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,&bstract

Detailed measurements of the field and temperature dependent øc sus-

ceptibility of a number of Pd based alloys, fourteen PdNi alloys containing

between 2 and 5 at% Ni, seven PdFe alloys containing between 0'35 and 2'4

atfto Fe, and fir,e (PiLFe)N{n alloys containing betu'een 0.35 and 2-2 alYo Fe,

are presented. Attempts are made to analyse these data {or Curie temper-

ature an{ critical exponent values. It is shown that for most of the ailoys

studied, reliable estirnates for critical exponents are precluded by the spin-

orbit induced anisotropy, though ferromagnetic Curie temperatures T" still

can be determined.

High-resolution measurements of tlte ac magnetoresistance in the PdNi'

PdFe, and. (PdFe)Mn alloys have been carried out at lor¡'temperature. These

data demolstrate the application of magnetoresistance measurenlents to in-

vestigate the onset of magnetic ordering via the appearance of a spontaneous

resistive anisotropy (SRA) in low field, leading to the accurate determina-

tion of the criticai Ni concentration æo in PcLNi necessary to establish a fer-

romagnetic ground state. The fi.rst demonstration of a power-law relation

between the SRA and the reduced composition neaï æ6 is presented, and

the corresponding critical exponent governing this relationship is estimated

experimentally.

The effects of hydrogen on a typical sample, 5.0 ar% Ni, have also been

stud,ied. It is shown that hydrogen has enormous efects on the geometry,

susceptibility, and coercive field of the sample'
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l-.l- lntrodu.ctiom

This chapter is intended to discuss sonìe theories and models describing the

magnetic and electrical properties of ferromagnets. Tliis field has attracted

considera,ble interest over a long period of tirne and has gro\\'11 to such au

extelt tirat it is lot possible to cover all the concepts and del'elopments

completel¡,.i1 a simple sÌrort revieu'. Therefore u'e ltave decided to focus our

a,tteltion onl,r' o1 those theories t'hich are directll' related to the subjects ri'e

have studied experimelLtalh'.

'J'..2 Magnetic trropertíes

1.2.1 Interaction of N{agnetic Moments

The pioneering theoretical v'ork in understanding the nagnetic properties

of ferromagnets u.as done b¡' \\Ieiss in 1907. Several important properties

of ferro¡rag¡ets, such as the spontaneous magnetizatiou, the existence of tlte

susceptibilitl, ç¡¡1,s and the technical rnagnetization curve. can be interpreted.

at least in principle, br'his theor¡'.

In the \\¡eiss approach two assumptions u'ere made; tire flrst u'as that

the co¡stituent ma,gnetic rtoments interact u'ith one another though a "tnolec-

ular field"1 u,hich 1\ras proportional to the magnetization of the system; the

second assumption u'as that actual specimens are conposed of a number of

small regiols called magnetic domains. \\Ihile this iatter assumption, the

lAlso called the \[eiss fie]d or mean fieid.



existence of domains, \\:a,s verified b¡, direct observa'tion of domain structure

using the Bittei method as earl¡,as 1931, the detailed features of the inter-

acting magnetic moments are still not clear'

\,Iany specific models ha,r,e been put forward in order to understand

this interaction. If the dimensionalit,r' of magnetic tnornent space) or the

spin space, is D. then D : L,2,3, and oo collesponds to the Ising. Planar,

Heisenberg, and Spherical models respectivsh'r as shorvn in Figure 1'1' Tu:o of

the¡r are particularly ir-Lteresting. namei-r' tire Ising rnodel and the Heiseuberg

model. as these models appear to represent reasonable theoretical descriptions

of certain phvsical svstetlts.

