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ABSTRACT 

N.M,R. Spin Echo spectra of Gd̂ ^̂ ĵ YxÂ a and *^l-xWA^2 

( 0 ^ X O o 4 ) were studied i n the ferromagnetic a l l y ordered 
state at 4 » 2 K. The ki resonance l i n e p r o f i l e s were analysed 
under the assumption of various models f o r the sp a t i a l extent 
of the conduction electron polarization and general confirma­
t i o n of RKKT l i k e o s c i l l a t o r y polarization was found. Slowly 
decreasing nonoscillatory polarization functions were shown 
to be unable to explain the obseirved spectra. The l i n e shape 
has been shown t o depend rather c r i t i c a l l y on the value of 
the FermJL wave vector K̂ . The eff e c t of the conduction 
electron mean free path on the l i n e shape is similar t o the 

EoScR. of Gd i n YA^2 measured i n the temperature 
range from 65 K to 340*'K, The experimental results are 
discussed using Hasegawa*s theory. The dependence of l i n e 
width on temperature and Gd - concentration indicates the 
existence of a ^bottleneck" i n the relaxation between the 
conduction electrons and the l a t t i c e . The behaviour of the 
l i n e width with temperat\ire i n the ferromagnetic region makes 
i t possible t o study the Curie temperature for these compounds. 

The hyperfine f i e l d at the 59co nucleus have been observed 
for some of A Gog (A - rare earth metal) compounds. The 
f i e l d strength has essentially the same value of about 60 kOe|-
fo r a l l the compounds studied. 

The results can be interpreted i n terms of contributions 
t o the hyperfine f i e l d a r i s i n g from the t r a n s i t i o n metal 



- i i -

s u blattice and from the rare earth sublatticeo The former 
appears t o be proportional to the magnetic moment associated 
with the t r a n s i t i o n metal ion while the rare earth contribu­
t i o n i s taken to arise predominantly from conduction electron 
polarizationo 
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CHAPTER 1 
Introduction 

The rare earth elements9 alloys and compounds form a group 
of materials with widely diverse magnetic and e l e c t r i c a l prop= 
er t i e s ( r e f s : I 0 I 9 l o 2 s , l o 3 s ) l o 4 p l o 5 g I 0 6 9 l o 7 » 1 . 8 ) 0 The 
magnetic, ordering observed i n the rare earth metals arises from 
an i n d i r e c t exchange mechanism involving a polarization of cond­
uction electrons by the locail 4 f momentSo In internifetallic 
compounds with sftoichiometry AB2 (A = rare earth elemeht and 
B = Coj Fej Nij k t o o o ^ ) the presence of the rare earth elements 
has been of value i n understanding the complexities of the elec<= 
tronic behaviour and may be of value i n solving the problem of 
the properties of the transitioJa metals themselves. The meas­
urement of hyperfine f i e l d s and g-shifts are known to be capable 
of providing useful information on the mechanisms involved i n 
the magnetic properties of these compounds. 

, This thesis describes an experimental investigation usings 
1 . nuclear magnetic resonance to study the hyperfine f i e l d 

at the 'At nuclei i n GdAt2 and i n ,Gd-ĵ„x ^ x ^^2» where A is 
Yg Dy, La8 and at nuclei i n some of AC02 compounds5 the 
measurements were made i n zero f i e l d at a temperature of 4 « 2 K 
(GdCo2 between 4 o 2 K and 2 7 5 K) and at frequencies between 3 5 MHz 
and 7 0 MHz J using a nuclear magnetic resonance (NMR) spin echo 
spectrometer which i s described i n chapter four; 

2o electron spin resonance to study the g-shift and the 
l i n e width of the resonance at Gd i n Gd^^x ^x * * 2 » 0 to 0 , 9 ) ; 
these measurements,were made i n the paramagnetic region, i n f i e l d s 

BOIENC£ '•'r 
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8ECT10H 



»2=. 

between 0 and 6 kOe^ using an X-band r e f l e c t i o n spectrometer 
operating at 9 GHzo This system i s described i n chapter fouro 
The res u l t s of these measurements are presented i n tables and 
graphs i n chapter fiveo In chapter s i x the results are discussed 
and accounted f o r o 

Chapter three i s confined t o some basic theory of spih etho 
and electron spin resonanceo The magnetic properties of AB2 
compounds and a b r i e f theory of the observable effects of cond= 
uctlon electron polarization which apply to these compounds are 
given i n chapter two. 

In t h i s chapter (one)9 the structure and the magnetic prop= 
er t i e s of rare earth metals, and the RKKY and hyperfine f i e l d s 
w i l l be discussedo 

1 o 1 - -̂ Rare earth metals 

The fotirteen 4 f t r a n s i t i o n series elements form a sub group 
i n the periodic table and are a l l chamically and st r u c t u r a l l y 
quite s i m i l a r . They have electron configurations of the general 
form (Xe) 4f'^ 5d-^ 6 s ^ j i n which the 4 f " shell i s progressively 
f i l l e d from n » 0 for La to n a I 4 f o r Lu. The 4f-=shell i s 
embedded i n the Xenori-core (Xe) and i s w e l l screened against 

2 

perturbations from the environment by electrons i n the 5s and 
5p6 s h e l l s . The three valence electronsg corresponding to 5d^ 
and 6s atomic statesj, form the conduction band. The series may 
be divided at the point of the half f i l l e d 4 f shell into l i g h t 
(La = Eu) and heavy (Gd >= Lu) rare earth metals. 

The^f-electrons behave^ to a f i r s t approximation, l i k e those 
i n a free iono Hund's rules apply well i n describing the ground 
state electronic behaviour of most the t r i p o s i t i v e rare earth 



ionso Spin and o r b i t a l angular momentum are strongly coupled 
y i e l d i n g J as a good quantum number equal to L-S for the l i g h t 
group.and J = L + S for the heavy rare earth group. 

The heavy rare earth metals (Gd to Tm) and Y c r y s t a l l i z e 
i n the hexagonal close-=packed structure (hep) which has an 
AB0...AB stacking pattern. The c/a rati o s are almost the same, 
varying between 1.57 and 1.59. The l i g h t rare earth metals have 
a njore complex double-hexagonal structure i n viiich the stacking 
sequence of the layers i s ABAC..ABAC. The face-centred cubic 
structure may also be w r i t t e n i n t h i s form by stacking layers i n 
the form ABC ABC. Thus i n the double structure the layers have" 
a l t e r n a t i v e l y hexagonal and cubic environments. Sra has a more 
complelx structure regarded as>?,rhombohedral with the stacking 
sequence ABABCBCACA consisting of nine layers. The c/a ratios 
f o r the l i g h t rare earths are 1.61. The basic information about 
the c r y s t a l structures of the rare earth metals i s summarized i n 
table (1.1), together with similar data on Y and .Sc. 

Beicause the work described i n t h i s thesis is only concerned 
with the elements of the second h a l f of the series, we shall 
concentrate on the heavy rare earths. The reader is referred 
t o .review a r t i c l e s ( r e f s . 1.1, 1.2, 1.3, 1.4, 1.5, 1.6) f o r a 
more coinplete discussion of the physical and magnetic properties 
of a l l the rare metals. 

i 

The heavy rare earth metals with 7 or more 4f electrons are 
strongly magnetic members of the series exhibiting magnetic states 
with ordering temperatures ranging from 5 7 K (Tm) to 2 9 3 K (Gd). 
The exceptions are divalent ytterbium, which i s ndn-mtegnetic, 
and lutecium both having a f i l l e d 4f s h e l l . For the heavy series 
only the lowest l e v e l of the J angular momentum manifold i s 
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Table 1.1 Crystal structure of rare earth metals 
T 25°C 

Sti*u!Cture a c c/a 

Sc hpC o p. 3 . 3 0 9 5 . 2 6 8 1,0 5 9 2 

Y h 0 c 0 p. 3 . 6 5 0 ' 5 . 7 4 1 1 . 5 7 3 

La d"hex 3 . 7 7 2 12.144 I 0 6 I G 

Ce d-hex 3o673 1 1.802 I . 6 O 7 

Pr d=hex 3 . 6 7 2 I I 0 8 3 3 1,611 

Nd d=hex 3 . 6 5 9 1 1 . 7 9 9 I 0 6 I 2 

Pm d-hex 3 . 6 5 1 1 . 6 5 1,600 

Sm ' rhomb ' hex 3o626 26,18' I 0 6 O 5 

Eu b o c«c.o 4 . 5 ^ 0 

Gd hocp.. 3 . 6 3 4 5 . 7 8 1 1 . 5 9 1 

Tb h o c o p O 3 . 6 0 4 5 . 6 9 8 1,581 

By . h o C o p . 3 . 5 9 3 5 . 6 5 5 1 . 5 7 4 

Ho h o c 0 p O 3.578 , 5.626 1 . 5 7 2 

Er h o C . p . 3 o 5 6 0 5 . 5 9 5 1 . 5 7 2 

Tra h o C o p. 3 o 5 3 7 5^558 1 . 5 7 1 

Yb f o C O C 0 5 . 4 8 3 

Lu h o c 0 p O 3 . 5 0 5 5-553 1 , 5 8 4 

1 

The c/a r a t i o s of the d^hex-and.Sm structures are given as 
c/2a and c/4.5a respectively ( r e f , l o l ) . 
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excited, and thus the 4 f moment i s given by/ji = g j J , where g j 
i s the Lande' g-factor. The experimental value of the 0 K 
saturation moment exceeds s l i g h t l y the value predicted from g.J. 
The excess i s a t t r i b u t e d to the polarization of the conduction 
electrons i n the v i c i n i t y of the ions caused by the interaction 
of the ionic moment with the electrons. Some pertinent physical 
properties of these heavy rare earth metals are summarized i n 
table ( 1 . 2 ) 0 Tfj (Neel temperature) refers to the t r a n s i t i o n 
temperature from paramagnetism to a periodic moment aifitiferro-
magnetism state9 while T^'(Curie temperature) marks the onset of 
ferromagnetic order. Also given i n the table are values of the 
th e o r e t i c a l and experimental paramagnetic moments from susceptib=. 
i l i t y data and the values of 9 i'or f i e l d s applied p a r a l l e l 

para 
( ^ ; l l ) perpendicular {Oj) to the C cry s t a l d i r e c t i o n . The 
basic magnetic structure observed i n the heavy rare earths i s 
shown in. f i g . (1.1). 

Gadolinium i s t r u l y ferromagnetic over the whole temperature 
range buti nevertheless provides a variety of spin orientations as 
indicated by the magnetocrystalline anisotropy observations. 
These changes i n easy d i r e c t i o n have now been confirmed by various 
neutron d i f f r a c t i o n studies (refs. 1.99 1.10, 1.11) and show that 
between 2 9 4 and 232 K the moments l i e p a r a l l e l to the c r y s t a l l o -
graphic c-axis, but below 2 3 2 K the moments move away from this 
axis to a maximum deviation of 75° near 180 K and then back to 
w i t h i n 3 2 ° of the c-axis at 4 . 2 K. This i s i n remarkably good 
agreement with results of Corner et a l . (ref. 1.12) obtained using 
torque raeasiarements. The remaining elements show various changes 
i n the type of order, with correspondingly complex magnetization-
temperature behaviouTo 



Fig. 1.1 The observed magnetic s t r u c t u r e o f the rare earth metals 
i n zero applied f i e l d . The d e t a i l discussion i s given 
i n ( r e f . 1.1) 
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Dyspropiufflj f o r example, i n i t i a l l y orders as an h e l i c a l 
antiferromagnet and has low=temperature basal plane ferromagnetic 
states. The t r a n s i t i o n from h e l i x to ferromagnet, vihich occurs 
spontaneously at T^, can be forced to occur at a higher temper^ 
ature by an applied fi'pld ( r e f . 1 . 1 3 ) . For T > T̂. = 8 8 K the 
magnetization i s i n i t i a l l y small up to a c r i t i c a l f i e l d required 
for the f i r s t order collapse of the helix to a ferromagnetic 
configuration. At higher temperatures ( T ^ 1 3 0 K) where these 
influences are minimal the antiferro-ferroraagnetic t r a n s i t i o n i s 
thought t o proceed by a series of intermediate " f a n - l i k e " moment 
states. The i n i t i a l c r i t i c a l f i e l d f o r the t r a n s i t i o n shows an 
almost lin e a r v a r i a t i o n with temperature as shown i n f i g o ( 1 . 2 ) , 
Below T̂, the magnetization curve is l i k e those of a conventional 
anisotropic ferromagnet. The ilhiiferromagnetic h e l i c a l spin 
system i s shown i n f i g . ( 1 . 3 ) . In t h i s ordered state i n Dy, the 
magnetic moments of the ions i n any one plane of the h.c.p. struc­
ture are aligned ferromagnetically ( i . e . p a r a l l e l to one another). 
However, the d i r e c t i o n of these moments with respect to the crys t a l 
l a t t i c e changes from one plane to the next with a constant angle 
between the spins i n successive planes. This so-called " t u r n -
angle" i s temperature-dependent and decreases with increase i n 

temperature ( r e f . 1 . 3 ) . 
'>• . • 

In metallic alloys, the heavy rare earth metals (except Yb) 
form continuous solid solutions among themselves and with non-. 
magnetic y t t r i u m . Yttrium's l a t t i c e constants are nearly i d ^ n t -
i c a l to those of Gd at room temperature. Since Y i s non-magnetic 
i t ^serves as a nearly ideal diluent for the rare earths. The 
s o l i d solutions of the heavy rare earths with each other and with 
Y r e t a i n the hexagonal close-packed structure of the metals. 



F i g . 1.2 C r i t i c a l f i e l d s and corresponding temperatures 
f o r the h e l i c a l to ferromagnetic s p i n t r a n s i t i o n s 
i n dysprosium ( a f t e r ref« 1.13). 



c-axis 

basal plane 

(a) Oblique view of 
hexagonal plans 
showing nnonnent 
directions. 

(b) View along c-axis 

F i g . 1.3 A s i m p l i f i e d viev; of the h e l i c a l s p i n s t r u c t u r e , i n v;hich the 
ordering i n any plane i s ferromagnetic but the moment d i r e c t i o n 
from plane to plane changes through a constant 'turn angle' OJ 
r e s u l t i n g i n o v e r a l l antiferromagnetic behaviour.(after ref.1.3) 



Their magnetic properties have been discussed i n several review 
a r t i c l e s (see, f o r example refso l o l , 1 . 2 ) o Studies of the 
Gd-I system {refo l o l ? ) showed that anti-ferromagnetic ordering 
occurred at UO % Y concentrationo Neutron d i f f r a c t i o n studies 
(refo l o l S ) have shown that i n the anti-ferromagnetic phase the 
spins have a h e l i c a l configuration s i m i l a r t o that i n Dy metalo 
The ferromagnetic Curie temperatures and the Neel points (refSo 
I 0 I 7 , I 0 I 9 , 1 . 2 0 , 1 . 2 1 ) are given i n figo ( 1 . 4 ) as a function 
of the average^ the de Gennes factor;, G = CG, where C is the 

. 2 

rare earth concentration, and G » (gpl) J ( J + 1 ) i s the de Gennes 
factor (see cha'pter two). In addition the turn angle «̂  for 
the alloys i s shown i n f i g . ( 1 . 5 ) . u; shows only a small dep­
endence on temperature for small G of value about 50° per layer, 
but with increasing G the variation.becomes more marked, and for 
G greater than about 7» CO can show a sudden decrease to zero at 
some f i n i t e temperature ( r e f . 1 . 2 1 ) o 

F i n a l l y the existence of the helicalj spin structure can'be 
interpreted very simply i n terms of,an exchange interaction whose 
magnitude i s an o s c i l l a t i r ^ g function of distance. An exchange 
mechanism which s a t i s f i e s these requirements i s the indirect 
exchange in t e r a c t i o n (see section 1 . 3 9 and chapter two) of 
Ruderman, K i t t e l , Kasuya and Yosida (RKKY),, This mechanism has 
been remarkably successful i n accounting f o r the basic magnetic 
properties of the rare earth metals, alloys and compounds. 
Many of ,the properties can be understood i n terms of a Hamiltonian 
consisting of the three terms f o r localized rare earth ion 'moments 
t r e f . l p 6 ) o 

1^= -Hex* -Kcf ^K^ne <̂ -̂ ' 
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The' f i r s t contribution arises from a long-range oscillatory 
exchanig^i i n t e r a c t i o n of the RKKY type via polarization of the 
conduction electrons (section l o 3 ) o The second term i s a single-
ion anisotropy energy r e s u l t i n g from c r y s t a l l i n e electrostatic 
f i e l d interactions on the d i s t r i b u t i o n of the l+f electrons, and 
the t h i r d term i s the magnetostriction cpntributiono For the 
heayy, rare earth metals, especially:the ferromagnetic metal Gdj, 
the dominant term i n the Hamiltonian i s the f i r s t termc The 
oilier terms are usually assumed to be smallo 

lo2 Laves Phase Interrqeitallic Compounds ^ 

The Laves phase denotes a large group of related interraete. 
a l l i c compounds of-stoichioi^etry AB25 having one of the three 
following structures; 
1 . CI5 {cubic iy|gCu2-type) 
2o Cl/f (hexagonal %Zn2-type) " 
3. ^ 0 3 6 (hexagonal MgNi2-type) 

The differences i n the three arise from the stacking of the 
close-packed layers. The stacking sequences of the MgZn2, 
%Cu2, and MgNig structures are ABAB..., ABC ABC..., and 
ABACABAC,o., respectively. The CI5 structure i s face-centred-
cubic, the A atoms l y i n g on a diamond-cubic l a t t i c e with B atoms 
stacked as tetrahedra. This structure has twenty four atoms 
(8'formula units) per uni t c e l l (figc I06,) and belongs t o the 
space group Fd3ra-0j^ » Each A atom i s surrounded by twelve 
nearest-neighbour B atoms at a distance (a jTl/S) and four next-
nearest-neighbour A atoms at (a / J A ) o Each of the B atoms have 
six other B atoms as neighbours at (a /2^/4), and six A atoms at 
(a / l i / 8 ) . Append^ix 1 gives the r a d i i and the m u l t i p l i c i t i e s of 
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FIG.(1.6) C15 Laves Phase Structure. 
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the f i r s t 4 0 shells centred on A and B atomso. The C14 hexagonal 
phase contains 4 formula units per unit c e l l {twelve atoms per 
u n i t c e l l ) . The C36 hexagonal phase contains twenty-four atoms 
per u n i t c e l l (S formula units)o 

The pioneer work on the three structures was performed by 
Laves (refSo 1.22, 1.23) vrfio extended the ideas of Goldschraidt 
(refo l o 2 4 ) on the importance of ionic radius ra t i o s on the basis 
of a hard sphere model with A atoms i n mutual contact, the ideal 
Layes structure required the r a t i o of atomic diameters dA/dB t o 
be equal to 1 . 2 2 5 . Taking the Goldschmidt r a d i i of pure elements 
as i n d i c a t i v e of the "size" of the A and B atoms, i t i s found 
that i n practice the r a t i o HA/% c^ri vary from 1.05 to 1.68 
(refo 1 . 2 5 ) i n the formation of stable Laves phase compounds. 
When the compounds are formed with the Laves structure i t appears 
that the ionic r a d i i either "expand" or "ccaitract" i n order to 
approach the ideal r a t i o 1 . 2 2 5 . The importance of the size 
factor i n the formation of Laves compounds can be summarized as 
follows ( ref. 1.26) r 
lo The atomic radius of the A element has to be larger than the 
radius of the B element, 
2o The two elements must be able to accomodate t h e i r r a d i i to 
approach dŷ /dg = 1.225o 

I t i s generally thought ( r e f . 1.25) that while the radius 
r a t i o i s c r i t i c a l to the formation of the Laves phase i t i s not 
e f f e c t i v e i n determining which of the phases w i l l be preferent­
i a l l y formed. Rather i t i s the electrons-per-atom r a t i o which 
i s the dominant factor i n t h i s respect. This r a t i o i s known 
bet t e r perhaps as the valence electron concentration and refers 
to the average number of valence electrons per atom i n the 
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structure. For example the l%Cu2-MgAd ̂  system has the I%Cu2 
type structure f o r concentrations of l o 3 3 - 1«73 valence elect­
rons per atom, the f%Ni2 type for 1.84 •= l » 9 5 f and the MgZn2 
type f o r 2.03 - 2.O5. Such results clearly show that the type 
of Laves phase formed i s dependent on the valence electron con­
centration. 

Binary i n t e r m e t a l l i c compounds existing between rare-earth 
metals and Co, Ni^ Fe, and having the i%Cil2 type of s t r u c t -
ure have been studied by several authors. The radius r a t i o of 
the constituent atoms of AB2 (with Fe, Co, Ni, and kl ) i s greater 
than the ideal value. Thus i t would seem that the rare earth 
atoms contact and the B atoms expand* The l a t t i c e parameters 
of these compounds are shown i n f i g . (lo?) (refso 1.26, l o - 2 7 , 

1.2S, 1,29, 1»30, l o 3 l ) o This figure shows the same systematic 
decrease with increasing rare earth atomic number as that found 
i n the rare earth elements themselves. The cerium compounds 
show a large negative deviation from the expected value and th i s 
i s associated with the loss of the one 4f electron of cerium to 
the conduction band leaving the ion quadripositive (ref. l < . 2 9 ) o 
The l a t t i c e parameter of EUA£2 i s large, (ref. l o 2 6 ) as expected 
from the large atomic diameter of divalent europium. 

A pseudo-binary compound of the form (AA' )B2 or A(BB' )2 
can c r y s t a l l i z e as a Laves phase, and can maintain the same 
structure over quite a wide concentration range. The pseudo-
binary compounds of the form AB2«AA"t2 (A = rare earth and B 
t r a n s i t i o n metal) show the e f f e c t of the changing valence electron 
concentration on the structures, where the structure changes from 
cubic ei5 (MgCu2) ̂ ° hexagonal CI4 (MgZn2) and back again to 
the CI5 structure with increasing At content (or i n other 
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words t t i f number of free electrons (refs. 1 . 3 2 , l o 3 3 » l«>34)o 
We have Seen the same effe c t i n Gd(CoA<f ) 2 as described i n 
chapters 5 and 6<, 

1 * 3 Indirect exchange in t e r a c t i o n 

The 4 f electron of a rare earth atom i n the metallic state 
can; not undergo an exchange in t e r a c t i o n d i r e c t l y with the 4 f 
electrons of a neighbouring atom. Because of the high degree 
of l o c a l i z a t i o n of the 4 f electrons, there i s essentially no 
overlap between the neighbouring ion cores, the mean radius of 
the 4 f sh§ll being small compared with the in t e r i o n i c spacing. 
The p r i n c i p a l mechanism responsible for magnetic ordering i s 
believed to be the i n d i r e c t exchange intera c t i o n i n which the 
conduction electrons play a key role i n allowing the neigh­
bouring ions t o i n t e r a c t with each other. In this interaction 
each 4 f s h e l l moment polarizes the spins of the conduction 
electrons i n the neighbourhood of the ion through a Heisenberg 
exchange i n t e r a c t i o n . 

The theory of i n d i r e c t exchange interaction was f i r s t 
developed by Rudermann and K i t t e l ( r e f . 1 . 3 5 ) f o r the case of 
nuclei i n t e r a c t i n g via the hyperfine interaction with the 
conduction electrons. Kasuya (ref. 1 . 3 6 ) and losida ( r e f . 1 . 3 7 ) 

extended these ideas and obtaiixed the so<=.called Rudermann, 
K i t t e l , Kasuya, Yosida (RKKY) exchange intera c t i o n for materials 
such as the rare earths. 

1 o3;<> 1 The eatchange int e r a c t i o n 

The Hamiltonian of the exchange interaction between the 
localized and conduction electrons has been treated by a number 
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of authors ( r e f s . 1 . 3 8 , l o 3 9 , l o 4 0 , 1 , 4 1 , . 1 . 4 2 , 1 . 4 3 , 1 . 4 4 ) , 
following the vfdrk of Kasuya ( r e f . 1 . 1 4 ) and may be wr i t t e n ass 

«sf 

( ( G K I "CKV - *̂ K,'4 ^ ̂ n + ̂ Kt ''^U ^n * CK^t^*) 

( 1 . 2 ) 

where 
J3f (KvK') » N|e-^^^-^'^^n^-(r. )^»(^^.R^) ^ 

'VK^^I) 'V (r2-Rn) dr^ dr2 ( l o 3 ) 

where OAg{r) e ^ ^ is a normalized Bloch function, Ĉ ,̂ are 
the creation and ann i h i l a t i o n operators of the electron with 
wave vector K, 3^ denotes the spin operator of the localized 
s h e l l electrons located at with S* the step-up and S" the 
step-down operator Jg£.(K,K') is the exchange in t e g r a l between 
t h e ' 4 f electrons of an ion and a conduction electron, known as 
the s f exchange in t e r a c t i o n constant. From the various approx­
imations, the exchange i n t e r a c t i o n i s usually assumed to be 
isotropic and a function of K-K* s q only. In many applic­
ations i t i s assumed t o be independent of K and K* and i s rep­
laced by a constant term Jg£.. 

The Jg£. (q) approximation allows equations ( 1 . 2 , 1 . 3 ) to 
be w r i t t e n as; , 

«sf = -5;; Jsf ( ' ^ A i ) V i ' 

and Jgf (|r-R^| ) - ̂  ^ ^sf (q) e^^r^-^n) • q ( I . 5 ) ^ 
: ̂  . q 

where r^- and are respectively the co-ordinate and spin 
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operator of the i - t h electron. 

1.3.2 The RKKY Interaction 

Rudermann and K i t t e l (ref. 1 . 3 5 ) f i r s t considered the 
i n d i r e c t coupling of nuclear spins by calculating the seconds 
order perturbation of the energy using the hyperfine i n t e r ­
action analogue of the Hg£ i n t e r a c t i o n . Kasuya (ref. 1 . 3 6 ) 
prbpesied that i t was the important interaction f o r the case of 
the rare earths and Yosida (ref. 1 . 3 7 ) used i t for the electron 
spin coupling i n t r a n s i t i o n metal alloy systeraso The r e l a t i o n 
between the R-K and K-Y types of calculations was given by 
Van Vleck ( r e f . 1.45)» A detailed discussion of the exchange 
coupling parameter was given f i r s t by Liu (ref. 1 . 4 6 ) and by 
Watjson and Freeman (refs . 1 . 4 7 , 1 . 4 $ » l o 4 9 ) ^^o also investig­
ated the, long-range conduction electron spin polarization induced 
by t h e s f inte^|;ctiono The 4 f electrons overlap the conduction 
electrons strongly and the net 4 f spin polarizes the conduction 
electrons via the s f i n t e r a c t i o n . This polarization has an 
o s c i l l a t o r y component due to the Fermi d i s t r i b u t i o n which res­
t r i c t s the wave vector of the conduction electron sea that 
carries the polarization. This resultant polarization i s 
carried over to the v i c i n i t y of other ions and then interacts 
with the moment of t h e i r 4 f shells to produce an alignment of 
the moments. 

Let, us consider the ef f e c t of the interactions of the 
localized spin moments and located at sites Rĵ  and R̂  
and the conduction electrons. Using second order perturbation 
theory, the e f f e c t i v e exchange interaction between the two 
spiins i s 



KTK l E ( K ) . E ( K M j 

Substituting Ĥ ^ from equation (1.2), using the properties of 
closure on the intermediate states and retaining only terms 
dependent on the spin orientation y i e l d s , i n operator forms: 

H „ ^ _ l ZL l J 3 f ( K , K M | ^ f ( K ) - f ( r ) ^i(K-KM(Rn^Rm) 
N K,K' E ( K ) - E ( K M 

X (2S^ Ŝ  + S- S„ + S S- ) /, 7V 
r n m n n m Uo/'/ 

where f(K) i s the ferrai occupation function. This expression 
was derived f o r the in t e r a c t i o n of two localized s i t e s . For 
many l a t t i c e s i tes with localized spins we may writes 

where th6 i n d i r e c t exchange coupling con&tant i s given by, 

- I- l-T , f(K ) - f ( K ' ) eKK-K ) (R^ R,) 
N2 K , r , ' E(K)-E(K' ) 

(1.9) 

I t i s convenient t o define a wave-vector-dependent suscept-
i b i l i t y of the conduction electron systemX(q), which yields ' 
the response of the electron gas to.the exchange f i e l d of the 
localized spin. X (q) i s usually defined by the equations 

X(q) - i r - I I i k i i i L L (lolO) 
E ( K ) - E ( K ' ) 

By s u b s t i t u t i n g t h i s equation i n equation' (1 .7 ) and replacing 
J^^(K,K') by Jgjp(q) for convenience and s i m p l i f i c a t i o n givess 

i Yl J , ( q ) ' •̂ (ole"''''''''̂ 's„:s,, (1.11) H 
nm 

ns,m,q 
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and 
J ( V \ ) - ^ Jg^{qf X ( q ) e ^ ' ^ ^ ^ - ^ ^ (l o l 2 ) 

For a free electron gas i n three dimensions (refs. I.49 1 . 5 0 ) 
X ( q ) is given by the well known function, 

27T^ ^2 L 4K^q c 
q + 2K^ 
q - 2Kf 

( 1 . 1 3 ) 

where Kf. is the radius of the conduction-electron Fermi 
surface j which i s taken to be spherical. This function i s 
shown i n f i g . (1.8). (q) slowly dec?reases from the value 
l.O t o " I as q changes from 0 t o 2K^. At q = 2K£., the slope i s 
i n f i n i t e and f o r q^2K£, X (q) f a l l s rapidly to zero. 

Substituting for X (q) from (1.13) i n (1.12) and using the 
RKKY approximation for Jgftq) to be constant ( s a y f ) , the 
summation i n Bqn (1.12) has been calculated by K i t t e l ( r e f . l . 5 0 ) 

to be the following, 

where 
F{x) - s i n X - X cos x ( 1 , 1 5 ) 

X « 2 K r R 
t nm 

This function i s often referred to as the RKKY function. 
The i n t e r a c t i o n i s thus of long range, decreasing as R"-̂  for 
large R so that i t i s closely centred about the ion s i t e and 
os c i l l a t e s with the period (2K^ )"•*•. The l a t t i c e sum F(x) 
varies f o r the d i f f e r e n t crystallographic structures and has 
been evaluated by several authprs i n connection with the 



X ( 4 ) 
X ( 0 ) 

F IG. (1.8) Normalized X (q) versus q ( ) 

and the model proposed by Yosida ( ) 



i n t e r p r e t a t i o n o f magnetic p r o p e r t i e s (see chapter 2)o 

: Yosida ( r e f . 1 » 3 7 ) considered the ^ p l i c a b i l i t y o f the 

express ion ( 1 . 1 4 ) t o the magnetic problem o f the i o n cores 

i n t e r a c t i n g w i t h the conduct ion e lec t rons* He poin ted out 

t h a t t h i s expression does not adequately take i n t o account 

the^ decrease i n J (q ) w i t h i nc r ea s ing qo He a lso gave the 

f o r m u l a f o r J ( R n - ^ ^ which i s obta ined by t a k i n g J g ^ ( q ) ^ X ( q ) 

conataa t f o r q >^ 2K^ and zero f o r q>2K£. Fig« { 1 . 8 ) o One 

then ob t a in s r 
2 2 

J(Rn-Rn.) - ^ " ^ ^ ^ J ^ 2 K f ( R ^ „ R j n ) F ( 2 K f ( V R m ) ) ( 1 » 1 6 ) 

2 EF ^ 
2 

I t i s seen t h a t the exchange i n t e r a c t i o n decreases w i t h R 

r a t h e r than w i t h R'^o The ana lys i s above assumes t h a t the 

conduc t ion e l ec t rons have an i n f i n i t e mean f r e e patho 

De Gennes ( r e f , 1 « 5 2 ) and r e c e n t l y Buschow (ref. , l . o 5 1 ) attempted 

t o take t h i s i n t o account by i n t r o d u c i n g an exponent ia l decay 

which i s w r i t t e n as exp(-R/]A ) where /\ i s the conduction 

e l e c t r o n mean f r e e patho This may be in t roduced as a m u l t i ­

p l y i n g f a c t o r i n the equations above,, 

The assumption t h a t J g ^ ( K , K ' ) i s de f ined s o l e l y over the 

e l e c t r o s t a t i c exchange i n t e g r a l , as i n equat ion ( l o 3 ) , means 

t h a t t he exchange energy i s p o s i t i v e and t h i s immediately 

i m p l i e s t h a t the ne t induced moment i s p a r a l l e l t o t h a t of. 

t he l o c a l momento However, a n t i - p a r a l l e l net sp in p o l a r i z a ­

t i o n s are observed (see chapter 2 ) . This necessi ta tes the 

exis tence of o ther exchange e f f e c t s which g ive negative cont= 

r i b u t i o n s t o a t o t a l e f f e c t i v e exchange c o u p l i n g . Such an 

e f f e c t i v e exchange i n t e r a c t i o n can a r i se out o f the mechanism 

o f i n t e r b a n d or covalen t mix ing between the conduct ion and the 



l o c a l moment e l e c t r o n s . Watson and Freeman approximated the 

t o t a l exchange i n t e g r a l f o r the s - f exchange i n t e r a c t i o n ass 

where J^iK^V) i s the conven t iona l e l e c t r o s t a t i c exchange 

i n t e r a c t i o n , J Q J J J { K , K ' ) a r i ses f r o m a process i n vrtiich an 

e l e c t r o n i n an occupied l o c a l moment l e v e l ( w i t h ene rgy^ , . t ) 

i s e m i t t e d i n t o a Bloch s t a t e and the created hole absorbs 

a Bloch e l e c t r o n K, and J a i ) s ^ ^ » ^ ' ^ ^® absorp t ion processo 

S h a l t i e l e t a l . ( r e f « 1 . 5 3 ) suggested t h a t the mixing between 

the f - e l e c t r o n and d-band of the host may be the most s i g n i f ­

i c a n t c o n t r i b u t i o n t o a negat ive t o t a l ex;chaiige. 

Recen t lyJ Campbell ( r e f . 1 . 5 4 ) has suggested a f u r t h e r 

p o s s i b i l i t y . He argues t h a t the f - e l e c t r o n s p i n o f the ra re 

e a r t h may crea te a p o s i t i v e l o c a l d-moment through f - d exchange 

and tha t , d-d i n t e r a c t i o n s w i t h other d-moments are then impor t -

•ant> -

A l l the c a l c u l a t i o n s up t i l l now have assumed a suscept ib­

i l i t y appropr ia te t o a n o n - i n t e r a c t i n g f r e e e lec t i ron gas. 

W o l f f - ( r e f . r . 5 5 ) , Overhauser ( r e f . 1 . 5 6 ) and Her r ing ( r e f . 1 . 5 7 ) 

emphasized t h a t the Coulomb i n t e r a c t i o n s between the conduct ion 

e l ec t rons p lay an e s s e n t i a l r o l e i n de termining the wave-vector-

dependence of the s p i n s u s c e p t i b i l i t y , ' X ( q ) . The var ious 

c a l c u l a t i o n s ( r e f . 1 « 5 5 ) i n d i c a t e t h a t the e l e c t r o n - e l e c t r o n 

i n t e r a c t i o n g r e a t l y enhances the sp in s u s c e p t i b i l i t y o f the 

n o n - i n t e r a c t i n g e l e c t r o n s . The e l e c t r o n gas i s per turbed w i t h 

a magnetic f i e l d H g i v i n g the response ( r e f s . 1 . 4 7 , 1 . 5 0 ) 

M(q) = 7 C ( q ) H(q) ( 1 . 1 6 ) 
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Now suppose the response induces an e f f e c t i v e exchange f i e l d 
p r o p o r t i o n a l t o M ( q ) , say V H(q)9 where -J i s a constant which 
may depend on q« Then eqn. (I0I6) i s replaced b y , 

M(q) 3 % (q) [_(H(q) + \J M(q ) 3 ( 1 „ 1 7 ) 

s o l v i n g f o r M(q) g ives 

M(q) = H(q)[(/X (q) / ( l-VX (q) ] ( l » l S ) 

where the exchange-enhancecl s u s c e p t i b i l i t y i s g iven by , 

X ^ ( q ) «'X(q)/(l-VX(q)) (I0I9) 
The s u s c e p t i b i l i t y i s enhanced i n value when I) i s p o s i t i v e ^ 

As we have seen f r o m f i g . ( 1 . ? ) , 9C (Q) th ree dimensions 

decreases mopotonica l ly as q increases , so t h a t 'X (q) at low 

values o f q i s enhanced more than % ( q ) at h igh values of q*. 

G i o v a n n i n i e t alo ( r e f . l o 5 S ) considered the e f f e c t of 

the enhanced s u s c e p t i b i l i t y on the s p i n p o l a r i z a t i o n f o r 

v a r i o u s values of the f a c t o r , V » above. They obtained an 

increase i n bo th the amplitude and the range of the sp in 

p o l a r i z a t i o n over the f r e e - e l e p t r o n RKKT fo rm and used t h e i r 

r e s u l t s t o account f o r the g - s h i f t and l ine -b roaden ing due t o 

the r a r e - e a r t h i m p u r i t y i n a Pd-Gd hostc 

Genera l i za t ions of the RKKY i n t e r a c t i o n f o r nonspher ica l 

Fermi sur faces have been considered by severa l workers ( r e f s . 

1 . 5 9 , 1 . 6 0 , 1 . 6 1 , 1 .62) . The t h e o r e t i c a l work o f Roth e t alo 

( r e f . 1 » 5 9 ) shows the f o l l o w i n g general fea tv i res . For spher­

o i d a l o r e l l i p s o i d a l surfaces the i n t e r a c t i o n f a l l s o f f w i t h 

d i s t ance as R"" ,̂ and the pe r iod of o s c i l l a t i o n i s a n i s o t r o p i c , 

depending upon the length, o f t h e wave-vector which c a l i p e r s 

the Fermi sur face i n the d i r e c t i o n of R. There may be 

s e v e r a l such pe r i ods , corresponding t o d i f f e r e n t par ts o f the 
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Fermi s u r f a c e . For c y l i n d r i c a l r eg ions , and f o r f l a t regions 

of the s u r f a c e , the range o f the i n t e r a c t i o n may be cons ider -
- 2 - 1 

ably increased , f a l l i n g o f f as R and R r e s p e c t i v e l y . 

More d e t a i l s about the RKKI i n t e r a c t i o n are g iven i t t . i r e f s . 

1 . 1 , 1 . 2 . 

F i n a l l y , the p o l a r i z a t i o n of conduct ion e lec t rons manifests 

i t s e l f i n o ther ways. For example i t produces a s h i f t i n the 

g-va lue o f the magnetic ions which can be determined by esr 

measurement and i t gives r i s e t o a h y p e r f i n e f i e l d which may 

be measured by nmr or Mossbauer techniques . For these and 

o ther observable e f f e c t s o f the e l e c t r o n p o l a r i z a t i o n see 

chapter 2« 

1 . 4 Hyper f ine I n t e r a c t i o n 

Hyper f ine i n t e r a c t i o n s have been s tudied f o r many years , 

and are de f ined as those i n t e r a c t i o n s which take place between 

the atomic e lec t rons and the nuclear charge and moment d i s t r i b ­

u t i o n s . The hype r f i ne i n t e r a c t i o n i s d i v i d e d i n t o two classes , 

a. The magnetic h y p e r f i n e i n t e r a c t i o n . This i n t e r a c t i o n 

a r i ses f r o m the e f f e c t on the e l e c t r o n i c magnetic moment o f 

the magnetic f i e l d o f the nucleus . This f i e l d may be given by 

; y^l^^ » - ( / A j . He) ( 1 . 2 0 a ) 

whereyULJ i s . n u c l e a r magnetic moment, and HQ i s the magnetic 

f i e l d a t the nucleus generated by the magnetic e lec t rons 

( r e f . 1 . 6 5 ) . For a f r e e i o n we can w r i t e = fij^ I , , and 

Hg = - ^ V g n ( 3 n^ '̂ s ^ ° ^ ^ ^ ^ equat ion (1.20a.)becomes. 

