other estimated curves axe at l e a s t 0 . 2 y B lower than the,experi­

mental data and the f i t of the «beve values to t h i s data would seem to lend 

support to the idea of a slowly--vapying cobalt moment. The behaviour above 

x - 0.57 i s more complex but i f a linear v a r i a t i o n of the cobalt moment i s 

retained then at x B 0.7 a neodymium moment of 2.3yfi i s required and at 

x - 0.75 t h i s moment has risen to 2.8Ug. The best f i t of the estimated 

behaviours i s given by assuming a neodymium moment of 2.6uB at x • 0.75, the 

curve f o r the 2 . l y B neodymium moment l y i n g well o f f the experimental data. 

I t i s thus w e l l established that some form of rapid and non-linear moment 

change.occurs i n the region of x,» 0.73 and a mechanism by which this, may 
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occur i s required. 

Turning now to the magnetisation versus temperature behaviour, -for the 

majority of.the compounds t h i s i s t y p i c a l of ferrimagnetic materials although 

the observation of compensation points (the magnetisation passes through zero, 

and becomes negative) was possibly :only, under zero applied f i e l d . Fig. 5.14 

for Nd^gGd^jCOg shows t y p i c a l i s o f i e l d curves and i n f i g . 5,15 the v a r i a t i o n 

of remanence with temperature f o r this-specimen can be seen. This behaviour 

i s best understood i n terms of fanning of^the a n t i p a r a l l e l component moments 

under the influence of the applied f i e l d s meaning that these structures are 

'soft' ferrimagnets. Indeed most.of the .rare earth i n t e r m e t a l l i c compounds 

which show compensation points dd sovonly-in the manner-of f i g , 5.14, unlike 

the true f e r r i t e s where the spin'structures! axe unable^to fan out and.the 

magnetisation f a l l s to zero at the^competiaation temperature i n an applied f i e l d . 

The compensation temperature versu^aomp^Mition data are given i n f i g . 5.4 

fo r the remanenee re s u l t s . Normally, the intercept.at zero temperature ior 

such a curve w i l l be at the equilibrium concentration and i n t h i s case the 

intercept i s at x • 0.555. This value i s reasonably close to 0.57 but the 

behaviour.of the x • 0.57 specimen .reveals the cause of the discrepancy. 

Fig. 5.11 (curve 1) shows the v a r i a t i o n of remanence with temperature f o r 

t h i s specimen a f t e r magnetisation at.T - 4*2K. For a.normal ferrimagnetic 

material i t i s expected that a specimen compensated at OK, the equilibrium 

concentration, w i l l have non-compensated sublattiees and shew a net resultant 

moment at temperatures above OK and below the Curie point ( c f . curve ho.1 * 

of f i g . 3.2.2). This i s because of the d i f f e r e n t v a r i a t i o n of the magnetisa­

t i o n of each sublattice w i t h temperature, so that the remanence fo r such a. 
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specimen w i l l r i s e from zero and return again only at the Curie point. The 

x 0.57 specimen.exhibits Unique behaviour.since i t i s again compensated 

at both 90K and 205K, shewing a more /complex behaviour than might be expected 

at f i r s t sight on theoretical grounds. I t should be.noted that; the temperature 

plotted f o r t h i s specimen i n the-remanence data of f i g . 5.4 i s the second, 

90K, point at which the magnetisation becomes zero. The curve (2) of f i g . 5.11 

shows the remanence a f t e r magnetisation of the specimen at 77K, and it.should 

be noted that t h i s curve shows ne compensation points at a l l . 

A further unusual aspect of the equilibrium specimen (0.57) l i e s i n i t s 

a vs H behaviour at 4.2K, given i n f i g . 5.12. The magnetisation i s almost 

l i n e a r l y dependent upon applied' f i e l d , but the specimen shows a negative reman­

ence which may be removed by application of a positive f i e l d , i n which case i t 

w i l l return'when the f i e l d is-removed, or, by allowing the specimen to warm up 

s l i g h t l y with or without an applied f i e l d (dotted part of curve). The spin, 

structure may be expected to rotate when the remanence i s negative with respect 

to the .applied f i e l d , f o r 0 < « < 3kpe and that i t does not lies i n the f a c t that 

the remanence i s only 0.045yfi so that the positive energy of t h i s moment i n the 

f i e l d i s i n s u f f i c i e n t to overcome the barriers to spin r o t a t i o n a r i s i n g f r o b the 

general anisotropy of the moment in t e r a c t i o n and the specimen shape; 

Thus there are three major anomalies to be explained f o r the compounds: 

(1) the change i n one of the component moment values that must accompany the 

sudden r i s e i n the saturation moment at x .- 0.73; 

(2) . the .three apparent compensation points for the x =?:0.57 specimen when 

i t i s magnetised at 4.2K, and the lack of compensation points when the 

specimen i s magnetised at 77K; and 
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(3) the anomalous a vs H behaviour of t h i s composition. 

The f i r s t of these requires some mechanism by which the moment of one (or a l l ) 

of the three types of ion can change. I t has already been pointed out that the 

Gd ionic moment i s unchanged by the cr y s t a l f i e l d so that i t w i l l c e r t a i n l y 

remain constant at ̂  7.0v>B throughout the composition range 0.7 < x < 0.75. 

The cobalt moment i s w i t h i n 0.2u of either 1.0VL or 0.8y from the neutron 
O O B 

studies, but i f the cobalt moment i s to be responsible f o r t h i s f i r s t anomaly 

then a change of. 0.5u i s required (0.25M- per Cobalt) ever the above short 

composition range. Such a change i s ce r t a i n l y unreasonable on the grounds 

of electron transfer effects and further i f the cobalt moment did so change, 

t h i s would be accompanied by a drastic change i n the exchange f i e l d which* 

would almost c e r t a i n l y shew i n the Curie temperature data. That such a 

correlation w i t h the Curie temperature does not occur may therefore be taken 

to show that t h i s moment anomaly i s not of cobalt o r i g i n . I t therefore appears 

that the neodymitmi ion must i n some way be responsible, and the only manner 

i n which t h i s i s possible i s through changes i n the c r y s t a l f i e l d quenching 

of the o r b i t a l component of the angular momentum of t h i s ion. I t i s assumed 

that the a n t i p a r a l l e l (Gd) sublattice does not fan at 4.2 K since t h i s would 

also account f o r the observed moment increase. This assumption i s j u s t i f i e d 

by the fa c t that the equilibrium concentration specimen exhibits almost zero 

magnetisation implying th a t , at 4.2 K, the spin structures are stable. As 

was pointed out i n chapter three, the structures are si m p l i f i e d i n these 

compounds by v i r t u e of the fa c t that a l l the interactions mutually assist the 

others, i n other words the magnetic moments w i t h i n the individual sublattices 
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tend to a l i g n p a r a l l e l to one another (unlike the i n t r a s u b l a t t i c e interactions 

of the f e r r i t e s ) . This fact tends to r u l e out the possible explanation of 

anomalies (2) and (3) i n terms of a complex ferrimagnetic structure involving, 

f o r example, -canted spins since there i s no immediately obvious process 

whereby t h i s r c a n t i n g can or should occur. 