As shol'n i¡ Figure 1.1, ir-L the Ising model the magnetic moments are

assumed to be classical, one dimensional "sticks" capable of onlt' tri'o orien-

tatio¡s. up ald dou,¡. The interaction Hamiltonian of the s¡'stem is given

by

^.TJ--rT \-c.c.!! 
- 

¿uer z!¿¿22'JZJ
j

(1.1)

n.lrere J"" is a constalLt ri,hich couples spils on sites at z and al j, S";

s,¡ is the: cornponerLt of spins on the sites at i alld j respectivelS'; and

summation is ovet the nearest neighbors of atom r, (Nlorrish 1965)'

Isi¡g (1g2b) sclr,ed this model (v'hich is nori- narned after him) for the

case of a one-d,imensional lattice (or linear chain) in the absence of an external

fie1d; the solution did not displa,¡' a phase transitiol'

and

the
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G-= D-Dimensionpl Classical spins

D=1 (Ising Model)

D=2 (Pianar Iúodel)
l

I

/,/&

3 (Heisenberg lt{odel)

æ (Spherical lr{odel)

Figure 1.1: Illustrationiof the concept of interacting D-dimensional spin'
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Onsager's exa.ct solution of the tu,o-dimensional Ising model js a land-

'rark 
i1 the hisior¡, of phase transitions and critical phenomena. From the

partitiol fulction for zero external fi,eld, Onsager (1944) u'as able to sliorv that

the specific heat possesses a iogarithmic divergen ce at T" u'lten approached

from both T < T. and 7 ) T; as sho'n,n in Figure 1.2. In cor-Ltradiction to the

predictiols of the other theories such as meall field theor5', Onsager's result

agrees u'ith most experimental measurements'

The critical-point exponents a,ssociated 's.ith a magnetic phase transi-

tion for a tt,o-dimensional Ising modeì have also been calculated. but as u'e

will see later the r.alues. in generai. do not agree u'ith experimental lneasure-

ments.

The three-dime¡sional Ising model has not )'et been solr'ed exactly, and

sorne authors claim that it rnav in fact be an insoluble problem'

O¡ the other hand in the Heisenberg model. the basic idea is that

tlie spi¡ is a. three-dimensional vectoi and the nagnetic ttlomeuts .í¿ and Sr-

situated o1 sites i and 7 in the lattice ha,r,e an exchange interaction of the

form

8., : -2J",5; (1.2)

rçlrere J", ts the exchange integral. The lou'est energy state of Equation

(1.2) depends or-L the sign of the exchange integral. If ¿, is positive, E'"

is a minimum $-lìeu the spins are parallel, as in the case of ferromagnets.

The excirail.ge energy, the ph1'sical origin of the weiss fi.eld, has no classical

q.



ana,logue ) altirougir it is of electrostatic origin. It expresses the differetlce

in Coulomb interactiorl energJ¡ of tlte slrstem x'hen tile spins are parallei or

antiparailel, alLd is a cor-Lsequence of the Pauli exclusion principle.

If the excha,nge integral J., is isotropic then tire exchange Hamiltonian

{or the entire svstem is

^H: -2J""f 5-t

j

Expansior-L of the scalar product of the above equation gives

S¡ (1 3)

(1 4)
N

H : -2J.,I(S"rS"; = Sr;Ss¡ i S,;S=¡)
j

I{ (^9",,9"¡ + So;Ss¡) can be negiected. thel the Harniltonian is just

tf - _1 T
-a er (1 5)

ri'hicir is just Equatiol (1.1), the Hamiitonian of the Isir.Lg rnodel.

81, solr,i¡g for tire properties of a system t'ith either an Ising or Heisen-

berg rnodel Hamiltolian. u'e should arrive at a theor)' of ferromagnetism.

tilfortu¡atel¡,, neither the Ising nor the Heisenberg model has yet -vielded an

exact solution for a tþree-dirnensior-Lal lattice. The Heisenberg lnodei is not

el,en solvable for a tl'o-dimensional lattice u'ithout making further approxi-

mations. Therefore if o¡e s'ishes to obtain predictions of critical properties

t
j



for realistic rnodels, one must resori to lurnerical approximation techniques.

i\,f a¡5, approximatiol techliques, such as the successive apProximation rneth-

ods ald the series expansion methods, have been used; sorne of tliell are vel]¡

successful in predicting accura,te \-aiues of critical ternperatures and critical

exporìents) such a,s the exponents for the 3d Heisenberg model (as v'ill be seen

later in Table 1.1).