-^f^iag = A(J » I ) ( 1 . 2 0 b ) 
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b . The e l e c t r i c i n t e r a c t i o n . This i n t e r a c t i o n represents 
the e l e c t r o s t a t i c i n t e r a c t i o n between the charge d i s t r i b u t i o n 
of a nucleus and t h a t of the surrounding e l e c t r o n s j f o r the 
present work , only the magnetic i n t e r a c t i o n i s considered i n 
de ta i l s . 

1 . 4 . 1 Magnetic Hyper f ine I n t e r a c t i o n 

I n magne t i ca l ly ordered systems such as ferromagnets , 

f o u r types of i n t e r a c t i o n can be d i s t i n g u i s h e d which may 

c o n t r i b u t e t o the h y p e r f i n e f i e l d at the nucleus . These are; 

a. The e l e c t r o n i c o r b i t a l c o n t r i b u t i o n which comes f rom 

the o r b i t a l p a r t o f the e l e c t r o n i c angular momentum. For 

the l an than ides the main c o n t r i b u t i o n comes f rom t h i s term 

except for those S-state ions l i k e Gd. . This i s due t o the 

f a Q t t h a t the angular momentum i s no t quenched. I n the 3d 

t r a n s i t i o n s e r i e s , where the o r b i t a l angular momentum i s 

"quenched" by the c r y s t a l f i e l d , t h i s term i s u sua l l y smal l i . e . 

Gauss f o r i r o n . This f i e l d has the f o r m : 

' -U ' 1 ^ 2 ^ I t . I (1.21) 

b# ' The e l e c t r o n i c d i p o l e c o n t r i b u t i o n f rom surrounding 

i o n s . This may be w r i t t e n . a s 
^ S /3 - r / A n ^ 1 3 (S^ . r^ ) ( I c r ^ ) -

( 1 . 2 2 ) 

I t i s g e n e r a l l y r e l a t i v e l y sma l l (o f the order o f 10^ Gauss) 

and i n ;^ out e n t i r e l y . 

c . The " l o c a l " f i e l d c o n t r i b u t i o n which cons i s t s o f the 
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e x t e r n a l , demagnet izing, and Lorentz f i e l d s , and i s given bys 

^ = H ^ + i 7 r M - D M (1„23) 
<!r^ loc ex t 3 

where D i s the demagnet izat ion f a c t o r and depends upon the 

shape o f the sample and has a value 4 TT /3 f o r a sphere and 

2 TT f o r an- i n f i n i t e c y l i n d e r . M i s the magnet iza t ion . 

d . The Fermi contac t c o n t r i b u t i o n , which comes f rom the sp in 

d e n s i t y a t the nucleus . This i s the dominant term f o r most 

systems where a t r a n s i t i o n or nonmagnetic i m p u r i t y i s d i s so lved 

i n ^ a fe r romagnet ic h o s t . The i n t e r a c t i o n i s between the nuc­

l e a r magnetic moment and the e l e c t r o n i c sp in dens i ty at the 

nuc leus , t h i s f i e l d i s g iven by 

H , ' ^ T g / 3 / U n | t l O ' f (1,24) 

2 

where | ^ ( G ) | i s the square of the amplitude o f the probab­

i l i t y dens i ty o f the s - e l e c t r o n w i t h i n the nuclear volume. 

I t i s c l e a r t h a t only the s e lec t rons have non-vanishing values 

a t j ^ (G) I . The Fermi contac t c o n t r i b u t i o n can be sub­

d i v i d e d i n t o th ree components, which are c i t e d below. 

a. , Core P o l a r i z a t i o n (CP) ( i n closed s h e l l s ) , which r e s u l t s 

f r o m the con tac t i n t e r a c t i o n w i t h the unbalanced sp in dens i ty 

o f the i o n core s e lec t rons a t the nucleus . 

b . Gonduction E l e c t r o n P o l a r i z a t i o n (CEP) can c o n t r i b u t e 

t o t he e f f e c t i v e magnetic f i e l d a t a nucleus by a d i r e c t 

con tac t i n t e r a c t i o n of the nuclear s p i n w i t h the s - l i k e pa r t 

o f the s p i n p o l a r i z a t i o n . 

c . C o n t r i b u t i o n s f rom the admixture of s -character i n t o the 

magnetic s h e l l ( e . g . 3d, 4 f e t c . ) 
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The t o t a l h y p e r f i n e i n t e r a c t i o n can then be w r i t t e n 

" " i ' ' i 

( 1 . 2 5 ) 

I n the absence o f ah e x t e r n a l magnetic f i e l d 

i n g s p h e r i c a l domains, H^^^ w i l l be ze ro . We may w r i t e the 

express ion i n c u r l y brackets i n ( 1 . 2 5 ) s imply as a vec to r N 

so t h a t ( 1 . 2 5 ) becomes: 

2 / 3 T t \ (Nol) ( l c 2 6 ) 

This i s equ iva len t t o an i n t e r a c t i o n 

t \ (He» I ) ( l o 2 7 ) 

1 . 4 . 2 Core P o l a r i z a t i o n and Conduction E lec t ron P o l a r i z a t i o n 
1 

The contac t i n t e r a c t i o n i s g e n e r a l l y the dominant mechanism 

producing h y p e r f i n e f i e l d s at the i m p u r i t y n u c l e i . • There has 

long, been known t o be compe t i t i on between core p o l a r i z a t i o n (CP) 

and conduct ion e l e c t r o n p o l a r i z a t i o n (CEP) at the i m p u r i t i e s i n 

fe r romagnets . For nonmagnetic i m p u r i t i e s , i t i s genera l ly 

accepted t h a t CEP i s the dominant, and i n some cases the o n l y , 

mechanism. The CP f i e l d which r e s u l t s f r om the contact i n t e r ­

a c t i o n w i t h the unbalanced sp in dens i ty of the i o n core s-e lec-

t r o n s a t the nucleus can be w r i t t e n as 

H,p = „ g g P ( N t l ^ - l Y l l ^ ) S ( 1 . 2 a ) 

where the sp in d e n s i t i e s are evaluated at the nucleus , and S 

i s the t o t a l s p i n f o r the i o n under c o n s i d e r a t i o n . The e f f e c t 
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of the exchange i n t e r a c t i o n i s t o a t t r a c t the core e lec t rons 
w i t h s p i n p a r a l l e l t o the net sp in o f the magnetic s h e l l 
( s p i n ^ ) , w h i l s t r e p e l l i n g those o f a n t i p a r a l l e l spin. . This 
means t h a t f o r i nne r c losed s h e l l s , the re w i l l be a net c o n t r i ­
b u t i o n t o the h y p e r f i n e f i e l d , w h i l s t the c o n t r i b u t i o n f rom 
outer s h e l l s w i l l be p o s i t i v e . The CEP can c o n t r i b u t e t o the 
e f f e c t i v e magnetic f i e l d a t the nucleus by a d i r e c t contact 
i n t e r a c t i o n o f the nuclear sp in w i t h the s - l i k e pa r t of the 
s p i n p o l a r i z a t i o n . The f i e l d due t o the d i r e c t contact of 
s - l i k e conduct ion e lec t rons can be w r i t t e n ass 

:«CEP = J Z SQ\'^CE^0)\^ < s > ( 1 . 2 9 ) 

Where Z i s the number of conduct ion e lec t rons per i o n * 

I n order t o e x p l a i n the occurrence of hype r f i ne f i e l d s a t 

the n u c l e i of nonmagnetic i m p u r i t i e s i n ferromagnets i t i s 

necessary t o have a mechanism whereby the CEP of the host can 

be c a r r i e d over t o the r eg ion o f the i m p u r i t y . The work of 

Rudermann, K i t t e l , Kasuya and Yosida has shown t h a t the conduc­

t i o n e l e c t r o n p o l a r i z a t i o n CEP i n t e r a c t i n g w i t h the nuclear 

s p i n v i a the contac t t e rm , gives a h y p e r f i n e f i e l d . 

= ^ In T o A(q)(j;(qO f(q>eiq^.,S 

( l o 3 0 ) 

= - - i l L f A ( 0 ) r r F ( 2 K f R ^ ) < S > . ( 1 - 3 1 ) 

For more d e t a i l s see chapter 2 and chapter 6# 
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1.4*3 Experimental methods and r e s u l t s 

The conven t iona l methods f o r observing hype r f ine i n t e r ­

ac t ions have been descr ibed i n the l i t e r a t u r e . The e x p e r i ­

mental methods which are impor tant f o r measuring hype r f ine 

f i e l d s i n magnetic ma te r i a l s a re , s p e c i f i c heat , Mossbauer 

e f f e c t , angular c o r r e l a t i o n of X-rays and resonance methods 

(which inc lude nuclear magnetic resonance and e l e c t r o n para­

magnetic resonance). I n t h i s t he s i s we discuss nuclear mag­

n e t i c resonance sp in echo (see chapter th ree ) i n d e t a i l . 

The o ther methods have been discussed ex tens ive ly by severa l 

a u t h o r s . For d e t a i l s , and references see r e f s . 1 . 6 7 , I06B0 

f h e magnetic h y p e r f i n e f i e l d c o n t r i b u t i o n ( sec t ion 1.4) 

i n the r a re ea r th meta l s , a l l o y s and compounds has been the 

s u b j e c t o f s eve ra l au thors . ( I n the s p e c i f i c case o f the 
i.. . 

i n t e r m e t a l l i c compounds o f the fo rm AB2 the hyper f ine f i e l d 

a t t h e B nucleus w i l l be discussed i n chapter two and s i x ) . 

I n genera l the magnetic h y p e r f i n e f i e l d a c t i n g on a 

r a r e ea r th nucleus can be w r i t t e n as 

Hhf = \ f + ^c? * ^CEP * ^m ^^ '^^ 

where H^^ i s the h y p e r f i n e f i e l d produced by the 4 f e lec t rons 

i n t h e i r d i r e c t i n t e r a c t i o n w i t h the nucleus, ^core ^® 

h y p e r f i n e f i e l d produced by the closed s h e l l s which are 

deformed and p o l a r i z e d through the i n t e r a c t i o n w i t h the 4 f 

e l ec t rons and Hj^ i s the h y p e r f i n e f i e l d due t o the p o l a r i z a t i o n 

o f conduct ion e l e c t r o n s , covalency e f f e c t s , and d i r e c t over lap 

of the 4 f wave f p f n c t i o n . When J i s a good quantum number, 

the i o n i c H^^. c o n t r i b u t i o n can be g iven by ( r e f . 1 . 6 3 ) , 
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2 ^ B < r ' ^ X ^ ' I N n J > J (1 .2) 

where < r"3v> i s measure of the r a d i a l d i s t r i b u t i o n of the 4 f 

e l e c t r o n s and has been c a l c u l a t e d f o r f r e e ions ( r e f . 1.64) 

i s the convers ion f a c t o r i n the operator equiv­

a l e n t technique developed by E l l i o t and Stevens ( r e f . 1 . 6 5 ) 

who a l so t a b u l a t e d the values f o r the rare ea r th s . 

The c o n t r i b u t i o n f r o m core p o l a r i z a t i o n was estimated 

by Freeman and Watson t o be - ( ^ j - 1) J = 90 kOe ( r e f . 1 . 6 6 ) 

o r , - ( g - - 1) J = 100 kOe by Bleaney ( r e f . 1 .64) . This term 

i s the impor tan t term f o r Gd and Er, and i s n e g l i g i b l e comp­

ared w i t h the observed f i e l d s f o r the other elements. 

Bleaney f i r s t discussed and c a l c u l a t e d the f r e e - i o n 

h y p e r f i n e i n t e r a c t i o n f o r the t r i p o s i t i v e lanthanides i n 

d e t a i l ( r e f . 1.69) <> The measurement o f the hype r f ine inter»^ 

a c t i o n s i n r a r e ear th metals gives r e s u l t s which are very 

c lose to , the f r e e - i o n values i n the case of the heavy rare 

ea r ths as may be seen f rom t a b l e ( 1 . 3 ) • This i n d i c a t e s t h a t 

the c r y s t a l - f i e l d i n t e r a c t i o n i s much smal ler than the ex­

change i n t e r a c t i o n , and a l so t h a t the o r b i t a l h y p e r f i n e f i e l d 

i s much l a r g e r than the c o n t r i b u t i o n f r o m the conduct ion e lec ­

t r o n p o l a r i z a t i o n . I n Gd and Eu metals the conduct ion e lec ­

t r o n p o l a r i z a t i o n f i e l d i s r e l a t i v e l y l a r g e . 

Using the Mossbauer e f f e c t , Hufner and Wernick ( r e f . 1 . 7 4 ) 

s t ud i ed the h y p e r f i n e f i e l d o f Eu metal as a f u n c t i o n of d i l u ­

t i o n w i t h Yb and obtained the r e s u l t s l i s t e d i n t ab l e (1 .4 ) ' ' 

Zmora e t a l . ( r e f . 1.75) have determined the var ious 

c o n t r i b u t i o n s to the magnetic h y p e r f i n e f i e l d i n Gd metal 

f r o m measurements o f the h y p e r f i n e f i e l d s a c t i n g on Gd and 
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Lu n u c l e i i n Gdx Lu, a l l o y s , us ing the perturbed angular 
c o r r e l a t i o n t echn ique . They found t h a t the e f f e c t i v e f i e l d 
v a r i e s l i n e a r l y w i t h concen t r a t i on , and a t the same r a t e , at 
bo th the Gd and the Lu n u c l e i . This v a r i a t i o n w i t h concent­
r a t i o n wbs a t t r i b u t e d t o the e f f e c t s caused by the p o l a r i z a ­
t i o n o f the conduct ion e l ec t rons by the surrounding i o n s . 
The Gd e f f e c t i v e f i e l d f o r x = 0 i s equal t o ( - 9 0 t 2 0 ) kOe, 
and may be a t t r i b u t e d t o the sum of the core p o l a r i z a t i o n and 

of the conduct ion e l e c t r o n p o l a r i z a t i o n by the i on i t s e l f . 

This va lue i s i n agreement w i t h t h a t obtained by Hufner 

( r e f . 1.76) see t a b l e 1.4. 

I t o h et a l . ( r e f . 1.77) have used s p i n echo measurements 

t o observe the resonance i n "^^^Tb and •'•^^Dy i n Tb-Gd, Tb-Dy 

and Dy-Gd a l l o y s . They found t h a t the hyper f ine f i e l d s at 

the Tb and Dy n u c l e i vary by roughly the same amount per u n i t 

v a r i a t i o n o f the average s p i n S of the a l l o y wh i l e the reson­

ance l i n e w i d t h was nea r ly the same throughout a l l concentra­

t i o n s o f the a l l o y s . They a t t r i b u t e d t h i s r e s u l t t o an almost 

u n i f o r m p o l a r i z a t i o n of the conduct ion e l ec t rons . The hyper­

f i n e f i e l d s o f "^^^Ho at d i f f e r e n t c o n c e n t r a t i a i s i n Gd, Tb and 

Dy have been e x t e n s i v e l y s tud ied by McCausland et a l us ing 

s p i n echo measurements and have been discussed by Bleaney 

( r e f . I . 7 S ) and Tay lo r ( r e f . 1.1) and Guimaraes e t a l ( r e f . 1 . 7 9 ) 

The r e s u l t s provide f u r t h e r evidence o f a l i n e a r s h i f t o f the 

h y p e r f i n e f i e l d w i t h concen t ra t ion as shown i n f i g u r e ( 1 . 9 ) , 

and have shown t h a t the NMR frequency can be represented by 

the f o r m u l a ; 

« 6602 - 73 ( g j - 1) J + 1.1 g j J 
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F i g . ( 1 . 9 ) N.M.R. measurement of the Ho 
resonance frequency at l i q u i d helium 
temperature i n various a l l o y s 
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Fig.(1.10) E f f e c t i v e magnetic f i e l d at Gd s i t e i n 
Gd^^_^Al2 as f u n c t i o n of concentration at 4.2K. 
The points at x = 0.4 and x = 0.3 were achieved 
at about 2. 5°K. 

1.0 
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Table 1 . 3 The hyper f ine f i e l d i n rare 

ear th metals 

Ln Free I o n Reference Metals Reference 

tkOe) (kOe) 

Sm 3 3 9 0 1 3 0 1 ^ 7 0 3 4 3 0 - 1 7 0 1 . 7 0 

Gd 316 ± 3 1 » 7 0 371 t 2 0 1 „ 7 1 

3 7 4 i 9 1 . 9 2 

Tb 3139 i 3 1 1 » 7 0 3 0 6 S 1 . 7 2 

Dy 5 7 0 0 1 2 1 1 . 7 0 5 7 6 S 1 » 7 3 

Ho 7 4 0 4 i 9 1 . 7 0 7 3 4 4 - 6 i . ^ S 

Er 7 6 4 0 i 80 1 . 7 0 7 7 3 0 t 2 4 1 . 7 0 

Tm 6 7 0 5 i S5 1 . 7 0 6 4 2 0 ± 280 I . 7 0 

Table 1 . 4 Estimated c o n t r i b u t i o n s t o the 

\ h y p e r f i n e f i e l d i n Er, Gd and. 

Ho metals 

Eu Gd Ho 

( r e f . 1 . 7 4 ) ( r e f . 1 . 7 6 ) ( r e f . 1 . 1 ) 

Core p o l a r i z a t i o n , ( k O e ) - 3 4 0 - 3 4 O 7 4 3 O 

Conduction e l e c t r o n 
p o l a r i z a t i o n by 4 f e lectron.(k^e) 1 9 0 2 5 O 1 2 0 

Neighbour e f f e c t s : Conduction 

.overlap + covalency (V<00 - 1 1 5 -260 - I 7 0 

Exper imenta l value f o r metal - 2 6 5 - 3 5 0 7380 
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The l a s t t e rm i s the c o n t r i b u t i o n f rom the Lorentz f i e l d , 
w h i l e the second te rm i s p r o p o r t i o n a l t o the mean value of 
( g j - 1 ) J averaged over the r e l a t i v e concentrations. . I n 
t h e i r measureo^nt^s, they obtained the va lue a ŝ. 645O MH^ 
( r e f . 1 . 7 9 ) . The h y p e r f i n e c o n t r i b u t i o n s f o r Ho are shown i n 
t a b l e ( 1 . 9 ) . F i n a l l y B a i l e y ( r e f . l .SO) observed f rom sp in 
eqiip measurements t h a t the magnetic hype r f i ne parameter a^ o f 
holmium changes l i n e a r l y w i t h the average value of ( g - l ) J i n 
the fe r romagne t ic H^ Gd^ _̂  Lu^ a l l o y system. This 
r e l a t i o n i s thought t o be due t o the p o l a r i z a t i o n of the 
conduc t ion e l ec t rons by the l o c a l i z e d 4 f e l e c t r o n s . 

The h y p e r f i n e f i e l d at t h e r a r e ear th n u c l e i i n i n t e r -

m e t a l l i c compounds i n the AB2 Laves phase are o f approximately 

the same magnitude as i n the metal whenever B i s non-magnetic. 

On t h e other hand, when the element B c a r r i e s a magnetic moment 

the e f f e c t i v e f i e l d s are s u b s t a n t i a l l y d i f f e r e n t , and show an 

increase o f severa l hundred k i l o - o e r s t e d s i n r e l a t i o n t o those 

i n meta l s . This increase has been observed using the Mossbauer 

e f f e c t on SmFe2 ( r e f . 1 .81) , TbFe2 ( r e f . 1 .82) , DyFe2 ( r e f . 1 . 8 3 ) , 

ErFe2 ( r e f . I . 8 4 ) , and nuclear magnetic resonance measurements 

have been repor ted on GdFe2 ( r e f . 1 .85) , and HoFe2 ( r e f . 1 . 8 6 ) . 

The l a rge p o s i t i v e value f o r the Gd hype r f ine f i e l d i n GdFe2 

i s about 800 kOe l a r g e r than the value i n pure Gd metal 

( r e f . 1 . 8 5 ) . Gegenwarth et a l . { r e f . I . 8 7 ) measured the 

h y p e r f i n e f i e l d i n severa l gadol in ium compounds us ing the 

s p i n echo technique with the r e s u l t s shown i n t ab l e ( 1 . 5 ) . 

The d i f f e r e n t values o f the e f f e c t i v e f i e l d s a t the Ln nucleus 

i n cubic Laves phase LnFe2 compounds may be due t o the p o l a r ­

i z a t i o n o f the conduct ion e lec t rons by 3d ions , or t o overlap 
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Table 1 . 5 Gd hype r f ine f i e l d s i n 

va r ious compounds 

Compounds Hyperf ine f i e l d (kOe) 

Gdfii2 " 1 7 0 

GdRhg - 1 0 3 

G d P t 2 ISO 

GdFeg 4 5 3 

Gdffeg 3 8 5 - 3 0 

GdN 3 7 0 

Table 1.6 C o n t r i b u t i o n t o the magnetic 
h y p e r f i n e f i e l d a t Gd nucleus 

i n GdkU 

Gore p o l a r i z a t i o n - 3 2 0 1 2 0 kOe 

S e l f CE p o l a r i z a t i o n 186 ± 2 0 kOe 

Neiighbour e f f e c t s 

(due t o A atoms) - 2 2 i 2 kOe 

Neighbour e f f e c t s 

(due t o B atoms) 0 kOe 

T o t a l Experimental -158 * 0 . 3 kOe 
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and covalency e f f e c t s , or t o a mixture o f the two 

( r e f . 1 . 7 8 ) . 

N.M.R. s p i n echo measurements have been used on ^^^Ho 

i n i n t e r m e t a l l i c compounds o f the fo rm (Ho^ Gd2^_^j^)X29 where 

X m Fe, Co, AC t r e f . 1 . 8 8 ) . I n the Feg compounds the hyper­

f i n e f i e l d i s about 6 5 O kOe h igher than i n A^2 compounds and 

about 5 0 0 kOe h igher than i n pure Ho. Ba i ley has i n v e s t i g a t e d 

th ree samples o f the se r i e s ^Q^Q^ ^*^OO97 ^^®X ^ ° 1 = X ^ » ^ ^ ^ ^ 

X = 0 . 1 , 0 . 3 , and O . 9 9 , by us ing s p i n echo measurements 

( r e f . 1 . 8 0 ) . S a t e l l i t e s t r u c t u r e was c l e a r l y v i s i b l e i n 

each sample i n d i c a t i n g t h a t the t r a n s f e r r e d hype r f ine i n t e r ­

a c t i o n f rom 3d ions i s e s s e n t i a l l y a nearest-neighbour e f f e c t . 

^ Recent ly , the h y p e r f i n e s p e c i f i c heat measurements of 

Bloch e t a l . ( r e f . 1 . 9 3 ) f o r the Ho nucleus i n H 0 C 0 2 y i e l d 

the value o f the h y p e r f i n e f i e l d equal t o ( G . 3 1 6 ^ 0 . 0 0 5 ) K . 

Dintelmann and Buschow ( r e f . 1 . 8 9 ) investiga^ted the 

h y p e r f i n e f i e l d at the Gd n u c l e i i n (Gd̂ ^ Y^ x)^^2 found 

t h a t the h y p e r f i n e f i e l d changes l i n e a r l y w i t h concen t r a t i on , 

f i g u r e ( 1 . 1 0 ) g i v i n g a value a t x = 0 o f : 

. H. ^ (x » 0 Gd) « - ( 1 4 0 . 4 - 6 . 7 ) kOe h f 

However, the Gd; h y p e r f i n e f i e l d i n pure GdA£2 = - ( 1 6 2 . 4 1 4 - 7 ) 

kOe, consequently the c o n t r i b u t i o n of neighbouring Gd ions t o 

the Gd h y p e r f i n e f i e l d i s - ( 2 2 * 2) kOe. A summary of the 

v a r i o u s c o n t r i b u t i o n s to H^f on Gdf!i2 i s g iven i n t ab l e ( 1 . 6 ) . 

F i n a l l y , Mossbauer s tudies ( r e f s . I . 9 O , 1.91) o f the 

h y p e r f i n e f i e l d a t the ^ ^ ^ I r nucleus i n Ln l r2 show t h a t i t 
> 

i s approximate ly p r o p o r t i o n a l t o ( g j - 1 ) J as p red ic t ed by the 

Kasuya, Yosida model of conduct ion e l e c t r o n p o l a r i z a t i o n . 
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The v a r i a t i o n i s shown i n figure ( l o l l ) ^ from which i t can 
be seen that the results extrapolate t o a hyperfine fifeld 
strength of -lyOkQe at (gj. -1)J » Oo This can be interpreted 
i n terms of other contributions to the t o t a l f i e l d , which are 
nearly independent of the ionic moments or to the v a r i a t i o n 
of the exchange constant T describing the exchange i n t e r -
actiono Atzmony et a l o ( r e f . I o 9 0 ) attempted to f i t the 
experimental data by allowing f o r a change i n f using the 
r e l a t i o n f o r the paramagnetic Curie temperature (chapter twog 
equation 2.3)<> Eliminating T from the Curie equation and 
using the expression 

P !r) - ^ r (8j -1) ^ ( F ( 2 K j \ R l - Rj \ ) h 

f o r the conduction eleptron polarization le^ds to the 
r e l a t i o n : 

r n 1/2 
P(r) = constant ^ Q j / (J - DJ 

This was considered to represent the data more s a t i s f a c t o r i l y 
than did the simpler r e l a t i o n indicating a proportionality t o 
(gj - 1), and assuming a constant V" • 
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lOOh 

FIG, 1.11 The liyperfine f i e l d as a func t i o n of ( g _ - 1 ) J i n the 
A l r ^ compounds^ 
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CHAFTER 2 

A REVIEW OF THE MAGNETIC PROPERTIES IN RARE EARTH 
INTERMETALLIC COMPOUNDS 

This chapter i s divided into three sections, the f i r s t 
deals b r i e f l y with a simple theory which w i l l then be applied 
t o the i n t e r p r e t a t i o n of the magnetic properties of the rare 
earth- Aluminium compounds i n the second section, and to the 
rare earth - 3d compounds i n the t h i r d section, 

2.1 B r i e f Theory 

In rare earth metals and intermetallic compounds, the 
i n d i r e c t exchange i n t e r a c t i o n between rare earth spins via the 
Gohduction electrons i s believed to be an important mechanism 
fo r providing the necessary coupling required f o r magnetic 
ordering (see chapter 1). This may be w r i t t e n 

"ex = -^s.S 2,1 

where s i s the conduction - electron spin and S i s the localized 

4 f i - electron spin. 
As we have seen, under the assumption of a spherical Fermi 

sxirface, the RKKY int e r a c t i o n generates a conduction - electron 
spin p o l a r i z a t i o n which f a l l s o f f and oscillates with the distance 
R from the polarizing rare - earth ion. This polarization i s 
proportional t o , 

F(x) a (x cosx - sin x)/x^ 
2o2 

X a 2 R̂ -yn 
where Is the wave vector of the conduction electrons at the 
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Fermi 3urface<r The conduction electron polarization produces 
a long-range i n d i r e c t coupling between the spins of the rare 
earth ions. I n terms of the molecular f i e l d theory, de Gennes 
( r e f . 2.1) and Rocher (ref.. 2,2) have shown that f o r compounds 
of the same c r y s t a l structure and having the same number of free 
electrons per magnetic ion, the paramagnetic Curie temperatures 
vary as (gj. - 1) J(J + l)» The paramagnetic Curie temperature 
i s , according to de Gennes: 

0p = -^"^ ^ ^ {g - 1)2 J(J + 1) F(2K,Rn3i) 2„3 

n ^ m 

where Z i s the niamber of conduction electrons per atom, Ej. i s 
the Fermi energy, i s the distance between the rare - earth 
ions and k i s Boltzmann^s constant© 

Another e f f e c t of the conduction electron polarization i s 
to produce an excess Knight s h i f t because the polarization of 
the electron cloud i s seen by the nucleus. The Knight s h i f t 
K(T) consists of a sum of two terms, the non - 4 f (KQ) ahd 
4 f (Kf(T)) contributions. 

K(T) = Kg + K|.{T) 2.4 

KQ i s the Knight s h i f t associated with only the conduction -
electron bands, which arises from the Fermi contact hyperftne inter­
action w i t h S - l i k e conduction electrons (eqn. 1.29)o The 
term K£(T), due to the presence of the 4 f electrons, arises 
from an i n t e r a c t i o n of the form AX. <^S^ where A i s a hyperfine 
i n t e r a c t i o n constant, I i s the nuclear spin and i s the 
time-averaged value of the rare earth 4 f spin component of the 
angular momentum ^ J ̂  . Since J i s a good quantum number, 
S must be projected on to J, giving 
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A i . s = A i . j < s , J:> 
J(J + 1) 

and i n terms of the Lande factor g. we have { r e f . 2 o 4 ) 
J 

A I.S » {g^ - 1) AI. J 

The: most general expression f o r K (T) 
i s given byr-

K(T) = KQ + (g^ - 1) Hj^^'X^ (T)/NgjM-0 2o6 

where \ f {=A/Th) i s the hyperfine f i e l d per uni t spin, S 
i s the nuclear gyromagnetic r a t i o , N is Avogadro's rvumbers 

±3 the Bohr magneton, and'5̂ £.(T) is the f electron suscept­
i b i l i t y per rare earth ion. In terms of the uniform conduction 
electron spin polarization ( r e f s . 2.5 and 2 . 6 ) , the resulting 
Knight s h i f t i s given by, 

K(T) . K„ (1 • •'=f'Sj - 1' '^l^' . 2 ^ 

Since i s , to a good approximation, independent of temperature 
whereas % obeys a Curie Weiss law, measurements of K(T) together 
with 'Xp (T) permit an estimate of Jg^ from a plot of K(T) versus 
X^ (T) with T as an i m p l i c i t parameter* The l i n e a r i t y of K(T) 
versusX^CT) behaviour i s well v e r i f i e d experimentally ( r e f * 2 . 3 , 

2 . 6 ) . For a model i n which the conduction electron polarization 
i s non-uniform we may write 

Jgf = 6 T T r Z ZZF(2Kf Rnm) 
2oS 

where R̂ ^ represents the distance between a rare - earth ion 
and a non-magnetic ion at the o r i g i n . 
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A simil a r s h i f t occurs i n the electronic g value due to 
the conduction electron polarization vrtiich was shown by losida 
( r e f . 2.7) to be given by 

&f - 3n J,f/2 g^Ep , i 2.9 
. * «j ^F 

The existence of the exchange i n t e r a c t i o n equation 2.1 
leaida t o a spin-dependent, electron - scattering mechanism which 
results i n a spin - disorder contribution t o the t o t a l r e s i s t s 
i v i t y . The form of t h i s contribution has been examined by 
several authors (refs. 2.1, 2,2, 2.3) and i t i s generally 
accepted t h a t the spin disorder r e s i s t i v i t y (/^g) i n the para­
magnetic region of the conduction electrons is given by;-

yOg , (3 TC t \ e\) f ^ g j - l ) ^ J{J + 1) 2.10 
F i n a l l y , the exchange i n t e r a c t i o n between the localized rare 
earth spin S and the conduction electron spin s (eqn. 2.1) 
leads t o a conduction electron polarization which interacts 
with the nuclear spin v i a the Fermi contact term, giving a hyper­
fine f i e l d contribution (r e f s . 2.1, 2.7), 

, 9 7TZ^A(0) p & 2 K , RnJ 2.11 
4Ef gN /^N ^ 

and f o r 27^£ i n t e r m e t a l l i c compounds t h i s equation becomes 
(r e f s . 2.9, 2.10) 

(Const) Â ^̂ Q̂  r <C^> 2.12 
Ef 

2,2 (Rare Earth) A/2 Compounds 

Magnetic properties of the AA^2 = ^^^^ earth) inter= 
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metallic compounds have been studied extensively during the 
la s t f i f t e e n yearso These investigations have included nuclear 
magnetic resonance (NMR), Knight s h i f t and Electron spin reson­
ance (ESR) studies ( r e f s . 2.5, 2.6 and from 2.11 - 2.15)j studies 
of magnetic t r a n s i t i o n temperature (refs. 2.16 - 2.20), suscept­
i b i l i t y ( r e f s . 2.11, 2.22), and r e s i s t i v i t y (refs. 2.1, 2.7^ 2.3), 
This work has been conducted i n an attept t o illuminate various 
aspects of the interactions between the presumably localized rare 
earth spins and the electronic conduction band. Magnetization 
(refso 2.16 - 2.18) and neutron - d i f f r a c t i o n (refso 2ol9, 2.20) 
measurements v e r i f i e d that most of the compounds order ferro-
magnetically below a t r a n s i t i o n temperature TQ. Several groups 
(r e f s . 2.10, 2.24 - 2.26) have studied the ki hyperfine i n t e r ­
actions i n ferromagnetic the phase of iGdA£2» Kaplan (ref.2o9) 
describes an extension of the 

27A^ hyperfine f i e l d study t o the 
ferromagnetic phase of compounds with non - S - state ions, 
ranging from Vr up to Eoki2t with the exception of _EUA2OO 

This thesis describes the hyperfine f i e l d of the 27A£. 

i n . GdA^2, ^^l-x^x^^2 °^l.x^®x^^2 ' °"̂ » '̂"̂ ^ ^"^^ 

by xising NMR spin echo, and the e . S o r . g - s h i f t i n ^^i„y^y^^^2\ 
The AA^2 compounds a l l possess the cubic laves phase (CI5) 

structure (chapter one). These compounds have been shown to 
be ferromagnetic by Williams et al (r e f . 2,16), with the excep­
t i o n of those of Lat,, Lu, Yb which do not order i n YbA^2 ^ 
i s divalent and he^ce i t s 4f - sh e l l i s f u l l ) . They found 
from s u s c e p t i b i l i t y measurements that the Curie temperature 
has a maximum value 176°K f o r (QdA^^* ^̂ â̂  'the v a r i a t i o n of 
the Curie temperature across the series i s proportional t o the 
de Gennes function G •> (g - 1) J(J + 1) (cf. eqn. 2.3) f o r 

J 
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the compounds with heavy rare earth elements ( f i g . 2.1). The 
ordering temperatures of the compounds with the l i g h t elements 
do not f i t "SO w e l l into t h i s general pattern. '.CeÂ 2 been 
shown to be antiferromagnetic with a Neel temperature (Tfj) • 
below 4°K ( r e f . 2.27). The recent measurement of Niculescu et a l 
(ref. 2.22) f o r (CeAf indicate that i n GeA^^ Q = - 7 K and 

. X P 
the molecular moment = 2.64/^6" Mader and Wallace (ref. 2.2^) 
deduce from s u s c e p t i b i l i t y measurements that Eu i n BuAf^ i s 
divalent and found ^ =15 K and Op = 0 K. 

S t a l i n s k i and Pokrzywnicki (ref. 2.29) studied 'the suscept» 
i b i l i t y of 'GdÂ 2 ahov^ l i q u i d nitrogen temperatures and reported 
a moment of 7.S8/>-g, 9p = 171.5 K, and T̂  = 171 K. Hacker et a l 
( r e f . 2.30) found that TQ = 167.S K from plots of cr^vs To 
The magnetic studies of Buschow et a l ( r e f . 2.21) yielded values 
of 0p, TQ and jULg^|.j a l l of which are higher than those of 
S t a l i n s k i and Hacker. The measurements of Deenadas et a l 
( r e f . 2.3,1) indicate that an unusually broad magnetic contribu­
t i o n t o the heat capacity exists i n QdÂ 2» Their data shows 
a peak at 153 K with essential completion of the magnetic trans­
i t i o n at 170 K. On the basis of r e s i s t i v i t y and thermoelectric 
power measurements, %dosh et a l ( r e f s . 2.32, 2.33) reported 
TQ a 151 K, which was i n agreement with that inferred from the 
Knight s h i f t by Jones and Budnick (ref.2.12). Van Daal and 
Buschow ( r e f . 2.23) also studied the r e s i s t i v i t y of and 
reported TQ = 173 K. 

The magnetization results of these compounds suggest that 
the values of the molecular magnetic moment are generally less 
than those corresponding to the free t r i v a l e n t ions the reduc­
t i o n normally being at t r i b u t e d to c r y s t a l f i e l d e f f e c t s . 
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Nereson, Olsen and Arnold (refs. 2 . 1 9 , 2 . 2 0 ) studied the Dy, Nd, 
and Pr compounds by neturon d i f f r a c t i o n and confirmed^ the f e r r o ­
magnetic behaviour at low temperatures. I n jDyA^2 they observed 
extra peaks at temperatures below 2 4 K and suggested that the 
compound showed weak h e l i c a l antiferromagnetism i n addition to 
ferromagnetism. The ordered moment of 9.1/U^9 ,indicated by 
th i s work, i s w i t h i n 1 0 ^ ^ of the free ion value and i t i s concluded 
that c r y s t a l f i e l d effects play l i t t l e part i n determining the 
dysprosium moment i n ] ByA£2o 

Magnetostatic measurement on pseudobinary compounds of 
formula AA'A£2 ' show that the moments of the lanthamide ions A 
and A' are a n t i - p a r a l l e l when A i s a heavy rare - earth and A 
is a l i g h t rare - earth (ref. 2 . 1 6 ) o These alignments have 
confirmed that the rare - earth ' ions interact via a fe r r o ­
magnetic spin coupling since the observed magnetization for 
compounds such as (Gd, Nd)A^2 '̂ ^̂ '̂ P̂̂ ^̂ ^ ̂ ° ̂  ferromagnetic 
coupling of the two types of moment. This follows d i r e c t l y 
since the ionic moment is proportional to the t o t a l angular 
momentum J and t h i s i n turn i s given by J = L - S and J = L + S 
for the l i g h t and heavy elements respectively. Pseudobinary 
work on the compounds GdA^2> ^ TbA?^ and I ErA?,2 with the rare 
earth p a r t i a l l y substituted by Y, La have been used to i d e n t i f y 
the exchange co^pling with RKKY theory (ref. 2 . 2 1 ) , F i g , ( 2 . 2 ) 

shows the v a r i a t i o n of the Curie temperature i n the series 
(Gd Y)/C^2 (Gd, La)A£2 

The Curie temperature shows a linear 
decrease to zero with increasing Y or La content as may be 
expected on the basis of simple d i l u t i o n effects i n eqn. ( 2 . 3 ) . 

In an evaluation of the rare - earth conduction-electron 
exchange i n t e r a c t i o n , Jaccarino et al (refs. 2 . 5 > 2 . 6 ) seems 
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t o be the pioneer i n t h i s f i e l d . He was able t o determine the 
sign and magnitude of the conduction electron polarization a r i s ­
ing from the exchange i n t e r a c t i o n between localized f e.lectrons 
and the conduction electrons (s - f i n t e r a c t i o n ) , by using the 
Knight s h i f t of the ^"^ki nucleus at the kt s i t e and using the 
g - s h i f t i n ESR at the rare earth s i t e . These results of ESR 
and NMR experiments have shown that the s - f interaction i s 
negative, and that the amplitude of the spin polarization at the 
aluminium s i t e i s also negative. Several workers confirm t h i s 
negative in t e r a c t i o n using Knight s h i f t measurements. The values 
of f o r a l l the dialuminides have been collected by Jones (ref.2.3) 
and are given i n table (2.1). The f r a c t i o n a l change i n g value 
provides d i r e c t evidence for the sign and magnitude of J^^. In 
contrast t o the observations of most workers using pure compounds, 
Coles e t a l (ref. 2.34- have recently reported positive A g 

values, and hence positive J i n gadolinium - doped iLaA/p 
sr • 

(see chapter three f o r more d e t a i l ) . 
Other evidence for the r e l a t i v e magnitude of Jg^ arises 

from the results of spin disorder r e s i s t i v i t y , eqn. 2,10, and 
the reduction of the superconducting t r a n s i t i o n temperature i n 

by addition of the magnetic rare earth elements. 
Since the exchange constant appears as the square i n both methods, 
no in d i c a t i o n of the sign of the conduction electron polarization 
i s found. Van Daal and Buschow (refs . 2.23) have measured the 
e l e c t r i c a l r e s i s t i v i t y of a l l the ^^^^2 compounds. Using the 
values of obtained from t h i s investigation, along with the 
known Curie temperatures, the value of m* and T were obtained 
and found t o be i n close agreement with those of other workers. 
Si m i l a r l y the depression of the supercoiducting t r a n s i t i o n 
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temperature by the addition of rare - earth impurittes • (ref,2,.3,5;) 
indicates a v a r i a t i o n of the exchange constant across the series 
which i s consistent with.that obtained using the other techniques. 