3+ 

6.4 The Effect of the Crystal and Exchange Fields on the Nd ion. 

The effects of the crystal and exchange f i e l d s on the ionic neodymium 

moment were explored i n i t i a l l y since t h i s process i s simpler than some 

complex ferrimagnetic model. The basis f o r c r y s t a l f i e l d calculations was 

l a i d down i n chapter three and a l l that i s necessary now i s to give the 

estimations of the various s t a r t i n g parameters used i n the calculation. The 

f i r s t objective i n c r y s t a l f i e l d calculations i s , of course, to know the 

f i e l d i n terms of the operator equivalents fo r the axis of symmetry chosen 

as the easy magnetic d i r e c t i o n , and t h i s has been done f o r the 100 and 111 

directions i n equations 3.8 and 3.9 respectively. I t i s then necessary to 

estimate the values of the coefficients and Bg which appear i n the two 

equations. These coefficients are given i n chapter three equation 3.18, 

and w i t h i n the c o e f f i c i e n t s the term Rg i s related to the l a t t i c e parameter, 

fo r which the value a - 7.25 % was used, by equation 3.17. The charge on the 

rare earth ion, Z 2, i s , of course, three but that of the t r a n s i t i o n metal, 

Z^, i s uncertain and may be +1 to -1 depending upon the extent of electron 

transfer. I n the calculation t h i s f a c t i s allowed f o r i n the scaling factor 

SF (see below). The values of <r n> are taken from Freeman and Watson's 

theoretical calculations of the r a d i a l i n t e g r a l ( r e f . 3.8). Substitution 
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of these values, together with the appropriate g J t i n t o the equation' f o r 

yields a value of -0.0015 ieV. I n the f i n a l input to the programme f o r 

diagonalising the energy matrix (see Appendix I I ) , B^ i s used as a m u l t i p l i c a ­

t i v e factor and the value used i n the programme was-0.003 keV, the value 

used by Bleaney i n his calculations f o r NdNi 2(ref. 3.13). (Note: Calculation 

of f o r t h i s system gives a B^ of-0.0018 meV). The choice of a value f o r 

B^ i s a r b i t r a r y considering the number of approximations inherent i n the 

calculations so that an order of magnitude i s a l l that i s required. Because 

the Hamiltenian used i n the calculations has the form given i n equation 3.14, 

the value of Bg need not be calculated, since the s i x t h degree contribution 

i s represented by the r a t i o of the 4th/6th degree terms i n x. However, i n 

assessing the range of reasonable values f o r x, the term has to be estimated 

and the resultant range f o r x i s 0.990 - 1.000. The Zeeman term i n equation 

3.14 i s also simply calculated since the.internal f i e l d i s used as a variable 

spanning 0 - 2 M0e and a l l that i s required i s an estimate of the maximum 

energy that such an i n t e r n a l f i e l d generates at the needymium s i t e - t h i s i s 

of order 10 MeV. Consequently, i n the programme, the i n t e r n a l f i e l d contribu­

t i o n was stepped i n the range 0 - 1 0 MeV. The r a t i o of c r y s t a l f i e l d energy 

to Zeeman energy.was allowed to vary further through the sealing f a c t o r , SF, 

which was given the range 0.3-1.2. 

The results of the c r y s t a l f i e l d calculations were printed i n the form of 

the eigenvalues, the matrix of eigen vectors together w i t h the moments 

associated with each l e v e l , and f i n a l l y the o r i g i n a l energy matrix, f o r the 

pa r t i c u l a r H value considered. From the p r i n t e r output therefore, the diagrams 
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of energy versus i n t e r n a l f i e l d was constructed along with a l i s t of moments 

associated with each level known at the various values of H£ n (.- The figures 

6.3 and 6.4 show two of these diagrams, the former f o r the (100) d i r e c t i o n 

and the l a t t e r f o r the (111) d i r e c t i o n , The ef f e c t of varying the r a t i o of 

the fourth to s i x t h degree coefficients through a l t e r a t i o n of x i s simply 

to adjust the i n i t i a l gaps between the two quartet states and the doublet, 

and to a lesser extent the magnitude of the overall i n i t i a l c r y s t a l f i e l d 

s p l i t t i n g . This w i l l , i n tur n , a f f e c t the point at which the crossover of two 

levels occurs as the i n t e r n a l f i e l d r i s e s , and t h i s point i s also affected 

by the r a t i o of the cr y s t a l f i e l d to Zeeman f i e l d energies through the factor 

SF. The overall results may be pictured i n terms of f i g s . 6.3 and 6.4 as a set 

of diagrams showing varying degrees of i n i t i a l s p l i t t i n g (H-0, and Y axis stretch­

ing) , together with variable r e l a t i v e Zeeman contributions (X axis stretching). 

The magnetic moment value shown against a level i s , of course, associated 

with that p a r t i c u l a r level alone and the physically observed moment at a 

temperature T i s derived from the Boltzmann d i s t r i b u t i o n function f o r the 

system given i n equation 3.16. Consequently the moment that i s observed w i l l 

depend on the r e l a t i v e separation of the energy levels and t h e i r moment 

values. 

6.5 Examination of the Anomalous Magnetic Behaviour i n the Light of 
the Crystal F i e l d Calculations 

Cursory perusal of the level scheme f o r a (100) easy axis ( f i g . 6.3) 

shows that the ground state of the neodymium ion has a f a i r l y constant magnetic 

moment of ̂  3.2u_ above H - O.4M0e and fu r t h e r , the f i r s t excited state i s 



FIG. 6.4 
III Axis Easy Direction 324 

20 I MeV « I2T< 

177 IO 2-33 9-14 
73 112 

•48 
0-43 

02 035 037 1-31 
1*16 

IO 
176 

178 

A 
20H 

1 
1.0 

Megaoersteds 
3+ Internal Field at Nd 



95'' 

some way above the ground state and shows also a reasonably constant moment. 
I f the 100 axis were chosen as the easy d i r e c t i o n then the c r y s t a l f i e l d can i n 
no way explain through an increase i n the ionic neodymium moment the anomalous 
magnetic phenomena observed and discussed i n section 6.3. T h e ^ l l l axis diagram 
on the other hand, shows that the ground state i s crossed by a lev e l w i t h a 
higher moment value and i n the p a r t i c u l a r case given.in f i g . 6.4 the ground, 
state with a moment of * 2.5mb i s crossed at Hint*b 0.85 M0e *y the t i l l then 
1st excited state with a moment of * 3.2vB. The p o s s i b i l i t i e s inherent i n 
th i s behaviour are immediately obvious, f o r example, i t i s possible f o r the 
neodymium ion i c moment at OK to increase by as much as 0.7^ by moving through 
the crossover region. . . . 

I t i s f r u i t f u l to examine thetyehsviour of the neodymium ionic moment with 

increasing temperature, and t h i s i s achieved using the d i s t r i b u t i o n function 

of equation 3,16. A computer programme w r i t t e n f o r t h i s purpose i s given i n 

Appendix I I . The results of one such calculation are given- i n figure 6.5 and 

thi s also shows the e f f e c t of including d i f f e r e n t numbers of levels i n the 

calculation. I t i s cl e a r l y best to include a l l ten levels i n order to get the 

correct behaviour of the magnetic moment. Mote that f i g . 6.5 corresponds to 

calculations i n the 1region of point A i n f i g . 6,4 i . e . to the l e f t of the 

crossover point. The detailed shape of t h i s temperature v a r i a t i o n can, of 

course, be altered by varying the energy gap between the levels or, i n other 

words, the posit i o n along the H axis of f i g . 6.4. The next figure (6.6) 

shows the v a r i a t i o n with temperature f o r various H values f o r the same 8F and 