L"2"2 Landau Theon'

hi th.is and the follox'iLg subsection u'e u'ill preserlt some aitempts to provide

a l¡.ore realistic equation of staie. and discuss the critical behaviour predicted

b¡-these theories and models. \\:e begin u'ith the Landa,u theorT.

It is possibie to understancl a number of important rlagnetic properties

of a ferrornagnet in terrns of Landau theor¡. (Landau and Lifshitz 1969). Tiris

theorl', so¡retimes called mean field theor]., is a sirnple and soh'a.ble theorv.

According to this model, the Helmholtz free energ\¡ F of a magnetic s]'stem

1Ìear a. criticai phase tralLsitj on temperature carl- be expressed b¡'a standard

Ta.r,lc,r series, as the magnetization ,4l rvill be small at temperature ? close

to Curie temperature 7.

F(7, At): Fo(") + a2(T)Ãt2 - aa(T)AI1 + .' (1 6)

u,lrere ¡b(7) is a constant term, a,2 and aq a¡€ tri'o temperature dependent

coefficie¡ts. Notice that there are no odd terms in the expansion since the

free energr.' rnust be s¡'mmetric under reversal of the magnetization'



(1 8)

the mag¡etic s¡,s1grn u'ill be in an equilibrium state at zero field. Equation

(1.?) and (1.8) tead directll' to the following tu'o equations'

f P-ll" :2az(T)ll - 4aq(T)Al3 :0 (1.9)'o!t['

and

At a given t,emperature ?, u'l'Lelt

and

aF.
( 6*)r : ts

, CJ"f(_ì- > (ì
t 64yzt' '

e:)r :2ar(T) , 12a1(r)t/2 > tr'aAIz" /

(1 7)

(1.10)

Belou- the Curie temperature. from Equations (1.9) and (1'10) one has

a+(T') ) [ì as ]\[2 > 0. and therefore

a2(7) < 0 (1. 11)

as required b¡' Equation (1.9).

Abovethe Curie temperatule, b.otvet,er, ftom Equation (1.10) as -Af : 0

at T > [, rr,'e have

a2(T) > 0 (1'12)



so that the sign o1 a2(T) changes at the Curie temperature.

Expanding the coefficients ø2(?) and 
"n(T) 

as a binornial in ? near I

and retaining oniy the lot'est non-zero tetttt, the above results are consistent

u'ith

ot(T):d2r(T-7.) (1 13)

and

a+(T) : ato (1 14)

u-here û,21 atìd d.4s a.r€ tn'o positive constants.

One ca¡ use these solutions to caiculate the ma.gnetization. magnetic

susceptibilitl'. and specific heat. For zero field. as -Af is small at T close to

?-., substituting Ðquations (1.13) ancl (1.i4) into Equation (1.9), u'e hat'e

\r _ I az1 \1 /2(,r _T\rl2,'U:t^ J \/.- *,,
lãqo

( 1.15 )

If o1e defi¡es ar. exporÌent ^9 
through the relationship ,11 x (-t)6 rvith

t : T. tlien Equation (1.15) predicts the expone:nl B : 712 in tire Landau

theor¡'.

Since the isothermal magnetic susceptibilit5'is defined b¡'

. .azF.
x-' : (ffi) :2a2(T)i L2o'a(T)II2 +.'. (1'16)

for temperatures above Curie ternperatute, tvllete A,[ :0, at H :0'tl'e hat'e

the important result

10



X: 2a217 - T.
(1 i7)

T¡is is the rveil knori,n Curie-\\¡eiss lari'ri'ith 1/(2øzr) equal to the Curie

constant. and if one defi-nes a second exponent f bf' X x ú-1 then Equation

(1.1i) indicates 1 : l in the Landau theor\''

For ? <7., A'[ 10, it is straightforward2 to sirou'

¡(,11,7) : 4a217" - T
(1 i8)

ti-Lus n'e obtain 1'' : I also as x c( (-¿)-' lor T <7.'