F i n a l l y Kaplan et a l (ref. 2.9) have recently calculated 
fo r most of the series (Table 2.1) from the conventional r e l a t i o n 
between the hyperfine f i e l d and f » eqn. 2.12. 

Although the magnetic results have shown that an RKKI type 
of i n t e r a c t i o n i s responsible for the observed properties, i t 
should be pointed out that a negative value f o r J ^ ^ (and hence T )(, 
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 , by nature, p o s i t i v e , (see chapter one). 
This problem has received attention i n the theoretical calculations 
by Watson et a l . (ref. 2.36") who considered the considerable mix­
ing between the conduction - electron states near the Fermi surface 
and the 4f states below and above the Fermi l e v e l . The result 
of t h i s interband mixing i s a r a i s i n g and lowering i n energy f o r 
the conduction electrons having t h e i r spin p a r a l l e l and a n t i -
p a r a l l e l t o the localized moment spin, respectively. I n t h i s 
way, a negative conduction electron polarization i s produced which 
gives r i s e t o an s. S inter a c t i o n opposite i n sign t o the exchange 
i n t e r g r a l . The r e l a t i v e strength of both contributions deter-
mines the magnitude and sign of the eff e c t i v e exchange interaction. 
Watson et a l . carried out numerical calculations of T as a func­
t i o n of the Fermi wave vector K̂ . They found that for large K̂. 
the contributions from interband mixing dominate over the exchange 
i n t e g r a l . In the present case of the rare earth dialuminides, 
the i n d i c a t i o n i s that the interband mixing contribution i s dom-
inant ( r e f . 2.37). 

In addition to the determination of Jg|., the "^^kt Knight 
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s h i f t observations may be used i n conjunction with the para­
magnetic s u s c e p t i b i l i t y data t o derive the strength of the 27A£, 
hyperfine f i e l d below the Curie temperature. Jones and Budnick 
(ref . 2.12) obtained a value for the 27A^ hyperfine f i e l d at 
4.2 K of - 46 kOe, by using the measured values of K(T)j K̂  and 
X (T), f o r ̂ "̂ Â  i n (GdA?2» Budnick et a l (ref. 2,38) have 
reported the observation of the 2 7 r e s o n a n c e i n CGdAf2 at 
49,2 Miz and 4.2 K by using a spin echo system. These results 
agreed very well with the recent results reported by Dintelmann 
et a l (refs. 2.24, 2,26) and Shamir et ̂ 1 (ref. 2.25) both of 
whom observed two 27A^ resonances at 4.2 K, with frequencies 
of 49*5 and 60.6 MH2 respectively. The appearance of two lines 
was interpreted i n terms of two inequivalent sites f o r the A^ 
ions i n CGdA^2» with the Gd spin aligned along the (111) direc­
t i o n . This approach was f i r s t introduced to account for the 
Mossbauer effect observations i n Z'rFe2 and TmFe2 (ref. 2.3.9)9 
the difference i n hyperfine f i e l d strength arising because of 
the s p a t i a l d i s t r i b u t i o n of B atoms i n the AB2 cubic laves phase 
compounds. 

Kaplan et ̂ .1 ( r e f , 2.9) studied the hyperfine f i e l d i n 
AÂ 2 (A » Ho, Dy, Tb, Gd, Sm, Nd, Pr). They found that these 
f i e l d s are proportional with (g . - 1) J. They were able to 

J 

determine the easy d i r e c t i o n f o r each compound according to the 
number of lines i n the spectrum and the intensity r a t i o of these 
l i n e s . The int e n s i t y r a t i o i s predicted from a consideration 
of the number of atoms occupying the equivalent s i t e s . The 
derived values being ( f i g . 2.3)y (111) easy, two sites with 
three atoms i n one and one i n the other, in t e n s i t y r a t i o 3 ° 1. 
(110) easy, two pairs of inequivalent sites and consequently 



o 

o 
CO 
CO 
E 
o 
•i-> 

CO 

< 

c c o o 
jo 
c 
.5i TJ 

o 
<1> 

5:5 
X 
CO 

CO 
CN 



the spectral intensity r s t i b 1 ; lo 

( 1 0 0 ) easy, a l l sites are equivalent and only one resonance line 

is found. 

Table (2.2) shows the easy directions for .•Aa£2o 

Similar effects have been observed i n Mossbauer effect 

measurements by Nevitt et a l (ref. 2 . 4 0 ) and Bowden et al 

( ref . 2 . 4 X ) on AFlsg compoundso 

2 .3 Rare Earth - 3 d t ransi t ion metals AB2̂  St~ 

In the preceding part (Section 2o2) we have discussed the 

magnetic properties of /AA^2o In this section we shall consider 

the magnetic properties of the ANî  5 . AC02 and ••'AFe2 compoundSo 

The study of the magnetic behaviour of these compounds has 

been a subject of great interest from both a theoretical and a 

pract ical point of view. Magnetic studies of MNi2 compounds 

(refs . . 2 . 4 2 , 2 . 4 3 ) show that in the paramagnetic state the 

susceptibi l i ty exhibits a Curie - Weiss behaviour for a l l the 

materials except CeNi2, LuNij and SmNi2, The f i r s t two of 

these three compounds are Pauli paramagnets, the cerium in 

CeNij being quadripositive, having lost i t s 4 f electron to the 

conduction band. The non-linear variatioI^^ of the inverse suS"= 

c e p t i b i l i t y with temperature for SmNi2 is similar to that observed 

i n other samarium compounds and is probably due to electron excit­

ation into the f i r s t excited J » 7 /2 multiplet of the ion. 

7YNi2 and LuNi2 present a temperature-independent paramagnetism, 

for which the 4 f shell is either empty or f u l l . This behaviour 

suggests that there is no magnetic moment associated with the 

nickel ions in these compounds. The saturation magnetic moment 
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Table 2 . 2 Hyperfine f i e l d of AÂ p Compounds, 

Cbbpounds Easy 
Direction ^kf ^ 

(a) site 
MHz 

^kf 4 » 2 K 
(b) site 

PrA/2 ( 1 0 0 ) 2 0 o 4 

NdA^2 ( 1 0 0 ) 2 4 o 7 _ 

S m A C 2 . ( 1 1 1 ) 3 5 . 1 3 6 o 4 

GdA^2' ( 1 1 1 ) 6 1 . 1 5 4 9 . 5 

TbA^g. ( 1 1 1 ) 5 3 0 O O 3 4 o l O 

DyAtg ( 1 0 0 ) 2 9 o S 

HoA^2' ( 1 1 1 ) , ( 1 1 0 ) 2 5 o 5 1 2 o g 
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of (GdNi2 fur ther supports the idea of zero nickel moment since 

the measured molecular moment is very close to the Gd free ion 

value ( g j J = 7)0 Neutron d i f f r a c t i o n studies (ref. 2 . 4 4 on 

Tb-Nî  , have been unable to detect any nickel moment so that tL 

is generally assumed that the nickel is i n the non-magnetic 
3 d l O 

stkte by electron transfer from the conduction band. Assuming 

that the nickel moment of the rest of the ANi2*s is also zerog 

both Bleaney (ref . 2 o 4 5 ) ^nd Wallace and Skrabek ( r e f » 2 o 4 6 ) have 

attr ibuted the difference between the observed moments and the 

free ion gj . J value to the c rys t a l - f i e ld quenching of the orbi ta l 

contribution to the , to ta l moment. This assumes that the easy 

axis of magnetization is the ( 1 1 1 ) axiso 

The variat ion of the Curie temperatures TQ obey approximately 

a "de Gennes" re la t ion . Normalizing this relat ion to the Curie 

temperature CGdNi2, a good agreement is observed for the 

(g. « 1 ) ^ J(J + 1 ) variation in the case of the heavy rare -

earth compounds whereas f i g . ( 2 . 4 ) , f o r the l i g h t ones this 

approaches an S(S + 1 ) dependence. The T values obtained 

recently by Burzo (ref. 2 . 4 3 ) are d i f ferent from those previously 

reported ( ref . 2 . 4 2 ) and give a better f i t to the de Gennes func­

t i o n . 

From g - s h i f t measurements EPRj Burzo was able to deter­

mine the sign and the magnitude of the effect ive exchange para­

meter Jgf. He found that Jg .̂ » 0 . 0 2 2 eV. The negative exchange 

parameter shows that the mean density of the conduction electron 

polarization is ant iparal lel to the local moment direction. The 

negative sign of Jg^ probably appears as a result of interband 

mixing as discussed previously (section 2 . 2 , chapter two). The 

values of Jg£. observed from the paramagnetic Curie temperature 



gives » t G.34 eV, which is an order of magnitude greater than 

determined from Lg^^ This could be j u s t i f i e d by taking into 

account the s impl i f ica t ion used in the R.K.K.Y. model. 

The magnetic properties of A C 0 2 and A F e 2 ^^'^^ been studied 

by various authors (refs. 2 .42 . 2.46 2 . i f 7 , 2 . 4 ^ , 2 . 4 9 , 2 . 5 O , 2 , 5 1 

2 . 5 ^ , 2 . 5 5 , 2 , 5 4 ' , The saturation magnetic moments of the cobalt 

and iron compounds with Gadolinium have values of 5.09/Ji^ (ref .2 .55) 

and 3.35/'<-iS respectively. Since Gadolinium is an S state ionj, 

i t s moment is l i t t l e influenced by the crystall ine f i e l d , and by 

accepting the magnetic moment of the Gd ion as 7 / ^ j j , the magnet­

izat ion data suggest that the t ransi t ion metal moments must be 

ant ipara l le l to the Gd (heavy rare earths) moments and have 

magnitudes of 1 .0yu.^ for cobalt and 1 . 8 / A ^ J for i ron. The 

compounds ' ^ 0 0 2 , N d C o 2 - S m C o 2 appear to be ferromagnetic, 

however, with para l le l moment alignment. The resultant struct­

ures arise immediately from the fact that the net J i n the l igh t 

rare earths is given by J = L - S, where as i n the heavy rare 

earths J = L + S. From neutron d i f f r a c t i o n studies on lHo.Fe2. 

The magnetic moment of Fe has been determined to be 1 . 7 M,j 

( ref . 2 . 5 6 ) . Burzo (ref . 2.57) found that the magnetic moment 

of Fe i n A F e 2 (A = Gd, Yb, Dy, Ho Er, Tra) compounds is 

( 1 . 6 /V/ 1 . 7 ) and 1 . 4 4 / A i n ^^^2' ĥe Curie temperatures 

of the cobalt compounds follow approximately a "de Gennes" 

re la t ion being proportional to (g^- 1 ) J(J + 1 ) for heavy rare -

earth, whereas, for the l igh t ones9 these again approach an 

S ( S + 1 ) re la t ion. The main contribution to the magnetic 

ordering seems to be the R.K.K.I , interaction. The presence 

of the jnagnetic cobalt ions results in higher ^values of T^ than 

those of r^re" earth metals through the additional Co - RE 
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exchange. The Curie temperatures of the iron compounds have 

the same behaviour. Fig. ( 2 . 4 ) shows the variation of the 

Curie temperattire with de Gennes function fo r ANi2, ACo2i) 

•AFe2, ^hsre A is the heavy rare earth. This graph shows that 

for the iron compounds i n the l im i t i ng case of G = 0 ( T F e 2 and 

• IiuFe2) there is a positive intercept on the temperature axisp 

while f o r both ^Ni2 and 'YC02 Curie temperatures are zero. 

Since the t rans i t ion metal moment is not zero i n T F e 2 , "the 

intercept must be representative of the transit ion metal exchange 

interaction in these compounds. The experimental value of 5 5 0 K 

indicates that these interactions are greater thai those between 

the rare - earth ions. When both types of ion carry a momentg 

then the Curie temperature w i l l be further affected by A •= B 

interact ion. The T C 0 2 zero as the intercept and indeed the 

prevail ing evidence is that YC02 non-magnetic. 

Pseudobinary study on the systems (Dy,Y)Fe2 - 'Gd(Co^Ni)2 

(refs . 2.60, 2.61) indicate a non-linear variation of the trans­

i t i o n metal moment with composition. The observed behaviour 

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

giving rise to an i t inerant electron moment. Piercy and Taylor 

(ref . 2 . 63^) carried out a series of experirttents on the system 

Y(Fe-ĵ _^ 0 0 ^ ) 2 0 The magnetization results, shown i n f i g . ( 2 . 5 ) i 

can be interpreted i n terms of the gradual f i l l i n g of the 3 d 

band as cobalt is added to the system. The sudden collapse at 

a composition of about 20^ iron may be attributed to the diss-

appearance of the s p l i t t i n g of the 3 d sub-bands in association 

with the increased 3 d - electron concentration and the inter-

t rans i t ion metal exchange interaction. Slanicka (ref. 2,63 

observed a rapid decrease i n the to t a l moment of the heavy rare 



FIG. 2 4 The dependance of the . Curie temperature of REFe. 

RECo^ and RENi j compounds on ( g - l ) ^ J ( j + l) 
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earth pseudobinary compounds formed with i ron, cobalt and nickel, 
i n the v i c i n i t y of the pure • A C 0 2 composition. This occurred 
f o r decreasing 3 d electron concentration and was accompanied by 
a sudden rise in the Curie temperature (see f i g , 2 o 6 ) . The 
observed changes were interpreted i n terms of the development 
of a 3 d moment associated with the detailed band structure of 
the compound, and with the exchange f i e l d at the rare earth ions 
i n the l a t t i c e . 

The absence of a nickel moment in these compounds and fehe 

reduced moment values associated with the cobalt and iron atoms 

were or iginal ly attributed (refs . 2 . 4 6 . 2 . 5 8 , 2 . 5 9 ) to electron: . 

transfer from the rare - earth ions, resulting in the f i l l i n g of 

localized 3 d states. 

Mossbauer investigations on the AFe2 compounds have been 

carried out by several authors. From the work of Wertheim et a l 

(ref . 2o6i^) and Wallace (ref. 2 . 4 6 ) i t can be seen that, to a 

good approximation, the hyperfine f ie lds at the 5 7 F e nuclei are 

independent of thei r lanthanide partners. I t appears therefore 

that the i ton electron configuration is substantially the same 

i n a l l the / A F e 2 compounds. 

The hyperfihe f i e l d observations have allowed the magnetic 

easy direction of the AFe2 compounds to be determined ( S e c o 2 « 2 ) » 

Wertheim et a l (ref . 2 . ^ 9 ) made a special study of the iron si te 

i n the two j TmFe2 and :ZrFe2 compounds. From the presence of 

two superimposed ^̂ Fe hyperfine spectra at the iron s i te , they 

were able to deduce that the magnetization of the iron sub-lattice 

pointed along ( 1 1 1 ) d i rect ion. Observations by Nevitt et a l 

(ref . 2a^Q) and Bowden et al {ref . 2 o 6 f ^ 2 . 6 6 ) showed that both 

( 1 1 1 ) and ( 1 0 0 ) direction could be observed as the easy axis in 



10 

9 

8 

7 
-5-' 

c 6( 
<u 

6( 
E 
o 5 

3 

O 
2: 

2 200 ^ 

HoCo 
0 
HoFe 

2 

FIG. 2.6 The composition dependence of, the moiecular 
moment and Curie temperature of the holminum 
in the Ho ( F e , C o ) 2 Ho(Co,Ni )2 



Table 2 . 3 Hyperfine f i e l d parameters of AFe2 compounds 

Compounds 
Theoretical Experiment H at 7S°K Second 
easy direction easy d i r - ,^ , ^ ^ J ® 

ection k(Oe) KDe 

CeFe2 

SmFe2 

GdFe 

TbFe2 

DyFe 

HoFe 2 

ErFe2 

TmFe2 

ErFe2 

YFe 

( 1 1 1 ) 

( 1 1 1 ) 

( 1 1 1 ) 

( 1 1 1 ) 

( 0 0 1 ) 

( 0 0 1 ) 

( 1 1 1 ) 

( 1 1 1 ) ' 

( 1 1 1 ) 

( 1 1 1 ) 

( 0 0 1 ) 

( l .O l ) 

Complex 

( 1 1 1 ) 

( 0 0 1 ) 

( 0 0 1 ) 

( 1 1 1 ) 

( 1 1 1 ) 

( 1 0 1 ) 

( 1 1 1 ) 

156 

216 

238 

226 

2 2 4 

221 

228 

216 

2 0 7 

. 221 

1 9 0 

2 2 4 

1 9 7 

2 0 4 

2 0 9 

2 0 3 

2 1 1 
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the AFe2 series and Bowden (ref. 2 . 4 1 ) used a simple crystal 
f i e l d approach to show that these easy directions were primarily 
controlled by crystal f i e l d e f fec ts . The agreement between this 
simple theory and experiment are l i s ted i n table ( 2 , 3 ) 0 The 
hyperfine f i e l d values at the nucleus J obtained from these ' 

measurements are also l i s t ed . 
57 

The decomposition of the t o t a l hyperfine f i e l d at the Fe 

nucleus is a d i f f i c u l t task, although i t has been shown that the 

f i e l d direction is antiparal lel to that of the magnetization 

(refs . 2.67, 2,68 and 2„69) as i t is i n metallic iron (ref. 2,70), 

The variat ion of the to t a l f i e l d with (g • - 1) J departs apprec-

iably from l inear i ty and i t is not possible to give any reasonable 

estimate of the contribution arising from the rare earth sub-

l a t t i c e . From spin echo observations of ^̂ Co in SdCo2 s*"̂  

on pseudobinary compounds based on G'dCo2, Taylor and Christopher 

( ref . 2 o 7 l ) have proposed a detailed balancing of the various 

contributions to the net hyperfine f i e l d . This has been done 

on the assumption that the f i e l d due to the cobalt ions can be 

taken as proportional to the cobalt moment in the compounds 
under investigation, the absolute value being scaled from the 

59 

known Co f i e l d in pure cobalt for which the ionic moment is 

also known. On this basis the contribution to the f i e l d from 

the rare earth ions is assumed to arise from conduction electron 

polarizat ion. The 59co hyperfine f i e l d was found to be 60 kOe 

f o r :idCo2» In the present work the spin echo observation in 

the AC02 compounds show that the hyperfine f i e l d at the 59Co 

nucleus is almost independent of the rare earth partner, the 

f i e l d being approximately 61 kOe for a l l compounds measured. 
5 7 

Recently Mossbauer measurements have been done of Fe hyperfine 
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interaction in Y(F-̂ _̂̂ Cô )2 and . Ho^Fe3^_3jeOjj)2 systems by 

Guimaraes and Bunbury (ref . 2 . 7 2 ) . They found that the "̂̂ Fe 

hyperfine f i e l d i n these compounds changes with concentration x 

and has a maximum value at x = 0,4 as shown i n the f i g . ( 2 . 7 ) o 

In the • ^o(^®l_x^°x^2 compounds the magnetization remained par° 

a l l e l to an (001) direction at every concentration examined 

(x = 0, 0.2, 0.4, 0.6, O.g) since the holmium anisotropy dominates 

that associated with the t ransi t ion metal. The direction of 

magnetization of the Y(Fê ^̂ ^̂ Cô ) series, however, changed with 

the addition of cobalt; YFe2 magnetizes along a (111) direction 

but the other solid solutions with x :̂  0.17 a l l magnetize along 

a ( 1 0 1 ) . This conclusion was reached from the intensities of 

resonance l ines. 

E.PoR. measurements have been carried out by Burzo (refo2o5l]>« 

He found that the g - values changed with temperature, the g -

values being smaller than those of the Gd^* ion indicating in 

this case a negative conduction electron polarization^ (see 

chapter three )^ for GdCo2<' 

From the above discussion i t is evident that the inter­

actions wi th in the Fe and Co compounds are more complex than for 

those of the Ni (and A£) compounds, since the transi t ion metal 

has a moment. The possible interacticxis ares 

a) the rare earth - rare earth interaction 

b) the t ransi t ion metal = t ransi t ion metal interaction 

c) the rare - earth - t ransi t ion metal interaction 

The f i r s t interaction is due to the localized character of 

the 4 f moments; i t is an indirect interaction proceeding via 

the conduction electron spin polarization. This polarization 
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is not uniform and can lead to ferromagnetic as well as ant i -
ferromagnetic coupling between the 4 f moments. This case applies 
very we l l to the AA?2 and ANi^ compounds. 

The second interaction can be studied in compounds i n which 

the rare earth component is non-magnetic, i e . for compounds in 

which A at A B 2 represents La, Lu or Y. Finally, the order of 

magnitude of the rare earth - t ransi t ion interaction appears to 

be between the f i r s t and the second interactions. I t is thought 

to proceed indirect ly via the conduction electrons (ref. 2 o 5 4 ) o 
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CHAPTER 3 

N.M.R. SPIN ECHO AND THE BASIC THEORY OF E.S.R. 

The nuclear magnetic resonance of magnetic impurities in 

metals is similar in many aspects to electron spin resonance. 

In th i s chapter we shall f i r s t introduce the magnetic resonance 

phenomenon in a general way which is common to both N.M.R, and 

E.S.R. In section 3 . 2 we discuss the N.M.R. Spin Echo and some 

of i t s applications. In section 3 ' ' 4 the basic' theory of E.S.R., 

is discussed. 

3 o l Magnetic Resonance Phenomenon 

Magnetic resonance is a phenomenon found in magnetic 3yste,ms 

that possess both magnetic moments and angular momentum. A 

system such as a nucleus may consist of many particles coupled 

together so that i n any given state, the nucleus possesses a to ta l 

magnetic moment ylA. and a t o t a l angular momentum I , and the two are 

related by the equation. 

= nr ti I ( 3 . 1 ) 

where ^ is the gyromagnetic ra t io , which is of order . (e/inc ) fo r 

electrons and (e/Mc)for nuclei . 

When such a moment is subjected to a magnetic f i e l d H, the 

Hamlltonian which describes the Zeeman interaction between and 

the magnetic f i e l d H is 

l£ » - T ^ I . H ( 3 o 2 ) 

H w i l l produce a torque on the magnetic moment /X given by /^^ i4 

( and the equation of motioh is found by equating the torque 
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with the rate of change of angular momentum I . That iss 

d l /d t = - (/^AH) 

which may be combined with e 

d/A./dt = Y^x A H 

The motion of the vectors I 

quation 3 . 2 to give 

( 3 o 3 ) 

( 3 o 4 ) 

and jUi consists of a uniform 

precession about H with angular velocity s - X H (assuming H 

l ies along the Z axis of a system of cartesian coordinates). 

of the / A ' S , .then by summing equation 

obtain the following relation fo r 

I f M is the vector sum 

( 3 . 4 ) vector ia l ly over ^ we 
the macroscopic magnetizations 

dM/dt « T M A H 
In th is treatment i t is 

( 3 < . 5 ) 

very helpful to refer the motion to 

a coordinate system that rotjates about H in the sam^ direction as 

that i n which the magnetic mjoment precesses. This coordinate 

system is often called the rotating frame, a technique that has 

proved of great assistance i n the description of magnetic resonance 

(ref . 3 . 1 ) . 

The equation of the motion of the magnetization M in the 

rotat ing coordinate system (x ' , y ' , z ' ) is related to eqn. 3 0 4 8 

i n the laboratory system (x ,y ,z ) , by the equation? 

(dM/dt)^.^^^ - m/dt)^^^ *uJMJl ( 3 o 6 ) 

where 60 i s the frequency of rotation vector which is directed 

along the z = z' axis. 

From equation 3 . 5 and equation 3 . 6 

(dM/dt )j,Q^ = T M A H . (ON M 
M ^ H + nr M^oo 

T M ^ (H + u)/r^ ) ( 3 o 7 ) 
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This has the same form as 6qii« 3 » 5 provided the magnetic f i e l d 
H i s replaced by an e f f e c t i v e f i e l d = H + cO / ^ p , Thus the 
motibn r e l a t i v e to the r o t a t i n g system w i l l again be a precession 
w i t h angular v e l o c i t y : 

- - r (H + ) ^(jd^ = 00 ( 3 o 8 ) 

This r e s u l t enables us to derive simply the motion of the 

magnetization M under the combined action of a steady f i e l d H, 

along the z axis of the cartesian coordinate system, and a f i e l d 

H-ĵ , r o t a t i n g about the z-axis with frequency CO , where 

% * I ^ i l ( i cos to t,^ + j s in u)t^ )t and i and j are u n i t 

vectors along the x and y axis respectively as shown i n f i g . ( 3 o l ) 

Under t h i s condi t ion the couple acting on the magnetization M 

i s now; 

(dM/dt)j.ot » HTM A (^{H + C J / ^ ) k + H ^ i ^ l 

» T M A Hgff ( 3 , 9 ) 

The magnitude of the e f f e c t i v e f i e l d Hg^^ i s ; 

" e f f = [ ( H ^Oy /^ r )2 + Ĥ ;̂  {3.10) 

The angle et, i s found to be ( f i g . ( 3 o l ) ) 

coso( » 003^9 + sin^9cos (Y|Hg^^|t^J; • - ( 3 o l l ) 

When the frequency of ro t a t i on of is not equal to the natural 

precession frequency U) the magnetization M precesses about 

the f i e l d Hg^f,-which makes ah angle 9 wi th H ,where 

tan 0 = H^/ (H + uJ/^f (3,12) 

I f the resonance condi t ion i s f u l f i l l e d exactly {u) = u}^)f 

the e f f e c t i v e f i e l d i s then simply i H-ĵ o The macroscopic moment 

M that was assumed to be i n i t i a l l y p a r a l l e l t o the s ta t ic f i e l d 
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H w i l l then precess i n the y-x plane. In t h i s c o n d i t i t n the 
angle Q i n equation { 3 » 1 2 ) equals 90®, and hence the equation 
( 3 » 1 1 ) becomes? 

cos o( = cos H]̂  t j ^ ) 

where <̂  = T { 3 o l 3 ) 

The r e s u l t of t h i s treatment i s discussed extensively by 

Abragam and Bleaney (refo 3o2), Abragam ( r e f . 3< .3 ) and Sl ichter 

( r e f . 3 o 4 ) . 

3 . 1 . 1 Pulse Methods 

An a l te rna t ive way of obtaining magnetic resonance data is 

to apply a short pulse of radio frequency (RF) power to the 

sample and observing the react ion of the sample, to examine the 

behaviour of the nuclear spin system as a func t ion of t ime. 

Suppose the macroscopic magnetization, M, i s at equi l ibr ium 

i n a magnetic f i e l d H, d i rec ted en t i r e ly along the z-axis , wi th 

no component i n the x-y plane. Then by applying the R.F« f i e l d 

Hĵ  along the x-axis i n the ro ta t ing frame, when the RF and Larmor 

frequencies coincide, a resonance in te rac t ion occurs, and the 

macroscopic magnetization is tipped through an angle , where 

def ined i n equation ( 3 . 1 3 ) . 

By choosing the strength of the RoF. f i e l d and the time t 

f o r which i t i s applied, the magnetization M w i l l t i p ei ther into 

the x-y plane (a 90® pulse) f i g . 3 . 2 a , or in to the-negative z-axis 

(a ISO® pulse) f i g . 3 .2b 

3.1.2 Free Induction Decay (FID) 

In FID the decay of precessing nuclear moments i s observed 

immediately a f t e r the appl ica t ion of a short pulse of RF(90° pulse) 



FID has the form indicated i n fig<, 3 o 3 o Bloch (section 3 o 2 ) 

showed tha t M (the component of M i n the x-y plane) decays by xy 
a f i r s t order process with a character is t ic time T 2 , known as 

the sp in-sp in , or transverse, re laxat ion timeo Thus, provided 

there are no e f f e c t s of magnetic f i e l d in-homogeneity, the FID 

s ignal decays exponentially w i t h a decay time T g o However, 

since the magnetic f i e l d i s never pe r fec t ly homogeneous, nuclei 

i n d i f f e r e n t parts of the sample experience s l i g h t l y d i f f e r e n t 

values of the applied f i e l d and hence resonate at s l i g h t l y 

d i f f e r e n t frequencies. I n p r a c t i c a l , then, a FID signal usually 

decays i n a time H^t where 

= + ( 3 . 1 4 ) 

h T 2 « 

where T 2 i s the con t r ibu t ion from magnetic f i e l d i n - homogeneities. 

In other words, and My. decay wi th time as exp ( - t /T j j j )o 

3 . 2 The Bloch Equationa 

Bloch ( r e f s . 3 « 5 , 3 o 6 ) showed that the motion of the macros­

copic magnetization i n the presence of an applied magnetic f i e l d 

could be explained i n terms of phenomenological d i f f e r e n t i a l 

equations. When the sample i s placed i n a s t a t i c magnetic f i e l d , 

M a l igns i t s e l f along the f i e l d over a time equal to the spin= 

l a t t i c e re laxa t ion time T^. The mechanisms responsible f o r T]̂  

are processes by vAiich a perturbed nuclear spin system i n a 

higher energy state can t r ans fe r i t s energy t o the surroundings 

(the l a t t i c e ) and thus re tu rn to the equi l ibr ium ( r e f . 3 o 7 ) 

cond i t i on . I f a radio frequency (RF) f i e l d H-^ i s applied at 

r i g h t angles to the s t a t i c f i e l d H, then the magnetization w i l l 
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tend t o f o l l o w the rapid var ia t ions i n the d i r ec t i on of H^. A 
natura l resonant frequency uj^ » *T H exists wherein the magnet­
i z a t i o n w i l l absorb energy from the o s c i l l a t i n g f i e l d . The 
ha l fwid th :^/^\ of th is resonant absorption i s inversely prop-
o r t i o n a l t o the spin-spin re laxat ion time Tg of the sampleo 
t h i s r e laxa t ion time T2 i s a measure of the time that i t takes 
t o es tabl ish equ i l ib r ium between the magnetic moment components 
perpendicular to the applied magnetic f i e l d H«, 

I n a s t a t i c magnetic f i e l d H =• HQ, the ti'end of the magnet­

i z a t i o n towards i t s equi l ibr ium value M » MQ » X^H^ can be described 

by the.equation? 

dM/dt = (Mo -

From H » 0 at t = 0 t o H = HQ at t = T , M w i l l increase i n 

accordance wi th the exponential r e l a t i o n 

M « M^ (1 - e ^ / T l ) 

I f the re laxa t ion mechanisms are added to eqn. , ( 3 . 4 ) » 

then i t s three components const i tute the fo l lowing equations, 

d\/dt = nr ( M^H)J^ - Mx/T2 (3ol5a) 

dr^/d t = (M K H)y - Mjr/T2 (3.15b) 

dM^/dt = ^ r ( M ^ H ) 2 - . ( M 2 = Mo)/Ti ( 3 . 1 5 c ) 

I n the r o t a t i n g frame, r e s t r i c t i n g Ĥ^ t o the x ' d i r e c t i o n , 

eqn. ( 3 . 9 ) and the eqns. ( 3 . 1 5 ) assume the s i m p l i f i e d forms 

dM^,/dt --rp/^, H*' - M^^,/T2 (3.16a) 

dP^./dt - ' r ( M 2 , - M^, H) - I ^ t / T 2 (3.16b) 

dMjj,/dt - -TTCMy, H^) - (M^, - MQ)/T^ (3.l6c) 
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The set ©f equations ( 3 o l ^ and ( 3 o l 6 ) are called the Bloch 
equations. 

These equations give a quant i ta t ive descr ipt ion of the 

behaviour of the macroscopic spin system and i t s re laxat ion 

behaviour. 

In t h i s thes is , the so lu t ion of these equations w i l l be used 

i n section 3 » 4 « 

3 . 3 N.M.R. Spin Echo 

I n 1 9 5 0 » Hahn ( r e f . 3 o 8 ) invented a pulse technique cal led 

spin echo, based upon a sequence of pulses. Hahn used two 

successive 9 0 ° pulses separated by a time i n t e r v a l V and 

observed an ischo pulse at a time equal to 2 "C . The echo 

appears as a consequence of the constructive interference of 

the magnetization vectors under the influence of the second 

pulse. An oscilloscope trace of an echo pattern i s shown i n 

f i g . 3 i 4 . 

The pr inc ip les of the spin echo arii i l l u s t r a t e d i n f i g . 3 o 5 o 

The magnetization vectors are i n i t i a l l y i n the d i r ec t i on z of 

the s t a t i c magnetic f i e l d as shown i n f i g . 3 » 5 M » The spin 

echo experiment i s begun by applying a 9 0 ® radio frequency (RF) 

pulse which means that equation (3<>13) becomesT H]̂  t ^ = T r / 2 . 

This pulse causes the magnetization vectors to rotate through 

9 0 ^ about E-^ u n t i l they are aligned along the y-axis as shown 

i n f i g s . 3 . 5 . b . The pulse is turned o f f at t = t,^, and the 

magnetization vectors of nucle i i n d i f f e r e n t parts of the sample 

begin to fan out or lose phase coherence, because of magnetic 

f i e l d i n - homogeneity ( f i g . 3 . 5<>c). Eqn. ( 3 » 9 ) contains the 

e f f e c t i v e f i e I d H* = H + u ) / ^ f i n the z -d i rec t ion i n the 
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r o t a t i n g frame. This vanishes forOL>= U) = Tf H, and is 

pos i t ive or negative depending upon whether or not a> i s less or' 

greater than (0^^ = T H« At a time ^ a f t e r the beginning of the 

f i r s t pulse a second pulse is applied, i den t i ca l wi th the f i r s t o 

This causes a l l the magnetization vectors to f l i p through 9 0 ° 

about ( f i g . 3 . 5 d ) . The precession i l l u s t r a t e d i n f i g . 3 .5© 

shows that a l l magnetization vectors i n t e r f e r e destruct ively 

w i t h one another and d i s t r i b u t e themselves i so t rop i ca l l y u n t i l 

the time '5̂  23" when they i n t e r f e r e construct ively to produce 

the echo s ignal as shown i n f i g . 3.5f«> 

In '1954, Carr and Purcell ( r e f . 3 . 9 ) demonstrated the ex i s t ­

ence of spin echo by using a pulse programme consisting of a 9 0 ° 

pulse fol lowed by successive 180® pulses. This pulse sequence 

produces echoes at 2 "C , 477* . . ' ' »2n 'C . Meiboom and G i l l 

(195^) ( r e f . 3.10) modified the Carr and Purcel l method by apply­

ing sue ce sis ive coherent pulses and s h i f t i n g the phase of the 9 0 ° 

pulse by 90^ r e l a t i v e to the phase of 180® pulse. These mod­

i f i c a t i o n s eliminated the adjustment of the 180® pulses. 

Many d i f f e r e n t pulse sequence techniques have been developed 

since 1950. These techniques have been used to study paramag­

netic impuri ty e f f e c t s , magnetic a l loys , hyperfine f i e l d s , nuclear 

quadrupole resonance, t-j^ and Tg. A b r i e f review of the appl ic ­

a t ion of pulse NMR can be found i n the l i t e r a t u r e d i s t r ibu ted by 

manufacturdi^'s of pulse equipment ( r e f . 3 .11) and i n the book by 

Farra l and decker ( r e f . 3 . 1 2 ) . 

In t h i s work we have used the spin echo phenomenon to study 

mainly the hyperfine f i e l d and the re laxa t ion times T 2 and H^." 
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3o3»l Primary Spin Echo 

The above discussion of the spin echo model has been derived 

mathematically by Hahn ( r e f . 3«S) and by Das and Saha ( r e f . 3°13)9 

Jaynes ( r e f . 3*14) and Bloom ( r e f . 3C15) and by Abragam ( re fo3o3)o 

The primary echo i s produced as i l l u s t r a t e d i n f i g . 3o5o 

By using the basic Bloch equations arai t h e i r so lut ion 

(section 3 . 2 ) , together wi th eqn. ( 3 .9 )» and using the normalized 

Gaussian d i s t r i b u t i o n to represent the d i s t r i b u t i o n i n a m o n g 

the spins {the homogeneity of the magnetic f i e l d causes distr ib=. 

u t ion i n the Larmor frequency tJj^ and hence i n ^u> , u) ^ ^ tO.̂  

aaong the groups), Das and Saha obtained the t o t a l echo amplitude 

i n the f o l l o w i n g equation. 

r t ( t 2T)2 " 
V(E) » Sin(0^ t ^ s i n ^ i ^ i t ^ ^ / 2 exp L — " . 

'2 

X exp [ - | { ( t - 7 : ) 5 + t ^ ^ + 3 r { t - D ^ J ] 

- • 2 

- s into^ t , , cos c o i / 2 exp [ " t J " " ^ ^ I T T . 

2 
+ exp [ - - ^ {^( t - T ) 3 ^ t^ + 3 t i t - r ) 

t - T ( t - z y - W (C) sint*;, t ^ r . 
"2 2T2* ^ 

x exp [ - I [ ( t - r )5 + 3 ( t - r ) 2 j ] (3ol7) 

where k » (TTG) D, G i s the f i e l d gradient constant, D i s the 
2 

s e l f - d i f f u s i o n c o e f f i c i e n t of the nucle i and T2 i s the net 

transverse re laxat ion time and may be given by the equation 

T g * = ( 2 L n 2 ^ f / i ^ m i 
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The f i r s t and t h i r d terms of equation (3.17) g ive, respect­

i v e l y , the primary echo at t = 2T , and the f ree induction 

s ignal f o l l o w i n g the second pulse. The middle term is a cont­

inuat ion of the f ree - induc t ion signal fo l l owing the f i r s t pulse. 

By subs t i t u t i ng t = 2T i n equation and r e w r i t i n g the f i r s t term, 

we getr 

V{E) - V(E)^ exp ( - i £ _ 5 3 J 

I f -J k t « 277^2 (refc 3-9 ) then the equation becomes 

V(E) » V(E)^ exp ( - ) (3.18). 

This equation implies that the echo amplitude decays expon­

e n t i a l l y wi th time T2, the spin-spin re laxat ion t ime, can be 

measured d i r e c t l y by p l o t t i n g the logarithm of the echo amplitude 

versus a r b i t r a r y values of 2 T ( U i s the pulse spacing), 

Mackenzie has found experimentally that the decay of the echo 

amplitude f i t s the equation (30 18) (wi th in experimental error 

( r e f . 3 . 1 6 ) ) , However i n some pulsed N.M.R. and E.S.R. experi­

ments, the spin echo amplitude was observed to have an o s c i l l ­

atory behaviour as a f unc t i on of "C ( r e fs. 3.17 — 3 .21) . This ., 

modulation has been reported to be due to the e f f e c t o f the 

nuclear-quadrupole-interaction i n which a magnetically induced 

e l e c t r i c f i e l d gradient (EFG) was observed at the nuclear s i t e 

of magnetic ions i n s o l i d s . For an a x i a l l y symmetric EFG, the 

e x p l i c i t expression given i n ( r e f . 3.17) f o r the echo amplitude, 

f o r nuc le i w i t h I » 5/2, i s 

V(E) = e-2^/'^2 ^ c„ cGs(2naT:+c;,n) (3.19) 
n 

n=o 



where a i s the frequency of the superimposed echo o s c i l l a t i o n 

and i s given by 

a . [3e2 Q ^ 4 I ( 2 1 - l ) ] (3cos^a - D ( 3 o 2 0 ) 

Cĵ  and ^ ^ are constants depending on the i n i t i a l conditions and 

the shape and width of the r - f pulses and 0 i s the angle between 

the axis and the loca l magnetic f i e l d . Recently i t has been 

found tha t the higher harmonic terms i n eqn. ( 3 . 1 9 ) (refo 3 o 2 1 ) 

can be neglected and the equation may be w r i t t e n as 

V(E) = e-^^/^X fc + C. cos { 2 a r + S . ) 1 ( 3 o 2 1 ) 

This equation verif iet? that the echo decay is modulated .at a 

frequency proport ional to the quadrupole in t e rac t ion eqQ. 