x as used i n f i g . 6.5. 
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Consider now the f i r s t curve (1) of f i g . 5.11 showing the remanence from 
4.2 K of the 0.57 specimen. I f i t is supposed that the neodymium internal f i e l d 
is i n the region A of f i g . 6.4- then the form of the remanence behaviour may be 
understood. When the temperature rises the neodymium moment rises rapidly 
(as i n f i g . 6.6) with the result that the system is no longer compensated so 
that a positive net moment (in the neodymium sublattice direction) is 
observed in the region 0 < T < 90 K. However, as the temperature rises s t i l l 
further, the excitation to the higher(low moment) states is increased causing 
a subsequent reduction i n the ionic neodymium moment. This reduction coupled 
to the Brillouin function decay of the system results i n the gadolinium 
sublattice magnetisation matching and then exceeding that of the neodymium 
sublattice giving the reversal at 90 K after which point the net magnetisation 
is i n the gadolinium magnetisation direction u n t i l the second reversal at 205 K. 
this reversal i s possibly a new compensation point resulting from the changed 
neodymium sublattice magnetisation but this conclusion is d i f f i c u l t to verify. 
An alternative explanation might involve an impurity which remains magnetised 
in the original direction (+ve) i n which the magnetising f i e l d was applied -
(at 4.2 K) and does not demagnetise u n t i l higher temperatures are reached. 
Support"for this view comes from the actual size of the magnetisation at 
220 * which is of order 0.003yfl. A crude estimate of the required change i n 
moment to account for the remanence behaviour of curve (1) may-'be obtained 
from the ratio of the magnetisation with an applied f i e l d to the remanent 
magnetisation at, for example, the peak of the remanence curve at T - 150 K, 
this giving a method of assessing the moment reduction i n the remanent state. 
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On this basis, the observed change between the points A and B (remembering B 
is negative) on f i g . 5.11 of ̂ .07p„ requires a neodymium moment change of 
^ 0.5yB» Alternatively, the peak, A, requires the neodymium moment to increase 
by 0.2v>g before decreasing to below i t s original value by T * 90 K (here, as 
mentioned before, the Brillouin function for this sublattice assists the 
reduction) i n order that the net moment may pass through zero. Reference to 
f i g . 6.6 shows that by a suitable choice of H value (and of course SF and x ) , 
the demanded moment changes are feasible and further, the similarity of the 
peak A and the carves i n f i g . 6.6 is plain adding weight to this interpretation. 

The second curve of f i g . 5.11(2) showing the remanence versus temperature 
after magnetising the sample at 77 K may also be accounted for on this basis. 
At the magnetising temperature the specimen is close to the second compensation 
point and i t is quite probable that i n this state the application of a strong 
magnetic f i e l d favours the gadolinium sublattice with the result that a small 
remanence develops* i n this direction. Raising the temperaturejthen, w i l l 
continue the process of neodymium moment reduction giving the rise i n observed 
rematvence above 100 K. The subsequent reduction is of course due to the 
proximity of the Curie temperature. The lack of a reversal i n magnetisation at 
205 K rends further support to the idea that this is an impurity' effect since the 
impurity magnetisation w i l l be in the positive (field) direction, as before. 
A further factor, which tends to favour the above analysis of the second curve 
(2) iia that magnetisation at 55 K followed by a remanence measurement gave 
a curve exactly the same as curve 1, implying that at 55 K the neodymium ionic 
moment is sufficiently high to give remanence i n the neodymium direction. 
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The curious behaviour of <? vs H i n f i g . 5.12 nay also be accounted for 
i n terms of this changing neodymium moment. After cooling the specimen to 
liquid helium i n a small positive f i e l d , a small negative remanence was seen 
to develop. This phenomenon was apparently repeatable being observed upon 
several occasions. I f the magnetic f i e l d i s applied again the-magnetisation 
increases, passing through zero and becoming positive above 3k0e, but on 
reducing the f i e l d the magnetisation follows the same path giving a negative 
remanence again. I t is this negative remanence that is anomalous and i t arises 
from the effect of the applied f i e l d upon the neodymium moment. An increasing 
applied f i e l d has the effect of moving te the right in the energy level diagram 
of f i g . 6.4, i n other words, the ground state moment of the neodymium ion rises. 
An estimate of this change at 4.2 K, can be made and in the case of SF - 1.0, 
x - 0.990 i n the region H - 8-10 MeV, the change is * ©.OSUg/lOkOe applied 
f i e l d . This predicted change together with the increase i n magnetisation 
expected for any compensated.ferrimagnet or paramagnetic material w i l l account 
for the observed behaviour of f i g . 5..12. Increasing the temperature w i l l , of 
course, increase the neodymium'moment and cause the dotted curve to be 
observed. This portion of the curve was seen towards the end of a 'helium run' 
and the specimen was at * 9 K when the f i e l d was reduced to zero, giving a 
positive remanence. This small positive remanence i s in fact the starting point 
for the remanence vs temperature curve (1) of f i g . 5oil giving corroborative 
evidence for the explanation above. 

Finally, i t is possible te account for the saturation moment anomaly at 
x » 0.73, by assuming that the effect of increasing the neodymium concentration 
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is to increase the internal f i e l d at the neodymium s i t e , i n other words moving 
to the right i n f i g . 6.4. Thus as the concentration of neodymium is increased 
i t is suggested that at x • 0.73 the crossover point is reached and above 
this concentration level the neodymium ground state moment is * 3«25y£ (as 
opposed to 2.5y_ before the crossover). The previously mentioned moment increase 

D 

of * 0«7Ug at OK occurs over an infinitesimal H variation, but at 4.2K the range 
is wider and the increase smaller due to thermal excitation.. A change in the 
region of 0.5yB i s possible ever a reasonably short range of H ( ̂  1 MeV) 
or, correspondingly, a short compositional change. Estimation of the expected 
range is very d i f f i c u l t and i t is merely pointed out here that this proposal 
accounts for the observed behaviour, this point is returned to later i n section 
6.6. I t was mentioned earlier that, assuming a gadolinium moment of 7.0Ug and 
a linear cobalt moment' variation, then the neodymium moments at x » 0.7 and 0.75 
are 2,3v>B and 2.8 respectively. These values are approximately 0.2^ lower 
than those predicted by the crystal f i e l d calculations and this may arise i n 
a number of ways. F i r s t l y , the assumptions as to what the component moments 
should be are based upon Neutron diffraction studies and the errors i n these 
alone cover the predicted values, giving some measure of agreement between 
the*theoretical and experimental results. Secondly, the crystal f i e l d calcula­
tions are based upon a point charge model a fact which can hardly be reconciled 
with changed spheres i n contact*. The third and fourth nearest neighbours have 
also been ignored in the calculation. The third nearest neighbours are B ions 
at 0.65 ao, the fourth are A ions at 0.71 ae which gives an error i n the region 
of t 10% i n the original {calculations. This error w i l l not affect the moment 
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values at the crossover point and is more than amply covered i n the ranges 
given to SF and x. Finally, the polarisation of the conduction electrons 
w i l l affect the estimated values of the component moments when'these are 
calculated from the expfciimencal results. As was discussed i n chapter two, 
the electron polarisation has been observed to be both parallel to the rare 
earth spin (e.g. gadolinium metal with a polarisation ^ 0.55u^, and i n 
gadolinium doped LaAl2» ref. 2.32) and antiparallel to the rare earth spin 
(RA12'8 ref. 2.22). I t may be supposed that (Nd',Gd)Co2 is similar to 
(Gd)LaAl2 so that a positive polarisation of the. conduction electrons is 
favoured. I f such is the case then this polarisation can easily be of order 
0.2v>g and is an unseen component opposite to the magnetic moments of the 
neodymium ions. Therefore., i n analysing the experimental data i n terms of 
moments the neodymium moment is apparently reduced so that i t is necessary 
to add the conduction electron polarisation to the estimated neodymium moment 
to obtain a 'true' value of this moment. I t i s , of course, possible that the 
polarisation is negative relative to the rare earth spins i n which case the 
neodymium moment is estimated too large, but i n the absence of any evidence 
to the contrary, i t is perhaps reasonable to invoke a positive polarisation. 
I t may be added that i f there is no polarisation at a l l then the experimental 
and calculated results s t i l l agree within the stated limits.. 

6.6 Some Molecular Field Considerations 
In attempting to account for the saturation moment data i t was t a c i t l y 

assumed that the internal f i e l d at the h&odymium site increased with larger 



TABLE 6.2 

Molecular Field Interactions i n the (Nd.Gd)Cq,, System 

Interaction Interacting Ions Size 

11 Nd - Nd + (fm) small (20K i n NdNi2) 

X12» X21 Nd - Gd 
and vice-versa 

- (afm) probably small? 