Hou,ever experirlental resuits indicate that for most maguetic svstems

the susceptibilitr. does not foliou- a Curie-\\¡eiss iat- $rllen the temperature 7

is close to 7". This is just th.e opposite behavior predicated bv the Laudau

theorl', as a standard Tal'lor series should be most accura,te close to the Curie

point.

Recall frorn tire titermocly¡amic state functio¡s tirat at T : 7,. H :

@FIAAI)r (where 11 is magnetic field): norç differentiating Equation (1 6),

expanding tile coefficients and setting T : 7., tl'e have

H (^[ ,7") : 4aqoÃtls (1 le)

If one defines H x A[6, then á : 3 in the Landau theor\'. Experirnental

2By substituting lf2 from Equation (1.15) inio (1'16)

11



resujts ha,r,e shou,n tirai for most of magnetic materials á > 3.

T.,sing the Land.au nìean freld theorï olle also can calculate tire specific

heat of a, magnetic system. This theory predicts that the specific heat at

zero field has a discoltinuitl, at the Curie temperature, but tlie discontinuit¡'

is predicted to take the form of a step function (dashecl line in Figure 1.2)

u'itir an arnplitud.e a]rl(2aas). rather than a lambda anomall' as shou'n in the

figure (solid line).

L"2.& The Scaling Äpproach and the Scaling Laws

Experirleltal results ha,r.e shou'l that for ferromagil.ets nlallv maguetic para-

me¡ters, such as the magnetic susceptibiliti. (X). the rnagnetic speciflc heat

(c¡¡) and the reciproca.l of the magnetization (¡¿-t), b.come I'erv large near

the Curie poi¡+,, and alm.ost all of them seem to obel' ¿ simpie po\\'|er lau- of

the form

Xc¡¿-r H:0,T>7, (1.20 )

AI x (-t)Ê H--0,T<T. (1 21)

and

it[ x Hlló m t-71

! : f c (1.22)

In sorne cases the critical exponents

tionships can be calculated u'itll reasonable

v'hicir govern the porver lau' rela-

accurac\¡ from theoreticai rnodels,

T2



Tiris is the case for the one and four or rnore dimensional sYstents3. the tu'o

dinrensio¡al Ising model, and the Splr.erical model (D : co)' I{orn'ever none

of the syste¡rs i¡dicated above occllr in the real v'orld (Stanle5' 1971, Coiiins

1e8e).

As shou'n in section 1.2.2 the Landau approa,ch {aiis to proYide a gen-

eral theory of critical phenomena, in the folloli'ing tu'o respects. First the

expansion of the basic equation (Equation (1.6)) is not valid for a system

rvlrose specific heat diverges to infinit,r- a,i T --+ T.; and second the critical

expo¡elts yalues predicated b,r, the theorl' disagree u'ith most experimental

mea,suremeilts.

So a less rigorous approach called the Scaling approach (\\ridom 1965'

Domb and Hunter 1965, and KaCanotr 1966) has been introduced. The ba-

sic a,ssurnptiona of scaling theor.r, is that u'hen s'e change the size of a cell.

u,e onl.v change the pararneters (such as the magnetic freld 11 and reduced

temperature ú) that go into the Hamiltonian, but not the {orm of tlte Harnil-

tonia¡. Scaling tlleor¡'expresses all the static critical exponents in terns of

just tu,o parameters p ar-Ld q. Hos,ever the theor5' does not predict the vaiues

of the critical exponents themselves.

This approach can be illustrated as follou's. The Gibbs free er-Lerg¡-; G

of a cell often can be rvritten in terns of tri'o parameters. f/ and t. According

3As an example one may calcula.te the temperature. de_pendence .of _spontaneous. mag-

""tirålion, 
r"À..þtiUititl., specific heat etc. baied on the linear chain Ising model in the

absence of an external magnetic freld. as it is a solvable model'
aThe same basic assumpiìon has been used in the relativel¡'nerv theorl-renormalization

gto"p-ìh* .rhi.h is a theoretical approach r';hich goes furthe¡ in evaluating the block

(renormalized) variables e>:plicitly.
sTh" Gibbs and the HelmholLzfree energies are related by G = F - HdI'

13



to tire basic assu¡rption of the scaling theor-r'. ri'hen u'e change the cell size

ftom La lo ÀLa, the para,meters f/ and ú of tire free elìerglr G u'iii be chalLged

to fI ald l, but leave the form of the Gibbs free energv unchanged, so that

for an¡' i'alue of ) we have

^ 
G(H,t): C(u,l) (1.23)

This rneans tirat Gibb's potential energlr G(H,t) is a generalized ho-

mogelleous funciion.