Recently, the o s c i l l a t i o n was observed i n GdA 2̂> HoA^2» 

NdA 2̂ ( r e f . 3 . 2 0 ) . I n the present work we have observed t h i s 

o s c i l l a t i o n c lea r ly i n GdA£2 (see chapter 5 ) . 

I n some pulsed N.M.R. experiments on ferromagnetic materials 

mul t ip le spin echoes were observed ( re f s . 3 o l 7 » 3 « 2 2 ) at 2 "C, 

3"C » 4T ; • » . The observation of these multipil-e echoes was 

explained as f o l l o w s ; the f i r s t echo, which appears at a time 

2 TT a f t e r the f i r s t pulse, acts as a.refocusing pulse f o r the 

second r - f pulse and produces the second echo at 3"C and so on; 

f i g . ( 3 . 4 f e ) . This photograph was taken f o r the ^^Co resonance 

i n GdC©2. 

I n addi t ion to the measurement of T2, the primary echo 

has been used to study the hyperfine f i e l d i n magnetic materials 

by several authors (see chapters one and two) . The l i n e shape 

can be obtained by p l o t t i n g the amplitude of the observed echo 

as a f u n c t i o n of frequency. The centre of the peak represents 

the hyperfine f i e l d mu l t i p l i ed by the gyromagnetic r a t i o of the 
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nucleus under inves t iga t ion . 

3.3.2 Stimulated Echoes 

Stimulated, or secondary, echoes are produced by a t h i r d 

pulse, applied at a time T wi th respect to t = 0. Under these 

conditions another echo w i l l be obtained at (T + T ) and also at 

(2T - 2C), (2T -V) and 2T, A t y p i c a l p[ulse and echo pattern 

i s shown i n . f i g . (3 .4b) . The p r inc ipa l character is t ic of a l l 

these echoes i s tha t the time in te rva ls between the echoes and 

the incident pulses, and between the echoes themselves, always 

correspond to the o r i g i n a l in te rva l s among the incident pulsesj 

or combinations of these. In the f i g u r e , the stimulated echo 

i s produced by the combination of the three pulses (P2̂ , P29 P-^). 

From the primary echo and the three pulse!3_,the other echoes are 

produced as f o l l o w s : 

1 , The t h i r d echo i s produced by the f i r s t echo and the t h i r d 

pulse , . 

2, The f o u r t h echo i s produced by the second and the t h i r d 

pulses, 

3, The f i f t h echo i s produced by the f i r s t and the t h i r d 

pulses. 

Hahn, and Das and Saha, discussed the existence of these 

echoes mathematically; we w i l l consider here only the equation 

f o r the stimulated echo, which may be w r i t t e n as 

V(SE = i sin^tO t ^ exp [ - (T -"C) ( _ L . - | ^ ) . 

X exp C C t _ z _ i l 4 i ) ) ! 3 exp ( - 1 k t ( t - T ) 3 
2T2 3 

+ + 3T(t -T)2 + 3(T - r ) ( t - T ) 2 ^ ^ | 



For t a T + "C" t h i s equation becomes 

V(SE) , a V^(SE) exp (Izl ̂  |L.) exp (- j ,k{3-^'^2 * 2 1^) 

I f the condi t ion k t ^ T ^ « T / T ^ i s s a t i s f i e d and T « T t h i s equation 

becomes: 

V(SE) = V^(SE) exp ( - $ j ) . (3„22) 

In t h i s case T^ can be measured by p l o t t i n g the logarithm 

of st imulated echo amplitude versus a rb i t r a ry values of T. 

3.4 The basic theory of E^S.R. 

3.4*1 Dispersion and Absorption Line Shape 

When a paramagnetic sample i n a resonance cavity i s 

subjected t o the resonance condition>\t>i= g p H , the spins 

i n t e r ac t w i t h the r . f . f i e l d 2^-^ cos«*jt and the magnetization 

can be w r i t t e n 
/ If 

« 2H3̂  CXcos t + TC s i n U) t ) (3-23) 

Where OC and 'X" are the so -ca l led r ea l and imaginary parts of 

r . f . s u s c e p t i b i l i t y X « - i ' X " , defined by the relat ions 

Hjc = 2HiRE (ei****) , M,̂  = 2H3̂ RE( ^ ê*** ^) 

The s o l u t i o n of the Bloch equations (section 3 .2) i s 

1 * {U).U>^)2 1^ t ^ Z Hĵ 2 T 2 

1 • (U.IO^)^ 1^ *R II T 2 



. 6 7 -

The magnetization M̂ .̂ which may be assumed to be along 

d i r e c t i o n (x) i n the laboratory frame is 

Mjf s Mĵ v coscot + Myi s i n t (3.25) 
and hence from the comparison of equations (3 .23)9 (3 .24)9 

(3 .25) , we can gets 

X = ^X^Lo^ T2 , , °, , — — {3.27a) 
^ ® ® ^ 1 + ( ^ - W o ) ^ T2+^HI2T^T2 

X . ^ O C o ^ o ^2 
^ I + (6J-U)Q)2 T|+2H-^2 T3_T2 (3o27b) 

•pC' i s the dispersion mode and "X" is the absorption mode. 

The s ignal tha t appears on the recorder may be ei ther dispersion, 

absorption, or a mixture of the two. The mixture of OC* and OC" 

i n the s ignal was discussed by Peter» Sha l l j i e l , Wernick;, Williams, 

Mock, and Sherwood (1962) ( r e f . 3 .23 ) and is s imi la r to the s i t ­

uat ion involved i n t h i s work. 

By using the transformation 

to = T H,lOo = ' ^ ^ 0 * "̂ 2 = 2 / n r / ^ H i 

2 2 

and by assuming QR^l ' ^ l ' ^ 2 ^ ^ 9 equations (3 .25) may be 

transformed to the form that i s used when magnetic f i e l d 

scanning i s employed i e . 

^ AU-i 0^1 ^ 1 * x2 (3.28a) 
7 

( 3 o 2 8 b ) 

1 + x^ 



- 6 S -

where x - (H - EQ)/(I/2 

The f i r s t derivat ives have the e x p l i c i t ana ly t i ca l values 

» _ L r 4 ^ (3.29a) 
dH^ ( ^ " 1 / 2 ^ (1 + x2)2 

£ X " . (^Xo Ho ) 
dH ( A H i / 2 ) 2 (1 + x2)2 (3„29b) 

The lineshapes of equations ( 3 ° 2 g , ( 3 . 2 9 ) are shown i n f i g . 3 o 6 

and 3 . 7 . 

The experimentally observed quantity i s 

dH dH dH 

In 1955» the theory of E.S.R. l ine shapes obtained from . 

conduction electrons i n metals was worked out by. Dyson ( r e f . 3 . 2 4 ) 

He showed that the l i n e shape depends upon: the tiqie T ĵ that i t 

takes an electron to d i f f u s e through the skin depth, the time 

T^ tha t i t takes f o r an electron to traverse the sample, the 

e lectron spin l a t t i c e re laxa t ion time T^ and the electron spin-

spin r e l axa t ion time T 2 . Feher and Kip ( r e f . 3 .25) found 

sa t i s f ac to ry agreement between Dyson's theory and t h e i r experi­

mental r e s u l t . 

3 . 4 . 2 . g - s h i f t 

I n the presence of an external magnetic f i e l d H i n the 

z -d i r ec t i on the ionic energy levels are given by 

E » - gs |3 Ŝ  ( 3 . 3 0 ) 



1 / 

X 

FIG. 3.6 LOjî entzian dispersion X and absorption X 
I I 

FIG.3.7 Loi-entzian dispersion (dXy^dx) and absorption 

" (dX' /dx) . 



which represent the Zeeman energy. I n i n t e r m e t a l l i c compounds 

c o n t a i n i n g ra re ea r th i o n s , i t i s gene ra l ly assumed tha t the 

conduct ion e lec t rons i n t e r a c t w i t h the l o c a l i z e d 4 f - e l e c t r o n 

(see chapters one and tw©)e This i n t e r a c t i o n produces an 

a d d i t i o n a l term t o the equa t ion (3"30), which may s h i f t the 

E . S . R . l i n e t o lower or h igher magnetic f i e l d according t o the 

s ign o f the exchange i n t e r a c t i o n . , The al lowed energy l e v e l s 

are.now ( r e f . 3 •26 ) , 

E = - ( g , ( 5 H , * i - ff- '3-31) 
n 

where n^ i s the number o f l a t t i c e s i t e s per u n i t volume and 

rt— i s the e l e c t r o n i c s p i n dens i ty and may be given by 

"Xz i s the conduct ion e l e c t r o n volume s u s c e p t i b i l i t y . By 

s u b s t i t u t i n g f rom equa t ion (3*32) t o (39 31) we get 

E = - S ^ r i H ^ ( g , + X , _ J _ ) ( 3 0 3 ) 
^0 

Hence we f i n d a s h i f t i n the e f f i c t i v e g value away f rom g^j 

g iven by 

This g - s h i f t i s analogous t o the Knight s h i f t i n N2M.Ro 

( r e f . 3 . 23 ) . I f the m e t a l l i c e lec t rons can be represented by 

a f r e e e l e c t r o n gas we get 

where N(pp) i s the d e n s i t y o f s t a t e and equal t o 3n/4Ep 
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( n , i s t he number o f conduct ion e lec t rons per u n i t volume). 
Hence 

Z ^ g ^ = , = i Z _ J ( 3 o 3 6 ) 

I n t h i s equa t ion E p ^ g i s a measure o f the exchange 

parameter J only i n the case of a f r e e e l e c t r o n gaso I n 

c e r t a i n cases, ^ 2 , ^ 3 enhanced by i n t e r e l e c t r o n i c exchange* 

I f t h i s exchange i n t e r a c t i o n i s taken to be s t rong ly l o c a l i z e d » 

i t can be cha rac te r i zed by a parameter v and the enhanced 

s u s c e p t i b i l i t y i s then g iven by ( r e f s . 3.26, 3«27, 3 o 2 8 ) 

(a lso see chapter one) . 

X z ' - Azr,, — ^ (3,37) 
1 - N ( E F ) V 

This equa t ion may be w r i t t e n as 

' X z = (1 ) " ^ ( 3 o 3 8 ) 

where X i s the P a u l i s p i n s u s c e p t i b i l i t y and i s g iven 

by equa t ion (3»35)» The enhancement f a c t o r i s g iven by 

vthere v i s the Four i e r c o e f f i c i e n t o f the p o t e n t i a l (refo3o29) 

f r o m t h i s equat ion and equat ion (3»37) we can get 

From (3•37 and (3•34) we get 

^ g g ^ - ^ - i ^ — <1 - ( 3 o 3 9 ) 

This equat ion represents the enhanced g - s h i f t . 
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3 « 4 » 3 L inewid th Considerat ions 

3 . 4 . 3 . 1 Kor r inga Re la t i on 

The r e l a x a t i o n mechanisms f o r nuclear spins i n metals 

are mainly due t o t h e i r i n t e r a c t i o n s w i t h the conduct ion 

e l e c t r o n s . This mechanism i s represented by a process o f 

i n e l a s t i c s c a t t e r i n g of an e l e c t r o n due to the Fermi i n t e r a c t i o n 

i n which a f l i p of the nuclear s p i n occurs. The r e l a x a t i o n 

r a t e i s p r o p o r t i o n a l t o the square of the Fermi i n t e r a c t i o n 

constant and t o the square o f the e l e c t r o n i c s t a t e dens i ty at 

the Fermi l e v e l . The r e l a x a t i o n r a t e , t h e r e f o r e , i s p r o p o r t i o n a l 

t o the square of the Knight s h i f t . Korr inga obtained a r e l a t i o n 

between the r e l a x a t i o n t ime T-^ and the Knight s h i f t k , 

( r e f . 3 . 3 0 ) g i v e n by 

K^TiT = ( n r g / r ^ ) ^ ( ^ / 4 - n Kg) ( 3 . 4 0 ) 

where Y'e and T the gyromagnetic r a t i o s o f the e lect rons and 

the nuc leus . By analogy w i t h g - s h i f t , t h i s equat ion may be 

w r i t t e n as ( r e f . 3 . 3 1 ) 

J L . f 471 K B ) J 2 N { E F ) 2 T ' ( 3 o 4 1 ) 

T l . 

The Kor r inga r e l a t i o n , equat ion ( 3 . 4 0 ) , i s u iseful f o r p r o v i d i n g 

an es t imate o f the r e l a x a t i o n r a t e knowing the value of the 

Knigh t shift .^- Obviously t h i s r e l a t i o n i s only an approximat ion. 

I n s e v e r a l t r a n s i t i o n metals the K n i ^ t s h i f t i s found to be 

l a r g e r than the value c a l c u l a t e d using the Korr inga r e l a t i o n 

( r e f . 3 . 3 2 ) 0 This may be explained by t h e f a c t t h a t as severa l 

c o n t r i b u t i o n s are present i n K and l / T ^ the Kor r inga r e l a t i o n 

has no meaning. Narath ( r e f s . 3.29s 3 = 3 3 ) and Bose ( r e f . 3 * 3 4 ) 
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have discussed e x t e n s i v e l y the va r i ous c o n t r i b u t i o n s t o the 
Knight s h i f t K and t o the r e l a x a t i o n t ime T ĵ̂ . 

Moriya (refo 3 o 3 5 ) has considered the e f f e c t of e l e c t r o n -

e l e c t r o n i n t e r a c t i o n on the nuclear s p i n r e l a x a t i o n i n metals . 

The magnetic s u s c e p t i b i l i t y enhancement f a c t o r f o r the r e l a x a t i o n 

i s an average of ( 1 - v X ( f ( q ) ) ~ ^ over a l l q values which span 
z 

the Fermi s u r f a c e . For a sphe r i ca l Fermi su r face , f ( q ) i s 

d e f i n e d i n chapter one eqn. ( 1 . 1 3 ) . Narath and Weaver (refo3o36) 

have g i v e n a complete d i scuss ion of va r ious poss ible explanat ions 

f o r the remaining discrepancy between theory and experiment. 

They show t h a t the c o r r e c t fo rm of the Korr inga r e l a t i o n f o r an 

enhanced host i s 

^ - J L X K ( c< ) ( 3 . 4 2 ) 

where , . 
K( c< ) . , ^ 

^ 1 = 0 ^ f ( q ) ^ 

K( <3<̂  ) and ^ have been d e f i n e d and t abu la t ed by Narath and 

Weaver ( r e f . 2 . 3 6 ) , Moriya ( r e f . 3.35) and r e c e n t l y by Shaw 

and Warren ( r e f . 3.37)» The Korr inga r e l a t i o n may also be 

a f f e c t e d by c o n s i d e r i n g the Bo t t l eneck e f f e c t as i s shown i n 

the next s e c t i o n . 

3 . 4 . 3 • 2 L inewidths f o r Bot t lenecked E.S.R. 

The b o t t l e n e c k phenomenon can be der ived f rom phenomeno-

l o g i c a l macroscopic equations of motion f o r the var ious magnet» 

i z a t i o n s , and one f i n d s t h a t the cond i t i ons f o r b o t t l e n e c k i n g 

arer 



1. The g-value of the i m p u r i t y should be near t h a t of the 

conduc t ion e l e c t r o n s p i n i . e . near 2 . 

2. The s p i n - l a t t i c e r e l a x a t i o n r a t e of the i m p u r i t y must 

be s u f f i c i e n t l y s m a l l . 

Hasegawa ( r e f . 3 . 3 3 ) s tud ied the problem i n d i l u t e systems 

and obta ined expressions f o r the g - s h i f t and l i n e w i d t h i n terms 

of the s t r e n g t h o f the thermal contac t between l o c a l momentsj 

conduc t ion e l ec t rons and the l a t t i c e as i l l u s t r a t e d i n f i g . ( 3 o 8 ) o 

He descr ibed the p h y s i c a l s i t u a t i o n shown i n t h i s figures, by 

c o n s i d e r i n g the phenomenological equations of the Bloch fo rm; 

\ = r M ^ A ( H o ^'XMO - j i - (Me-M°) - - L . . J^«^ (3,43a) 

and 
1 

. Y M i A (H^ +Aiy^) * - ^ M. (3,43b) 
e i H e 

The parameter ?\ i s p r o p o r t i o n a l t o the value of the exchange 

c o u p l i n g o f the f o r m ; 

- J /N q 2 ( 3 o 4 4 ) 

Tg^ and are the r e l a x a t i o n times f r o m the conduct ion 

e l e c t r o n s t o the l o c a l ions and v i c e ve r sa . T^̂ ^ i s the 

r e l a x a t i o n t ime f rom e l e c t r o n t o the l a t t i c e , and Mĵ  are 

the t o t a l magnet iza t ion vec tors of the conduct ion e l e c t r o n 

sp in and l o c a l moment s p i n r e s p e c t i v e l y . He assumed t h a t i n 

an e q u i l i b r i u m s i t u a t i o n the magnetizations Mg and are 

cons tant and have a d e f i n i t e value and M / s a t i s f y i n g a 

law of d e t a i l e d balance; 

_Me% J e i ^ 2^ 
Tie 9 C i ( 3 « 4 5 ) 
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Hasegawa solved t h i s coupled se t of equations t o o b t a i n 
expressions f o r both the l i n e w i d t h o f the resonance and the 
g - s h i f t . These r e l a t i o n s can be w r i t t e n as f o l l o w s . 

^ " ' ( l ^ x ^ ) ^ l ( T . 9 ( i H / ^ , , ) 2 (3.46a) 

n f j ^ ^ . (1^ x ) t ( r ; \ 9 ( i H / ^ e i ) ' 

(1 + x )2 + ( T > ^ i H / < g ^ . ) = 'ie 
( 3 o 4 6 b ) 

x = S e € / 9 3 „ & e ^ = ^ , i ^ , S i e ' - i - , : ^ . - a n d 
e i T le 

9C e sr-® the s u s c e p t i b i l i t i e s of the magnetic ions and the 

conduc t ion e l e c t r o n s . By neg l ec t i ng the dynamic term 

( T ^ ^ j H / ^ f r o m the equations (3»46) we can get 

^ g = B^^i , g^ (3.47a) 

and T ' h \ = B<J).^ (3.47b) 

where B (= ^ )^ i g termed the bo t t l eneck f a c t o r . 

1 + X 

The e f f e c t i v e l i n e w i d t h i n t h i s equat ion d i f f e r s f r o m the simple 

Kor r inga r e s u l t o f equat ion (3.41) by the bo t t l eneck f a c t o r B . 

Tg i i s g iven by Overhauser ( r e f . 3.39) f o r the r e l a x a t i o n 

r a t e f r o m conduct ion e lec t rons t o the i on i c system and may 

be w r i t t e n as; 

^ e i = ~ - - ^ -^JL) N(Ep.) j2s{S • DC (3.48) 
^ e i 3h 

where C i s the concen t r a t i on of magnetic ions . ^ g£ can be 
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separated i n t o two p a r t s , one o f which i s independent of the 

i o n i c c o n c e n t r a t i o n and gives the r e l a x a t i o n r a t e ^ ^ ^ charac t -

e r i s t i c o f the undis turbed h o s t - l a t t i c e . The other i s prop­

o r t i o n a l t o the i o n i c concen t r a t i on , and ar ises f r o m spin=.f l ip= 

s c a t t e r i n g a t the i m p u r i t y due t o the s p i n - o r b i t i n t e r a c t i o n 

( r e f . 3 .40) and may be w r i t t e n as 

^et " ^e'^ * ^ = ( 3 . 4 9 ) 

The expressions above (3<»479 and 3o47b) may be evaluated 

f o r two l i m i t i n g cases; 

This i s known as the unbott lenecked l i m i t i n which the 

f u l l g - s h i f t should be observed and the l i n e w i d t h becomes 

i r 6 . H i , (3o50) 

which y i e l d s the s imple Korr inga r e s u l t of equat ion (3.41) 

as e x p l a i n e d i n s e c t i o n ( 3 .4«3 . D 

I n t h i s case the conduct ion e lec t rons r e l a x t o the ions 

f a s t e r than to the l a t t i c e and the r e l a x a t i o n of the ions i s 

sa id t o be b o t t l e n e c k e d . The g - s h i f t i s then reduced f rom the 

f u l l va lue by a f a c t o r ( ^ e ^ / £ e i ^ ^ ' l i m i t the 

l i n e w i d t h i s g iven by 

^ e i 

. (3K T N ( E F ) / 2 S ( S + 1) C)£g^ (3.51) 

This fo rmula descr ibes the dependence of the l i n e w i d t h on 
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bo th the temperature and the concen t r a t i on o f the magnetic 
i m p u r i t i e s , and provides a u s e f u l means o f i d e n t i f y i n g 
b o t t l e n e c k i n g i n a s o l i d s o l u t i o n a l l o y system. 

The exis tence o f the b o t t l e n e c k has been v e r i f i e d by 

s t u d y i n g the dependence of the E.S.R. l i n e w i d t h on i m p u r i t y 

c o n c e n t r a t i o n , C, and conduct ion e l e c t r o n r e l a x a t i o n time 

T Q ^ by severa l authors ( r e f . 3.4li. 3 .49) , as shown i n f i g . ( 3 . 9 ) . 

The Hasegawa equations have been genera l ized by many authors. 

Co t t e t e t a l . ( r e f . 3.50) and Davidov and S h a l t i e l ( r e f . 3.51) 

have considered the e f f e c t o f the dynamic parameter (T^^^j^H/^ ^ ^ ) 

i n equa t ion (3 .46a) . They found t h a t when^g^ i s of the same 

order o f magnitude as^^^ , the g - s h i f t i s reduced f rom i t s 

f u l l unbot t lenecked v a l u e , f o r e i t h e r a r e d u c t i o n i n temperature 

ot an increase i n the c o n c e n t r a t i o n . Schul tz e t a l . ( r e f . 3.52, 

3.53) have extended the Hasegawa theory t o inc lude a d i r e c t 

r e l a x a t i o n path T^^ f rom the l o c a l moments to the l a t t i c e 

( i . e . i n a d d i t i o n t o the Korr inga process) and show t h a t the 

observed l i n e w i d t h may then be g iven by 

Tr£sH = ?,g^ — I — (3.52) 
1 + Xj . i + Xj. 

where x ^ - S e i / S i e 

Nakamura ( r e f . 3.42) m o d i f i e d the equat ion (3.47b) by adding 

d i r e c t l y the r e l a x a t i o n T^£ which represent the r e s i d u a l l i n e -

w i d t h and ob ta ined . 

nr/:^H = BSI© + ^tt ( 3 o 5 3 ) 

Giovann in i ( r e f . 3.54) has shown t h a t Hasegawa's equation 

(3.43) does not s a t i s f y the requirement t h a t the energy absorp-



n 
t8 

-o 
X 

;10 \ 
\ 

2 3 <̂  5 6 
Mn Concentration(Ql " /̂o) 

FIG. 3.9 Concentration dependence of the slope (with respect 

to temperature) of the ESR l inewidth i n CuMn. The 

dashed curve i s a p lo t of eqn.(5.51). ( r e f . 3 . ^ ^ ) . 



t i o n i s always p o s i t i v e d e f i n i t e , and has proposed other 

r e l a x a t i o n terras, 

^ - " ^ i C M i A ( H +'^Mg) - ^ , i e ( M i - X i ( H + A ] ^ ) +^e i (^e-T^e ^ % ) 

^e ' ' ^ e ^ ( H + A M ^ ) . (Sgg+Sgi) [ M g - 9 C g ( H + A M . ) 

+ b i e [ ( M . . 9 C . ( H +?^M^)J (3.54) 

where H +AMg and H + A are e f f e c t i v e f i e l d s on the l o c a l 

ions and the conduct ion e l e c t r o n s , r e s p e c t i v e l y . X ( H M ) 
e e 

and ' X ^ ( H +^Mg) represent the e q u i l i b r i u m e l e c t r o n i c and 

i o n i c magne t i za t ion . 

3 . 4 * 3 • 3 Review of the experimental r e s u l t s of E.S.R i n 
I m e t a l l i c i o n s . 

We have mentioned some of these r e s u l t s i n chapter two 

t o compare the values of the exchange parameters J obtained 

f r o m E.S.R. measurements w i t h the r e s u l t s f rom other techniques 

such as N.M.R. In t h i s s e c t i o n , an attempt has been made t o 

rev iew the exper imenta l work on the E.S.R. o f i n t e r - m e t a l l i c 

c ompounds. 

Jaccar ino e t a l . ( r e f . 3.55) observed e l e c t r o n sp in reson­

ances i n the i n t e r m e t a l l i c compounds EuAf^ and Gdk^2 between 

100 K and 300 K. They found /^H = 900 ± 30 Gauss f o r the 

h a l f power w i d t h of the l i n e and g = 1.9^2 * O.OO3 in the case 

o f GdA£2<» For EuA?^ they found g = 1.994 - 0.003 a t 3OO K 

which i s c lose t o the Eu f r e e i o n v a l u e . 

S h a l t i e l e t a l . ( r e f . 3.56) measured the g value and 

l i n e w i d t h of GdNi^ and GdCu5 a t 7^ K and 65 K r e s p e c t i v e l y . 

They found a g-value o f 1.942 t O . O O 7 a n d ^ H = 9̂ )5 1 90 Gauss 



f o r the Ni compound and g « 2.OO9 t G.OO7, ^ H » 875 Gauss 

f o r Cu compound. They i n t e r p r e t e d the p o s i t i v e g - s h i f t i n 

GdCu^ and the negat ive g - s h i f t i n GdNi^ t o be due t o t rue 

exchange and due t o the h igh d e n s i t y of s ta tes i n the almost 

f u l l d-band, r e s p e c t i v e l y » " 

Wernick e t a l . ( r e f . 3.57) i n v e s t i g a t e d EuAf ĵ̂  between 

1.8 K and 295 K and obtained a h igh temperature g-value o f 

1.995 1 0.04 w i t h h a l f w i d t h a t h a l f power of 430 Gauss. 

Davidov and S h a l t i e l ( r e f . 3 . 5 8 ) measured the g-value of 

the compounds GdA^2> GdRh2» ^^^2 '̂̂ ^ ^̂ •'•'*2 ^ ^ " ^ i ' ^ g negative 

g - s h i f t s f o r a l l these, the value f o r GdA^2 agreeing w e l l w i t h 

the prev ious measurement ( r e f . 3 . 5 5 ) . 

Hacker e t a l . ( r e f . 3 . 5 9 ) have obtained a value of 

g = 1.984 i 0.003 f o r GdA^2 room temperature, i n e x c e l l e n t 

agreement w i t h the r e s u l t s above. 

Very r e c e n t l y Taylor ( r e f . 3 . 6 0 ) i n v e s t i g a t e d the temper­

a ture dependence o f the g-value and l i n e w i d t h i n GdA^2 compound 

between 8 0 K and 3OO K. He found g-value of 1.989 ^ G.OG5 i n 

agreement w i t h above i n paramagnetic regime and the l i n e w i d t h 

has a s lope o f 2.1 G.K"-^. He found the absolute value o f the 

l i n e w i d t h at 295 K t o be 517 - 25 Gauss, and 445 - 2 Gauss at 

26O K. Below 200 K the l i n e w i d t h broadens r a p i d l y w i t h decreas-

ing tempera ture . 

The temperature dependence of the g-value and l i n e w i d t h i n 

the compounds GdNi, GdNig and GdNi^ has been i n v e s t i g a t e d by 

Ursu and Burzo ( r e f . 3 o 6 1 ) between 100 K and 3OO K. These 

r e s u l t s are t abu la t ed i n t a b l e ( 3 . 1 ) . The g-value f o r GdNi^ 

i s i n good agreement w i t h S h a l t i e l et a l . ( r e f . 3 .55)» They 

found t h a t the g-value was constant over a l l temperatures. 
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Table 3 . 1 

^ H / T AH/T ca lcu la t ed 

GdNi - 0 . 0 1 4 2 . 9 0 3 . 0 0 ^ ^ ^ 

GdNi^ - 0 . 0 1 2 2 . 4 5 2 . 2 0 

GdNi. - 0 . 0 4 8 6 . 4 0 5 . 5 0 



The l i n e - w i d t h data were l i n e a r w i t h temperature w i t h the slope 

shown i n t a b l e ( 3 * 1 ) . A value of K( o< ) , equal . 0 . 1 ^ i n equat­

i o n ( 3 . 1 3 ) , was assumed to b r i n g the measured values of g and 

d An/dT i n t o good agreement. E.S.R. measurements on the REC02 

(RE, Gd, Tb, Dy, Ho and Er) compounds were performed by Burzo 

( r e f . 3 . 6 2 ) . He found the f o l l o w i n g ; 

1 . GdCo2 showed an appreciable narrowing o f the l i n e wid th 

as the temperature i s increased up t o approximately 4 O 5 K. 

Above t h i s temperature the l i n e w i d t h broadens r a p i d l y . This 

measurement was c a r r i e d out between 3 8 0 - 4 2 6 K f i g . ( 3 . 1 0 ) p 

the g-value changing w i t h temperature as shown i n the f i g u r e . 

He found t h a t the g-values are smal ler than those o f the Gd^* 

i o n , i n d i c a t i n g i n t h i s case a negat ive p o l a r i z a t i o n . He 

claimed t h a t the cause of t h i s e f f e c t i s associated w i t h the 

presence o f magnetic c o b a l t atoms which determines complex i n t e r ­

ac t ions i n the compound and consequently the magnetic behaviour 

cannot be described by the simple Hamil tonian of the fo rm J e S s 

c h a r a c t e r i s t i c of RKKY i n t e r a c t i o n s . 

2 . TbCoj shows a resonance s i g n a l i n the temperature range 

2 2 3 - 2 4 5 K. He found t h a t the g-values could not be de t e r ­

mined because o f the wide l i n e (AH> 3 5 0 0 Oe). 

3 o ^ ^ © 2 gives a minimum of the l i n e w i d t h at I 4 I K 

( ^ H = 2 2 0 0 Oe, g = 3 . 4 0 ± 0 , 2 0 ) < , The l i n e r a p i d l y broadens 

as the temperature increases . No resonance s igna l s were observed 

f o r HoC©2 and ErC©2 between I O 3 and 3 0 0 K» 

S h a l t i e l e t a l . ( r e f . 3 . 5 6 ) have measured the Gd g - s h i f t 

i n LaNi^ f o r a few samples of r e l a t i v e l y h igh Gd concentra t ions 

a t the temperatures 2 0 and 60 K. They found a l a rge Gd g - s h i f t 
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which depends both on temperature and on concentrationo They 
explained t h i s behaviour i n terms of dynamic eff e c t s , e q u a t i o n 
3 . 4 6 . Dayidov e t a l . ( r e f . 3 o 6 3 ) also i n v e s t i g a t e d the same 
system w i t h v a r y i n g Gd concentration between O.OO5 and Ool, 
and found the f o i l o w i n g r 

1. For Gd concentrations above Ifc i n Gd̂ ^ Laj__x ^^5' 
g - s h i f t v a r i e s appreciably w i t h temperature, whereas f o r lower 
Gd concentrations (x < 0.01), the s h i f t was found t o be almost 
temperature-independent. 

2. At 4.1 K both the g - s h i f t and the l i n e width are concent-

ration-dependent. 
They ;emphasized t h a t the v a r i a t i o n o f the i o n i c g - s h i f t as 

a f u n c t i o n of temperature and concentration i s mainly due t o 
the v a r i a t i o n of the r a t i o T ? ^ , w i t h these parametersi' 
the e f f e c t due t o the b o t t l e n e c k i s much smaller as can be 
v e r i f i e d by equation ( 3»46)o However, the increase i n l i n e 
w i d t h w i t h c oncentration was not explained by the above theory; 
instead i t was assumed t h a t l o c a l c l u s t e r s of Gd ions r e s u l t e d 
i n inhomogeneous broadening, w i t h exchange narrowing at higher 
c o n c e n t r a t i o n . 

Davidov e t a l . ( r e f . 3 0 6 4 ) also i n v e s t i g a t e d the system 
Gdx Zr^.x ^"2 = 0.06, O0O5 and 0,03)a They found t h a t 
the l i n e w i d t h v a r i e s w i t h temperature and has a maximum at 
approximately 4O K. Above 40 K i t decreases sharply up t o 
60 K and then increases moderately at the rate of approximately 
3 Oe per degree at higher temperatures. The g - s h i f t i s always 
negat i v e : i t v a r i e s w i t h temperature, and has a maximum at 30 K, 
a shallow minimum a t 50 K, and decreases asymptotically at 



higher temperatures. They c l a i m t h a t a f a i r l y good f i t t o 
the data above 20 K may be obtained by conside r a t i o n of dynamic 
e f f e c t s , equation 3«46. 

The measurements by Debray and Ryba ( r e f . 30 6 5 ) on GdZn2 
by E.S.R. show the g-value t o be independent of temperature and 
equal t o 2.029 * O.OO5. The l i n e width increases l i n e a r l y 
w i t h temperature w i t h a slope of 4.4 Gauss/Ko The observ­
a t i o n of a p o s i t i v e g - s h i f t i n d i c a t e s the dominance of the ex­
change parameter. 

Schafer e t a l . ( r e f . observed the resonance i n 

GdxYi_xA^2 =0.003, 0.005, 0.007, 0,01, 0.02, Oo05)o 
They found the l i n e width changes l i n e a r l y w i t h temperature, 
the sl(j)pes being concentration-dependent, decreasing w i t h 
i n c r e a s i n g Gd conc e n t r a t i o n . They observed no measurable 
g - s h i f t . These observations were taken as a strong i n d i c a t i o n 
t h a t the system was w e l l bottleneeked. By adding Th t o the 
compounds they observed t h a t the slope of the l i n e width increases 
w i t h i n c r e a s i n g Th conc e n t r a t i o n , but at f a i r l y high Th concent­
r a t i o n s the slope becomes nearly independent of the Th concents 
r a t i o n and approaches an upper l i m i t of about 4OG/K, and the 
observed l i n e width corresponds t o the Korringa r a t e . They 
claimed t h a t the r e l a x a t i o n can be changed continuously from 
the bottlenecked region t o the isothermal l i m i t , where the 
conduction electrons are i n thermal e q u i l i b r i u m w i t h the l a t t i c e . 

Recently, Koopmann e t a l . ( r e f . 3c46) observed the reson­
ance i n Gdy. La.]L-x ^^2 ^'^^ ̂ "x ̂ ^ l - x ^ ^ 2 between kfc and 0.08%) 
f o r Eu and (x = 1% and 0.02%) f o r Gd at temperatures 1.7 25 K, 
The l i n e w i d t h was found t o be 300 Gauss f o r Eu and 100 Gauss 
f o r Gd a t 1.7 K. A p o s i t i v e g - s h i f t was obtained of value 0.05 



f o r Eu and 0.1 f o r Gd. 
More r e c e n t l y , Davidov e t a l . (3»,6̂ 6) have reported 

E.S.R. measurements on the compounds Gd̂ ^ ^^i~x ^^2 ^̂ ^̂ ^̂  '̂̂ ŷ 
I n d i c a t e the existence of a bottleneck e f f e c t . Their r e s u l t s 
can be summarized as f o l l o w s . 

1. The g-value and l i n e width AH change appreciably from 

one sample t o another. Any increase i n the slope of the l i n e 

w i d t h i s always associated w i t h an appropriate increase i n the 

e f f e c t i v e g-value. This i n d i c a t e s the presence of bottleneck 

e f f e c t s i n the magnetic resonance. 

2. The lowest value obtained f o r g i s 1.9SS ± 0,003 which 
i s i n agreement w i t h the g-value of GdA£2'' The smallest 
observed value of AH/AT was 20 G/K, 

3. S u b s t i t u t i o n of ThA£2 i n place of LaA/2 i n Od^Lai^y^kC2 

increases bothc^g and H//n̂  T. The maximum value of g and 
T! is 0.11 * 0,01 and 70 G/K, r e s p e c t i v e l y . These 

values are independent of f u r t h e r increase i n Th concentration, 
and are i d e n t i f i e d as the f u l l y - u n b o t t l e n e c k e d g - s h i f t and l i n e 
w i d t h . 

4a The g value was s l i g h t l y temperature-dependent, increasing 

by 0.01 i 0,01 i n the high temperature l i m i t . This e f f e c t , 

as w e l l as low and high f i e l d measurements, in d i c a t e s t h a t the 

dynamic e f f e c t , though small at high temperature, cannot be 

completely neglected here. 
From these r e s u l t s they proposed a two band model of the 

f o l l o w i n g character. ( l ) J-f_g between the Gd 4f electrons 
and the s-band conduction e l e c t r o n i s p o s i t i v e . (2) J^-d 
between Gd 4f-electrons and the d-band conduction electrons 
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i s negati;ve;.ivv-
Theseeas.sumpt.ions lead t o the f o l l o w i n g equations. 

^2 

(l+x)2 + (TT^'^iH/Sei)^ 

A H 
g/AB 

[ ( A g d ) ^ Fd Ko|{^j) + ( ^ g g ) ^ Kg (dg) 

• x ( l + x) + mOC. n/^ e ^ ) ^ X 

(1 + x)2 + (r'X'X. H/ ̂ ^ ^ ) 2 ) 

where the s-band relaxes weakly t o the l a t t i c e and i s therefore 
bottlenecked, and the d-band relaxes r a p i d l y to the l a t t i c e and 
i s t h e r e f o r e unbottlenecked. 
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CHAPTER 4 

EXPERIMENTAL TECHNIQUES 

4.1 NMR Spin Echo In s t r u m e n t a t i o n ; . 

The pulsed Nuclear Magnetic Resonance Spectrometer requires 
a pulse generator t o provide a s u i t a b l e pulse t r a i n , a t r a n s ­
m i t t e r f o r generating the r a d i o frequency (RF) f i e l d , a pre­
a m p l i f i e r - r e c e i v e r u n i t f o r processing the s i g n a l , and a 
probe t o couple the sample t o the t r a n s m i t t e r and t o the rec­
e i v e r . 

A block diagram of the NMR Spin Echo system i s shown i n 
f i g . (4ol),where the radio frequency (RF) power i s derived from 
the pulse generator - t r a n s m i t t e r combination. The RF power 
was coupled i n t o the sample by means of a c o i l surrounding the 
specimen tube. The s i g n a l detected by the same c o i l was amp­
l i f i e d and then mixed w i t h a continuous wave (CW) s i g n a l from 
the l o c a l o s c i l l a t o r , thus producing a 30 MĤ  intermediate 
frequency (IF) s i g n a l displayed d i r e c t l y on an oscilloscope 
having a v e r t i c a l band-width of 33 synchronized from the 

pulse generator. 

4^1.1 The Sample Probe 

The power requirements of the RF t r a n s m i t t e r xised i n an 
NMR experiment depend not only on the gyromagnet,ic r a t i o of 
the nucleus being s t u d i e d , but also on the sample ' c o i l geometry. 

I t has been shown ( r e f . 4.I) t h a t the RF power Ĥ^ i n the 
sample c o i l i s given by:-

H^ = 3(PQ /YJo^)^'^^ 
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or a l t e r n a t i v e l y 

w i t h 

Ĥ^ » 3o7 (PTj. / V)^'^^ (2) 

Q = 1.5 V , T^ 

where P i s the t r a n s m i t t e r power i n wattsp Q i s the 
q u a l i t y f a c t o r , ^ i s the resonance frequency i n MHg, Tj. i s 
the r i s e and f a l l time of the envelope of the RF pulse i n 
microseconds, 2H2̂  i s the RF f i e l d i n gauss and V i s the volume 
of the sample c o i l i n cubic centimetres. To obtain the l a r g e s t 
output s i g n a l from the probe c o i l , the " f i l l i n g f a c t o r " (the 
r a t i o of the sample volume t o the volume of the c o i l ) must be 
kept as large as possib l e . This i s achieved by using a t h i n -
w alled quartz tube t o contain the specimen. 