X13» X31 Nd - Co 
and vice-versa 

+ (fm) moderate (y 100K) 

22 Gd - Gd + (fm) moderate (85K i n GdN 

X23* X32 

'33 

Gd - Co 
and vice-versa 
Co - Co 

- (afm) large 

+ (fm) large 
400 K 
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neodymium concentration. I t was thought that a simple molecular f i e l d 
treatment of the system would yield confirmatory evidence for this assumption 
but the following discussion shows that this is not the case. -

The possible interactions within the (Nd,Gd)Cc>2 system are given i n 
table 6.2 together with the sign of each interaction and some estimation of 
i t s size (in K). Using this nomenclature we may thus write the internal f i e l d 
at the heodymium sit e , i f the cobalt ionic moment direction is defined as 
positive, as 

^ d " X l l -1 ~ X22 2*2 + X13 -3 

where are the magnetisation vectors. Now Mg i s antiparallel to the other 
two vectors so that, i n terms of the magnitudes of the vectors m̂ , we have 

HNd " X l l m l + X12°2 + X13 m3' 

The reduced composition factor x must be included i n this equation and 
i t is assumed that this may be accomplished i n the following manner:-

*Hd " X H i * ! + ( 1" x ) X12 m2 + X13 m3 

The slight compositional dependence of the cobalt moment, m̂ , has been 
ignored i n this equation. Therefore at the GdCo2 end of the series (x « 0) we 
have for the f i r s t tieodymium ion added 

H N d ( x B ° ) " X12 m2 + X13 m3 
and at the NdCo0 end of the series (x B 1) 
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Exaaination of these two equations shows that the condition 1̂-,n^ >. *i2 m2 
is necessary for the f i e l d at the taeodymium site to increase with increasing x, 
and the truth of this condition relies on the size of A^* An indication of 
the magnitude of this interaction may be obtained from the (Nd,Gd)Ni2 system 
since, i n this series, there are but three interactions * 2 2

 a n d *12^ 
because the nickel ion carries zero magnetic moment. The ferrimagnetic Curie 
temperature for such a two sublattice system can be expressed i n terms of the 
Weiss constants (Cri) and the molecular f i e l d constants X̂-_> (see for example 

n nm 
ref. 3.1, p494, equ. 9-2.13). Substitution of the values for Cn,of the terminal 
compounds NdNi^ and GdNi2 with the appropriate composition factor into such 
an expression leads to the value of * t the composition value i n question. 
In the present instance i t was found that A 2̂ > A^ by a factor of two, the 
discrepancy being enlarged when the magnetisation vectors are included since 
m2 > mj,. Therefore i t is clear that such a simple treatment w i l l not yield 
the desired result. This fact is perhaps not surprising i n view of the 
approximations involved, such as the estimation of A^ from the nickel series 
instead of from the cobalt compounds themselves,. Furthermore, the manner i n 
which the composition factor, x, is included i n the equations assumes that the 
sublattice contributions to the internal f i e l d are linearly independent upon 
x, which may not be the case, although the available evidence supports this 
view. 

Among the other possible means of estimating the internal f i e l d , two methods 
are perhaps worth mentioning. Bloch and Lemaire (ref. 6.1) developed a phenomeno-
logical theory to account for the high temperature susceptibility data of the 
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BCo2 compounds. This,theory assume that the cobalt has an exchange enhanced 
susceptibility with the rare earth carrying a permanent moment and the experimental 
data are f i t t e d using the enhanced susceptibility and the molecular f i e l d 
interactions as parameters. Thus given good susceptibility data i t is possible 
to obtain through a f i t t i n g procedure an estimation of the molecular fields* 
Unfortunately the lack of such data i n the present case makes this calculation, 
pointless and indeed some of the results quoted i n r e f . 6 . 1 are inconsistent.with 
the experimentally derived parameters throwing some doubt upon the ultimate v a l i d i t y 
of this method* 

The second method of estimating the molecular f i e l d interactions* due to Bowden 
et a l . (ref.6.2), describes the inclusion of crystal f i e l d effects within the 
framework of the molecular f i e l d approximation* One of the results of this work 
is an equation relating the crystal and molecular-* f i e l d parameters and the para­
magnetic transition temperature. To obtain an unequivocal value of the molecular 
f i e l d i t is necessary to have accurate values for the crystal f i e l d parameters 
together with the paramagnetic transition temperature and use a complex f i t t i n g 
process. Quite apart from the lack of accurate data on the paramagnetic region, 
the crystal field'parameters are not sufficiently defined to warrant the process. 

One further aspect of Bowden1s work (ref. 2.30) relates to the easy 
direction i n the RBg compounds. I t was mentioned earlier i n chapter two that 
the Mtlssbauer technique can reveal the easy axis i n polycrystalline samples and 
i n ref.2.50 the. experimentally observed easy axes are predicted by a simple 
theory based upon the sign of the fourth degree.crystal f i e l d parameter, B̂ . 
For S-state ions (and ions which carry sere magnetic moment) the easy axis is 
determined by the transition metal component.which favours.the I l l - a x i s . , 
Neodymium, however* has a negative fourth degree crystal f i e l d parameter 
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resulting i n a predicted easy axis of 100 for NdCo2. In the present work the -
crystal f i e l d parameters consistent with the best interpretation of the magnetic 
data requite an appreciable sixth degree contribution and also that the easy 
axis be i n the I l l - d i r e c t i o n . The simple theory of ref. 2.50 assumes that the 
sixth degree crystal f i e l d parameter i s very.small. I t i s reasonable therefore 
that; the relatively large sixth degree parameter i n the compounds, together with 
the. influence of the GdCOg component w i l l result i n the I l l - d i r e c t i o n being 
the easy axis of magnetisation. 

6.7 Conclusion 
I t may be said i n conclusion that the compound series "(Nd^Gdj^COj 

generally shews the behaviour to. be expected from a ferrimagnetic intermetallic 
compound and that the anomalies discovered may be attributed to the effects of 
the crystal and internal magnetic fields upon the neodymium ion. The good 
agreement between the experimental data and the theoretical predictions clearly 
demonstrates that this type of calculation can,be successfully and usefully 
applied to materials of this type i n spite of the fact that exact calculations 
are not possible. 
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APPENDIX 1 
FURTHER ELECTRONIC CIRCUITS 

In this appendix, the circuits of the commercial parts of the V.S.M. 
are given. Also included are the potentiometer power supply and Hall 
Probe Circuit. 

CONTENTS 
Fig. No. 

Low Noise Amplifier (LNA) A l . l 

LNA Meter Section ; 
A1.2 

LNA Power Supply A1.3 

Phase Sensitive Detector (PSD) A1.4 

PSD Meter Section A1.5 

PSD Power Supply A1.6 

Oscilloscope A1.7 

Hall Probe Supply A1.8 

Potentiometer Stabilised Supply A1.9 
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APPENDIX I I 
I I . 1 

COMPUTER PROGRAMMES 

The programmes given itt this appendix were written i n the language PL/1 
for use on the IBM 360/67 computer of the Universities of Durham and 
Newcastle. The programmes were primarily developed for use oh the time sharing 
terminal system (M.T.S.) available at the Durham Physics Department. 

CUBSOLV : 

DIAG : 

FIT i 

MOMENT 

MSDU 

CONTENTS 
A programme for evaluating cubic X-ray powder 
pattern.data. 
A programme which.together with i t s subroutine 
MSDU calculates the effect of the crystal and 
Zeeman fields on a magnetic ion giving the eigen 
values» eigen vectors .and magnetic moments of . 
each resultant energy level. 
A programme specifically for f i t t i n g a third 
degree polynomial,: to thermocouple calibration 
points, but generally for any f i t t i n g process 
where a third degree polynomial suffices. 
The gold/copper thermocouple calibration i s 
given also. 
A programme for calculating the Boltsmann 
distribution for a.series of energy levels, each 
with an associated magnetic'moment, giving the 
variation of the resultant moment with temperature• 
A subroutine from the standard j?L/l scientific 
subroutine package (given here for complete­
ness). 