Giyel the assumption that f and I ha.'" a linear relationship. and that

H a¡d H or" also li¡ear t,hen -Il is small, Cooper (i968) has proved thai

H:^sH (1.24)

and

l:^Pt (1 25)

Equation (1.23) nou- becomes

^ 
G(H,t) : G(Àn U, À"¿) (1 26)

for the freeDiffere¡tiating Equation (i.26) giyes the tra¡sformatio¡

ellergY

74

(1.27)



From tlier¡rodl'namics. the rnagnetiza.tion A'[(H.7) in a srnall field is

given b¡'

AI(H,?) : -(E#?r, (1 28)

Therefore in zero fleld. rte have

)¡l(0, t,) : Àø AI(0, ÀP¿) ( 1.2e )

This equation should be valid for anv positive vahie of ). so tt'e set

Àp(-¿) :1 (1.30)

For ú -=, 0 or temperatures belox' Curie temperatute T.,li'e hal'e

¡f(0'¿) : (-t)(t-e)ir'1¿i3' -t'

Comparing r"'ith the definition of ,4/(0,t) x (-t)3. rte get

(1 31)

(1 32)

Tiris equatio¡ demonstrates that the critical exponent p can be sirnply

expressed in ternr.s of the tu,o unspecified scaling parameters p and g.

Si¡rilarl,v from Equaiions (1.27) and (1.28), we carÌ derive the variation

7-q
L)--'p

15



of rnagnetization as a function of fl in the form of

^It 
(H,t) : 

^s 

I\[ (^s H, 
^Pt)

( i.33 )

Tþis equatio¡ is sometimes calied tire magnetic equation of state; at

T : T. set )q.H : 1, u'ltett

AI(H,0) : ¡7(t-ø)/nrtf (t' 0)

a.s slrori'n in Equation (r.ZZ) . lt(H,0) o< 111ló, then

x(ã, 0) : ¡l(1, 0)H(tlal-i

Differentiating Equation (1.33) u'ith respecr to H

(1.31)

( 1.35 )

This giÏes anotÌrer example of using the scaling parameters p and q to

defi.ne a critical exponent.

From Equations (1.27) and (1.28) rve also can derive the isothermal

susceptibilit-r-, siuce X : #
B.r' differentiating equation (1.34). at T : Z" the isothermal suscepti-

bilit¡ has the folloning form

o
(j-- I-q

(1 36)

16



Iet H : 0 and )o(-¿) : 1. a,t 7 belou' T.

x(0, ¿) : (-t)- -ì: x(0, 1)

therefore

(1 38)

(1 3e)
2o-1

x x (-t)--;-

Comparing u'itÌr tire definiiion of 1' gives

x * (-¿)-' (1 40)

we get

' 2q-7
p

LÌsing the same argurnents for temperature just above 7", u'e find

1',:1 ( i.+2 )

The equalit¡' of tlte uuprimecl and primed critical exponents is a com-

mon feature of static scaling theorl'.

It is straigh.tforri,ard. to shou- that combining Equations (1.32), (1.35)

and (1.41) gives

^i : -,t : p(s - 1) (1.43)

This reiationship betrveen critical exponents is called the scaling lau',

and the above form u,as first derived b.r'\\ridorn (196õ). Equation (1.a3) is

(1.11 )
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a special case of a rigorolÌs inequalitl' arnong tire exponents: specificailS' ¡¡"

inequalit], 1: > p(6 - 1) was proved b5' Griffiths (1965). As indicated by

Equation (1.43), onll'two of the these exponents are independer-Lt of each

ofher.