The sample probe t h a t has been.used i s shown i n f i g . ( 4 . 2 ) . 
The quartz tube w i t h i t s powdered sample i s placed i n L^, the 
probe c o i l , which i s tuned w i t h the capacitance Ĉ^ t o obtain the 
maximum RF f i e l d Ĥ^ and t o recover a nuclear s i g n a l w i t h the 
grea t e s t s e n s i t i v i t y . The probe c o i l acts as both the t r a n s ­
m i t t e r load and the s i g n a l source f o r the re c e i v e r . 

The sample c o i l i s a s i n g l e - l a y e r h e l i x i\j 1.1 cm long and 
1.2 cm i n diameter, small enough t o f i t e a s i l y i n s i d e the t a i l 
of the helium dewar. I t can be mounted v e r t i c a l l y or h o r i z o n t ­
a l l y t o allow the d i r e c t i o n of H^ t o be v a r i e d f o r use i n an 
e x t e r n a l magnetic f i e l d . The number of turns on the c o i l depends 
upon the range of frequency being used. The feeder lengths shown 
i n f i g . 4.2 were determined e m p i r i c a l l y t o give a s a t i s f a c t o r y 
compromise between maximum power at the sample and maximum s i g n a l 
at the r e c e i v e r i n p u t . 
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4ol»2 Pulse Generatorr° 

This u n i t was a commercial system ( F a r n e l l Instruments) 
and allowed the Pulse R e p e t i t i o n Frequency (PRF), Pulse width. 
Pulse Delay (the time between the two pulses) and the output 
pulse amplitude t o be c o n t r o l l e d independently» 

A maximum of thr e e , p o s i t i v e or negative-going pulses 
could be obtained w i t h a PRF varying from 1 Hz t o 10 MHz i n 
seven ranges. The delay i s adjustable from 0.1 jm.So t o 1<,0 s 
i n seven decade ranges. The pulse width can be adjusted over 
a range from 0.1 /a.SO t o loO s also i n seven decade rangeso 
The output pulse amplitude can be v a r i e d from lOV down t o 30raV 
in_stepped ranges of lOdB. A continuous l e v e l c o n t r o l enables 
the output amplitude t o be v a r i e d between these stepso 

4ol.3 The Transmitter and the Receiver 

These u n i t s were designed and b u i l t by Dr. G. Brown f o r 
t h i s p a r t i c u l a r research work, but f o r completeness some d e t a i l s 
of the c i r c u i t r y w i l l be included here. 

4ol.3o 1 The Transmitter - fig</4.3) 

This i s b a s i c a l l y a high-po(wer double - tetrode o s c i l l a t o r 
w i t h c a p a c i t i v e p o s i t i v e feedback, the output of which i s 
i n d u c t i v e l y coupled i n t o the feeder leading t o the probe c o i l o 
The g r i d s are normally biased t o - 150 v o l t s , so t h a t o s c i l l a ­
t i o n i s only possible when the cathode approaches t h i s value^ 
Under normal c o n d i t i o n s , the cathode i s at earth p o t e n t i a l and 
the valve i s cut o f f o 

The t r i o d e modulator c o n t r o l s the cathode bias and operates 



^ 

fO n CO 
cn vvwv—? WW* 

LU 

CO 
z: 
< 
a: 

o 
o 

Q_ 
CO 

CO 

LL 

<rC> 

eg 



-88-

on a negative r a i l of - I5O v o l t s . The quiescent current 
through the 2.7 K and 33 K r e s i s t o r s c u t o f f t h i s valve. 
When a 20 v o l t s p o s i t i v e pulse i s applied through a DC block­
ing condenser t o the g r i d , the valve i s biased h e a v i l y "on" 
and the anode i s brought down almost t o the cathode p o t e n t i a l 
ir<^ - 141 v o l t s ) . D i r e c t coupling from t h i s anode t o the 
o s c i l l a t o r cathode brings the power valve i n t o o s c i l l a t i o n , 
and i t w i l l remain o s c i l l a t i n g u n t i l the pulse i s removed and 
the cathode assumes earth p o t e n t i a l again. The diodes prevent 
overshoot of t h i s t r a n s i e n t , ensuring a clean edge t o the RF 
pulse. 

The power supply f o r the t r a n s m i t t e r , shown i n fig.4.4 i s 
conventional. Each valve has a separate heater supply t o min­
imise RF coupling. 

4ol.3 2 The Receiver - Figs. (4.5) & (4.6^ 

The s i g n a l from the probe c o i l i s fed d i r e c t l y t o a t r a n s -
is^tor a m p l i f i e r w i t h a crossed-diode l i m i t e r at i t s i n p u t . 
This a m p l i f i e r has a gain of ̂  lOdB and i t s output i s again 
l i m i t e d before being fed t o the i n t e g r a t e d c i r c u i t (I.C) mixer 
(Texas Instruments type 76514^). 

The output o f an e x t e r n a l l o c a l o s c i l l a t o r (Marconi TF 8OI/B) 
i s fed i n t o the double-balanced mixer which r e j e c t s both the 
i n p u t frequencies, l e a v i n g at the output, only the sum and d i f f ­
erence frequencies, and some harmonics. Pins 3 + 1 3 are a n t i ­
phase outputs and the r e s u l t i n g signals are applied t o a push-
p u l l tuned f i l t e r operating a t 30 MHz. The cap a c i t i v e centre-
t a p provides good matching t o the 6 0 0 o u t p u t of the mixer. 

The IcFo a m p l i f i e r consists of two l i n e a r ( i . e . ) a m p l i f i e r s 
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w i t h single-tuned 3OMH2 transformers i n the outputs. The low-
impedance output of the f i n a l stage i s transformed by a /4 
feeder t o match the high-impedance oscilloscope imput. 

4.2 E.S.Rc Spectrometer 

El e c t r o n s p i n resonance measurements were made on a 

conventional X - band r e f l e c t i o n spectrometer. Microwave 

power i s fed from a 9 GEi K l y s t r o n t o a "magic T" which s p l i t s 

the power between a "sample" arm and a "balancing" arm. The 

"balancing" arm contains a phase s h i f t e r and an attenuator, 

followed by a short c i r c u i t . I t can be shown t h a t the imped­

ance of the c a v i t y i n the "sample" arm, as seen at the magic T 

j u n c t i o n , can be matched exactly by the impedance of the "balanc­

i n g " arm components, when c o r r e c t l y adjusted. Two i d e n t i c a l 

s i g n a l s thus reach the series j u n c t i o n of the magic T when the 

balancing i s c o r r e c t . The symmetry pro p e r t i e s of a series 

j u n c t i o n ( r e f . 4 . 2 ) make i t impossible f o r two i d e n t i c a l signals 

i n the opposite arms to be propagated i n the adjacent arm. 

When the e x t e r n a l c o n d i t i o n s are c o r r e c t f o r a sample resonance 

t o occur, the c a v i t y Q, and hence i t s impedance, changes. The 

bridge i s now unbalanced and microwave power then passes equally 

(a) i n t o the de t e c t o r arm 

(b) back towards the K l y s t r o n . 

Part (a) i s mixed w i t h CW power from a l o c a l o s c i l l a t o r 

K l y s t r o n i n the f i r s t detector of a conventional superheterodyne 

r e c e i v e r . The L.Oo k l y s t r o n i s frequency - locked 30 MH2 from 

the monitor k l y s t r o n frequency which, i n t u r n , i s frequency -

locked t o the sample c a v i t y . For recording sample resonances, 

the s i g n a l t o noise r a t i o i s increased by measuring the d i f f e r -
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e n t i a l absorp t ion s i g n a l produced by smal l - ampli tude modula­
t i o n o f the magnetic f i e l d a t ISO H2s, and by subsequent phase 
s e n s i t i v e de tec t ion , , The o v e r a l l b lock diagram i s shown i n 
Fig* {4o7) and i s discussed by R o P o Hunt (refo Uod)-

4» 3 Specimen Prepara t ion 

Specimens were prepared i n t h e . f o r m of buttons of approx= 

i j n a t ^ l y th ree grams weight by m e l t i n g the compounds i n an arc 

furr iace and i n an i n d u c t i o n furnaceo The r a r e ear th of Y t t r i u m 

elements were obtained w i t h a p u r i t y of 99<>9f> and the t r a n s i t i o n 

metals ( I r o n s j c o b a l t , aluminium) were obtained w i t h a p u r i t y o f 

99o99Sfo f r om Koch - L i g h t Labora tor ies Ltdo 

4o3ol Rare Ear th ^ C02 

The me l t i ng took place on a water -cooled copper hear th 

u rder an argon atmosphere a t a pressure o f about 4 O O torr<, 

The argon was obta ined as 'Puragon' w i t h an oxygen content o f 

no more than 3 p o p o m o The arc furnace was pumped down t o lO"'^ 

t o r r then f l u s h e d w i t h 'Puragon' t o 700 t o r r , pumped down t o 

10°^ t o r r again and then f i l l e d t o 4 O O t o r r wi th 'Puragon 'o 

This procedure ensured t h a t the oxygen content of the atmosphere 

i n the fu rnace was down to the same order o f magnitude as t h a t 

o f the Puragono A tan ta lum g e t t e r was heated f o r a minute 

b e f o r e m e l t i n g the sample components toge ther i n order t o 

p u r i f y f u r t h e r the atmosphere i n the furnaceo 

The sample m e l t i n g was done a t as low a temperature as 

pos s ib l e t o minimize los s of m a t e r i a l by evaporationo The 

lower f ace of the melted b u t t o n i s i n contac t w i t h the co ld 

copper so t h a t i t i s necessary t o t u r n the specimen over and 
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reraelt i t severa l t imes t o o b t a i n a homogeneous mixture, . The 
weigh t loss was u s u a l l y no grea te r than l%o 

4.3 .2 Rare Ear th - kt2 

Samples o f CGdA^^s (Gdi,Y)Af29" > (Gd, Dy)A^2 Gd(Co,A02 

were prepared by m e l t i n g the components i n the arc furnace as 

above f o r the f i r s t m e l t i n g . The r e s u l t i n g ingo t s were exceed­

i n g l y b r i t t l e and sha t te red on r e - m e l t i n g , thus i t i s impossible 

t o r e - m e l t these compounds us ing the arc furnaceo Instead we 

have used an i n d u c t i o n furnace f o r the second m e l t i n g o f the 

specimens* The i n d u c t i o n f i e l d i s se t up by a h igh RF current 

which f l o w s through a c o i l which i s d r i v e n f rom a 25 kW gener­

a t o r , work ing a t a f requency o f 465 kHz. The m e l t i n g has been 

done i n s i d e a wate r -coo led enclosures, which i s placed i n the 
-3 

c o i l , a t a pressure of about 1 0 torr<. Quartz c r u c i b l e s were 

used as the c o n t a i n i n g vesse l s . 

Annealing o f samples was done on h a l f - but tons wrapped i n 

molybdenum or tan ta lum f o i l and placed i n a quartz tube . 

Severa l samples were placed i n one anneal ing tube and each was 

spaced f r o m i t s neighbour by a shor t l e n g t h of quartz tube closed 

a t one end which f i t t e d f r e e l y i n s i d e the annealing tube . The 

anneal ing tube was f i l l e d w i t h *Puragon» and get tered by the 

same procedure as descr ibed above f o r prepar ing a sample b u t t o n . 

The argon was then pumped out t o 1 0 ° ^ t o r r and the samples i s o l ­

ated f r o m each other and the atmosphere by c o l l a p s i n g the quartz 

tube onto the spacerso The samples were then ready f o r anneal-

ingo The anneal ing t ime was seven days at a temperature of 

g O O ° C o 

Powdered samples f rom the specimens were examined by X-ray 



d i f f r a c t i o n o X-ray photographs were obtained f rom a r o t a t i n g 

powder sample us ing a P h i l i p s 3 6 0 mm circumference Debye = 

Scherrer X-ray camera and coba l t K<^ •= r a d i a t i o n * The r e s u l t s 

w i l l be discussed i n chapter 5o 

4 o 4 Cur ie and Neel temperature de te rmina t ion (AoC, Suscept-
i b i l i t v Technique 

The p r i n c i p l e of t h i s technique i s descr ibed here b r i e f l y . 

A d e t a i l e d d e s c r i p t i o n can be obtained f rom ( r e f c 4 » 4 ) o A 

sma l l t r ans fo rmer i s powered by a 5 0 0 Hz s inuso ida l vol tage 

which induces an AoCo f i e l d of less t h a n l O e i n the core o f the 

t r ans former o The core of the t r ans fo rmer cons is t s of the sample 

i n powder formo Thus the secondary o f the t ransformer gives an 

ou tpu t vo l t age which i s p r o p o r t i o n a l t o the pe rmeab i l i t y of the 

core* Since the f i l l i n g f a c t o r of the measuring c o i l s i s 

s i g n i f i c a n t l y less than u n i t y j , they are connected i n ser ies ~ 

o p p o s i t i o n w i t h a smal l ad jus t ab le f e r r i t e - c o r e d t ransformer t o 

f o r m a Hartshorn bridgeo The t p t a l output of the two t r a n s ­

formers may thus be n u l l e d i n the absence of a sample* The 

output i n the presence of a sample i s then p r o p o r t i o n a l to /^Q, 

the i n i t i a l s u s c e p t i b i l i t y o f the sample i n an A<,Co f i e l d e 

This output i s a m p l i f i e d and detected by a phase - s e n s i t i v e 

de tec tor* The r e s u l t i n g s i g n a l i s appl ied t o the Y - i npu t 

of an X - Y pen recorder* The temperature of the sample i s 

obta ined f r o m a thermocouple whose sensing j u n c t i o n i s placed 

i n the powder sample« The output vo l tage of the thermocouple 

i s app l i ed to the X i n p u t of the X = Y recorder* Thus, as the 

temperature v a r i e s theOC^Q vs T p l o t i s t raced out* T y p i c a l 

output shown i n f i g * ( 4 o 8 ) o 
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From the fo rm of the X vs T p l o t and f r o m what was 
known about the magnetic p r o p e r t i e s o f the m a t e r i a l i t was 
pos s ib l e t o decide whether the sample ordered an t i f e r romagne t -
i c a l l y or f e r r o m a g n e t i c a l l y o I n the case of an t i f e r romagne t i c 
samples a sharp peak i s expected, the temperature corresponding 
t o the peak being the o rde r ing temperature of Neel p o i n t T j j . 
I n the case of fe r romagnet ic sample the o rde r ing temperature T!Q 
o f f e r romagne t ic i s the temperature above which spontaneous 
magnet iza t ion j u s t disappearso 

4 o 5 Temperature Con t ro l 

4 » 5 . o l The Crvos ta tg^ 

The c r y o s t a t was designed f o r con ta in ing l i q u i d helium 

i n order t o measure the h y p e r f i n e f i e l d of a sample f rom 4 o 2 K 

up t o room temperatureo The dewars are made of pyrex glass and 

are t a i l e d as shown i n the diagram, F i g o { 4 o 9 ) < , The dimensions 

are l i s t e d i n the t a b l e { 4 o l ) o The n i t r o g e n dewar was evacu­

ated- and sealed permanently9 bu t the inner hel ium dewar i s 

f l u s h e d w i t ^ a i r and punped on each occasion i t i s used t o 

remove any he l ium gas, which can d i f f u s e through the inner wal lo 

4 o 5 o 2 Temperature measurement 

This was done by means o f thermocouples. Two thermo­

couples were a.vaila.bleo One was of standard thermocouple 

q u a l i t y copper and constantan w i r e s , i n s u l a t e d w i t h PTFE 

s l e e v i n g , and the Junc t ion made i n a normal bunsen flames, f o r 

use a t temperatures above 7 7 Ko Tljie o ther was of gold - coppers 

copper f o r use between 4 o 2 K and l i q u i d n i t r o g e n and the thermo-

e.mf. was measured by a Pye Por table Potentiometer i n con junc t ion 
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F I G . 4 * 9 Dev;ar V e s s e l s 

Table 4 * 1 

Dewar .Dimension i n cm 

a b c d e f 

Helium 4 « 1 5 5 c 5 5 l ^ 3 o 5 0 2 . 9 5 1 . 8 0 14 . 5 0 

Nitrogen j 9 * 3 1 1 . 5 j 3 0 o O 4 . 8 0 2 . 2 i 6 o 0 
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w i t h an e x t e r n a l Scalamp galvanometer* 

The thermocouple was i n contac t w i t h the powder samplep i n 

the NMR s p i n echo measurements, and the temperature runs were 

performed w h i l e the sample was warming up* 

• I n ESR measurements the resonance c a v i t y i s evacuated and 

f i l l e d w i t h he l ium gas* The c a v i t y i s placed i n a glass dewar 

and cooled by con tac t w i t h a se r i es o f d i f f e r e n t m e l t i n g - p o i n t 

mixtures* The ma te r i a l s and t h e i r r e l evan t temperatures are 

l i s t e d i n t ab l e ( 4 o 2 ) * These mixtures were prepared by emulsi= 

f y i n g w i t h l i q u i d n i t r o g e n u n t i l e q u i l i b r i u m was achieved at 

the r e q u i r e d temperatures* 



Table 4.2 

Material Temperature 

250 K 

223 K 

200 K 

179 K 

143.3K 

Carbon Tetrachloride 

Pinene 

C02 

Methylalcohol 

n. Pentane 
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CHAPTER 5 

EXPERIMENTAL RESULTS 

5 o l L a t t i c e Parameters 

The measurements were made on the f o l l o w i n g compounds 

1 . (a) Gd]^„x ^x * ^ 2 ' ^ ° 

(b) Gdi„x ^^x ^ ^ 2 = 0 . 1 t o 0 « 4 ) 

(c) Gd^^^ Dy^ A62 (x = O o 0 3 8 O0O5, O0O7, O d ) 

(d) Gd (Co, ' A^ ) ^ (x = O . a t o l o O ) 

2 . Rare e a r t h C 0 2 

The compounds were prepared f rom 9 9 o 9 9 ^ pure aluminium^ 

9 9 « 9 9 % pure c o b a l t and 9 9 . 9 ^ pure ra re ea r th metals by arc 

and i n d u c t i o n furnace me l t i ng (as expla ined i n chapter 

s e c t i o n 4 . 3 ) . The i ngo t s were annealed f o r about a week a t 

S 0 0 ° Co Powdered samples f r o m the b u t t o n specimens were exam­

ined by x - r ay d i f f r a c t i o n . The f i l m s so obtained were analysed 

i n the usual way, the l a t t i c e parameter be ing der ived f rom a 

Nelson R i l e y e x t r a p o l a t i o n ( r e f . 5 . 1 ) t o e l imina te systematic 

e r r o r s © A computer programme was w r i t t e n f o r analys ing cubic 

powder d i f f r a c t i o n pa t t e rns ( r e f . 5 . 2 ) . A l l the compounds 

(except Gd(Coj^ ^ * '^x^2^ were s i ng l e phase and shown t o be cubic 

C I 5 ( M g C u 2 ) s t r u c t u r e . The l a t t i c e parameters o f the f i r s t 

t h ree compounds are g iven i n t ab les ( 5 0 I 9 5 . 2 ) . 

The l a t t i c e parameters of Gd (Co-ĵ ^̂ ^ ^^x^^ summarized 

i n t a b l e 5 . 3 . The s t r u c t u r e changes f rom C I 5 t o C I 4 and then 

back t o G I 5 occurs as f o l l o w s s 

a) The cubic M g C u 2 ( C 1 5 ) type i s s t ab le f rom GdA£2 t o 
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b) The hexagonal MgZn2 (C14) type i s found f rom GdCeoQ^^A^Q^y)^ 

to Gd(Ooo.^ 

c ) The cubic MgCu (C15) again i s s t ab l e f rom Gd{CoQ g A^o* 2^2 

t o GdCo^* 

5o2 Cur ie temperature 

The Curie temperatures o f these compounds were determined 

by u s i n g an AoC* s u s c e p t i b i l i t y technique {see chapter 4 » 

s e c t i o n 4 * 4 ) 0 For the compounds w i t h Y t t r i u m , Lanthanum and 

Dysprosium as d i l u t i n g elements, the decrease o f the Curie 

temperature proceeds l i n e a r l y w i t h the composi t ion X j as shown 

i n t he f i g u r e ( 5 * 1 ) * The Od(Coj^^^ A^^)2 samples show a comp= 

l i c a t e d behaviour where the Curie temperature decreases l i n e a r l y 

f r o m pure GdA^2 ^ 0 Gd(CoQ^2 ^^0«S^2 f r om Gd(CoQ g A£Q 

t o pure GdCo^, whereas f o r Gd(Coo^5 AC^ ^ ) 2 and Gd(CoQ^y ^ ^ 0 * 3 ^ 

the re are two t r a n s i t i o n temperatures i n d i c a t i n g the p o s s i b i l i t y 

o f two phases ( f i g * 5 o 2 ) i n the specimen* 

5 * 3 Spin Echo obse rva t ion 

I n the s p i n echo experiments (see chapter 3 » and 4 ) s the 

echo ampl i tude , obta ined f rom the o s c i l l o s c o p e , i s measured as 

a f u n c t i o n of pulse sepa ra t ion and f requency , assuming t h a t the 

o the r v a r i a b l e s , eog* p^lse r e p e t i t i o n frequency ( P R F ) and 

p\ii'ae w i d t h are f i x e d * The r e s u l t s are g iven f o r the f o l l o w i n g 

cases* 
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L a t t i c e Parameters o f Gd-, „y _A^ 

Table 5 . 1 

C15 Cubic Laves Phase 

Composition 
X 

L a t t i c e Parameter i n 
o 
A 

G 7 o 9 0 0 + 0 . 0 0 1 

o ; i 7 . ^ 9 4 ± 0 . 0 0 1 

0 . 2 7 . S 8 9 
+ 0 . 0 0 1 

0 . 3 7 o a S 6 + O o O O l 

0 . 4 7<.aS4 + O o O O l 

0 . 5 7 . 8 7 5 
+ 0 , 0 0 1 

0 . 7 7 o S 4 9 
+ 0 . 0 0 1 

0 . 9 7 o S 5 3 O o O O l 
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Table 5 - 2 

L a t t i c e Parameters o f '^^i„x^\^^2 ^ ^ l = x ^ x ^ ^ 2 * 

Cubic Laves Phase 

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

I 

0 7 o 9 0 0 
.+ 

0 * 0 0 1 

0 * 1 7 o 9 1 ^ 
'+ 0 * 0 0 1 

0 * 2 7 o 9 3 0 
+ 0 * 0 0 1 

0 * 3 7 o 9 5 2 + 0 * 0 0 1 

0 * 4 

Gd, Dy Ai^ 1 - x ' x 2 

7 o 9 6 4 
+ 0 * 0 0 1 

0 . 0 3 7 o S 9 6 
+ 0 * 0 0 1 

0 , 0 5 7 o S 9 3 
+ 

0 * 0 0 1 

0 * 0 7 7 o 8 9 1 0 * 0 0 1 

0 * 1 0 7 0 ^ 9 0 
+ 

0 * 0 0 1 
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Table 5 . 3 

L a t t i c e parameters o f Gd(Cb^A-f i„^)2 

m p o s i t i o n S t r u c t u r e 
0 

a (A) 
0 

c(A) c/a 

0 C15 7 . 9 0 0 

O o l C 1 5 7 0 8 5 0 

O o 2 C15 7 . 7 8 0 

• 0 . 3 C14 5 . 4 6 0 8 . 7 4 0 1 . 5 8 2 

0 . 4 C14 5 . 4 6 0 8 . 6 4 0 1 . 5 8 4 

0 o 5 C14 5 . 4 0 8 0 . 5 2 0 l o 5 7 8 

0 , 6 C14 5 . 3 8 8 . 5 1 0 l o 5 7 8 

O o 7 Not indexed 

0 « 8 C15 7 . 3 4 0 

0 . 9 C15 7 . 3 0 4 

l o O C15 7 . 2 5 5 
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5>3o2 Gd A" = T , L a , Dy) 

I n t h i s case we a re i n v e s t i g a t i n g t h e resonance 

i n Gdj^^^j I x A ^ 2 » ^ ^ 2 ^<^l -x ^ ^ 2 - "̂ ^̂  

r f f i e l d s t r e n g t h o f t h e two p u l s e s o f 5 / c S d u r a t i o n w i t h 

7 0 Hz PoRoFo was a d j u s t e d t o maximum echo h e i ^ t o The echo 

a m p l i t u d e f o r GdA^2 o s c i l l a t e d as a f u n c t i o n o f t h e p u l s e 

s p a c i n g X, as shown i n f i g o ( 5 » 3 ) o T h i s o s c i l l a t i o n van i shes 

a t "C = 2 7 //(.So For t h i s r ea son the l i n e shape measuren^nts 

have been c a r r i e d o u t where t h e s e p a r a t i o n between t h e pulses9 

was k e p t c o n s t a n t a t abou t 3 0 ^ s e c c , (The l i n e shapes o f t h e 

resonances were d e t e r m i n e d by p o i n t - t o - p o i n t p l o t s o f t h e echo 

a m p l i t u d e s as t h e f r e q u e n c y o f t h e r f was v a r i e d i n Oo5MHz 

s t e p s ) » 

A l l measurements were p e r f o r m e d a t 4 o 2 K, excep t f o r 

where t h e echo a m p l i t u d e has been measured as ^ f u h c t i o n 

o f t e m p e r a t u r e up t o 2 7 K where t h e echo d i s appea red i n t o t h e 

r e c e i v e r no i sco F i g o ( 5 o 4 ] s h o w s t h e r e c i p r o c a l o f t h e echo 

a m p l i t u d e as a f u n c t i o n o f t empera tu re . . The measurements were 

made i n z e r o e x t e r n a l magnet ic f i e l d e P r i o r t o t h e measure^, 

men t s , h o w e v e r j t h e samples were magne t i zed a f t e r c o o l i n g down 

to' 4 » 2 ^ K i n a f i e l d o f 9kOe a p p l i e d p e r p e n d i c u l a r t o t he r f 

f i e l d ; 

The observed echo a m p l i t u d e as a f u n c t i o n o f f r e q u e n c y 

s h o u l d be c o r r e c t e d t o d e t e r m i n e t h e t r u e l i n e shape a l o n g 

t h e w i d e range o f f r e q u e n c y * S t r e e v e r and U r i a n o ( r e f < , 5 » 3 ) 

f o u n d t h a t t h e echo a m p l i t u d e must be d i v i d e d by square o f 

t h e f r e q u e n c y a t each p o i n t a l o n g the resonance l i n e , , T h i s 

c o r r e c t i o n was p roposed because t h e s p i n echo s i g n a l observed 
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i n a f r e e p r e c e s s i o n e x p e r i m e n t i s p r o p o r t i o n a l t o t he macros-

Gopic momentM. Thus t h e e^mofo i s p r o p o r t i o n a l t o UJK 

Because M i s p r o p o r t i o n a l ^ i n t u r n ^ t o t h e m i c r o s c o p i c moment 

m u l t i p l i e d by t h e n u c l e a r p o l a r i z a t i o n j t h e e x p e r i m e n t a l echo 

i n t e n s i t y a t each f r e q u e n c y i s d i v i d e d by t h e square o f t h a t 

f r e q u e n c y o Kobayash i ( r e f o 5 o 4 ) and Kubo ( r e f o 5"5) f o u n d 

t h a t t h e obse rved d i s t r i b u t i o n o f t h e echo ^ e i g h t a g a i n s t f r e q » 

uency was b e t t e r c o r r e c t e d by a f a c t o r U) o 

I n t h e p r e s e n t measurements we f o u n d t h a t a b e t t e r f i t t o 

e x p e r i m e n t a l d a t a was o b t a i n e d by d i v i d i n g t h e echo a m p l i t u d e 
3 

by UJ o 

The obse rved echo a m p l i t u d e s w h i c h i s used t o p l o t t h e 

r e sonance l i n e s h a p e m u s t j i n t h e o r y j be c o r r e c t e d f o r s i g n a l 

r e d u c t i o n caused by r e l a x a t i o n e f f e c t s o I n o t h e r words t h e 

echo h e i g h t a t " ze ro t i m e " must be c a l c u l a t e d f r o m an e x t r a ­

p o l a t i o n o f t h e r e l a x a t i o n - t i m e g raph t o 2 T * = Go However, we 

have f o u n d t h a t , i n o u r s a m p l e s » t h i s c o r r e c t i o n does n o t a l t e r 

t h e l i n e s h a p e s s i g n i f i c a n t l y , so i t has n o t been a p p l i e d ^ 

The s p e c t r a shown i n f i g s o ( 5 « ' 5 r 5 » 7 ) a re c o r r e c t e d hyU>^ 

and smoothed t w i c e a c c o r d i n g t o 

E'- {\)) = 1 E ( i ; ) + i [.E (L> - o<;5) + E ( i ; + O05J 

where Ob5MHz i s t h e d i s t a n c e be tween t h e measur ing po in tSo 

For X = Og i o e o , i n pure 

GdA^2 ^he ^ resonances 

( f i g » 5o5) a re f o u n d t o be e s s e n t i a l l y i n agreement w i t h t hose 

r e p o r t e d by Shamir e t a lo (see c h a p t e r t w o ) o The two l i n e s 

a t abou t 49o5MHz, and 6lo5MHz ( h a l f w i d t h = 2o2 MHz)a w i t h an 

i n t e n s i t y r a t i o o f about 3 ; 1 , have been e x p l a i n e d as b e i n g 

due t o ^'^Ai n u c l e i a t t h e t w o d i f f e r e n t s i t e s i n ( 1 1 1 ) 

( 16 JUL 1973 
V 8E0TI0H 



FIG.5.5 A? resonance in © 
o o 

Gd̂ _̂ Ŷ  Ai?2 3 measured at o 
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FIG.5.6.A^ resonance in Gd i_^La^A i?2 measured at 4.2K 

wi th H^„A = 0 corrected and snnoothed. 
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£105,7 AX resonance in Gd^_^ Dy^ A^^ measured at 4.2 with 

Hext = 0 . Corrected and smoothed. 
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magne t i zed domains i n GdA^2'' These two l i n e s g i v e a h y p e r f i n e 

f i e l d o f about (47o2 t Oo5) kGe (see c h a p t e r 3 i x ) o Aa 

a d d i t i o n a l l i n e a t abou t 52..2 MHz 4 7 o l kOe) w i t h a h a l f 

w i d t h o f about 3o4 and about Oo7 t i m e s as h i g h as t h e l o w e r 

l i n e was observedo The resonances i n Gd̂ ^̂ ^̂  a re 

s^own i n f i g o 5o5j and t h e c o r r e s p o n d i n g s p e c t r a f o r G<i i„x^^^^2 

a r e g i v e n i n f i g o 3060 I n f i g o 5o7 t h e AI resonance i n 

Gdi ^ Esy_ AI^ i s p resen ted0 I n t h e case o f Gd, ^ Y A^P and X—X x. ^ J.—X X 

^^1 -x ^^2 h i g h e r A-^ resonance i s smeared outp whereas 

t h e l o w e r resonance l i n e s o b v i o u s l y r e m a i n e s s e n t i a l l y u n s h i f t e d 

and a re supplemented by new resonances p r i m a r i l y a t t h e low 

f r e q u e n c y s ideo At l e a s t two s t r u c t u r e bumps can be seen a t 

abou t 42-43 MHz and 45<.5- 46a5 MHz f o r s m a l l d i l u t i o n s . T h i s 

s t r u c t u r e i s more pronounced f o r t h e compounds w i t h T t t r i u m © 

T h i s may be due t o t h e g r e a t e r s i m i l a r i l y : between Gd and T 

t h a n be tween Gd and La<> 

I t i s c l e a r f r o m t h e s e r e s u l t s t h a t t h e maximum o f t h e At 

resonance s p e c t r u m i s n o t d i s p l a c e d l i n e a r l y w i t h x f o r l o w 

d i l u t i o n i n e i t h e r t h e I compounds o r t h e La compounds» 

N e v e r t h e l e s s 9 t h e c e n t r e o f g r a v i t y does f o l l o w a l i n e a r law 

ieeo V c g r ' ( 1 - x ) X H j ^ ^ ( a 6 2 ) w i t h i n t h e e x p e r i m e n t a l accuracy 

f o r t h e examples t e s t e d o 

W i t h s m a l l s u b s t i t u t i o n s o f d y s p r o s i u m t o the b a s i c GdA^2 

compound, t h e echo a m p l i t u d e was observed t o decrease v e r y 

r a p i d l y and become u n o b s e r v a b l e f o r more t h a n 7fo Dy c o n c e n t -

r a t i o n o The A£ resonance a t 49^5 MHz i s . o b s e r v a b l e f o r a l l 

c o n c e n t r a t i o n s l ip t o 7^ Dy whereas t h e 6 lo5 MHz resonance has 

a l m o s t v a n i s h e d a t 5% Dy^ An a d d i t i o n a l l i n e i s observed a t 
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560 5 MH25 as shown i n f i g o 5o7o 
5 . 3 « 2 AC02 

F o r t h e l i n e shape measurements i n t hese compounds we have 

used t h e same techniques, w i t h a pti^ae s e p a r a t i o n o f about 10/m.So 

No q u a d r u p o l e o s c i l l a t i o n was f o u n d i n these compounds^ 

We have obse rved t h e s i g n a l f r o m the Co n u c l e i i n GdCo2 

as shown i n f i g , . (5oS)o The c e n t r e o f t h e resonance i s a t 

abou t 6 lo3 MHz c o r r e s p o n d i n g t o t h e h y p e r f i n e f i e l d o f 6O0S kOeo 

T h i s r e s u l t agreed w i t h T a y l o r e t ale (see c h a p t e r two)o The 

r e s u l t f o r H0C02 is shown i n f i g u r e (5o9)o I n t h i s case t h e 

s p e c t r u m shows t w o peaks9 one a t 51 MZ , and t h e o t h e r a t 

6 3 , 0 MHz«, T h i s spec t rum is s i m i l a r t o t h a t f o u n d i n GdA^g 

and can be u n d e r s t o o d i n t e r m o f two i n e q u i v a l e n t c o b a l t s i t e s 

i n t h e u n i t c e l l o I n TbCo2 and NdCo2 alsOj, t h e c e n t r e o f t h e 

resonance l i n e i s a t 62o5 MHz9 however t h e l i n e i n t e n s i t i e s 

were t o o s m a l l t o a l l o w d e t a i l e d o b s e r v a t i o n o Other AC02 

samples have been examined b u t no echoes have been foxmdo 

Measurements were a l s o made on GdCo2 as a f u n c t i o n o f 

t e m p e r a t u r e o The b e h a v i o u r o f t h e h y p e r f i n e f i e l d a t t h e 

Co n u c l e u s as a f u n c t i o n o f t e m p e r a t u r e i s shown i n f i g o ( 5 o l 0 ) . 
f 

Over' t h i s t e m p e r a t u r e range t h e echo a m p l i t u d e v a r i e s i n an 

u n e x p e c t e d manner, d e c r e a s i n g r a p i d l y f r o m i t s v a l u e a t 402 K 

b e f o r e p a s s i n g t h r o u g h a b road minimum a t 4O K and a loca l^(y«f S 6 ) 

maximum a t 79 Ko Beyond t h i s the a m p l i t u d e f a l l s m o n o t o n i c a l l y o 

T h i s ' v a r i a t i o n o f echo a m p l i t u d e i s shown i n f i g u r e ( 5 o l l ) o 

5 . 3 » 3 GdiCo-^^^^ ^ ^ x ^ 2 ^ ^ " ' P ® ^ ^ ^ 

I n t h i s compound f o r x = 0 we can see t h e resonance o f 
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Table 5^4 

Relaxation time T2 and T-^ 

Compound TK Preoo MHz seco 

4o2 49o5 450i40 2100i100 

61o3 520140 2100i100 

4o2 49o5 420i40 iSOOilOO 

61o3 300140 

^^0.8^0o2^^2 4o2 49o5 . 400240 1600^100 

150^40 

^̂ Oo7̂ 0o3'̂ -'-2 4o2 49o,5 400240 1500rl00 

GdCOg 4o2 61.5 140120 1800±100 

77 61,5 28^ 140 £ 20 
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Co i n GdCo2 and f o r x = 1 t h e resonance o f A£ i n GdA£2<» 
F o r G d (Coo ^ 9 A ^ 0 ^ ^ ) 2 , OdiCo^^^ ki^^^)^ and GDCGo^y ^^Q^^)^ 

t h e respnance i s v e r y b r o a d w i t h peaks c e n t r e d a t ( 4 2 - 43 MHz), 

(4905 ~ 5 0 o 5 MHz), {55o5 " 5 6 o 5 MHz) and 6 1 MHz as shown i n 

f i g o ( 5 J 2 a ) . For Gd(CoQ^^ A ^ 0 e 4 ^ 2 » ^ ^ ^ ^ 0 0 . 5 ^ ^ 0 . 5 ^ 2 » 

Gd(CoQ^jl^ A ^ 0 o 6 ^ 2 * ^ d ^ ^ 0 Q , 3 ^ 0 o 7 ^ 2 » ^® observed o n l y one 

l i n e t h e c e n t r e o f w h i c h i s a t 3 ^ MHz f i g o ( 5 o l 2 b ) o Some 

s t r u c t u r e was o b s e r v a b l e i n t h i s l i n e i n t h e Gd(Coo<,5 A ^ b o 5 ^ ; 2 , 

spec imen b u t d i s a p p e a r e d w i t h kt a d d i t i o n s For (Coo„2A^Oog^2 

and G d ( C O Q ^ 2 ^ A £ Q ^ ^ ) 2 t h e s p e c t r u m i s s i m i l a r t o Gd2^„x^xA"^2 ^^^^^6 

t h e s t r u c t u r e a t about { 4 2 =43 MHz) and ( 4 5 o 5 ~ 4605 MHz) are 

o b s e r v a b l e i n a d d i t i o n t o a n o t h e r resonance a t 5 6 MHz-̂  

f i g . ( 5 o l 2 c ) o 

5.3-4 GdFe2 

An. :a t tempt has been made t o observe the Gd resonance i n 

p r e v i o u s compounds b u t w i t h o u t s u c c e s s » For GdAd2 t h e f r e q ­

u e n c i e s o f t h e Gd resonances have been f o u n d t o be a t 2 2 and 

2 S MHz ( r e f o I0S9) w h i c h i s o u t o f t h e range o f our systerao 

For GdFe2 we have observed t h e Gd resonance a t 5605 MHz • 

( f i g o 5 o l 3 ) o T h i s f r e q u e n c y r e p r e s e n t s t h e 155Gd h y p e r f i n e 
1 5 7 

f i e l d - o f 47O08 MHzo The o t h e r resonance f o r t h e o t h e r Gd 

i s o t o p e has n o t been seeno 

5o4 R e l a x a t i o n Measurements 

The measurement o f t h e s p i n - s p i n r e l a x a t i o n t i m e , T g , 

was done f o r some o f t h e compounds as g i v e n i n t a b l e (5«>4)<> 
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The height of the spin echo signal was measured by varying 
the time i n t e r v a l between the two pulses necessary to produce 
the echo, and the logarithm of the decay of the echo height 
was plot t e d against twice t h i s time interval,, I t was found 
that the spin-spin relaxation follows a simple exponential 
function and i s determined as the decay time of t h i s expon­
e n t i a l function^ exp ( = 2 T /T^) (see chapter 3$ eqn. 3 o l S ) o 

Figure ( 5 o l 4 ) shows the logarithm of the echo amplitude versus 
2 U which i s a s t r a i g h t l i n e ^ and the slope of th i s l i n e 
gives the spin-spin relaxation time Tgo 

For GdCo2s) the va r i a t i o n of T2 with temperature i s shown 
i n figo { 5 o l 5 ) o As can be seen^ the form of t h i s dependence 
i s very simil a r to that of the echo amplitude fig., ( 5 o l l ) o 

The s p i n - l a t t i c e relaxation time was measured by the 
stimulated echo method (see chapter 3s section 3«3o2)i,the 
separation between the f i r s t and second pulses was kept 
constant, while the delay of t h i r d pulse was varied<> Figo 
(5<»16) shows the logarithmic decay curves of the stimulated 
echo amplitudes f o r the two resonance of i n ferromag­
netic GdA^2 compounds plotted against the time i n t e r v a l bet­
ween the f i r s t and t h i r d pulses at 4 o 2 Ko 

The decay curves shown i n fig» (5»16) are not simply 
exponential as predicted from the equation 

V(SE) = Vo(SE)e°'̂ /'̂ l 
so i t i s d i f f i c u l t to determine the s p i n - l a t t i c e relaxation 
timeo The longest time-constant of such a graph i s taken 
to be Tj^o 
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5 o 5 EoS.Ro results 

Electron spin resonance measurements have been performed 
t o determine the l i n e width and g - s h i f t f o r Gd]_„x ^^2 
using the system which i s described i n chapter Uo The 
magnetic f i e l d was calibrated with a DoP.PoH. sample^ A 
t y p i c a l spectrum f o r GdA^2 is shown i n figo ( 5 o l 7 ) o In these 
compounds the power absorbed from-atl r f f i e l d isg to f i r s t 
orders, proportional to a li n e a r combination of the real and 
imaginary components of the s u s c e p t i b i l i t y , ioCo bX'+X"o 
Both components involve l i n e shape functionsj which i n t h i s 
case are Lorentzian (see chapter 39 eqao 3o2^)o 

The d e r i v a t i v e response i s readily found to be of the form 

^ ^ (1 . x ^ ) ^ ^ 
where x 3 (H^Hq)//^!!^ Hq i s the resonant f i e l d j A H is the 
half-powerg h a l f - l i n e widtho The m{H=.Ho) term i s incltided 
to'allow f o r any d r i f t i n the receiver during the resonance 
sca^e^ 

Analysis of the E.SoRe data'makes use of a computer 
f i t t i n g program (Durham NUMAC Computer Library programme 
TPT9 ;g Life) t o p l o t d i r e c t l y onto the experimental data<, 
I t proved possible t o adjust the parameters Kj AHj b, and 
m to f i t to the experimental curveso The results are shown 
i n figso ( 5 o l S j 5 o l 9 ) o In figo ( 5 o l S ) we present the temp= 
erature dependence of the l i n e width i n the paramagnetic region 
f o r d i f f e r e n t concentrations whereas i n figo ( 5 ° 1 9 ) we present 
the temperature dependence of the l i n e width as w e l l as the 
g values'for Gd^ ^ ^Ool ^ ^ 2 paramagnetic and i n the 
ferromagnetic states 
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CHAPTER 6 

DISCUSSION OF RESULTS 

On the basis of the information given i n chapters I j 2 and 3^ 
we s h a l l discuss i n d e t a i l the results given i n chapter 5« 

6#1 Gd-ĵ _̂ 3j Â 2 X ^̂ 2 ^on'iP^^dSo 

6.1,1 The Lattice Parameter and the Curie Temperature» 

The v a r i a t i o n of the l a t t i c e parameter i n these compoundsp 
given i n tables (5»1, 5»2), follows Vegards law approximatelyp 
shewing a dependence of the l a t t i c e parameter on the concentra­
t i o n . This v a r i a t i o n suggests that there i s s u b s t i t u t i o n a l 
replacement of Gd by T or La i n these compounds« 

The Curie temperature as a function of composition i s shown 
i n f i g . (5»l)o I t i s seen i n t h i s figure that the decrease of 
the Curie temperature proceeds l i n e a r l y with concentration x. 
This v a r i a t i o n i s i n excellent agreement with the value obtained 
by Buschow et a l . ( r e f . 2.21), t h e i r results having been shown 
i n f i g * (2.2), chapter two. The dependence of Curie temperature 
on the Y or La concentration can be understood i n terms of the 
RKKY theory (chapter two) i n which the Curie temperature i s simply 
proportional to the average in t e r a c t i o n of one rare earth ion with 
a l l other rare - earth ions and i s given by 

0P « - J(J+l)X;F(2Kf R^) (6.1) 

^^ere the ^ F ( x ) is defined i n equation 2,2. The Fermi momentum 
is denoted by and the summation i s performed over a l l rare « 
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earth atoms n around a reference rare earth atom m** Ef i s the 
Fermi energya For the simplest Fermi surface model (the free 
electron gas) t h i s energy i s given b y o 

EF « (6.2) 
2m- ^ 

and the free-electron value of Kf i s given b y the expression 
m (37X^N)^'^^ vrfiere N i s the number of conduction electron 

per u n i t volume Z/V« For GdA^2» ^ i s obtained under the assump= 
t i o n t h a t each rare earth and each atom contributes three 
electrons t o the conduction band and using the l a t t i c e constant 
a « 7 » 9 0 0 ^ then « I 0 6 3 x 1 0 ^ em"^o By assuming the wave 
vector Kf i s given by Kf x Kj^, the 8,ummation F{2KfR^) was 
computed as a function of Kf ( f i g . S^l) taking in t o account a l l 
rare earth atoms w i t h i n a radius of 7 5 A° • From the d e f i n i t i o n 
of Kf. and the s h e l l radius R^j^, | and Rĵ «< a. The l a t t i c e 

parameter a does not a f f e c t , the '^F(2KfRj^), since Rjim occurs 
only i n the product Kf x Rnm» ^om the r e l a t i o n ( 6 . 1 ) , i t can 
be seen that the sign of 0 i s independent of the sign of P, but 
depends on the sign of'^F(2Kf Rj^^j), A positive value of Q 
indicates t h a t t h i s summation must be negative i n these compounds* 
However^ since y^F(2K^R) must be negative t o give a positive Q , 
i t i s obvious that the value of K̂  must l i e between the points M 
and N i n f i g . ( 6 . 1 ) . 