II. 2 

I I . 7 

11.10 

I I . 14 

11.16 



""" i i . 2 ; 
CUBSQLV 

1 CUBSOLV: PROC OPTIONSXMAIN); 
2 DCL(AB(50)) FLOAT; 
3 DCL(H(S0J /B(50) /C(50) /Q(S0) /D(50) /R(50) /HH(50))FLaAT; 
U DCL(N,NF,NM,U)FrXED BIN,DATA FILE INPUT; 
5 DCL(WW(0:iy,F(50),G(50))FLOAT,DATA FILE INPUT; 
6 DCL (ZOO) FIXED INITIAL ( 0 ) ; 
;7 DCL(NNC5ff),DD(50),MM(50),V)FLOAT; 
8 DCL(ZZ,AA,N,P,l,T,NI,K,L,M,J,BA,XX) FIXED BIN; 
9 DCL, NAME CHARC50) VARY ING,DATA FILE INPUT; 

10 /* DATA FORM: U, NO. OF FILMS; NAME, NAME OF COMPOUND; 
U W, WEIGHTED MEAN VALUE OF WAVELENGTH; WW, PAIR OF WAVELENGTH VALUES; 
12 . ft,NO OF LlNES;NF,NO OF FORWARD REFS;NM, LAST LINE BEFORE DOUBLETS; 
3 4 F * I ) , G ( I ) , PAIRS OF NOS, READ OFF DEVICE SMALLER NO, FIRST.*/ 
k LESQ: PROCEDURE (AB,MM, N);. 

15 DCL (XX,L,M,K) FIXED B} N; 
IB DCUY(2,2),S(l,2),XC5D/2)>Z(2,2),AB(*),MM(*),B,SSR,RSQ,A,E)FLOAT; 
17 - DO K - 1 TO N; ; 
11 X(K,1)«AB(K); 
13 END; 
2 ) DO K - 1 TO N; 
2L X(K,2)= MM(K); 
2 1 END; ' v-
2 S PUT LIST*'NO.OF POINTS TO BE USED IN EXTRAPOLATION1)SKIP; 
2 j PUT SKIP; 
2!; GET LIST (XX); 
•2* Y= 0; 
27 DO L= 1 TO 2; 
2ft DO M- 1 TO 2; 
2ji DO K« XX TO N; 
30 Y(L,M)«*Y(L,M) + (X(K,L)*X(K,M)); 
35:3 END; 
35 END; 
33 END; 
34 S=0; 
35 DO L= 1 TO 2; 
36 DO XX TO N; 
37 S(1,L)=S(1 >L)+X(K,L); 
38 END; 
39 END; 
f>0 z«0; 
W DO L= 1 TO 2; 
1*2 DO H'- 1 TO 2; 
kl Z(L,M)- Y(L,M)-(S(1>LJ*S(1,M)/(N-XX+1)); 
W» END; 
«»§ END; 
fc6 B»Z(1,2)/Z(2,2); 
£7. SSR= Z(1,2)*B; 
48 > RSQ-SSR/2(1,1); 



I I . 3 
CUBSQLV (Continued) 

I ' 
ii9 A=(S(1,1)-(B*S(1,2)))/(N-XX+1); 
50 IF (Z(1 /1)-SSR)<0 THEN GO TO Ik; 
51 E=SQRT((1/Z(2,2))*((ZU,1)-SSR)/(N-XX-1))); 
52 GO TO L5; 
53 Lki E=0; 
5U L5? PUT SKIP EDIT ('INTERCEPT ON Y AXIS = 1,A,1 A')(A(22>,F(10,6),A) 
55 PUT SKIP EDIT ('SLOPE = ' ,B)(A(8),F(8,l»)); 
55 PUT SKIP EDIT ('ERROR » 1 E ) (A( 8 ) , F ( 6 , 5 ) ) ; 
5 T END LESQ; 
5) u_ GRAPH: PROC (AB,MM,N); 
5 i DCL (AB(*) /MM(*)VZ(50,) /M(50) /XX(50.)) FLOAT; 
6) DCL(Y(50J/X(5D)). FLOAT; 
6 . DCL (UN) FIXED BIN; 
6!! Y»AB; 
6!> X=MM; 
6<> DO 1=1 TO N; 
6«i M( I ) • TRUNC ( Y ( l ) * 1 0 ) ; 
6« Y( I ) = ( Y ( l ) * I 0 ) - M ( l ) ; 
6; Y(l)»Y(I)*7Q; 
6( Z(l)« TRUNC(Y(I)); 
69| IF((Y( i ) - Z ( l )))>0.49 THEN Z ( l ) - Z ( l ) + 1; 

X ( I ) = 2 5 * X ( I ) ; 
X X ( I ) - TRUNC(X(I)); 

72] IF ( X ( l ) -XX(I))>0.U9 THEN XX( I )«XX( I ) + l ; 
73 END; 
7*» PUT PAGE; 
75 PUT LIST('GRAPH BEGINS'); 
76 PUT EDIT('********************')(A(20)); 
77 DO 1=5 TO N; 
78 PUT EDIT ( ' * ' ) ( S K I P ( X X ( l ) ) , X ( Z ( | ) ) , A ) ; 
79 END; 
80 PUT SKIP ED I T ( ' * * * * * * * * * * * * * * * * * * * * ' ) ( A ( 2 0 ) ) ; 
81 PUT ED ITX'END OF GRAPH') (A( 1 2 ) ) ; 
82 PUT SKIP; 
83 END GRAPH; 
8k GET FILE (DATA) LIST(U); 
85 - DO 1=1 TO U; 
86 Q=0; 
87 GET FILE (DATA) LIST(NAME); 
88 GET FTLE(DATA) LIST(W); 
89 GET FILE(DATA) LIST(WW); 
90 GET FILE(DATA) LIST(N»NF> WO; 
91 NT-O'j 
92 , DO 1=1 TO NM; 
95 NI=NI + 1 ; 
91* GET FI LE(DATA) L I S T ( F ( I ) , G ( I ) ) ; 
95 . HH(I) = (G(U-F<I))/U; 
96 IF NI>NF THEN DO; 

6J 
7A 



GUBSOLV (Continued) 

97 
98 
39 m m 

M 
. )3 
. )k 
Us 
J 6 
17 
18 
)9 
1 
2 

.33 
,1k 
.15 
.16 
.17 
as 
.19 
.20 
21 
.22 
.25 
L2» 
.2 5 
.2 5 
L27 
12$ 
L2f 
.31 
13: 
.31 
L3: 
131 
,3( 
L3; 
.31 
L3< 
M 
m 
At 
m 

HH(I)«90-HH(l); 
END; 
H(I)-HHlr)7S7.296; 
C ( l ) -S l imiCI - ) ) ; 
Q(I)»C(I>#C(I); 
D(I)-W/(2*C(D); 
END; 
DO l=(NM+2) BY 2 TO N; 
DOT»0 TO 1; 
IF T«0 THEN I- 1 - 1 ; 
GET FILE(DATA) L I S T ( F ( I ) / G ( I ) ) ; 
H<I)»C90-((G(I)-F(I)/S7.296; 
C(l)«SINCH(l)); 
Q< I ) - C < I ) * C ( I ) 
D(I)*WW(T)/(2*C(I)); 
IF T»0 THEN 1=1+1; 
END; 
END; *' 
PUT SKI P(3)~; 
PUT SKIP LIST 

', W,.' A') (AX 13), F (7,5 ) , A); 
(NAME); 

PUT SX-IP EDIT ( 'WAVELENGTH 
PUT LIST CD VALUES7): SKI P; 
PUT SKIP; 
DO I =1 TO N; 
PUT EDIT (.'D< ', I,».)- =. , ' , D t l ) ) ( X ( 5 ) , A ( 2 ) , F ( 2 , 0 ) , A U ) , F ( 5 , 3 ) ) ; 
IF • t/4-1- THEN PUT SKIP; 
IF I7H-2 THEN PUT SKIP; 
IF 1/4=3 THEN PUT SKIP; 
IF IA=i» THEN PUT SKIP; 
IF I7U-5 THEN PUT SKIP; 
END; 
PUT SKIP EDIT ('SINE SQUARED VALUES')(A(19)); 
PUT SKIP; 
DO 1=1 TO N; 
PUT E D I T ( Q ( l ) ) ( X ( 2 ) , f ( 6 , 4 ) ) ; 
END; 
PUT SKIP LISTC FIRST TRIAL S-VALUE'); 
PUT SKIP; 
LOOOs GET LIST(ZZ); 
ZOO-O; 
DO 1=1 TO N; 

IF ZOO=0 THEN GO TO LOO; 
ELSE DO; 
DD(I>«Q(I)/Q(BA); 
ZZ-20; 
GO TO L0; 
END; 
LOO: DD(I)»Q( I ) / Q ( l ) ; 



&UBSOLV (Continued) 
LOt NN( I )aZ2>DD( I ) ; 
AA-tRUNCCNNll-)); 
V-ABS(AA«MNtI)); 
IF V<06(»9 THEN GO TO L2; 
ELSE DO;̂  
AA^AA+i; 
L2.s R(I)»AA; 
1F R(I)»20 THEN DO; 
0A* l ; 

-''ZOO-1; 
END; . 
END; 
END; 
PUT SKIP EDIT ('CORRESPONDING S VALUES*)(A(22)); 
PUT SKIP; 
DO | B 1 TO N; 
PUT ED IT(R(I))(X(5)„F(3> 0 ) ) ; 
END; 
PUT SKIP LI ST ( J LATTICE PARAMETER ASSOCIATED WITH 
TRIAL S-VALUE I S - ' ) ; 
PUT SKIP EDIT(SQRT((R(l)*W*W)/(l»*Q(l))))(F(5/3)); 
PUT SKIP LIST ('TYPE 1 IF ANOTHER TRIAL'S-VALUE IS 
REQUIRED OTHERWISE TYPE, ANY OTHER -NUMBER'); 
PUT SKIP; 
GET L I S T ( I I ) ; 
I F 1.1*1 THEN GO TO LOOO; 
PUT LIST('TYJ>E. FINAL. SERIES'OF S-VALUES WITH 
ANY NECESSARY HUMAN ADJUSTMENT'); 
PUT SKIP; 
R*0/ 
DQ: i «i: TO N ; 
GET LIST (R ( I ) ) ; 
END; 
PUT LIST ('LATTICE PARAMETER')SKIP; 
DO T=l TO NM; 
AB( T) -SQRT( ( R(T) *W*W) JLk*(ftT)) ) ; 
END; 
DO l-(NM*2) TO N BY 2; 
DO T«0 TO 1; 
IF T«0 THEN 1=1-1; 
AB(I )=SQRT((R(I )*(WW(T)**2))/U*Q(I))); 

- IF'T-0 THEN I-1+1;" 
END; 
END; 
DO T=l TO Nr~ 
PUT SKIP; 
PUT EDIT£'ACT,') - l,AB(T)>'Al>(A(2),F(2,6),A«i),F(7-,lt'),A).; 
MM(T>=0,5*((COS(H(T))**2)/SIN(H(T))+(COS(H(T))**2)/H(T))> 



I I . 6 
CUBSOLV (Continued) 

193 PUT EDIT CNR « 1,MM(T))(X(3),A(5),F(6,li)); 
194 PUT EDIT (<H(T)*57,296), 1 DEGREES')(X(3>,F(5,2),X(2),A(7)); 
195 END; 
196 CALL GRAPH(AB/MM,N); 
197 CALL LESQ(AB,MM,N); 
8 END; 

199 END. CUBSOLV; 
M FILE 



II.7 
DIAG 

1 
2 
3 
k 
5 
6 
7 
8 
9 
LO 
LI 
L2 
L3 
Lit 
15 
L6 
.7 
.8 
.9 
!0 
21 
: 2 
J3 
Ik 
25 
26 
27 
28 
29 
30 
31 
32 
33 
3* 
35 
3 5 
3 J 
3 J 
3> 
U ) 

4i 

(SUBRG)s 
DIAGsPROC OPTIONS<MAIN); 
DCL(A(N,N),R(N,N))BIN FLOAT CONTROLLED; 
DCL(N,MV) FIXED BIN,DATA FILE STREAM INPUT; 
DCL(B(N/N),E(N, N))FLOAT CONTROLLED,DATA FILE STREAM INPUT; 
DCL(IND) FIXED BIN; 
DCL YY FIXED BIN INITIAL(O); 
DCL(y,Gs SUM)FLOAT; 
DCL(P,M) FLOAT; 
DCL(SF,X,INCX,INCS,MAXS)FLOAT; 
DCL(C(N,N),D(N,N))BIN FLOAT CONTROLLED; 
DCL( I NOD.) FIXED BIN; 
DCL(MAXH,Bi*,B6) FLOAT; 

DCL(H,J,J,K,L,S)FIXED BIN; 
PUT LIST('DATA FORM: SF, X,I NCS,INCX,MAXS,P(INIH)/MAXH/IND("1(0))'); 
PUT .LIST(,G-VALU£......Bl».......B6'J; 
PUT SKIP; 
GET LIST(SF,X,INCS/INCX,MAXS); 
PUT DATA(SF,X,|NCS,INCX/MAXS); 
PUT SKIP; 
GET* LIST CP); 
GET LIST (MAXH); 
PUT DATA(MAXH); 
GET LIST(INDD); 
GET LIST(G); 
PUT D.ATAC INDD,G); 
GET LIST(B4,B6); 
PUT DATA{Bit, B6); 
PUT SKIP; 
GET FJ LE(DATA) LIST (N,MV); 
ALLOCATE A; 
ALLOCATE B; 
ALLOCATE C; 
ALLOCATE D; 
ALLOCATE E; 
ALLOCATE R; 
M»P; 
DO 1=1 TO N; 
DO J = l TO N; 
GET FILE (DATA)LIST(B(I,J) ) ; 
END; 
END; 
B=B*Bfc; 
DO l«l TO N; 
DO J = l TO N; 
GET FILE (DATA) LIST ( E ( l , d ) ) ; 
END; 
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DIAG (Continued) 

19 
SO 
51 
52 
53 
$k 
55 
56 
57 
58 
59 
50 
51 
32 
53 

66 
i.7 

1"2 

35 
76 
7 7 
78 
•*8 
80 
81 

J! 
85 
8 } 
* r 
8 1 
8 1 
9H a;, 
. f t ! 

I 
,91 
9(. 

E N D ; 
E"E*B6; 

L 1 : S F P S F * Y Y * I N C S ; 
L2iP»M* 
AGAIN:' ABSF*(X*B+< 1 -ABS(X,) )*E); 
PU-t EDJK VSfiALE- FACTOR » 1 ,SF) (A( 15,)., F(5, 2 ) ) ; 
PUT EDIT(U/6 RATIO *• SX) tXX'5).,A(.lZ)«F'(a,-3>'); 
PUT SKIP; 
PUT LISTCH VALUE'); 
PUT SKIP; 
PUT EJJIT(R)(F(5,2)); 
PUT SKIP; 
PUT SKIP; 
C=0; 
DO :J°1 TO N; 
C(d,d)«P*(5.5-J); 
END; 

A=A-C; 
b=»A; 

C A L L MSDU(A,,;R,,N,MV); 
PUT L I ST ('E l GEN VALU ES.ARE1); 
PUT SKIP; 
DO ;K«1 TO N; 
PUT ED I T(A(K, K)) (XX2 ) , F ( 9, 2.)); 
END; 
PUT SKIP; 
DO K=l TO N; 
PUT EDIT ( A ( K , K ) ) ( X ( 2 ) , f ( 9 , 6 ) ) ; 
END; 
PUT . S K I P * 
PUT LIST('EIGEN VECTORS- ARC1-); 
PUT SKIP; 
DO ,L=1 TO N; 
SUM«0'; 