A numerical estimation of Kf and f i n GdAfg has been found 
by several authors using d i f f e r e n t techniques, by solving the 
equations which are related to the techniques that have been used 
(chapter 2j section 2.2). 

Retijrning to the d i l u t i o n experiment i n the ^^i^x^x^^z 
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^dl-x^axA^2» 
the addition of Y and La decreases the number of Gd 

atoms and hence the results could adequately be described by 
raplacing the function l2F(2KfRnin) i n equation ( 6 . 1 ) by (l»x) 
^F ( 2 K f R j ^ ) . In other words, the Curie temperature decreases 
from the value observed f o r x = 0, down to zero f o r x = 1 . 0 . 
Experimentally t h i s i s the case f o r Gd]__jjLa^A'^2 and is a good 
approximation also f o r Gd2_x̂ x'̂ 2̂» 
6 . 1 . 2 M.M.R. Line Shapes 

In chapter one we have discussed the magnetic hyperfine 
f i e l d i n general and have defined the hyperfine f i e l d due to the 
conduction electron polarization given by equation ( 2 o l l ) accord-
ing to the RKKY theory. . I n t h i s section, we w i l l discuss the 
hyperfine f i e l d at the nucleus i n ̂ I'-'sJ-x^^^ ^di„x^%^^2 
fo r x c 0 . 1 , 0.2, 0 . 3 , 0 , 4 , The experirrental results for these 
compounds are shown i n f i g s . (5«»5» 5 » 6 ) chapter 5 " A simple 
physical model can account phenomenologically f o r the pr o f i l e s i n 
these f i g u r e s . I n t h i s model the effective f i e l d at the alumin­
ium nucleus can be represented by the equation. 

" e f f - \t * \ + ^foc ^ 6 . 3 ) 

The f i r s t term Hj^^ arises from the contact inter a c t i o n between 
the s-f exchange-polarized conduction electrons and the 
nucleus^ This equation has been given i n chapter one to be 

4EF gjMi 

The second term i n equation ( 6 . 3 ) is the dipolar f i e l d and may 
be given by. 
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(3>WK-r^)riK MiK 

K 4 {6.5) 

where i s the d i s t a n c e v e c t o r from the s i te" cons idered t o 

the Kth Gd s i t e ; M K i s the magnetic moment a s s o c i a t e d w i t h the 

Kth l a t t i c e s i t e # 

The t h i r d term i n equat ion (603) r e p r e s e n t s the c o r r e c t i o n 

term f o r n o n s p h e r i c a l domainso We s h a l l assume s p h e r i c a l domains 

i n order to make t h i s term zero*. 

I n c h a p t e r two we have d i s c u s s e d the easy d i r e c t i o n of magnet^ 

i z a t i o n i n the cubic Laves phase compounds AA^2 ^nd AFe2 and a l s o 

we have seen t h a t i n AA^2 "the easy d i r e c t i o n can be determined 

d i r e c t l y from the exper imenta l s p i n echo work by c o n s i d e r i n g the 

number of l i n e s i n the spectrum and the i n t e n s i t y r a t i o of these 

l i n e s . 

I n f a c t i n the cub ic Laves phase ( f igo I 0 6 ) , when the magnet­

i z a t i o n M i s p o i n t i n g i n an a r b i t r a r y d i r e c t i o n , each of the four 

A^ s i t e s i n the t e t r a h e d r o n , such as s i t e s a , b]^, bg, b-j i s sub­

j e c t e d to a d i f f e r e n t magnetic d i p o l a r f i e l d H ĵ* Thus , there 

a r e , i n the g e n e r a l c a s e , f our magne t i ca l l y i n e q u i v a l e n t ki s i t e s o 

The nxiraber of i n e q u i v a l e n t s i t e s i s reduced when the magnet izat ion 

M i s d i r e c t e d a long one of (111), (110), and (100) d i r e c t i o n s as 

shown i n f i g , ( 2 . 3 ) . 

A computer program has been w r i t t e n to c a l c u l a t e the d i p o l a r 

magnetic f i e l d f o r the cubic Laves phase u s i n g equation (6o5) 

f o r the t h r e e easy d i r e c t i o n s knowing the magnetic moment and the 

l a t t i c e parameter^ T h i s i s demonstrated i n t a b l e ( 6 0 I ) where 

% i s c a l c u l a t e d with / A = 7M>B ^nd the l a t t i c e parameter a 

(GdA*2) « 7«90 A . T h i s c a l c u l a t i o n was achieved by extending 
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the summation i n equat ion {6«5) over 75 A° r a d i u s , i n c l u d i n g 
approximately IO06 x ICA r a r e e a r t h atoms* 

R e t u r n i n g to the GdA^2 exper imenta l r e s u l t s ^ the spectrum 

c o n s i s t s of two peaks a t 49o5 and 6lo5 MHz and the r a t i o of the 

i n t e n s i t i e s o f the two peaks i s approximately 3;1« From t h i s 

r e s u l t and the above d i s c u s s i o n , the easy d i r e c t i o n of magnetiz­

a t i o n i n GdA^2 i s (111) the low frequency peak being a s s o c i a t e d 

w i th the (b) s i t e s and the high frequency peak with the (a) s i t e o 

These two l i n e s g ive the h y p e r f i n e f i e l d by s o l v i n g the e f f e c t i v e 

f i e l d (Hgff » V / r where i s the frequency a n d ' V * I . IO94) and 

u s i n g v a l u e s from t a b l e (6<»1), where « 4ol29 kOe f o r the b 

atom and 7»074 kOe f o r the a atom, and u s i n g the f o l l o w i n g r e l a ­

t i o n r e f . (2o9)o 

n^f^ia) » (a) + n^ia) (606a) 

^%f{h) - U^^ih) + H2^(b) - 2Hhf{b) H^(b) 

cos ( % f ( b ) , Hd(b)) 
(606b) 

We then f i n d 

\ f ia) - 47.9 * 0.5 

H^^(b) - 47o0 t 0.5 

These r e s u l t s r e v e a l t h a t the h y p e r f i n e f i e l d at both s i t e s i s 

e s s e n t i a l l y the same and thus the d i f f e r e n c e between the t o t a l 

e f f e c t i v e f i e l d s must be caused by the d i f f e r e n c e i n the d i p o l a r 

f i e l d s - However, a more p h y s i c a l approach would be to so lve 

equat ions ( 6 . 6 a ) and (6 .6b) s imul taneous ly f o r Hd and H^fo 

Such a s o l u t i o n i s p o s s i b l e i f we assume H^f (a) = Hyj^(b), because 

t h e r e i s a s imple r e l a t i o n between the d ipo l e f i e l d a t (a) a n d ( b ) . 
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independent of the s i z e of /A and g iven by 
% ( 8 ) - J J Hd(b) 

From these assumptions we get 

E x p . 

Hd (a) « 3 .02 kOe 

H^^^?b) . 4.63 kOe 

H^^ . 47.3S kOe 

T h i s v a l u e of H^^ i s the same as the above va lue w i t h i n i 2fco 

The e x p e r i m e n t a l l y - measured v a l u e s of H^(a) and H^{b) a r e , 

however, some 13^ g r e a t e r t h a n the c a l c u l a t e d va lues shown i n 

t a b l e ( 6 o l ) . 

B e f o r e t u r n i n g to the d i l u e n t compounds a f i n a l note i s 

n e c e s s a r y concern ing the l i n e shape i n GdA^2" As seen i n 

f i g . ( 6 . 2 ) , r e f . ( 2 . 1 0 ) , the ^ ' ^ l i n e s h a p e depends on sample 

g r a i n s i z e . I n f i g . 6 .2c a s t ronger decrease of s i g n a l he ight 

w i t h frequency i s observed, probably due to a mean p a r t i c l e 

r a d i u s exceeding the s k i n d e p t h . R e l a t i v e l y long gr ind ing 

treatments r e s u l t i n a f i n e r powder ( f i g . 6 .2a ) which i s found 

to cause l i n e broadening and i n c r e a s e the back ground l e v e l . 

For t h e s e specimens the spectrum conta ins s i g n a l s other than 

the pure (111) domain r e s o n a n c e s . With i n c r e a s i n g deformation 

of the powder p a r t i c l e s the l i n e due to t h e a s i t e s (61.15 MHz) 

can be found to s h i f t t o f r e q u e n c i e s below 60 MHz. Apart from 

a background i n t e n s i t y of about 10% between the two (111) domain 

n u c l e i r e s o n a n c e s , we have observed (with 60Aim p a r t i c l e s ) an 

a d d i t i o n a l l i n e a t about 52.2 MHz k7 kOe) with a h a l f width 

of about 3.4 MHz and about 0«7 t imes as in tense as the b l i n e 
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Table 6.1 Computed v a l u e s of the d i p o l a r f i e l d at Â ^ s i t e s 
i n GdA^2 ( i n kOe) 

D i r e c t i o n s i t e % ( x ) Hd^yJ Hjj(z) Hd cos(H^,H^^) 

(1 .1 ,1 ) (5 ,5 ,5 ) -4.OS4 -4*064 -4.OS4 7.074 1 

(5 ,7 ,7 ) 4ol29 0.019 0.019 4.129 - 1 / y l 

(7 ,5 ,7 ) 0.019 4.129 O0OI9 4.129 

(7 ,7 ,5 ) 0.019 0.019 4.129 4.129 - i / / r 

(110) (5 ,5 ,5 ) -2.5O6 -2.5O6 -5o004 6.132 i / f j 
(5 ,7 ,7 ) 2.535 2.515 0.030 3.571 -1 

(7 ,5 ,7) 2.515 2.535 0.030 3.571 -1 

(7 ,7 ,5 ) -2.499 -2.499 5.040 6.156 

(100) (5 ,5 ,5 ) -0.000 -3.53s -3.53s 5.004 0 

(5 ,7 ,7 ) 0.019 3.567 3.567 5.044 0 

(7 ,5 ,7 ) -O.OO9 3.567 -3.517 5.009 0 

(7 ,7 ,5 ) -O.OO9 -3.517 3.567 5.009 0 
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( f i g . 6 .2b) . The l i n e p o s i t i o n corresponds to the resonance 
f i e l d of domain n u c l e i w i th no d i p o l a r s h i f t and could be due 
to 2 7 n u c l e i i n (100) domains f o r which the d i p o l a r f i e l d 
i 5*0 kOe, t a b l e (6 .1) ) i s p e r p e n d i c u l a r to the h y p e r f i n e f i e l d 
(ti 47*2) kOe) and t h e r e f o r e induces only a very s m a l l d i f f e r e n c e 
between the absolute v a l u e s of ^eff and Hj^^. As we have seen 
i n c h a p t e r two the (100) domains are observed i n s e v e r a l of the 
other AA^2 compounds and may be present i n GdA^2 3is c l o s u r e 
domains or i n d i s t o r t e d r e g i o n s . 

From t h e above d i s c u s s i o n the h y p e r f i n e f i e l d a t ^'^k( i n 

i s 47o2 kOe f o r the t h r e e peaks which may be descr ibed by 

r e w r i t i n g equat ion (6.4) as f o l l o w s ? 

Hj^^(RKKY, X > 0) = C < S > ]^Fi2K^^) = -47o2 kOe (6.7) 

where C « g f ^ Z ^ r A ( 0 ) / 4 E p g j M j 

The summation i n t h i s equation i s d i f f e r e n t from t h a t i n 

equat ion ( 6 . 1 ) , I n t h i s equat ion Rj^j^ r e p r e s e n t s the d i s t a n c e 

between a r a r e e a r t h ion and an aluminium s i t e . We have 

c a l c u l a t e d t h i s summation i n a s i m i l a r way to the other summation 

as a f u n c t i o n of the wave vec tor as shown i n f i g , ( 6 . 1 ) . 

The average h y p e r f i n e f i e l d f o r the magnet ica l ly d i l u t e d 

samples (x:jt 0) w i l l then be given by 

Hj^^(RKKI, xfO) - (1-x) C ']^F(2K^Rnm) < S > (6.8) 

provided t h a t Z , E p , and A(0) do not depend on x . T h i s i s 

t r u e w i t h i n the f r e e e l e c t r o n model as Gd, L a , Y and A^ a l l 

supply t h r e e conduct ion e l e c t r o n s but i t i s at bes t a crude 

approximation i n the r e a l sys tem. 

I n order to obta in e x p r e s s i o n s f o r the concentra t ion 

dependence of the h y p e r f i n e f i e l d s , we must take account of the 
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d i f f e r e n t c o n f i g u r a t i o n s a r i s i n g from the v a r i e t y of poss ib le 
occupat ions of the Gd neighbour s h e l l s and the corresponding 
s t a t i s t i c a l w e i g h t s . The numbers of Gd s i t e s i n the neares t 
Gd s h e l l s around the kt atoms i n GdA^2 are 

= 6 % = I / U a , Z2 = S R2 = "5 / 2 7 a 

= 6 R-j = i ^43* a = 18 R^ » i J T 9 a . . o s e e 

appendix 1. 

S i n c e a gadol inium atom s i t u a t e d i n a s h e l l outs ide the t h i r d 

n e a r e s t neighbour s h e l l c o n t r i b u t e s l e s s than Ifo to the sum i n 

equat ion ( 6 . 7 ) , we took as a f i r s t approximation. 

Hi^^(RKKJ, X , n^, n2, n3) = C < S 2 > ( n ^ F(2K^R3^) + n2F(2KfR2) 

n-^ FiZYifR^) + (l-x)7^N£ F{2K^R3^)) ( 6 . 9 ) 

/ > 4 

The r e l a t i v e amplitude of each c o n f i g u r a t i o n was assumed 

t o be g i v e n by the b inomia l d i s t r i b u t i o n , because of the random­

ness of the i m p u r i t i e s ; t h a t i s : 

P l x , n ) » (^) x" (1 -x ) ; (n) 
^ ' ' "nJ(N-n)J 

i s the p r o b a b i l i t y f o r an atom to be surrounded by n Gd 

ne ighbours , x i s the c o n c e n t r a t i o n , N i s the t o t a l number of Gd 

s i t e s i n the s h e l l s be ing cons idered {N»20 f o r three s h e l l s ) and 
N 

( „ ) i s the b inomia l c o e f f i e i e n t . I f t h e r e are N atomic s i t e s 

a v a i l a b l e i n i s h e l l ( i = 1 , 2 , 3 , , n ) , and i f there are n atoms 

in^ N) to occupy them, then the p r o b a b i l i t y t h a t the i t h s h e l l 

c o n t a i n s n i atoms i s ; 
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Fig. 6.4. Variation, of • the R K K Y function 

against R T , n , . ' < F = 0 . 9 4 5 , fo r GdAl2 . 

Ri , R2 and R 3 are the radius of 

the f i r s t , the second and the third 

shells around the AI atom. 
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' " l "2 ' • n 

where N = Ẑ  + Z2 + .+ Ẑ . 

and n = n^ + * + ^ i 

The r e q u i r e d p r o b a b i l i t y of hav ing n^ ,̂ Gd atoms i n 

t h r e e s h e l l s f o r an impuri ty c o n c e n t r a t i o n i s 

P ( x , n , , n ^ . = C^^) i^^) ( « ^ ) K ( ^ j ) X P ( x , n ) ( 6 . 1 0 ) 

where n^ = 0 j l s 2 , 3 s . . . 6 , n2 051325390008 and n^ = 0,15283s 

• • . • ' l ' 
The consequences of the RKKI i n t e r a c t i o n s and the c o r r e s -

, \pWding p r o b a b i l i t i e s (The p r o b a b i l i t y r e p r e s e n t s the centre of 
. . . . . . . . . . ^ 

the a b s o r p t i o n l i n e f o r each c o n t r i b u t i o n ) equations ( 6 . 9 , 6010) 

are shown s c h e m a t i c a l l y f o r x = 0.1 i n f i g . ( 6 . 3 ) . I t can be 

seen from t h i s . f i g u r e that the p r i n c i p a l resonance i s due to an 

aluminium nuc leus surrounded by 20 gadol inium atoms. Subst i t -

u t i o n of 1 atom of Y or La i n t o the f i r s t s h e l l moves t h i s 

resonance about 6 MHz l ower i n frequency.. Subsequent s u b s t i t = 

u t i o n s i n t o t h i s s h e l l w i l l move the resonance to lower frequen-' 

c i e s i n increments of about 6 Mizo Subst i tu t ing I or La in to 

the second she l l moves the resonance .again to lower frequencies5 

but t h i s time i n increments of about 2»25 MHzy4.tomo I'lJhen 

s u b s t i t u t i o n occurs i n t o the t h i r d s h e l l , the resonant frequency 

i s i n c r e a s e d by increments of about 0,5 MHz/atomo This change 

i n s i g n of' the frequency s h i f t can be understood by r e f e r r i n g 

to the p o l a r i z a t i o n o s c i l l a t i o n shown i n f i g . ( 6 . 4 ) . The r a d i i 

of the f i r s t two s h e l l s have negat ive v a l u e s of f (2kf 'R^^) 

w h i l e the t h i r d s h e l l r a d i u s has a p o s i t i v e v a l u e . I t i s worth 
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noth ing t h a t the amplitude of each of the resonances i n f i g . 6 . 3 
i s d i r e c t l y p r o p o r t i o n a l to the p r o b a b i l i t y of occupation of a 
g iven s h e l l . Hence, t h e amplitudes produced by the c o n f i g u r ­
a t i o n s ( 5 i 8 , 6 ) , and (6 , 8, 5) are i d e n t i c a l ; however, although 
s e q u e n t i a l s u b s t i t u t i o n i n t o the f i r s t and into the t h i r d s h e l l 
produce s i m i l a r d iminut ions i n ampl i tude, the e f f e c t i v e amplitude 
decay w i t h frequency i s much g r e a t e r i n the case of the t h i r d 
s h e l l t h a n i n the c a s e of the f i r f e t s h e l l . Th i s i s a d i r e c t 
r e s u l t of the f requency increment f o r the f i r s t s h e l l being 

-6 MHz, whereas t h a t f o r the t h i r d s h e l l i s + O.5 MHzo 

a . C a l c u l a t i o n s n e g l e c t i n g second-order d i p o l a r c o n t r i b u t i o n . 

I n order to c a l c u l a t e the NMR-line p r o f i l e , d i p o l a r 

c o n t r i b u t i o n s and l i n e - w i d t h s have a l s o to be cons idered . 

E x a c t c a l c u l a t i o n of the d i p o l a r c o n t r i b u t i o n s f o r the d i l u t e d 

samples i s compl icated by two problems. F i r s t there i s a 

computat iona l d i f f i c u l t y s i n c e i t i s not now p o s s i b l e to c o l l e c t 

the Gd atoms i n s h e l l s of equal A{ d i s t a n c e because t h e i r cont ­

r i b u t i o n ; to the t o t a l f i e l d d i f f e r s i n va lue and/or d i r e c t i o n 

from one atom to another . There fore each Gd p o s i t i o n must be 

t r e a t e d independent ly , i n c r e a s i n g the computational time 

( e . g . f o r x = 0.1 and t a k i n g i n t o account the minimal p r o b a b i l i t y 

of v a l u e 2% pf the maximum v a l u e , 9933 i n s t e a d of 120 c o n f i g u r a ­

t i o n s have been taken i n t o a c c o u n t ) . The second problem i s 

p h y s i c a l and more s e v e r e , s i n c e the mixture of (111) domain 

l i n e s and other l i n e s i n pure 06X^2 depends on sample p r e p a r a t i o n , 

i t i s not c e r t a i n t h a t the r a t i o of (111) - to "(100)" - and 

another l i n e i s cons tant f o r Y or La d i l u t i o n , even i f a l l 

the samples had been s u b j e c t e d to the same treatment . Also 
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i n d i l u t e d samples i t i s not known whether the (111) -domains 
are p r e f e r r e d as they are i n GdA/2. 

From the above d i f f i c u l t i e s , these second-order d i p o l a r 

c o n t r i b u t i o n s were neg lec ted from the p r o f i l e c a l c u l a t i o n s of 

f i g s . (6 .5 , 6 . 6 ) . The c a l c u l a t i o n s were performed by c o n s i d e r ­

ing the e x p e r i m e n t a l l y - o b s e r v e d t h r e e - l i n e spectrum for pure 

The c e n t r e of g r a v i t y of the two l i n e s a and b (111) 

and the 52.2 MHz l i n e (100) a r e both found to occur a t the same 

h y p e r f i n e f i e l d p o s i t i o n . We now assumed the f o l l o w i n g f o r the 

c a l c u l a t i o n . 

1) The 52.2 MHz l i n e can be c a l c u l a t e d from equation (6.9) 

as shown i n f i g . ( 6 . 3 ) » 

2) From experiment we know tha t the s e p a r a t i o n of the a - l i n e 

from the c e n t r e of g r a v i t y i s c;̂  9 MHz and that the s e p a r a t i o n 

of tkhe: b - l i n e from the C of G i s cs* - 2.7 MHz. Using the data 

i l l u s t r a t e d i n f i g , 6 .3 , we s h a l l assume i n a l l cases t h a t the 

a - l i n e f o r a p a r t i c u l a r c o n f i g u r a t i o n i s 9 MHz above the f r e q ­

uency shown i n the f i g u r e f o r t h a t c o n f i g u r a t i o n . S i m i l a r l y 

the b - l i n e w i l l be assumed to be 2.7 MHz below the frequency 

i n the f i g u r e . 

3) The l i n e shape f o r each l i n e was assumed to be Gauss ian . 

The e x p e r i m e n t a l l i n e widths have been used which are 2.2 

f o r a and b and 3.4 MHz f o r the 52.2 MHz l i n e . 

4) The ampli tudes of the three l i n e s are given by the product 

of the exper imenta l ly -de termined i n t e n s i t y r a t i o and the 

p r o b a b i l i t y . 

5) I t was assumed that the c o n t r i b u t i o n s of the d i f f e r e n t 

s h e l l s a r e a d d i t i v e and independent of t h e i r r e l a t i v e p o s i t i o n s . 

F i g . (6.5) shows the model c a l c u l a t i o n l i n e p r o f i l e s f o r 
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X » 0.1 f o r d i f f e r e n t v a l u e s of K ^ . By comparison wi th the 
exper imenta l r e s u l t , a K ^ / K ^ - va lue near to O.94O appears to 
g ive s a t i s f a c t o r y l i n e f i t t i n g . 

F i g . (6 .6) shows the s e r i e s x = 0.0 to O.4O f o r K^/K°= 0.945. 

The c a l c u l a t e d and measured s p e c t r a agree reasonably w e l l . 
t 

I n order to e s t a b l i s h whether i n s t e a d of the o s c i l l a t o r y 

R K K Y f u n c t i o n , the observed l i n e p r o f i l e s can be equa l ly w e l l 

d e s c r i b e d by a d i f f e r e n t R - dependence of the conduction e l e c t r o n 

p o l a r i z a t i o n T/rfiich i s un i form i n space, we attempted to f i t the 

l i n e p r o f i l e s wi th a s imple , n o n - o s c i l l a t o r y R-dependence under 

the same c o n d i t i o n s and assumptions . We rep laced ^(2KfR^^) of 

equat ion (6.9) a r b i t r a r i l y by the f u n c t i o n s C ' / R ^ » C'/R3f, or 

C ' / R ^ ^'^'^ clid not c o n s i d e r h igher powers of 1 / R because t h i s 

would imply tha t the exchange i n t e r a c t i o n i n Gd-|̂ _jj Y ^ A^2 ̂ Tid 

^^1-x ^ A?2 i s e s s e n t i a l l y a s h o r t range i n t e r a c t i o n i n c o n t r a ­

d i c t i o n ( r e f . 6.1) to the observed l i n e a r decrease of the C u r i e 

temperature with i n c r e a s i n g x up to x = O.98 ( r e f . 6 . 2 ) . As 

an example, the r e s u l t s f o r x = 0.1 are shown i n f i g . (6.7) 

f o r the R ~ ^ and R " " ^ and i t i s c l e a r l y seen that a s lowly dec­

r e a s i n g n o n o s c i l l a t o r y f u n c t i o n cannot e x p l a i n the observed 

s t r u c t u r e . I n c o n t r a s t to the exper imenta l observat ions i t 

i s seen t h a t i n t h i s case the maximum amplitude p o s i t i o n i s 

s h i f t e d t o lower f requency . The dependence a l so does not 

g ive a good f i t because the 46.5 MHz l i n e i s m i s s i n g . However, 

the o v e r a l l agreement i s b e t t e r i n the case of R ~ ^ . From 

these c a l c u l a t i o n s , i t can be concluded t h a t an o s c i l l a t o r y 

conduct ion e l e c t r o n p o l a r i z a t i o n i s necessary to account f o r 

the l i n e - s h a p e i n GdA£2. 
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bo C a l c u l a t i o n i n c l u d i n g the second-order d i p o l a r c o n t r i b u t i o n s 

To examine the v a l i d i t y of the assumption made i n the 
previous s e c t i o n , we c a l c u l a t e d some line-sHapes a l l o w i n g f o r 
the second-order d i p o l a r f i e l d contributions» So as t o l i m i t 
computational time t o a reasonable value» only the concentrations 
X • 0.05 and 0,10 were investigatedo The line-shape i s 
considered t o be composed of (111) and (100) domain signals 
although the (100) signals may be taken as representative of 
a l l the l i n e s which are centred around the pure hyperfine f i e l d 
p o s i t i o n . I n t h i s case we w i l l assume t h a t the (100) l i n e can 
be c a l c u l a t e d from the equation (6<.9) whereas the (111) l i n e s 
a r i s e f r o m equation (6«6)o I n t h i s case we have t o consider 
the d i p o l a r f i e l d f o r each atom, f o r each c o n f i g u r a t i o n , f o r 
example i n the case of 19 atoms we have the f o l l o w i n g configur= 
ations 

19 6 8 5 (1,1,1,1,1,0) 

(1,1,1,1,0,1) 

(1,1,1,0,1,1) ^^-^^^ 

(1,1,0,1,1,1) 

(1,0,1,1,1,1) 

(0,1,1,1,1,1) 

and the same t h i n g f o r (6, 7, 6) and (5? 6)0 For the 
c o n f i g u r a t i o n s (6»11), the hyperfine f i e l d c a l c u l a t e d f o r the 
(100) domains i s the same, but the f i e l d s from the a and b 
s i t e s are d i f f e r e n t , because the d i p o l a r f i e l d f o r each case 
i s d i f f e r e n t . However, because the Gd s i t e s i n the t h i r d 
s h e l l are symmetrically disposed the d i p o l a r c o n t r i b u t i o n s 
from d i a m e t r i c a l l y - o p p o s i t e s i t e s are equal. This reduces 
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the e f f e c t i v e number of c a l c u l a t i o n s by h a l f * 

The p r o b a b i l i t y equation (6<,10) i n t h i s case iss 
P(x,ni,n2o,on,«) - {^^) {^^)ooo{^9) {hO) {^) P(x,n) 

^° "1 "2 "9 n^o n 
The other assumptions i n the l a s t s e c t i o n have been used 

i n t h i s c a l c u l a t i o n o The r e s u l t i s shown i n f i g o (6oS)j and 
i s reasonably s i m i l a r t o the previous ca l c u l a t i o n o 

The r e s u l t s from the above model can be summarized as 
fo l l o w s * 

1«. The observed line-shapes can not be f i t t e d w i t h a 
n o n o s c i l l a t i n g p o l a r i z a t i o n f u n c t i o n as shown i n f i g o {6o7)o 
2o Using the RKKY p o l a r i z a t i o n f u n c t i o n w i t h large values 
of K^A^ (eg* Oo985) there are too many l i n e s as shown i n 
f i g o (6o5) w h i l e f o r small K^/K^° (ego4 0o9G5) there are not 
enough l i n e s p r e d i c t e d f o r d i l u t e d GdA^2 frequency range 

of i n t e r e s t * Only f o r an intermediate K^/K^ value (eg* 0,945) 

i s the number of l i n e s given c o r r e c t l y w i t h reasonable f i t t i n g 
between the measured and c a l c u l a t e d l i n e p r o f i l e s f o r the 
d i f f e r e n t concentrations as shown i n f i g . (6o6)o 
3o The p o s i t i o n s of the two observed l i n e s at about 42*5 MHz 
and 4605 MHz can not be described exactly by the RKKY p o l a r i z ­
a t i o n f u n c t i o n , f o r ^^A^- = 0o945, they are c a l c u l a t e d t o occur 
at about 43»8 and 47o6 MHzo Even a l l o w i n g f o r a concentration 
dependence of t h e r e l a t i v e weights of the (111) and (100) 

s i g n a l s and a d e v i a t i o n o f K^7K° from 0*946, i t was not possible 
t o f i t both peaks* 

These two peaks correspond e s s e n t i a l l y t o atoms f o r 
which one nearest (42o5 MHz) and one next nearest (46*5 MHz) 
Gd neighbour i s replaced by nonmagnetic Y or La* I n the 
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Kf range of i n t e r e s t both of these neighbours give a negative 
RKKY c o n t r i b u t i o n t o the hyperfine f i e l d , whereas the t h i r d 
nearest neighbours c o n t r i b u t e p o s i t i v e l y see f i g * (6*4) (which 
i s important i n order t o p r o h i b i t the s h i f t of 49«>5 MHz l i n e ) * 
I n v e s t i g a t i o n of the Kf dependence of these Oontributions, and 
the lineshape, showed t h a t an exact f i t o f the peak p o s i t i o n can 
only be given i f there i s a considerable p o s i t i v e (ferromagnetic) 
d i r e c t c o n t r i b u t i o n superposed on the negative RKKY c o n t r i b u t i o n 
of the nearest neighbours or i f the p o l a r i z a t i o n decreases less 
s t r o n g l y w i t h distance than i n the RKKY model (with J(q) - T -
constantv chapter one)* Since a p o s i t i v e d i r e c t c o n t r i b u t i o n i s 
not l i k e l y ( r e f . 6.3) f o r the large Gd-A^ distance (3*276°A), the 
second p o s s i b i l i t y seems more r e a l i s t i c * As we have seen i n 
chapter one, Yosida ( r e f * 6*4) c a l c u l a t e d the spin p o l a r i z a t i o n 
i n t r o d u c i f t g a cut o f f q - 2K^ t o the product J (4) f (q) such 
t h a t J ( q ) f ( q ) » 2J (0) f o r q ^ 2K^ and J(q) f ( q ) - 0 f o r q> 2K^ 
( f i g * 1*8)* I n t h i s case, the usual RKKY fu n c t i o n F(2KpRnjn) 
should be replaced by 2K^R^ ^{2K^R^)o Using t h i s f u n c t i o n , 
w i t h the same assumptions as were used f o r the c a l c u l a t i o n of 
f i g * (6*6)p the r e s u l t s are shown i n f i g * (6*9a), vrfiich shows 
too many l i n e s i n disagreement w i t h the experimental r e s u l t s * 
Buschow e t a l . ( r e f * 6*5) discussed ^osidas assumption and took 
i n t o c o n s i d e r a t i o n the e f f e c t of the mean f r e e path of the cond­
u c t i o n e l e c t r o n s by using the Yosida f u n c t i o n m u l t i p l i e d by 

(^ i s the mean f r e e path)* We have ca l c u l a t e d the l i n e 
shape f o r s e v e r a l values o f % and at d i f f e r e n t values of Kf as 
shown i n f i g * (6olO)o Notice t h a t the amplitude o f the o s c i l l ­
a t i o n decreases as the mean f r e e path decreases* I n t h i s case 
and f o r a given K̂  i h e i n f l u e n c e of the mean fre e path on the l i n e 
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shape i s s i m i l a r t o the e f f e c t of the by using the ordinary 
RKKY fuHctloHo For a p a r t i c u l a r l i n e shape the value of the 

mean f r e e path "^l** increases aa the wave vector decreases. As 
I 

can be seen from the f i g s . (6.9a and 6.10) these modifications 
have not a l t e r e d the p o s i t i o n s o f the component l i n e s as predicted 
from the usual RKKY f u n c t i o n . Only the i n t e n s i t i e s of the comp­
onent l i n e s have changed. F i n a l l y f i g . 6.9b shows the calculated 
l i n e shape i n which we considered the nonspherical Fermi surface 
where the F(2K|.Rj^jjj) f a l l s o f f as R"̂  (see chapter 1 ) . I n other 
words we replaced the usual RKKY f u n c t i o n F(2K^Rjjjjj) by {21S.fR^)^ 

F(2K^R^j^). I n t h i s case the two peaks at 42 .5 MHz and 46 .5 MHz 
agreed w e l l w i t h the experimental r e s u l t s but the amplitude f i t t ­
i n g i s obviously poorer. 

The above attempts have been made t o modify the RKKY f u n c t i o n 
t o get a b e t t e r f i t t o the experimental r e s u l t s . This modifica­
t i o n i s performed by changing the p o s i t i o n of the components of 
each c o n f i g u r a t i o n which make up the hyperfine f i e l d spectrum. 

From the Mossbauer e f f e c t studies of the hyperfine f i e l d at 
"̂̂ Fê Co a l l o y s s Wertheim e t a l . ( r e f s . 6,6, 6.7) analysed the 

r e s u l t s i n terms of t h e occupancy of the coor d i n a t i o n s h e l l s 
around an i r o n atom. The r e l a t i v e amplitude of the spectrum 
was assumed t o be given by the f o l l o w i n g binomial d i s t r i b u t i o n . 