. DO S«*l TO N; 
PUT'.ED IT(R(S, L)KX(.3.)«F(,7,fc)); 
SUMpSlW^^iKS., L)**2) * ( (0.-5*(N+l) )-.$-}*G 
END; 
PUT ED I T ( ' MOMENT- ',,SUM) (X CM / A'( 7 ) , F ( 6, 2 ) ) ; 
PUT SKIP; 
END; 
PUT SKIP; 
IF INDD«1 THEN DO; 
PUT .LI ST (' OR IGINAL,MATRIX'); 
PUT S U P ; 
DO l»l TO N; 
DO .dpi TO N; 



DIAG (Coneinued) 
I I . 9 

-I 
i 

LOS 

#END FILE 

PUT EDI T ( D ( I , J ) X X ( 2 ) , F ( 9 , 5 ) ) ; 
END; 
PUT SKIP; 
END; 
END; 
PUT SKIP; 
IF P>MAXH THEN GO TO Lki 
IF P>.9.9 THEN GO TO Lkf 
IF P<1.9 THEN DO; 
PeP+,0.2; 
QO TO AGAIN; 
END; 
IF, P<3.9 THEN DO; 
P-P+0.4; 
GO TO AGAIN; 
END; 
P«P*1; 
00 TO AGAIN; 
Lki IF ABS(X)>0„99999 THEN GO TO L3; 
X*X*INCX; 

. QO TO L2; 
L3.5.X-Y; 
IF SF<MAXS THEN DO; 
YY-YY+1; 
QO TO L I ; 
END; 
END DIAG; 

r 
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P I T 

FIT:PROC OPTIONS(MAIN); 
DCL NAME CHAR(50) VARYING; 
DCL (VC(M)) FLOAT CONTROLLED; 
DCL(HC(M)) FLOAT CONTROLLED; 
DCL(AU))FLOAT; 
DCL(I,J,K,M) FIXED BIN; 
DCL Y FLOAT; 
GJM : PROCEDURE(A,B, X„NA)FLOAT; 

/* SOLVES A SET OF NA SIMULTANEOUS EQ. FOR X AX»B SEE 
* HAWGOOD NUMERICAL ANALYSIS FOR ALGOL VERS ION.GAUSS JORDAN METHOD. 
DECLARE(A(*,*),B(*),X(*),PIVOT,PIVPROD,MULT,COMP)FLOAT, 
(PIVROW(NA)/PIVCOL(NA),I ,JC,I A,JA,IC, I 0/JO, N)F I XED BINARY; 

DCL (J)FIXED BINARY ; 
PIVPR0D=1; 
DO 1=1 TO NA; 
PIVROW(I), PIVCOL(I) = I ; 
END; 
DO N=l TO NA; 
PIVOT=A(PIVROW(N),PIVCOL(N)); 
IO,JO=N; 
IA=PIVROW(N); JA=PIVCOL(N); 
DO I = N TO NA ; 
DO J=N TO NA; 
IC=PIVROW(I); JC=P|VCOL(J); 

COMP=A(IC,JC); 
IF ABS(COMP)>ABS(PIVOT) THEM DO; 
PIVOT=COMP; 
IA=IC; 10=1; 
JA=JC; J0=J; 
END; 
END; 
END; 
PI VROVK 10)=PI VROW(N); 
PIVCOL(JO)=PIVCOL(N); 
PIVROW(N)=IA; PIVCOL(N)=JA; 
B(IA)=B(IA)/(PIVOT); 
PIVPROD=PIVPROD*PIVOT; 
DO J=N+1 TO NA; 
JC=PIVCOL(J); 
A( IA,JC)=A( IA,JC)/PIVOT; 
END; 
DO- 1=1 TO NA ; 
HF 1""= IA THEN DO ; 
MULT=A(I/JA); 
BCI)=B(I ) -B(IA)*MULT; 
DO J=(N+1) TO NA; 
JC=PIVCOL(J); 
A(I,JC)=A< l,JC)-A(IA,JC)*MULT; 



, 11.12- I 
FIT (Continued) 

97 PUT LIST(NAME); 
98 PUT SKIP* 
99 PUT LIST(' DEGREES K MICROVOLTS1); 

:.O0 PUT SKIP; 
: .0l DO J = 0 TO 80 BY 1; 
; ,Q2 Y=AU)*A(2J*J+A(3)*(J**2)+AU)*(J**3); 
:.03 PUT ED I T( J, ' K',Y)(X(6),F(2 y0),A(2),X(9),<F(3,0)); : 04 PUT SKIP; 
: 05 END; 
J1W* END FIT; 
OF FILE 

i 



I I a l l 
FIT (Continued) 

19 END; 
< 0 END; 
I 1 END; 
[ 2 END; 
« 3 DO I =1 TO NA; 
5k X(P|VCOL(l))=B(PIVROW(|)); 
I 5 END; 
56 RETURN(PIVPROD); 
5 7 END GJM; 
58 POLYFIT: PROC(V,H,M,X); 
59 DCL((V,H)(M),AU,I»), XU),BU"),G1) FLOAT, I FIXED BIN; 
60 DCL(W) FIXED BINARY; 
61 A=0; B»0; X=0; 
62 DO 1=1 TO M BY 1; A(1,1).=A(1,1) +1;A( 1, 2), A(2,1)»A( 1,2) +V( I ) ; 
65 A(1,3),A(2,2),A(3,1)=A(1,3)+V(I)*V(I); 
6* A(l,iO,A(2,3),A(3,2),AU,l)=Aa,i*)+V(l )**3; 
6> A(2,l»),A(3,3),AU,2) = A(2,U * V(l)**i»; 
6> A(3/i»),AU,3)=A(3,fc)*V(l )**5; AU,l») • A(k,k)+ V( I )**6; 
67 B(1)»B(1)+H(I); 
6? B(2)=B(2)+H(I)*V(I); 
%9 B(3)=B(3)+H(I)*V(I)**2; 
7(|> &U)=BU)+H(I)*V(I)**3; 
7!. EN©; 
1\\ W=i i ; 
71 Gl=GdM(A,B,X,W); 
74 END POLYFIT; 
7£ PUT LIST('T4TLE OF OPERATION'); 
76 PUT SKIP; 
77 GET LIST(NAME); 
7« PUT LISTCNO OF DATA POI NTS'); 
79 PUT SKIP; 
80 GET L I STCM) ; 
81 ALLOCATE HC; 
82 ALLOCATE VC; 
83 PUT LIST ('DATA POINTS: X,Y') 
84 ; 
85 PUT SKIP; 
86 DO 1=1 TO M; 
87 .. GET LIST(VC(I),HC(I)); 
88 END * 
89 CALL POLYFIT(VC,HC,M,A); 
90 DO K=l TO k} 
91 PUT DATA(A(K>); 
92 END; 
95 PUT SKIP; 
9«» PUT SKIP(2); 
95 PUT LIST('OUTPUT DATA'); 
96 PUT SKIP; 



FIT ; OUTPUT 

OUTPUT DATA 
GOLD(0.2% IRON)/COPPER THERMOCOUPLE CALIBRATION DEGREES K MICROVOLTS DEGREES K MICROVOLTS 

0 K 684 40 k 223 
1 K 668 41 K 216 
2 K 652 42 K 209 
3 K 636 43 K 201 

' 4 K 620 44 X 194 
5 K 605 45 K 187 
6 K 590 46 K 180 
7 K 575 47 K 174 
8 K 561 48 K 167 
9 K 546 49 K 160 
10 K 533 50 K 154 
11 K 519 51 K 148 
12 K 506 52 K 141 
13 K 493 53 K 135 
14 K 1*80 . 54 K 129 
15 K 467 55 K. 123 
16 K 455 56 K 117 
17 K 443 57 K 111 
18 K 431 58 K 105 
19 K 420 59 K 100 
20 K 408 60 K 94 
21 K 397 61 K 88 
22 K 386 62 K 82 
23 K 376 63 K 77 
24 K 365 64 K 71 
25 K 355 65 K 66 
26 K 345 66 K 60 
27 K 335 67 K 55 
28 K 325 68 K 49 
29 K 316 69 K 44 
30 K 307 70 K 38 
31 K 298 71 K 33 
32 k 289 72 K 27 
33 K 280 73 K 22 
34 K 271 74 K 17 
35 K 263 75.K 11 
36 K 255 76 K 6 
37 K 247 77 K 0 
38 K 239 78 K -6 
39 K 231 79 K -11 
40 K 223 80 K -17 

#E3£igtlT ION TERMINATED 
# 



MOMENT 

MOMENT:PROC OPTIONS(MAIN); 
DQL(T,EX,SUM1, SUM2,K)F LOAT; 
DCL MM, FLOAT; 
DGL <I„J* L̂ N> FIXED BIN; ; 

DCL(E(N,)ftfty>>, FLOAT CONTROLLED,DATA FI LE STREAM I NPUT; 
DCL A CHAR(IOQ) VARY ING; 
PUT.LIST('NUMBER OF CALCULATIONS TO DO,PLEASE?'); 
PUT SKIP; 
GET LISTCL); 
J = 0; 
AGAIN: GET FILE(DATA) LIST(A); 
GET FlLE(DATA) LIST (N); 
ALLOCATE E; 
ALLOCATE M; 
DO I *»1 TO N; 
GET FILE(DATA) LIST(ECD); 
END; 
DO 1=1 TO N; 
GET FILE(DATA) LIST(M(I)); 
END; 
PUT SSKIP(3);-PUT LIST (A); 
PUT SK|P<2); 
PUT LISTC INPUT DATA'); ; 
PUT SKI P; 
PUT LI ST(' E l GEN VALUE •, MOMENT'); 
PUT SKIP(2); -
DO 1-1 TO ,N; 
PUT EDIT(E(I),M(I))(X(3),F(6,2),X<11),F<5,2)); 
PUT SKIP; 
END; 
PUT SKIP(2); 
PUT LISTC OUTPUT DATA'); 
PUT SKIP; 
K=0o0862; PUT ED IT('MOMENT',1TEMPERATU RECK)')(X(3),A(6)>X(6),A(U)); 
PUT SKIP; 
PUT EDIT(M(1),'0')(X(3),F(6,2),X(13),A); 
PUT SKIP; 
DO T-20 TO 200 BY 20; 
SUM1-0; 
SUM2°0; 
DO 1=1 TO N; 
IF N=l THEN DO; 
EX-1; 
GO TO L I ; 
END; 
EX-EXP(-(E(I)-E(1))/(K*T)); 



MQMENT (Continued) 

49 L I : SUM1 =SUMHfM( I )*EX; 
50 SUM2»SUM2+EX; 
5.1 Ê D; 
52 MM=SUM1/SUM2; 
53 PUT ED|T(MM,T)(X(3),F(6,2),X(10),FU,0)); 
5k PUT SKIP; 
55 . END; 
56 J=J+1; 
57 IF J<L THEN GO TO AGAIN; 
58 END MOMENT; 

END OF FILE 
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MSDU 

1 MSDU: PROCEDURE. <A„R,N,MV); 
2 DECLARE 
-3 (l,.IND,d,4.,M#MV,N) 
4 FIXED- BINARY, 
5 ERROR EXTERNAL CHARACTERS 1)/ 
6' (A(*,*),R(*»*),ANORM,ANRMX,THR*U,Y,SINX, 
7 SINX2,COSX,C0SX2, SiNCS,FN) 
8 BINARY FLOAT; 
9 ERROR*1,!)'; 
10 IF N <= 1 

| 11 THEN DO; 
12 ERROR85' 1'; 

I 13 GO TO FIN; 
I 14 END; 
I 15 FN=N; 
,16 IF MV=0 
'17 THEN DO; 
18 DO 1=1 TO N; 
19 DO J - l TO N; 
20 R(l,J)«0; 
21 END; 
22 R ( l , i ) - 1 ; 
23 END; 
24 END; 
25 ANORM-0; 
26 DO 1*1 TO(N'l); 
27 DO J=(l+1) TO N; 
28 ANORM=ANORM+A(I,J)*A(I,J); 
29 END; 
30 END; . 
31 IF ANORM <= 0.0 
32 THEN GO TO SORT; 
33 . ANORM-l.4l4*SQRT(ANORM); 
J4 . ANRMX=AN0RM*lo0E-6/F'N; 55 . IND«0; 
J6 THR=AN0RM; 
57 S10: 
\% THR=THR/FN; 
19 S20s 
U'O L * l ; 
h i S30s 
1.2 M=L+1; 
13 S40: 
14 IF ABS(A( L,M) )>«*THR 
*5 THEN DO; 
.16 IND-1; 
4f P«fl.5»(A(L,L)-A(H,»)J} 
48 Y»-A(L,M)/SQRT(A(L,M)*A(L,M)+U*U); 



MgBU (Continued) 

49 IF IKO.O 
50 THEN Y—Y; 
51 SINX=Y/SQR7(2, 0*<1.0*(SQRT(1„0-Y*Y)))); 
52 SINX2»SINX*SINX; 
53 COSX-SQRTC1.0-SINX2); 
54 COSX2=COSX*C0SX; 
55 SINCS=SINX*COSX; 
56 DO 1-1 TO N; 
57 IF KL 
58 THEN.DO; 
59 IF KM 
60 THEN DO; 
61. U=A(l,L)*COSX-A(l,M)*SINX; 
62 A(l,M)-A(T,L)*SINX*A(l>)*COSX; 
€3 A(1,L)«U; 
64 : END; 
65 END; 
66 EtS'E IF l>L 
67 THtN DO; 
68 IF KM 
69 THEN DO; 
70 U-ACL, I )*.COSX-A( I ,M)*SINX; 
71 A(l,M)-A(L,l<)*S,INX+A(l,M)*COSX; 
72 END; 
73' ELSE IF l>M 
74 THEN DO; 
is U"A(L,I)*COSX-A(M,I)*SINX; 
76 ACM, I )-A(L» I )*SINX*A(M,J )*COSX; 
77 END; 
i& iF,r=M 
79 THEN A(L,I)-U; 

END; 
n IF MV*0 
82 THEN DO; 
B3 U«R(!,L)*COSX-R( l,M)*SIJM; 
&4 . R(l,M)=R(l,L)*SINX+R(r,M)*COSX; 
15 R( I , L)-U; 
16 END; 
17 END; 
tM U«2o0*A(L,M)*SINCS; 19 Y-A(L/L)*Q0SX2*A(M,,M,)*SINX2-U; 
M) U=A(L, L)*SINX2+A(M,M)*C0SX2+U; 
11 A( L,.M)«(A(L# L) - A (M, M.) )*SI NCS+A< L, M) * (COS X 2-SI NX2) 
12 A(L,LW; 
13 A(M,M)«U; 
4 END; 
5 I F M N 
|6 THEN DO; 



MSDU (Continued) 

97 M-M+l; 
98 " GO TO SkOi 
99 END; 

IF L^=(N-1) 100 
END; 

IF L^=(N-1) 
101 THEN DO; 
102 L=L+1; 
j03 GO TO S30; 
10b END; 
105 IF IND=1 
106 THEN DO; 
107 IND=0; 
108 
m 

GO TO S20; 108 
m END; 
i i o 1F THR > ANRMX 
111 THEN GO TO S10; 
112 SORTs 
113 DO 1=1 TO N; 
Ilk DO J=l TO N; 
L15 IF A(I,IXA(J,J) 
L16 THEN DO; 
E l 7 
m 

U=A(I,I); 
A(l,l)=A(J,d); 
A(J,J)=U; 

120 IF MV=0 
121 122 THEN DO; 

DO L= 1 TO N; 123 U=R(L,I); 
R(L,I)=R(L,J) izu 
U=R(L,I); 
R(L,I)=R(L,J) 

12-5- R(L,J)=U; 
126 END; 
127 END; 
128 END; 
129 END; 
130 END; 
151 FIN? 
132 - RETURN; 
133- END; 

ND )F FILE 