P(xp l i , , Hp) 
P - ^ 

1 • (E ̂ lin^ -^T^f 

i n c o r p o r a t i n g a least-squares f i t w i t h E^, <>( and (h as the f r e e 
parameters. P(x9 ̂ ^,9 "2^ defined as the equation (6.10), E i s 
r e l a t e d t o the l i n e w i d t h , ci^ p ^ measure the d i f f e r e n c e i n the 
absorption due t o a nn and nnn impurity» 



Fig. 6-II. Calculated and experimental Al line profiles for different x, after 
using the value of»«.p,Trand E . .. .--••-y 
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Following the above aseumptionp we have d i v i d e d the probab-
2 

i l i t y equation {60IO) by (1 + (E -<< b̂ ĵ  "^^2 "^^^^ ̂  accommo­
date three s h e l l s , and we have used the f i t t i n g program t o get 
the values o f E , , , by comparison w i t h the experimental 
r e s u l t o We found the values of E , , fh and T as 5*38 0*6, 

0*2 and 0*05 v ^ i c h give a b e t t e r f i t than the previous c a l c u l a t i o n 
as shown i n f i g o (6*11)* I n f a c t the e f f e c t of E,«( , ^ and 
i s t o change the value of the p r o b a b i l i t y (which represents the 
l i n e amplitude) f r o m i t s o r i g i n a l value as shown i n f i g s . (6*3, 
6*12)0 

6*1*3 E.SoR* of Gd^^^Y^A?2 

The e l e c t r o n , s p i n resonance of Gd i n Gd, Y-A£O measured 
i n the c o n c e n t r a t i o n range f o r x • 0,1 t o x » Id For a l l concent­
r a t i o n s the g-value was found t o be 1*9̂ 5 = 0*005 independent of 
temperature and t h i s i s in f a i r agreement w i t h the value obtained 
by Peter e t a l * (refo 3o26) of 1*982 f o r GdA/2 and wi t h Hacker et 
alo (refo 3o59) who quoted a room temperature g-value of 1*984 

and w i t h recent work by Taylor ( r e f * 6*8) of 1*989 - 0*005* 

The l i n e w i d t h ^Hj ioe* the h a l f power-half width of the 
absorption p a r t of the resonance l i n e , i s given i n f i g * (5*18)* 

There one sees t h a t A H increases l i n e a r l y w i t h temperature, and 
the increase of the l i n e w i d t h w i t h temperature d(^H)/dT i s 
small f o r h i ^ e r Gd con c e n t r a t i o n as shown i n f i g * (6*13)* For 
GdA62 the l i n e width has a slope of 2*52 iSe/K* This is i n good 
agreement w i t h the value obtained by Taylor ( r e f * 6*8) of 2*1 OeA« 

The decrease of the slope d(/SH)dT w i t h increasing Gd concen­
t r a t i o n and the constancy o f the g=.value f o r a l l concentrations 
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indicates t h a t the relaxation i s bottlenecked (chapter 3i> 
section 3«4o3)<' I n t h i s case the l i n e width and g- s h i f t may 
be given by Hasegawas equations (3*47) which are; 

nfCvH - ^ i e (6012©;) 

x=x o 

X = .'^e^ (6013a) 
S e i 

So - ^ 3 e V o (6013b) 

*^>ei * ^ |h ̂  ^^F^ "̂ ^̂ ^̂  * ^^^^^ (6*13c) 

S ie ̂  ? ^ N (Ep)^ KT (6*13d) 

eC d{conc) (6ol3e) 

An attempt has been made to evaluate fcb H from equation (6*12a) 
by using a computer f i t t i n g program* By substituting S ^ S 
and % ^ S e i ^ ie relaxation times from the cond­
uction electrons t o the lo c a l ions and vice versa a n d j ^ ^ i s 
the re l a x a t i o n time from electron t o the l a t t i c e ) i n t o equation 
(6*12a) and assuming J, ^and Se^ free parameters 

d(conco) 
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and using N{Ep) to be 0*91 eV (ref* 3*66), the agreement between 
the t h e o r e t i c a l and experimental curves i s good as shown i n 
figo (6ol3)* From t h i s f i t t i n g we obtained the following values 

J « + 0*091 eV* 

^ . 2*83 X 109 T sec°^ 

r = 3*79 X 10^ X cone* sec*°'̂  o e i . 

C ° = 8*3 X 10^° sec"-*-
ei 

i( Se£ ) , o ̂  . .12 - 1 . 
— — = 50 9 X 10 sec /cone* 
d(conco) 

This solution has not solved the following experimental 
results* 
1* The residual l i n e width f o r each concentration* 
2o' The behaviour of the l i n e width below the Curie temperature* 

For the f i r s t problem, ^H i n the paramagnetic region 
decreases l i n e a r l y w i th temperature f o r a l l compounds* However^ 
the extrapolated p l o t of l i n e width versus temperature to OK is 
not zero but has values which are both positive and negative 
depending on the compounds studied* A non zero intercept has 
also been noted by several authors (ref* 3*48(, 3*66)* This 
problem has been solved by considering the effect of the relax­
ation path i i i from the local moments to the l a t t i c e which 
represents the residual l i n e width* I n t h i s case the l i n e 

X This value of t J i s obtained by assuming the exchange 
Hamiltonian i s defined by -J sS (J ̂  T )* 



F i g . 6.14. The temperature dependence of the l i n e vddth 
for GdAl^ ( r e f . 6.8 ) 
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widthp equation 6.12a9 becomes: 

AH = X A A H (6.14) 
1 + X ^ 

In our re s u l t s ^^^es values w i t h i n the range -300 - 10 to 
100 t 10 Oe. 

The solution to the second problem is s t i l l obscure. 
In f a c t i t was found that the l i n e width A H became narrower 
as the temperature was reduced consistent with a linear temper-
ature dependence due t o spin l a t t i c e relaxation. Eventually 
a minimum i n the l i n e width occured followed by a rapid broaden­
ing of the l i n e below t h i s point. This broadening may be 
at t r i b u t e d t o ferromagnetic ordering and therefore i t would seem 
j u s t i f i a b l e t o refer t o the minimum of the A H against temper­
ature graph as a measure of the Curie temperature. This i s 
shown i n f i g . (6.14) f o r GdA£2 ( r e f . 6.8) and i n f i g . (5ol9) 

f o r Gdo,9Yo;^A^2' 
Now the l i n e width may be represented by the following 

empirical equation 

A H « a (T = Tg) + b ( 6.15) 

where TQ i s Curie temperature and a i s the slope d(AH)/dT and 
b i s the residual l i n e width f o r T « TQ. b has a value of 100 t 

10 Oe f o r a l l the concentrations* By f i t t i n g t h i s equation to 
the experimental r e s u l t we found that the value of the Curie 
temperatxire i s the same as the r e s u l t obtained from A.C. suscept­
i b i l i t y measurements (section 6 0 I 0 I ) . 

The g - s h i f t i s negative as compared with the g value 
characteristic of the Gd ion (g « 1.992). Use of a free 
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e l e c t r o n p i c t u r e gives Ep • 5*1 eV f o r 
GdA^2' 

assuming three 
conduction electrons per l a t t i c e s i t e , and leads, using the 
measured g - s h i f t and equation 6«i3b t o a value J • -0*032 t 0,02 
eV* This value i s smaller than the values above which was 
obtained from the l i n e w i d t h c a l c u l a t i o n (eqn* 6ol2a)o The 
negative s i g n can be a t t r i b u t e d t o the e f f e c t of the interband 
mixing as explained i n chapters 1 and 2* 

A f i n a l p o i n t which needs mentioning i s the discrepancy 
between our value f o r J and those extracted from Knight s h i f t 
measurements f o r GdA^2» "^^^ l a t t e r r equires J • 0*91 eV which 
i s t o be compared w i t h t h a t which we have obtained ioe* 0*091 eV. 
This discrepancy i s huge, and may be due t o the e f f e c t of neglect­
ing the i n t e r e l e c t r o n c o r r e l a t i o n which enhances the Pauli spin 
s u s c e p t i b i l i t y or due t o the premises used i n the t r a d i t i o n a l 
RKKY theory* 
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602 NoM.R. of GdDyAĴ 2 

The s u b s t i t u t i o n of Dy f o r Gd r e s u l t s i n the r a p i d 

disappearance of the ^'^ki resonance l i n e 5 the resonance being 

only observable t o approximately 7% Dy s u b s t i t u t i o n * The 

very s h o r t r e l a x a t i o n times may have l e d t o t h i s disappearanceo 

Recentlys the resonance of ^'^k^ i n DyA^g was found t o be 29,8 MHz 

( r e f . 2o9) and the easy d i r e c t i o n of magnetization i s ( 1 0 0 ) » 

Since we know t h a t the easy d i r e c t i o n of pure GdA^g i s ( 1 1 1 ) 

then the peak which appears a t 5 6 e 5 MHz may be due t o the change 

of the easy d i r e c t i o n from ( 1 0 0 ) t o ( 1 1 1 ) . , A t h i r d p o s s i b i l i t y 

i s t h a t the resonance frequency i n 
GdA^2 

moves outside the work­

i n g range of the s p e c t r o i w t e r as the Dy concentration i s increaa-

edo 
603 NoM.Robf AC02 (A i s a rar e e a r t h ) 

The magnetic p r o p e r t i e s of these compounds have been discussed 

by several authors as we have seen i n chapter 2o I n t h i s s ection 

we w i l l d i s c u s s the hyperfine f i e l d at the ^^Co nucleus i n some 

of these compoundSo The experimental spectra of GdCo2, HoCg2» 

TbCo2 and NdCo2 are shown i n f i g s . {5o^t 5o9)o These measure­

ments show t h a t the resonance frequency of the cobalt nucleus 

remains e s s e n t i a l l y the same at about 6 l o 5 kOe<. 

The hyperfine f i e l d of m e t a l l i c Co has been reported t o be 

2 1 6 e 5 kOe (refo 609) and - 2 1 5 kOe ( r e f , 6 0 1 0 ) . This f i e l d 

was o r i g i n a l l y assumed t o be p o s i t i v e , i . e * p a r a l l e l t o the 

i o n i c magnetization, however, subsequent work by Hanna et alo 
57 

(refo 6 o i l ) on the s i g n of the f i e l d a t the ^ Fe nucleus i n 
i r o n metal showed t h a t i n t h i s case the sign was negative and 
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these authors suggested t h a t the same would apply t o cobalt metalo 
The NMR o f Co i n hep c o b a l t has been obseirved as a f u n c t i o n 

of temperature from 1^,2 K t o 730 K by Kawakamt et a l . (ref . 6 o l 2)o 
They found t h a t the hyperfine f i e l d a t ^ i C i s - 223 kOe which i s 
l a r g e r hy ^ & kOe than i n the fee phased The d i f f e r e n c e between 
the two h y p e r f i n e f i e l d s coaes from the anisotropy i n the o r b i t a l 
f i e l d and p a r t l y from t h a t i n the d i p o l a r f i e l d - The negative 
s i g n i s known t o be due t o the Fermi contact f i e l d due t o the 
inner core e l e c t r o n s , t h i s f i e l d i s negative and dominants-

Returning t o the r a r e earth - Co2p the large decrease of 
the h y p e r f i n e f i e l d o f the ^^Co nucleus from the value i n pure 
metals {217 kOe) t o the value i n AC02 ( 6 0 kOe) may be ascribed 
t o two general sources ( r e f , 60I3) namely: 

lo The f i e l d due t o the c o b a l t ions which includes a c o n t r i ­
b u t i o n from the ions "owfe" moment and a c o n t r i b u t i o n from the 
neighbouring cobalt Ions. 
2o The f i e l d due t o the conduction e l e c t r o n p o l a r i z a t i o n " b y 
the neighbouring r a r e e a r t h ionso 

From the f i r s t term> the decrease of the cobalt moment from 
1<,7^ i n pure cobalt t o about 1>0/Ag i n AGog should consequeL|ltly 
r e s u l t : i n a decrease i n the magnitude of the hyperfine f i e l d 
from 217 kOe t o 135 k0e« This term may be given by. 

1.7 

From the second term, the observed f i e l d of 6 0 kOe r e s u l t s 

then from an opposing c o n t r i b u t i o n frlom the conduction e l e c t r o n 

p o l a r i z a t i o n by the rare earth s u b l a t t i c e , t h i s terra i s given 

by equation (6o2».) t o be 
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H^g - C A ( 0 ) r < sy'ljix) 

The summation ^ F ( x ) f o r AC02 ^^^P^^^^s was computed as 
a f u n c t i o n of Figo, (6»15) as f o r GdA^^' was taken t o 

be Ky^t lo46l X 10^ cra""^ by assuming t h a t the number of the cond­
u c t i o n e l e c t r o n s per u n i t volume f o r the r a r e earth and the 
co b a l t c o n t r i b u t e t h r e e and one electrons r e s p e c t i v e l y t o the 
conduction bando 

The GdCo2 and H0C02 spectra show two peakso For GdCo2 
one peak i s a t 60 MHz and the other at 6lo5 MHz and f o r HoCog 
one i s a t 51 MHz flM the other at 63 MHz. The i n t e n s i t y r a t i o 
f o r the two peaks are 1j3» This l i n e shape represents the 
resonances caused by the hyperfine f i e l d at the two inequivalent 
Co s i t e s , Ca) and (b) and i s s i m i l a r t o the l i n e shape observed 
i n GdFe2 and GdA62<» From t h i s r e s u l t the easy d i r e c t i o n of 
magnetization i n H0C02 and GdCo2 i s (111) the low frequency peak 
being associated w i t h the (a) s i t e and the high frequency peak 
w i t h (b) s i t e s o This behaviour i s s i m i l a r t o the GdFe 

2 

(refo 6014) but opposite t o t h a t of GdA^^, where the low frequency 
peak arises from the (b) s i t e s and the high frequency peak from 
the (a) s i t e o 

The only c o n t r i b u t i o n which can produce systematic d i f f e r ­
ences between i n e q u i v a l e n t l a t t i c e s i t e s i s the d i p o l a r f i e l d . 
Assuming t h a t the r a r e earth and Co moments are l o c a l i z e d , the 
d i p o l a r f i e l d can be obtained i n terms of l a t t i c e sums f o r each 
s i t e , performed over the A and the Co atoms. We have ca l c u l a t e d 
the d i p o l a r f i e l d f o r the two cases by using equation (6.5) i n 
a s i m i l a r way t o the c a l c u l a t i o n of the GdA^g d i p o l a r f i e l d o 
The magnetic moments of the t r i p o s i t i v e lanthanides were taken 
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as equal t o g j J j , and the Co moment as le0/>*-go The l a t t i c e 

parameter f o r GdCOg i s 7«242 S whereas f o r Hoeo2 i s 7ol34 Ao 

The r e s u l t s are given i n t a b l e ( 6 o 2 ) o The t o t a l d i p o l a r f i e l d 

can be given byi 

^ ^ ^ (60I7) 
and the t o t a l h y p e r f i n e f i e l d can be given by. 

From the equation, since the Co and r a r e earth (Gd, Ho) moments 

are coupled a n t i p a r a l l e l the two dipoles w i l l be a n t i p a r a l l e l 

and w i l l be i n the d i r e c t i o n of magnetization. I n GdA^2 ̂ d 

represents the magnetic f i e l d induced at the Â  s i t e by the 

l o c a l i z e d magnetic moments r e s i d i n g at lihe rare earth s i t e s , and 

we found t h i s f i e l d t o be a n t i p a r a l l e l t o the magnetization. 
Co A 

This case should be the same f o r H(j " . We can w r i t e equation 

as 

"d " H^^°°^° - H^°° - ^ (60I9) 

Go A 

Since " i s a dominant term then Ĥ j becomes negativej 
i . e . i n the opposite d i r e c t i o n t o the magnetization. Because 
of the negative g - s h i f t i n GdCog ( r e f . 3 . 6 2 ) the conduction 
e l e c t r o n p o l a r i z a t i o n i s negative (equation 6.4)0 Therefore 
the s i g n o f the hyperfine f i e l d due t o the Gd c o n t r i b u t i o n 
should be negative w h i l e the d i s t r i b u t i o n due t o the cobalt 
moment should be p o s i t i v e . The equation may be v f r i t t e n as/f"-'*-'̂ ) 

H h f " - H „ . r e • H c o - /J^.^ ' ^ - 2 ° ' 

Returning t o the two Co s i t e s a and b, by analogy w i t h 
the c a l c u l a t i o n f o r GdA?2 we can w r i t e the two e f f e c t i v e f i e l d s 
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Table 6.2 Computed values of the d i p o l a r f i e l d at Co s i t e s 
i n GdCo2 and HoCog ( i n kOe). 

D i r e c t i o n s i t e H ^ ( z ) «d 

(111) (5,5,5) I0635 1.635 1«635 2.832 Co - Go 

-5«304 -5o304 -5«304 9el86 Co - Gd 

~lo631 0.003 0,003 1,631 Co °9 Co 

5o357 0.025 G.O25 5o357 Co . Gd 

H0C02 

(111) {5 .5p5) I0693 1»693 1.693 2,932 Co - Co 

-7oS49 -7o84B -70648 130594 Co - Ho 

(5p797) -1^689 0.003 0,003 1,689 Co » Co 

7o920 0.038 0.038 7o920 Go 0 Ho 
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«eff • " h f + (a) 

" e f f ^^^^ " ^ h f ^ 5̂̂  • V - 2 H d (b)i Ĥ ^ (b) (6 . 21a) 

cos 

By s o l v i n g these two equations simultaneously f o r Ĥ  and Hj^^, 

by assuming H^f (a) - H^f ( b ) , and Ĥ  (a) - ̂ H ^ ( b ) , we 

found f o r H0C02 t h a t ? 

H|^P(b) . - 5o2.g kOe 

H^P(a) B - 9 o l 5 kOe 

whereas the values c a l c u l a t e d from equation ( 6 . 1 9 ) and t a b l e 

( 6 . 2 ) ares-

(b) . - 6 . 2 3 kOe 

Cal 
Hjj (a) - - 1 0 . 6 1 kOe 

The hy p e r f i n e f i e l d associated w i t h H^^ i s found t o be 5S.64 kOe 
Cal 

and w i t h H^ t o be 6 0 . 0 kOe which are the same w i t h i n the 

experimental e r r o r s of 2.3^0 The e r r o r s between the two dipoles 

are Ikfoi For GdCo2 the experimental and calculated magnetic 

d i p o l e s are 

Ĥ '̂ P (b) - - 0 , 6 4 kOe 

H®^P (a) . - 1 . 1 1 kOe 
d 
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H^^i ( t ) „ „ 3„73 kOe 

Cal 
Hjj (a) . = 6o2K kOe 

As we can see the agreement between the values i s very poor. 
A possible cause of t h i s i s t h a t , u n l i k e the case o f HoCogp 
the l i n e s corresponding t o the a - and b - s i t e s i n GdCog are 
not f u l l y resolved. The s i t u a t i o n s f o r TbCo2 and f o r NdCog 
cannot at present be f u l l y i n v e s t i g a t e d because t h e i r spin eiho 
s i g n a l are very small as shown i n f i g . (6,9)0 

From the above discussion, i t appears the AC02 compounds 
have an e s s e n t i a l l y constant ^^Co hyperfine f i e l d . I f we 
assume t h a t / J i ^ ^ (second term i n equation) i s constant across 
the s e r i e s , then Ĥ ,̂  i s apparently constant. Since H^^ i s 
constant then Ĥ ^ must also be constant. However, i n equation 
(6.4) i s given by (g -1 ) J and we can expect Ĥ ^ t o decrease 
l i n e a r l y f o r the s e r i e s , provided A(0),rand are constant. 
Consequently, since Ĥ ^ i s known t o be constant, one or 
more of these terms must change. Unfortunately, no experimental 
i n f o r m a t i o n i s a v a i l a b l e about the values of r,A(0) and and 
the reasons f o r the constant value o f Ĥ ^ must await f u r t h e r 
experimental i n v e s t i g a t i o n s . 

The experimental r e s u l t s of AC02 are s i m i l a r t o the r e s u l t s 
err 

obtained f o r the 'Fe hyperfine f i e l d i n AFe2 compounds. 
I n these i r o n compounds, the f i e l d at the i r o n nucleus 

has been shown by Wertheim and Wernick ( r e f , 6,15) t o remain 
constant at approximately 230 kOe independent of the ra r e earth 
w i t h which i t i s associated i n the compound. These authors 
used t h i s constant f i e l d value t o argue t h a t the i r o n atomic 
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c o n f i g u r a t i o n , and the conduction e l e c t r o n p o l a r i z a t i o n , were 
also independent of the r a r e earth involved i n the compound* 
However as Piercy and Taylor ( r e f . 6.16) have shown the i r o n 
moment i s not the same i n a l l of these compounds but v a r i e s 
i n a range from lo5/^^ t o 2.2^^0 Consequently^ i t would 
appear t h a t i n these compounds, the various c o n t r i b u t i o n s t o 
the hyperfine f i e l d adjust as the rare e a r t h s u b l a t t i c e i s 
-changed9 so as t o leave the magnitude of the f i e l d almost 
constant. 

This can occur e i t h e r by the c o n t r i b u t i o n s from the moment 

of the i r o n ions j u s t c a n c e l l i n g the r a r e earth moment or, 

a l t e r n a t i v e l y , the change i n the rare e a r t h c o n t r i b u t i o n i s 

compensated by the change i n the i r o n i o n c o n t r i b u t i o n . 

6.3.1 The temperature dependent hyperfine f i e l d s i n GdCo2 

The temperature dependence o f the hyperfine f i e l d i n rare 

e a r t h i n t e r m e t a l l i c DyFeg has been studied by Bowden et a l . 

(•refo 6.19) using Mossbauer techniques. The 59go hyperfine 

f i e l d w i t h temperature has been studied using n.m.r. and the 

r e s u l t s are shown i n f i g . (6.16) ( r e f . 6.12), whereas the 

v a r i a t i o n of the Gd hyperfine f i e l d w i t h temperature i s shown 

i n f i g . (6.17) ( r e f . 6./7). I n our measurement we have studied 

the h y p e r f i n e f i e l d of ^^Co i n GdCog as shown i n f i g . (5.10). 

Taylor et a l . ( r e f . 6.18) have studied the magnetic properties 

of GdCo2j> and the magnetization-temperature curve f o r t h i s 

compound i s shown i n f i g , (6.18). 
'i 

I n i n t e r p r e t i n g the shape of the magnetization data and 

of the h y p e r f i n e f i e l d data, i t i s d e s i r a b l e t o have a model 

f o r the phenomenon of spontaneous magnetization. We have 
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Figo 6 o 1 7 o The reduced magnetic hyperfine f i e l d at Gd i n gadolinium 
metal. The f u l l l i n e i s the magnetization curve f o r Gd. 
(refo 6 . 1 7 ) 
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chosen t o discuss our r e s u l t s i n terms o f the molecular f i e l d 
model* I n applying the r e s u l t s of t h i s model t o the hyperfine 
f i e l d s we make the assumption t h a t the hyperfine f i e l d i s 
p r o p o r t i o n a l t o the bulk sample magnetization. That i s , we 
assume H^^(T)/Hj^f.(G) • M(T)/M{0). For a spin J associated 
w i t h Gd, and a Curie temperature T^, the molecular f i e l d model 
y i e l d s . 

Hi,^(T) M(T) ^ r j j j Tg^ M(T) ' 

\^{0) M(0) W +1 T M(0) 

The B r i l l o u i n f u n c t i o n of argunent x f o r sp i n J i s B j ( x ) , 
We have computed t h i s f u n c t i o n f o r J = 7/2 and the r e s u l t s are 
shown i n f i g . (6,18), From f i g . (6.18) the. hyperfine f i e l d at 
^^Co i n GdCOg can be seen t o decrease w i t h temperature i n nearly 
the same manner as does the magnetization. 

I n t h e l a s t t h r e e f i g u r e s , a s l i g h t d i p can be seen i n 
the experimental curves at around T/TQ s 0,5 t o 0*6 w i t h the 
notable exception o f Go metal. Thus, although the dip i s 
seen i n the hype r f i n e f i e l d of the nucleus i n GdGo2, and 

i n the magnetization of the compound i t s e l f , i t i s reasonable 
t o assume t h a t t h i s arises from the Gd nucleus and not from 
the Go nucleus. Re f e r r i n g t o equation (6,20) and t o f i g . ( 6 . 1 5 ) 
i t can be seen t h a t , because the experimental r e s u l t s show 
t o have a d i p i n i t s temperature v a r i a t i o n , and because the 
temperature v a r i a t i o n of HQ^ ̂  has no such d i p , the d i p i t s e l f 

must come from the = ^ce-re t e r ^ o 
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6,4 N.M.R. of Gd(Co, „Af ) 

The pseudobinaries Gd(Co, AO2 present a more d i f f i c u l t 
problem of i n t e r p r e t a t i o n of the observed resonance spectra 
than the other m a t e r i a l s discussed previously and as yet they 
are not understood. As we have seen, the series divides i n t o 
three compositidh ranges w i t h structxural changes from MgCu2 (^^5) 
t o MgZn2 ,^^^^5 ̂ ° 3%Cu2 going from GdCog t o GdA^^" ^o^^ 
the CI5 regions the resonance spectrum i s very complex, and 
con s i s t s of many overlapping components g i v i n g a t o t a l l i n e w i t h 
of more than 30 MHz. 

I n both the t e r m i n a l cubic compounds GdCog and GdAC2 

h y p e r f i n e f i e l d a t the Co or s i t e has been shown t o be i n 
the (111) d i r e c t i o n and there seems t o be no reason t o assume 
't h a t t h i s i s not also the case i n the G I 5 pseud ©binary composi-
t i o n s i I n the frequency range i n which we have observed the 
resonances (35 - 70 MHz) f o r these materials we can a n t i c i p a t e 
t h a t both 59co 27^^ w i l l be detectable. The gadolinium 
resonance i s known t o be out of t h i s range i ^ GdA^2 ̂ u t Budnick 
(1970) r e f . (6.20) has s\i|feested t h a t i n GdCo2 one of the 
gadolinium isotope resonances may coincide w i t h the ^^Co reson­
ance a t 61 MHz. This of course could account f o r the unusual 
temperature dependence of the 59co resonance w i t h temperature 
i n GdCo2o Consequently over the pseudobinary range we may 
expect t o observe resonances from a l l three constituent elements. 
Since the gadolinium s i g n a l s are always very much weaker than 
the aluminium and coba l t s i g n a l s however, i t seems safe t o 
assume t h a t the gadolinium n u c l e i do not c o n t r i b u t e d i r e c t l y 
t o the observed s i g n a l s . 
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The magnetic studies show t h a t w i t h i ncreasing aluminium 
s u b s t i t u t i o n i n (kiCo^, the moment associated w i t h the cobalt 
ions decreases r a p i d l y , becoming zero a t about 25% A£ . Since 
a la r g e c o n t r i b u t i o n t o the 59co f i e l d s t r e n gth i n GdCo2 arises 
from the c o b a l t s u b l a t t i c e t h i s may be expected t o decrease w i t h 
the c o b a l t moment. Using the same value of the ^^Co hyperfine 
f i e l d / Co moment r a t i o , the co b a l t c o n t r i b u t i o n w i l l vary as 
shown i n f i g . (6.19). The gadolinium c o n t r i b u t i o n t o the 

f i e l d i s opposed t o the cobalt c o n t r i b u t i o n as we have 
seen, consequently i t can be a n t i c i p a t e d t h a t the t o t a l 
f i e l d w i l l f a l l t o zero at some composition. The A^ concent­
r a t i o n at which t h i s occurs however, w i l l depend upon the d e t a i l ­
ed behaviour of the gadolinium c o n t r i b u t i o n w i t h increasing 
aluminium content. Since aluminium s u b s t i t u t i o n leads t o an 
increase i n the valence e l e c t r o n concentration, the correspond­
i n g change i n the Fermi vector w i l l be r e f l e c t e d d i r e c t l y i n t o 
a f i e l d c o n t r i b u t i o n t o the t o t a l f i e l d through equation (6.4)/-^ 

Wallace and Craig (1967) ( r e f , 6.21) have shown t h a t the e l e c t r o n 
c o n c e n t r a t i o n increases f r o m about 1,0 i n GdCog t o 3*0 i n GdA^2» 
hence from the value o f » 1.53 A"^ f o r GdA^29 we can o b t a i n 
a value i n GdCog of « 1,41 A^\ F i g . (6.20) shows the 
Ruderman-Kittel sum f o r both these compounds^ using the approp­
r i a t e l a t t i c e parameters) and i t i s evident t h a t i n going from 
GdCo2 t o Gd.Â 2 sum, and hence the gadolinium f i e l d c o n t r i ­
b u t i o n must pass through a maximum. Since the magnitudes of 
the parameters i n equation (6.4) are l a r g e l y unknown i n the 
pseudobinary region the^ magnitude of the increase can not be 

es t a b l i s h e d w i t h c e r t a i r i t y and only a crude estimate i s given 
i n f i g . {6,19)0 From t h i s f i g u r e then i t i s evident t h a t 



- 1 4 1 -

the ''^Co f i e l d should become zero i n the composi t ion range near 
t o 15% . This should then r e s u l t i n the coba l t resonance 
be ing ou t o f the range o f i n v e s t i g a t i o n f o r a l l but the }Ofo 
c o n c e n t r a t i o n i n the c o b a l t r i c h C I 5 compositionso On t h i s 
bas is t h ^ observed spectra f o r x » Ool and Go2 must a r i se f rom 
the n u c l e i and s ince the gadol in ium c o n t r i b u t i o n t o the 

t o t a l f i e l d a t the A£ s i t e increases only s l i g h t l y over t h i s 

range, the d e t a i l e d changes i n the spectrum shape must occur 

through the e f f e c t s of changing the coba l t neighbour d i s t r i b u ­

t i o n about the aluminium ions* This would then suggest t h a t 

the s i g n a l maxima a t 4 2 and 5 0 MHz should be t r ea t ed as s a t e l l ­

i t e s o f the main l i n e a t 6 l o 5 MHz a r i s i n g f r o m n , nn and nnn 

neighbour c o n t r i b u t i o n s t o the f i e l d as i s usual i n the ana lys i s 
1 

o f nmr data o f c o b a l t a l l o y s (refo.,6«22)o A considerable 

c o n t r i b u t i o n t o the o v e r a l l broadening 6f the spectrum can be 

expected t o a r i s e f r o m the changing coba l t d i p o l e c o n t r i b u t i o n 

t o the t o t a l f i e l d caused by the aluminium s u b s t i t u t i o n o 

U n f o r t u n a t e l y g w i t h i n t h i s framework the x - Oo3 specimen 

should represent only the gadol in ium c o n t r i b u t i o n t o the hyper-

f i n e f i e l d s ince here/A-^^ • 0 » This i s c l e a r l y not the case 

when viewed i n the s imples t way, as there i s s t i l l a great dea l 

of s t r u c t u r e remaining i n the observed spectrum, although there 

i s some evider^cf o f the resonances a t 5 0 MHz and 6 1 MHz observed 

i n pure GdA/2» The cause o f the s t r u c t u r e i s a source o f 

cons iderab le c o n j e c t u r e i n t h i s sample, and i t i s l i k e l y t h a t 

more bas ic magnetic da ta i s r e q u i r e d before any f u r t h e r conc­

l u s i o n s can be made about i t s o r i g l n o 

I n the CI5 pseudobinaries a t the a lumin ium-r ich f n d of 

the s e r i e s , the l i m i t e d magnetic measurements i n d i c a t e a 
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molecular moment i n excess of the gadolinium ionic gJ valueo 
This may be due to a positive conduction electron polarization 
contribution to the t o t a l moment or alter n a t i v e l y to a f i n i t e 
cobalt moment aligned p a r a l l e l t o the gadolinium momentso 
This l a t t e r p o s s i b i l i t y appears unlikely however^ since i t i s 
generally accepted that the addition of electrons i n crossing 
the compound series results i n the f i l l i n g of the cobalt 3d 
stateso This occurs at about 30^ A £ ( ioeo when /^QQ • 0), 
Consequently we can asatune that only the conduction electron 
p o l a r i z a t i o n contribution to the t o t a l f i e l d i s present i n 
these compoundso In the absence of other effects the Ac 
f i e l d should then be constant and independent of cobalt concen= 
tra t i o n o This i s not the case however* as is readily obvious 
from figo ( 5 » 1 2 ) and the o r i g i n of the detailed structure i n 
the resonances from these materials must originate from some 
othie^ contribution tcompare the x • 0<,3 sample). The only 
suggestion which one can readily make i s that i n fact the 
cobalt sublattice magnetiz'ation i s not zero at a l l points i n 
the sample, and consequently gives r i s e t o an inhomogeneous 
contribution t o the aluminium resonanceo Before this can 
be f u l l y established, more detailed investigations of the 
magnetic properties of these pseudobinaries are necessary, 
preferably using neutron d i f r a c t i o n techniques to establish 
the cobalt sublattice magnetization, directlyb 

In the CLIf phase, the spectrum i s very mush simpler than 
the cases discussed above, i t s overall shape being essentially 
constanto For the x • OoZj, sample the resonance l i n e i s 
cl e a r l y resolvable i n t o two components at 3^ and 4 2 MHzi, 
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With i n c r e a s i n g x ( ioeo decreasing coba l t concent ra t ions) the 
smal le r resonance l i n e a t 4 2 MHz f a l l s r e l a t i v e t o the 3 S MHz 
l i neo Since i n t h i s composi t ion reg ion the t o t a l hype r f ine 
f i e l d aga in a r i ses f r o m the conduct ion e l e c t r o n p o l a r i z a t i o n 
caused by the gado l in ium i o n s , the f i e l d s a t both n u c l e i should 
be cons tant and equalo While i t i s t empt ing t o associate 
the h igh f requency peak w i t h the coba l t n u c l e i because of i t s 
behaviour on d i l u t i o n , the d i f f e r e n c e s i n the Y values f o r the 
A£ and Go n u c l e i would r e s u l t i n a d i f f e r e n c e i n the f i e l d s 
a t the two n u c l e i o f about 205^« 

6o5 Conclusion 

From the measurements on Gd-^^jJ^hi^ and Gd2^_j^LajA^2» 

the l i n e p r o f i l e ana lys i s shows t h a t the exper imenta l ly 

observed At spectra i n T or La d i l u t e d GdAt2 can be pred ic ted 

roughly by the RKKT t h e o r y , i f ins tead o f the f r e e e l e c t r o n 

va lue K® t h e reduced value » 0 ^ 9 4 5 Kj? > l o 5 3 A i s 

takeno Line s t r u c t u r e s obv ious ly represent a s e n s i t i v e means 

of t e s t i n g the choice o f the va lue and give the p o s s i b i l i t y 

of e v a l u a t i n g independent ly of the o the r parameters en te r ­

i n g the c a l c u l a t i o n , f o r example the constant C of equat ion 

( 6 o 7 ) and the ana lys i s o f the magnetic da t a . 

I n t h e present c a l c u l a t i o n s , i n order t o get the a n a l y t ­

i c a l expressions o f equations ( 6 0 I , 6 o 4 ) the q dependence o f 

the exchange i n t e g r a l J (q ) was abandoned. The values o f 

and t h e r e f o r e represent averages over the q dependenceo 

The sampling i n v o l v e d i n the Gd neighbour c o n f i g u r a t i o n s i s 

c e r t a i n l y d i f f e r e n t and more a n i s e t r o p l e than the sampling 

i n v o l v e d f o r u n d i l u t e d GdA^^" these reasons i t i s g r a t -
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i f y i n g t h a t the value f o r K .̂ de r i ved above and the value 
obta ined w i t h GdA?2 f rom measurement i n the paramagnetic 
r e g i o n are e s s e n t i a l l y the sameo This seems t o i n d i c a t e 
t h a t i n these compounds a s p h e r i c a l approximat ion f o r the 
Fermi su r face i s not t oo bado 

I n the l i n e f i t t i n g procedure a number of d r a s t i c 

approximations have been made and i t i s a t present unclear 

which of these i s most resiponsible f o r the discrepancies 

between the exper imenta l and t h e o r e t i c a l l i n e shapeo I t i s 

d i f f i c u l t t o a r r i v e a t a c l e a r cut conc lus ion even i n the 

case o f 
GdA^2 

s ince i t i s necessary t o a l l o w f o r the d i p o l a r 

c o n t r i b u t i o n s t o the l i n e shapes Nevertheless the r e s u l t s 

do show t h a t the observed l i n e p r o f i l e s o f the compounds 

s t ud i ed can be understood i n terms o f an RKKT l i k e o s c i l l a ­

t o r y conduct ion e l e c t r o n p o l a r i z a t i o n * 

I n e o S o T o measurement, f o r Gd̂ î  ^Y^A^gg the constancy o f 

g value (g » I09S5 - O0OO5) f o r a l l the concen t ra t ion and 

the v a r i a t i o n o f d ( ^ H ) / d t w i t h composi t ion i n d i c a t e t h a t the 

r e l a x a t i o n i s bott leneckede The behaviour o f the l i n e w id th 

w i t h temperature i n the paramagnetic and fe r romagnet ic . reg ions 

makes i t pos s ib l e t o f i n d the Curie teraperatureo 

The h y p e r f i n e f i e l d s a t the ^^Cg nucleus have been 

observed i n GdCo2, H"0Co2» TbCo2 and NdCo2o The f i e l d s t r eng th 

t o be e s s e n t i a l l y constant a t about 606? kOe. The t w o - l i n e 

spectrum i s a t t r i b u t e d t o two i n e q u i v a l e n t Co s i t e s and can 

be i n t e r p r e t e d i n terms of the d i f f e r e n t magnetic d ipoles a t 

the two s l t e so The easy d i r e c t i o n of the magnet izat ion i s 

(111) f o r HoCo^ and f o r GdC02o 
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The h y p e r f i n e f i e l d i s composed o f two main c d n t r i b u t i o n s 

( 1 ) the f i e l d due t o the c o b a l t which includes a c o n t r i b u t i o n 

f r o m the ions "own" moment and a c o n t r i b u t i o n f rom the neigh 

b o u r l n g c o b a l t ionso 

( 2 ) the f i e l d due t o the conduct ion e l e c t r o n p o l a r i z a t i o n l iy 

the ne ighbour ing r a r e e a r t h ions» 

The f i r s t one c o n t r i b u t e s approximately + 1 3 5 kOe w h i l e the 

second c o n t r i b u t e s - 70»S kOe. Since the hype r f i ne f i e l d 

represents the t o t a l of these c o n t r i b u t i o n s , i t can be seen 

t h a t the s i g n i s p o s i t i v e i » e , p a r a l l e l t o the magnetization* 

I n conc lus ion f o r Gd (Co, A £ ) 2 compounds the i n t e r p r e t a t i o n is> 

severe ly l i m i t e d by the l a rge number of v a r i a b l e s involved i n 

a complex magnetic system about which there i s i n s u f f i c i e n t 

r e l i a b l e magnetic da t a , and as suggested above any understand- . 

i n ^ o f these spect ra must w a i t f o r a b e t t e r understanding of 

the raagnetostatic p r o p e r t i e s , i n p a r t i c u l a r the behaviour o f 

the c o b a l t ions i n such mater ia l sc 
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APPENDIX 1 
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s t r u c t u r e , n i s the number of the s h e l l and a i s the l a t t i c e 
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A study of the lineshape of the NMR spin echo spectra of the 
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Abstract, NMR spin echo spectra of Gdi .^Y^Al j and Gdi.^LajtAlj (0 $ x $ 0-30) were 
studied in the ferromagnetically ordered state at 4-2 K. The Al resonance line profiles were 
analysed under the assumption of various models for the spatial extent of the conduction 
electron polarization and general confirmation of a R K K Y like oscillatory polarization was 
found. Slowly decreasing nonoscillatory polarization functions are shown to be unable to 
explain the observed spectra. The Une shape is shown to depend rather critically on the value 
of the Fermi wavevector k f . The polarization seems to decrease less strongly with distance 
than might be expected from the R K K Y function. 

1. Introdnction 

In several recent investigations the Ruderman-Kittel-Kasuya-Yosida theory (Ruder-
man and Kittel 1954, Kasuya 1956 and Yosida 1957) has been used to discuss and/or 
describe the results of the measurements of bulk magnetic properties (Buschow et al 
1967, Leon et al 1971, Swift and Wallace 1971) Knight shift (Jaccarino 1961) and hyper-
fine field (Dintelmann and Buschow 1971) of the compound GdAlj and the correspond­
ing pseudobinary compound Gdj _^RE^l2 (RE = La, Y, Th). To compare experiments 
with theory, the following expressions have been used (Yosida 1957, de Gennes 1962): 

= - ( t ? ) - ^^'•'(•^ + ^ ^ ^ m ^ R n J (1) 

/ s f = -67 iZr^ f (2 fcpK„J (2) 

/fhf = +h(pi—r<Sz> X FdKRnJ (3) 

F(x) = (x cos X — sin x ) /x* . 

The, quantity F has the form of an effective exchange integral between the rare earth 
spin S and the conduction electron spin s and is defined by the Hamiltonian 
jfjC = - rs.S. Z represents the average number of conduction electrons. In equation (1) 
the summation is over all the Gd sites of the lattice with a Gd site at the origin. In equation 
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(2) the summation is also over all Gd sites with an Al atom at the origin but in equation 
(3) the choice of the origin depends on whether the hyperfme field refers to Gd or Al 
nuclei The experimental parameters and / / ^ f represent respectively the asymp­
totic Curie temperature (obtained from the temperature dependence of, the magnetic 
susceptibility), the lA coupling constant (obtained from the slope of the Al Knight shift 
against susceptibility), and the hyperfine field (obtained from spin echo measurements 
in ferromagnetically ordered Gdi.^RE^Alj). In Buschow et a/(1967) the experimental 
values for 0p and / ^ f have been used to solve equation (1) and (2) for and T with the 
result r = - 0-91 eV, fep = 0-94/c? = 1-53 A ' ^ The 6% deviation of /cp from the free 
electron value fcp = (37r^ Z/F)''^ = 1-63 A"' was shown to be in close agreement with 
the rapid decrease of 0p in the series Gdi_jjThj,Al2. Two more values for fep have been 
proposed: from the results of bulk magnetic measurements on GdAlj-^^Ni^ compounds 
and by application of equation (1) Leon et a/ (1971) conclude that = 0-86 k% = 1-4 
A~* for GdAlj whereas Swift and Wallace (1971) from a similar investigation of the 
compounds Gdj.^Eu^Alj arrive at the value kp = 0 - 9 5 = 1-54 A"'. Dintelmann 
et al (1971) used equation (3) to compare the neighbour contribution to the Gd and Al 
hyperfine fields in ferromagnetically ordered Gdi_^Y^Al2 with the predictions of the 
RKKY approach (Yosida 1957) and find at least a qualitative agreement with experi--
mental data using the values for F and kp reported by Buschow et al (1967). In all these 
cases, in order to obtain agreement with experiment the value of the Fermi wavevector 
kp was allowed to depart slightly from the free electron value k°. This means that the 
assumption made in the RKKY approach of free s like conduction electrons is abandoned. 
As a first approximation for the solution of the real q dependent averaging problems 
2 m , , I ^ ( « ) e x p {iq.RJ in equation (1) and S„,,^(«) J{q)f{q) exp {iq.RJ in 
equations (2) and (3), the same values of F, the usual RKKY function and one equally 
reduced parameter /cp is used in equation (1) as in equations (2) and (3). The validity of 
this procedure is not at all selfevident (Oppeft et al 1972) but it is of conmion use and 
easiest to. perform. Further, it seems to be more reliable, if the deviation of /cp from 

is kept small. 
All the investigations cited above consider only summations in the RKKY expres­

sions (equations (l)-(3)) in which the R dependence remains fixed by the crystal structure 
requirements and in which only kp was allowed to vary. So the bulk magnetic properties 
reported by Buschow et al (1967) for the compounds Gdi_^RE^Al2 could adequately 
be described by replacing the function I„^„F (2 /CFR„J in. equation (1) by 
(1 - x) 'L„^„F{2kpR„J. In the present investigation an attempt will be made to obtain a 
more direct test of the R dependence of the oscillatory RKKY function by considering the 
statistically weighted contributions of the different configurations due to the various 
possible Gd neighbour shell occupations in the magnetically dilute compounds. By 
means of a line shape analysis of the NMR spectra obtained, for the compounds 
Gdi_j,La;,Al2 and Gdi_j jY^l2 for small values of x we hope to demonstrate whether 
a spatially nonuniform conduction electron polarization such as implied in the deriva­
tion of equations (l)-(3) is essential or not It will furthermore be shown that the line 
shape depends rather critically on the value of the kp parameter and its value can be 
determined rather accurately independent of the previous results. 

2. Experimental procedure 

The samples used were prepared from 99-99% pure aluminium and 99-9% pure rare 
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earths by arc melting. Most ingots were annealed for about 45 h at 900°C, some La diluted 
samples for a week at 850°C; quenching or longer annealing periods did not change 
the NMR spectra significantly. The homogeneity of the pulverized samples (about 
60^m in diameter) was checked by x ray analysis. Spin echo spectra of Gdi_jY^Al2 
and G d j . ^ L a ^ l j (with x = 0,0 05 up to 0-30) were taken in Darmstadt with the aid 
of a Bruker B-KR 322s spectrometer utilizing phase sensitive detection and a boxcar 
integratorf.. The rf field strength of two pulses of 1 us duration, separated by 30 ̂ s, 
with 100 us repetition rate, was adjusted to maximum echo height. 

Maximum height was chosen as the optimum echo criterion rather than constant 
echo shape (as specified by Dean and Urwin (1970) for domain wall resonances) as we 
beheve the present measurements are associated with the bulk material and are not 
resonances in domain walls. This conclusion is supported by our own observations 
and those of Kaplan (1971). in which the modulation of the echo height by the quadru-
polar and dipolar fields are clearly visible. 

All measurements were performed at 4-2 K in zero external field; (prior to the measure­
ments, the samples were magnetized after cooling down to 4-2 K in fields up to 11 kG 
perpendicular to the rf field). The variation of the spectrometer sensitivity was con­
trolled with the help of a Rohde and Schwarz Polyskop. By comparison with proton 
FID, the phase sensitive detected signals had to be divided, in the range of interest 
of this investigation, by about the third power of the frequency, in order to obtain the 
resonance field distribution. The spectra shown in this paper (figures 1-4) are corrected 
in this way and smoothed twice according to 

E'(v) = i £(v) + i{(E(v) - 0-2) + (£(v) + 0-2)} (4) 

where 0-2 MHz is the distance between the measuring points. 

3. Experimental results 

3.1. Gd resonances 

Before the observed gadolinium spectra are markedly broadened or superposed by the 
much stronger AP'' resonance in Gdi_^Y^l2 a shift of the Gd'^^ and Gd' ' ' ' reson­
ances to lower frequencies is observed (Dintelmaim and Buschow 1971, Dintelmann 
et al 1970). Corresponding shifts could not be detected in Gdj.^La^Alj . In this case, 
the Gd resonances are broadened before any definite shift could be discerned (at 
X = 0: halfwidth ~ 1 - 1-4 MHz; whereas at x = O-IO.- halfwidth ~ 2-2-4 MHz). 
This is probably due to the fact that lanthanum distorts the GdAlj lattice more 
severely than yttrium (lattice constants: ^(YAlz) = 7-858 A, a(GdAl2) = 7-900 A, 
a(LaAl2) = 8-147 A). 

3.2. Al resonances in GdAl2 

For X = 0, that is pure GdAl2, the AP^ resonances (figure 1) are found to be essentially 
in agreement with those reported by Shamir et al (1971). The two lines at about 49-45 
MHz and 61-15 MHz in figure \(h) (halfwidths ~2-2 MHz), with an intensity ratio of 
about 3:1, have been explained as being due to Al^'' nuclei at the b( x 3) and a( x 1) sites 

t Measurements were also carried out simultaneously in Durham using a conventional spin-echo system. 
The two sets of results were essentially identical and only the Darmstadt data is given in the following. 
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Figure 1. Al^' resonance in GdAlj at 4-2 K with H „ , = 0 for different grain sizes. The 
spectra are corrected for sensitivity variation of the spectrometer and sihoothed twice; 
(a) < 50nm,(b) ~ 60nm, (c)90-120nm. 

respectively in (111) magnetized domains of GdAl2. The differences in these resonance 
fields have been ascribed to different dipolar contributions in the expression H,^^ = 

-t- ^hf. From the two lines we derive, with y = 1 1094 MHzkG" ' that |Huj = 
(47-2 + 0-8) kG (the sign of the field was shown to be negative by Shamir et al (1971) and 
the dipolar field values H^^J^alb) ~ 8-0/4-6 kG correspond, to within 15% with.the point 
dipole sum taken in a sphere of 20A radius (assuming 70 per Gd ion in the (111) 
direction). Due to the quadrupolar interactions which are small compared with the 
linewidth' for the directions of H^^^ echo oscillations are observed for the a and b line 
(Shamir eta/1971). 

As can be seen by a comparison of the spectra given as examples in figures l(a)-l(c), 
the details of the Al^'' lineshape depend on sample preparation and grain size. In figure 
1(c) a stronger decrease of signal height with frequency is observed, probably due to a 
mean particle radius exceeding the skin depth. Relatively long grinding treatments result 
in a finer powder (figure 1(a)) which is found to cause Une broadening and increase the 
background. For these specimens the spectrum contains signals other than the pure 
(111) domain resonances. With increasing deformation of the powder particles the line 
due to the a sites (6115 MHz) can be found to shift to frequencies below 60 MHz. Apart 
from a background intensity of about 10% between the two (111) domain nuclei reson­
ances, we observe with our 60 nm sample (figure \(b)) an additional line at about 52 
MHz («47-0 kG) with a halfwidth of about 3-4 MHz and about 0-75 times as intense as 
the b line. A study of the magnetic field dependence of the signal intensity proved that 
this line is also caused by nuclei in domains. The line position corresponds to the 
resonance field of domain nuclei without any essential dipolar shift and could be due to 
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Al^'' nuclei in (100) domains for which the dipolar field (~4-9 kG, calculated within 
20 A radius) is perpendicular to the hyperfine field and therefore induces only a small 
difference between the absolute values of H,^ and H,,f. The (100) domains are observed 
in several of the other REAI2 compounds and may be present in GdAl2 as closure 
domains or in distorted regions. No separate AP^ resonances due to nuclei in domain 
walls could be discerned in the spectrum of figure l{b) in contrast to earlier inter­
pretations. The absence of AP'' wall lines can be explained by a smearing out of the 
corresponding resonance line as a result of the anisotropic dipolar contribution to the 
resonance field. The centre of gravity of the AP'' resonance spectrum of GdAlj (figure 
1(b)) lies at about 52-7 MHz, that is 47-5 kG. This is close to the pure hyperfine field 
position. 

3.3. Al resonances in yttrium and lanthanum diluted GdAl2 

Since the samples with a particle size of about 60 urn gave the 'purest' Al spectrum in the 
previous section (figure 1(b)), the dilution experiments were performed with samples 
prepared in a similar way. The upper part of the Al resonances in Gdi _^Y^Al2 is shown 
in figure 2; the corresponding spectra for Gdi_^La^l2 are given in figure 3. Figure 4 
shows the spectrum for a Gdo.75Lao.25Al2 sample over a wider frequency range. The 
accuracy in this case is reduced due to the fact that additional probe coils were neces­
sary to span the wider frequency range. 

1 0 

i-0 

1-0 

^ 1 0 

38 50 
CMHz) 

GdAI, 

62 

Figure 2. Upper frequency range of the A l " resonance in G d j . ^ Y ^ l j ; measured at 4-2K 
with = 0; corrected and smoothed as in figure 1. 
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Figure 3. Upper frequency range of the A P ' resonance in G d i ^ ^ L a ^ l ^ ; measured at 4-2 K 
with H„, = 0; corrected and smoothed as in figure 1. 

In the diluted samples the higher Al resonance is smeared out, whereas the lower 
resonance lines obviously remain essentially unshifted and are supplemented by new 
resonances primarily at the low frequency side. Some structure can be seen, at least 
two. bunips at about 41^2 MHz and 45-46 MHz for small dilutions x. This structure is 
more pronounced for the compounds with yttrium. This again may be due to the greater 
similarity between Gd and Y than Gd and La. It is clear from these results that the 
maximum of the Al resonance spectrum is not displaced linearly with x for low dilution 
in either G d j . ^ Y ^ l j or Gdi-^^La^Alj. Nevertheless, the centre of gravity follows a 
linear law that is v^^^ = (1 — '̂ )7^^hf(GdAl2) within the experimental accuracy tor the 
examples tested. 

. 1 5 
UOi 

26 38 

CMHz) 

50 62 

Figure 4. The A l " resonance in Gdo.„Lao.25Al2 (after 10 days anneaHng at 850°Q measured 
at 4-2 K w i t h = 0, corrected and smoothed as in figure 1. 
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4. Line profile analysis 

Dintelmann and Buschow (1971) showed that because of the negligible contributions of 
the conduction electrons to the magnetic moment in the ordered state of G d A l j , the 
R K K Y theory could quahtatively describe the spin echo results obtained for the ferro­
magnetic state of this systemt. In the following the value of C = 9;rZ^r.4(0)/4£p^,/i, 
appearing in equation (3) will be chosen so as to match the observed hyperfine field 
at the Al nuclei in GdAl^: 

HU^KKY, X = 0) = C ^ F{2k,R„J <S,>, = - 47-2 kG. (4) 

The average hyperfine field for the magnetically diluted samples (x 0) will then be 
given by 

/ / „ ( R K K Y , X ^ 0) = (1 - X ) C X f (2fcp/?™.) <S,>„, (5) 

provided that (/cpa), Z, Ep, T and y4(0) do not depend on x. This is true within the free 
electron model as Gd, La, Y and Al all supply three conduction electrons but it is at best 
a crude approximation in the real system. The breakdown of the free electron model is 
shown for example by the difference of the Pauli susceptibilities: x^'^^i) = 316 x 
10"* and XpCYAlj = 4-83 x 10~*. Nevertheless, the almost linear dependence of the 
asymptotic Curie temperatures 0p on dilution by La or Y observed over the whole range 
0 ^ X ^ 1 by Buschow et al (1967) indicates that the approximation of a constant value 
for C and (/cpa) which will be assumed for the smaller range x = 0-0-30 is not too un­
realistic. 

I l l order to obtain expressions for the concentration x dependence of the hyperfine 
fields, we took account of the different configurations arising from the variety of possible 
occupations of the Gd neighbour shells and the corresponding statistical weights. The 
numbers of Gd sites in the nearest Gd shells around the Al atoms in G d A l j are: 

iVi = 6 R i = i 7 l l a N2 = S /?2,= W 2 7 a 

^3 = 6 i ? 3 = 1^430 ^ 4 = 18 /?4 = i 7 5 9 a . . . . 

Since a gadolinium atom situated in a shell outside the third nearest neighbour shell 
contributes less than 1 % to the sum in equation (4) in the fep range of interest we took as 
a first approximation 

Hhf(RKKY, X , « ! , n3)=C<S,>{niF(2/cFRi) + n2F(2kj.R2) + n^F{2W 

+ (1 - X ) X N,F{2kM , (6) 
l>4 
1<25 

with the statistical weights 

W{x, Hi, nz.is) = w(^. ni)w(x, M J M X , n^) (7) 
where 

{Ni - n,.)!n,! 
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Here are the numbers of actual and maximal rare earth sites occupied by Gd atoms 
within the ith shell All configurations were considered for which W(x, n^Mj , nj) was 
at least of the order of 2% compared with W{x, n^, Wj, n^)^^, for example, 164 configura­
tions for X = 0-30. 

4.1. Calculations neglecting dipolar contributions 

In order to calculate the NMR line profiles dipolar contributions and linewidths have also 
to be considered. Exact calculation of the dipolar contributions for the diluted samples 
is complicated by two problems. First there is a computational difficulty since it is not 
now possible to collect the R K K Y equivalent Gd atoms in shells of equal AI distance 
because their dipolar contribution to the total field differs in value and/or direction 
from, one atom to another. Therefore each Gd position must be treated independently, 
increasing the computational time (eg: for x = 0-05, 2150 instead of 15 configurations 
have to be taken into account for the (111) lines). The second problem is physical and 
more severe; since the mixture of (111) domain lines and other fines in pure GdAl2 
depends on sample preparation, it is not certain that the ratio of (111) to (100) and 
other lines is constant for Y or La dilution even if all the samples had been subjected to 
the same treatment. Also, in diluted samples it is not known whether the (111) domains 
are preferred as they are in G d A l j . 

In the A P ' spectrum of pure GdAl j shown in figure l{b) in spite of dipolar contri­
butions, the centre of gravity and the 52 MHz line ((100) line) are both found to occur 
at about the bare hyperfine field position. The centres of gravity of the calculated (111), 
(100) or (110) domain line splittings (intensities 3:1, 1, 2:2 respectively) also lie within 
0-3 MHz of the hyperfine field frequency. Since all the average values of dipolar splitting 
can be supposed to decrease with decreasing sample magnetization (and therefore with 
increasing x), the dipolar contributions were neglected for the profile calculations of 
figures 5-7. 

. For the calculation of figure 5 we have used the experimentally observed (figure l{b)) 
three line spectrum along with the corresponding x dependent weighting factor to 

lO i 

0-900 

0-940 

MHz 

Figure 5. Calculated Al line profiles for x = 0-15 and different values oi k^/k^. 
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represent only those lines corresponding to / / ^ f (RKKY, x, 6, 8, 6) in equation (6). For 
all the other lines we took the same form function, namely approximately the a and b 
line profile of pure GdAl j , with 2-2 MHz halfwidth and zero intensity for Av > 2 MHz. 
These lines are centred around the undisturbed hyperfine field positions determined by 
the various values that can be estimated from the quantity (RKKY, x, n^, n j , ^ 3 ) 
occurring in equation (6) and have the corresponding x dependent weighting factors. 
The 10% background intensity is neglected. Figure 5 shows the model calculation line 
profiles for x = 015 and diff'erent values of kp. It can be seen that the lineshape is quite 
sensitive to fep By comparison with figure 2, a kp/kp value near to 0-940 appears to give 
satisfactory line fitting. 

j«-=0-05 

x=Q\0 

x=0 \S • 

)(=0Z0 

A-=0-25 

CMHz) 

Figure 6. Calculated and experimental Al line profiles for different concentrations x. Full 
curve, calculated with line area normalized to the experimental value; dotted curve, observed 
line for G d , _ , Y , A l 2 ; broken curve for Gdo.75Lao.25Al2. 

Figure 6 shows the series x = 0-0 to 0-30 for the value kp/k^ = 0-945. In this case the 
experimentally observed background intensity for the x = 0 sample between 43 and 
62 MHz (with maximum value of about 10%) is taken into account disregarding the 
X value. Also a broader line form is assumed, corresponding to the shape of the G d A l j -
52 MHz line which has a halfwidth of 3-4 MHz and zero intensity for Av > 4 MHz. 
The calculated and measured spectra agree reasonably well under this assumption. 
For differences in kp/kp of more than +0-015, the agreement is obviously poorer. 
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In order to establish whether, instead of the oscillatory R K K Y function (equation (3)) 
the observed line profiles can be equally well described by a different R dependence of 
the conduction electron polarization which is uniform in space we attempted to fit the 
line profiles with simple, nonoscillatory R dependences under the same conditions and 
assumptions as for figure 5. We replaced f (2/cpR) of equation (3) arbitrarily by the 
functions c'/R^, c'/R^ or c'JR'*' but did not consider higher powers of 1/R because this 
would imply that the exchange interaction in G d j - ^ Y ^ ^ l j and Gdi_^La^l2 is 

lOi 

CMHz) 

Figure 7. The calculated line profiles with i? ^ R ^ and R * dependence of the conduction 

electron oolarization for x = 015. 

essentially a short range interaction in contradiction (Morgan and Rushbrooke 1961) 
to the observed linear decrease of the Curie temperature with, increasing x up to x = 0-98 
(Maple 1969). As an example, the results for x = 0-15 are shown in figure 7 for the R'^ 
function and it is clearly seen that a slowly decreasing nonoscillatory function cannot 
explain the observed structure.- In contrast to the experimental observations it is seen 
that in this case the maximum is shifted linearly with (1 - x) and neithd" the width (even 
allowing for an additional dipolar contribution of the order of the GdAlj'values; that is 
about 3 M H z at the low and 9 MHz at the high frequency side) nor the shape is repre­
sented in a proper way. The R~^ and R~* dependences also do not give a fit with the 
observed line shape under the assumptions made in the calculation. Nevertheless, by 

' using these more rapidly decreasing functions it is possible to obtain better agreement 
with the width (in the case of R~*) or some qualitative peculiarities of the shape (in the 
case of R"^) of the observed spectrum; at least in the special case of x = 0-15. However, 
for all these nonoscillating functions, the frequency of the maximum is essentially 
shifted linearly with (1 - x) in contrast to the experimental result for small x. Since the 
dipolar contributions which has so far been neglected, will not induce a shift of the 
maximal peak to frequencies higher than the hyperfine field frequency it can be concluded 
from these calculations that an oscillatory conduction electron polarization is necessary 
to account for the line shape in G d A l j . 

42. Calculations including the dipolar contributions 

So as to examine the validity of the assumption made in §4.1 above we calculated some 
lineshapes allowing for the dipolar field contributions. So as 'to hmit computational 
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time to a reasonable value, only the concentrations x = 0, 0-05 and 0-10 were investi­
gated. The Al lineshape is considered to be composed of (111) and (100) domain signals 
although the (100) signals may be taken as representative of all the lines which are 
centred around the pure hyperfine field position and for which the dipolar contribution 
only leads to a broadening comparable with the (100) case. 

The component lines are centred around the different values which can be taken from 

^^„(RKKY, X , n„ n^, n^) + H^;^(x; r,„.:, r i„, ; r ^ i , . . , r2„ ;̂ r^^.^r^^^) (8) 

where ^ i , f ( R K K Y , x, «!, n j , / I 3 ) is calculated using equation (6), the direction being 
opposite to that of. the magnetization in the domains considered. For H^^j, all the values 
of the sum over the anisotropic dipole-dipole interaction, are used which arise from the 
possible distributions of theTJI, 2̂ .^nd Gd moments (pointing either along the (111) 
or the (100) direction) over the different sites in the first, second and third neighbour shell. 
The moments which are farther away give a contribution of less than 0-4 k G to-theidipoIe 
simi and consequently are taken into account as an average only. This treatment then 
gives 

^dip (^J ''11J • • •> ''lni!''21> • •' '"2n2' ''31' • • ''3113) ~ •^dip('*ll' • •) ' ' in' ''21 ; • • > ''2n2 > ''si) • •'^Sni) 

+ (1 - x)^<,ip(4 - 20 shells in GdAl j ) . (9) 

As noticed previously in § 3.2, our calculated values of the dipole field had to be 
increased by 15% to fit the observed GdAl2 splitting. For the lines centred around H^^, 
the experimentally observed G d A l j lineshapes (figure i(b), halfwidths 2-2 MHz and 
3-4 MHz) and the weights 

W^'(^, Ml, n2, wa) = x^°-'"'-*-"^''"^>(l - xp'""-'"' • (10) 
are used. 

The lineshape depends on the percentage of (111) and (100) domains. In order to 
obtain an estimate of the dipolar field influence, calculations were performed for pure 
(111) or (100) domains as well as for the experimentally observed mixture (GdAl j , 
figure 1(b)). The results are as follows. 

(i) The observed line shapes cannot be fitted with a nonoscillating polarization 
function as shown in figure 7, because for example the 49-5 MHz line is shifted to lower 
frequency for x = 0 05 and 010 in contrast to the experimental results (for the'R"* 
dependence by 0-7 and 1-4 M H z respectively). 

;r=005 

Jr-=0I0 

(MHz) 

Figure 8. Calculated Al line profiles for smaU x and k^/k^ = 0-945 with the dipolar contribu­
tions taken into account. Full curve (111) domain nuclei; dotted and broken curves, (100) 
domain nuclei. 
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(ii) Using the R K K Y polarization function with large values of kj^/k^ (eg 0 980) 
there are too many lines as shown in figure 5 while for small k^/kp (eg ^ 0-900) there are 
not enough lines predicted for diluted GdAIj in the frequency range of interest. Only for 
an intermediate kp/k^ value (eg 0-945) is the number of lines given correctly. Also in 
agreement with experiment, essentially no shift of the 49-5 MHz line is found. Figure 8 
shows the calculated line profiles-of (111) and (100) domain nuclei signals for kf,/k° = 
0-945. 

(iii) The positions of the two observed peaks at about 42 and 46 MHz cannot be 
described exactly by the R K K Y polarization function including a dipolar contribution; 
for /cp/fep = 0-945, they are calculated to occur at about 43-7 and 47-2 MHz. Even allowing 
for a concentration dependence of the relative weights of the (111) and (100) signals 
and a deviation of k^/kp from 0-945, it was not possible to fit both peaks. 

These two peaks correspond essentially to Al atoms for which one nearest (42 MHz) 
and one next nearest (46 MHz) Gd neighbour is replaced by nonmagnetic Y or La. In the 
fcp range of interest both of these neighbours give a negative R K K Y contribution to the 
negative hyperfine field, whereas the third nearest neighbours contribute positively 
(which is important in order to prohibit the shift of the 49-5 MHz line). Investigation 
of the fcp dependence of these contributions and the lineshape showed that an exact fit 
of the peak positions can only be given if there is a considerable positive (ferromagnetic) 
direct contribution superposed on the negative R K K Y contribution of the nearest 
neighbours or if the polarization decreases less strongly with distance than in the R K K Y 
model (with J{q) = T = constant). Since a positive direct contribution is not likely 
(Watson and Freeman 1961) for the large Gd-Al distance (3-276 A;), the second possibility 
seems more realistic. Yosida (1957) showed that with the assumption J(q)f(q) = 2J(0) 
for q < 2kf and J(q)fiq) = 0 for q > 2/cp a polarization function is obtamed, which 
varies with kpRF(kpR) instead of with the usual R K K Y function f (/cpR). Using this 
function, with the same assumptions as were used for the calculation of figure 8 the 
observed peak positions can be fitted with kp values of about (0-935-0-955)/cp. 

5. Concluding remarks 

The line profile analysis shows that the experimentally observed Al spectra in Y or La 
diluted G d A l j can be predicted roughly by the R K K Y theory if instead of the free 
electron value k° the reduced value /cp = 0-945 /cp = 1-53 A"^ is taken. Line structures 
obviously represent a quite sensitive means of testing the choice of the kp value and give 
the possibility of evaluating kp independently of the other parameters entering the 
calculation, for example the constant C of equation (4) and the analyses of the magnetic 
data. 

In the present calculations, in order to get the analytical expressions of equations 
(l)-(3) the q dependence of the exchange integral J{q) was abandoned. The values of 
r and kp therefore represent averages over the q dependence. The sampling involved in 
the above mentioned Gd neighbour configurations is certainly different and more 
anisotropic than the sampling involved for undiluted GdAl2. For these reasons it is 
gratifying that the value for kp derived above and the value obtained with GdAl2 from 
measurements in the paramagnetic region are essentially the same. This seems to indicate 
that in these compounds a spherical approximation for the Fermi surface is not too bad. 
A similar conclusion has been reached recently by Shamir et al (1971). 

In the line fitting procedure a number of drastic approximations have been made and 
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it is at present unclear which of these is most responsible for the discrepancies between 
the experimental and theoretical line shape. It is difficult to arrive at a clear cut conclusion 
even in the case of GdAl2 since it is necessary to allow for the dipolar contributions to 
the line shape. Nevertheless the results do show that the observed Al^^ line profiles of 
the compounds studied can be understood in terms of an R K K Y Hke oscillatory con­
duction electron polarization. 
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Letters to the Editor 

Effects of pulsed field magnetization on the magnetic 
behaviour of R3C0 compounds 

Abstract. Results are presented which indicate that the metamagnetic behaviour of 
the R3C0 compounds is probably the consequence of a time dependent behaviour of 
the magnetization at low temperatures. Magnetization curves obtained in pulsed 
•fields, are appreciably different from those obtained in static fields, and in general, 
open hysteresis loops are observed, along with much higher values of the critical fields. 
It appears that the critical field values may depend upon the rate of field increase. 

In a recent publication, Feron et al. (1970) reported on the magnetic properties of the 
intermetallic compounds R3C0, where R is a rare earth element. In keeping with earlier 
work on the RsNi series (Feron et al. 1968) their results, obtained using the axial extrac­
tion technique, showed metamagnetic behaviour at 4-2 K for the compounds with R = Nd, 
Gd, Dy and Ho. A critical field was also observed at 4-2 K for TbsCo, but the initial 
magnetization of this compound was followed by an open hysteresis loop showing no 
evidence of a critical field. 

I n the course of an extensive series of measurements on these, and related compounds 
in our laboratory, we have examined the magnetic behaviour of the R3C0 systems both 
in pulsed (rise time = 0-2 m s) and static fields. I t is the purpose of this note to indicate 
certain differences which exist between results obtained using these two techniques, and 
to point out the possible mis-classification which can occur when critical fields are observed 
in magnetization behaviour. The detailed results of our observations will be published 
elsewhere. 

The experimental, pulsed field, magnetization curves for the compounds with Nd, 
Gd, Tb, Dy and Ho all show the existence of a critical field at 4-2 K , beyond which the 
observed magnetization increases quite rapidly with increasing field before approaching 
some saturation value. Only in the gadolinium compound does the increasing and decreasing 
field curve follow the same path, in the remainder the initial magnetization is followed by 
an open hysteresis loop which lies well to the left of the initial magnetization curve. In 
the earlier static field observations (Feron et al. 1970), a hysteresis loop was only observed 
in the case of TbsCo, and it was not clear where this lay with respect to the initial magnet­
ization. Some evidence of the critical fields appears, however, in the pulsed field loops 
for the terbium and dysprosium compounds but not for H03C0. The magnetization curves 
at 4-2 K for GdsCo and DysCo are given in figure 1 along with those from Feron (1970). 
As may be seen, the details of these two sets of data are appreciably different, as is also the 
case for the remaining compounds, and we have indicated these differences in table 1. A 
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Figure 1. The magnetization-field curves for GdsCo and DysCo at 4-2 K obtained 
using both pulsed and static field data are taken from Feron et al. (1970). 

Table 1. 

critical 
field (KOe) 

GdaCo 7 ± 1 
TbaCo 65 ± 3 
DyaCo 50 ± 2 
HoaCo 2 ± 0-5 

-Pulsed Fields-
dM/d^r((jiB/KOe) 

(/r=o) 

0-18 
0-01 
0-007 

? 

hysteresis 
loop 

No 
Yes 
Yes 

Slight 

critical 
field (KOe) 

3 
10 
16 
2 

-Static Fields-
dM/dH hysteresis 
iH=0) loop 

0-3 
0014 
0-014 

? 

No 
Yes 
No 
No 

further discrepancy is also found in the GdsCo data, in that the critical field is still clearly 
visible (2 KOe) at 77 K using the pulse-field observations. 

The observed behaviour of the magnetization in the pulsed fields is remarkably similar 
to that reported by ourselves for the DyCo2-DyNi2 pseudobinaries (Slanicka et al. 1971) 
in which an extensive time dependence in the magnetization process at liquid helium 
temperatures was also discovered. I t was possible to account for this behaviour in terms 
of the effects of high magnetocrystalline anisotropy on the thickness and mobility of the 
domain walls in the unmagnetized state. I t is now reasonably well established that for 
suitable values of the exchange and anisotropy energies, the width of a domain wall may 
become comparable to the atomic spacing (Bulaevskii and Ginzburg 1964, Barbara et al. 
1970) and that under these conditions the initial magnetization process wiU be one of 
magnetization rotation only, and take place for fields in excess of some critical coercive 
field (Barbara et al. 1970, Graham 1971). This has been called 'intrinsic pinning', in a 
qualitative description of the process by Zijlstra (1970). Since the rotation is fimited by an 
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energy barrier associated with the magnetocrystalline anisotropy, the magnetization in an 
applied field can be expected to increase at a rate proportional to exp {{—Ex + MH)lkT} 
where Ex is the anisotropy energy and M the domain magnetization. A t low temperatures, 
the time constant of this increase lies well within the range of measurement for values of 
the exchange and anisotropy constants which are not too restrictive. Once magnetized, 
the subsequent behaviour will be similar to that of a single domain particle and will be 
influenced by the demagnetizing field. As a result (i) the coercivity of the hysteresis loop 
will be less than that of the initial magnetization curve, and (ii) any time dependence of 
the magnetization on decreasing (and subsequently reversing) the field will be different 
f rom that of the initial magnetization. 

In all low temperature measurements of this kind of material we are dealing with a 
nonequiHbrium process. I n the simplest case the magnetization may be written: 

M{H, t) = M s { l - exp ( - ? / T ) } 

with 1 /T = A exp [ { < £ ' A + MsH{t)}ikT] 

and, for the pulsed field measurements, 

H{t) = Ho sin iv^ = Ho sin ^ /. 

I n the course of the measurement, sudden changes in M{H, t) will only be observed when 
the time constant of the change T becomes appreciably less than the time rate of field 
change. This latter term can be replaced by T I for the pulsed field observations and by 
the measurement time in the case of static field measurements. Since there can be a dif­
ference of as much as 10^ (10"'' s to 10^ s) in the rate of field change, the value of the observed 
critical field may differ appreciably between the two extremes. I t should also be pointed 
out that in the static field observations the form of the results will depend critically on 
the details of the experimental method. For example, in the extraction method, i f the 
specimen is allowed to remain in the field for several time constants of the rate process 
then it may be assumed that the measurements will approach the equilibrium values, but 
for times shorter than this the results will characterise a somewhat nebulous intermediate 
state. 

In cases such as the compounds under discussion, which on magnetizing show a critical 
field phenomena, the magnetic state will return to a multidomain configuration, over a 
finite time, on decreasing the applied field due to the effects of temperature and demag­
netizing field. This will be assisted to some extent in polycrystalline materials by domain 
wall nucleation occurring at the grain boundaries (Zijlstra 1970). A n apparently 'meta­
magnetic' behaviour can then be expected for static measurements, which TOII have a 
similar magnetic behaviour for both increasing and decreasing fields. For pulsed fields, 
however, the observed magnetization-field behaviour can either be similar to that in static 
fields, or show an open hysteresis loop, depending upon the relative values of the two time 
constants over the range of applied fields used. 

I n view of the above discussion we believe that most, i f not all, of these compounds are 
ferromagnetic, but that their behaviour at low temperatures is severely affected by large 
values of the magnetocrystalline anisotropy. I t is suggested that the previously reported 
metamagnetic behaviour arises as a consequence of the method of measurement rather 
than f rom a classical antiferromagnetic moment configuration. Similar conclusions have 
been reached from a different approach (Buschow 1969) for Dy3Al2, which had previously 
been reported to be metamagnetic at low temperatures. 

Physics Department, K . N . R. T A Y L O R 

University of Durham. G. J. P R I M A V E S I 

I5th January 1971 
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Anomalous nuclear resonance behaviour of ''Co in GdCo, 

Abstract. Spin echo measurements of the ^sco nuclear resonance in GdCo2 have 
revealed a rapid decay of the spin-echo amplitude with temperature up to 40 K fol­
lowed by a further growth up to 79 K and subsequent decay above this temperature. 

In order to investigate the temperature dependence of the hyperfine field at the ^^Co 
nucleus in GdCo2, a spin-echo spectrometer was used, operating at frequencies near 
60 MHz. Envelope demodulation was employed, following a conventional 32 MHz i f 
amplifier, the echo being displayed on an oscilloscope. The resonance line shape is shown in 
figure 1. To minimise the effects of spin-spin relaxation on the primary echo (Hahn 1950) 

S 3-0 

-ez-o 

60 62 64 
Frequency CMc s-') 

66 

Figure 1. Line shape of the ^^Co nuclear resonance in CdCo2, obtained by spin echo 
measurement at 4.2 K . 

the two, low-power, r f driving pulses were as closely spaced as would allow the echo to be 
produced clear of the receiver recovery curve. The pulse width used for this series of measure­
ments was 0-5 / L i s , the pulse separation 6-5 /xs and the repetition frequency 100 Hz. In a 
similar investigation, Taylor and Christopher (1969) had been unable to make echo ob­
servations above 15 K because of the reduction in echo amplitude with increasing tempera­
ture. The present spectrometer was capable of producing a noise-free primary echo in 



Letters to the Editor L11 

GdCo2 at 77 K and hence no difficulties of measurement were anticipated below this 
temperature. 

The hyperfine field strength observed at 4-2 K during these measurements is 60-8 kOe, in 
agrrement mth previous observations. With increasing temperature its magnitude decreases 
slightly (1%) between 4-2 K and 165 K , at which temperature the echo was no longer 
visible. Over this temperature range the echo amplitude varied in an unexpected manner, 
decreasing rapidly from its value at 4-2 K before passing through a broad minimum at 

60 80 100 
Temperature (K) 

Figure 2. Echo amplitude, corrected amplitude and Tz against temperature. The circles 
represent the observed amplitudes; the triangle represent the values of T2 (right-
hand ordinate); the crosses represent the corrected amplitudes (together with indica­
tions of the cumulative errors) which have been normalized to give the same 

amplitude at 4-2 K. 

40 K and a local maximum at 79 K. Beyond this the amphtude falls monotonically and is 
unobservable above 165 K . This variation of echo amplitude is shown in figure 2. 

In an attempt to understand the origin of these changes in the resonance amplitude, those 
parameters have been examined which are likely to affect its value directly, namely spin-
spin and spin-lattice relaxation and the domain wall enhancement factor. 

Values of the spin-spin relaxation time T2 were obtained over the entire temperature 
range using the conventional two-pulse technique, the echo decay being a true exponential 
in each case. The variation of Tz with temperature is shown in figure 2. As can be seen, the 
form of this dependence is very similar to that of the echo amplitude and must account, at 
least in part, for its anomalous behaviour. Measurements of the spin-lattice relaxation time 
Ti using the three-pulse method, are severely limited at low driving-pulse power levels by the 
very small stimulated echo ampUtudes above 4-2 K. As a result Ti has been satisfactorily 
measured only at 4-2 K and 77 K. Separate measurements at higher driving-pulse power 
levels have indicated that Ti also has a local maximum at 79 K . 

With the observed values of T2, the echo formation time of 13 fis leads to a 13 % decrease 
f rom the zero-time echo amplitude at 4-2 K and an 89 % decrease at 40 K. Consequently 
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the observed amplitudes have been corrected for the T2 decay and are plotted in figure 2 
for comparison. The basic features of the curve still exist, but are shifted to lower temper­
atures. This method of correction assumes that only a single-time-constant relaxation 
process is operative. Time constants very much less than 13 /xs (the minimum echo formation 

! time of this spectrometer) cannot be observed on this equipment. The corrected curve will 
' therefore be subject to further modification i f a very fast relaxation mechanism is found to 
1 be present. 
1 Since many of the rare earth intermetallic compounds show evidence of the development 
: of high magnetocrystalline anisotropy effects below 50 K , it is possible that such changes 
i may occur in GdCo2 and be reflected into the nuclear resonance through the domain wall 
I enhancement factor 77. However, measurements of -q showed that it was essentially constant 

f rom 4-2 K to 165 K , in agreement with previously reported work (Dean et al. 1970) for 
i other ferromagnetic materials. 
' Referring again to the corrected echo amplitudes of figure 2 i t could appear that the 

basic variation is one involving a broad, deep minimum at 30 K . The existence of such a 
minimum would then arise only through a very fast relaxation process which is unobservable 
because of the spectrometer's minimum echo formation time as discussed above, or through 
a separate mechanism which decreases the number of excited nuclei. Examination of the 

I data of figure 2 shows that between 4-2 K and 30 K the corrected echo amplitude is 
I accurately proportional to (temperature)-^. This is, of course, characteristic of normal 
i behaviour (Dean et al. 1970) and it would perhaps indicate that the anomaly is not the 

amplitude minimum, but the local maximum at about 53 K . Unfortunately, the growth of a 
i nuclear resonance with increasing temperature is not so readily interpreted as is a decay, 
I especially in view of the constant enhancement factor. I t is hoped that a more detailed 
I observation of the effect can be made using a more sensitive spectrometer, presently under 

construction, to give a clearer insight into the mechanisms causing this apparent anomaly. 
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