From the definition of the specific heat in constailt freld (c¡7) at H :0

and ? just above 7",

".- -.r(o=G r,, t.1.44)cH:t\AT2)H \''"

arrd the definition of critical expor-Lent Q, cH x Ú-o. ri'e get

2p-7 (1 45)
p

Similarl¡., assumeing tire correlation length { is also a hornogeneous

function of 11 and t. al H : 0 aud 7 just above 7., tve have

{(0.¿) : ¿-tle1(0. t)

From the definition of the critical exponent u

(1 16)

{(0,¿) at-" (1 47)

we have
_1u:q (1.48)
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Using the same argurnents for ternperature just belorv ?", u'e can sho\l'

y' : y (1.49)

and

(1 50)

Again 'rhe prirned and unprimed critical exponents have the sante t'alue.

As discussed above, the scaling lalr' provides a unified description of

rr.agnetic properties near tlte transition point. It is not onl¡'of theoreticai

importance but has also been used extensivell' to ana.ivse lÌutllerous exPer-

ime¡tal investigations of tnagnetic rnaterials. ranging frorn pure metals and

ionic compounds to diiute magnetic allo¡-s.

starting from the scaling lau- equation of state (i.e. Equation (1.33)),

if ri,e set Àp :7 t, then the magnetization ,4/ can be related to the rnagnetic

field H and the reduced temperature ú(: !]) .'iu

a:a

(1.51)

At(H,t) -- f F(H ltt+07 (1 52)

As shorvn in this equation, scaling theor5'specifres onl¡'tire argument.

but not in general, the form of the function F. Tire above equation. horvevet.

leads to the rvell kno11'n as¡'mptotic relationsirips llear the Curie ternperature

10



(7.) such as the ones shonn in Equations (1'31)'

rearrange and present them in the follorl'ing u'a)'

¡{(0,¿) o (-¿)P (T <7.)

(1.34), and (1.36). \\'e

(1 53)

AI(H.0) x fl115 (T : T.) (i 54)

x(rY,0) * ¡¡(t/ó)-t (T : T,) (1.55 )

X(0, ¿) x ú-1 (T > T,). (1.56)

Tlie critical expo¡e¡ts B,6 and.1 tirerefore can be estimated experimentail¡'6

As indicated b5- these equations, the critrcal exponents car-L be determined b1'

measuri¡g the slopes ol log - Iog plots of experirnental data. -{lthougb' tiris

is a particularlr- quick method oI determining the exponents, it requires an

a prior kno'rvledge of the critical temperature. in rnost of cases. so that in

practice one must frequently resort to plotting :'11 or x for several trial r'al-

ues of g, ^f or á untii a r.alue is found ri'hich produces a straight line. In

addition to tirese asYmo¿ott. dependences, Equation (1.33) predicts that the

J'97i)thaiinordertocìefineacriiica,]exponentsuch
as ,ú, the ord". pu,r.-eter Jli does not neôessarilr, have a. strict propo¡iionaì relationship

$,ith (-¿)fJ rr rhãro,n in Equation (i.53), so a more natural definition of the critical exponent

17 i^ /2 - 
lin¡ ln(Jtl)

P tr P - 1*rr lrr(t)
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susceptibilit¡'¡ has the follou'ing form

x(H,t) : ltt lôH : t-",F'(H li..*ß) - ¡¡-tt6+a)ççg 1¡+s7 (i 5i)

u,lrere F'(Hltt+s) is the derivative of the function F(Hlt:+a) r'ith respect

to it argurnent Hftt'+3. and G(u) - ¡16+Ê).F'(t). In a fixed field H. the

susceptibility is then predicted to have a peak at a reduced temperature úo

given bt'

(7ylôt,)¡:¿, = 0 i.e. G'(H ltJ--u) : 0 (1.58 )

Equation (1.58) is satisfied u'he¡. the argumeut of the fuirction G is a

constant. thus

tP rc
- 

+ ^. ¡1t /(1- it)
-LpVtJ

(1.5e)

Substituting tiris condition into Equation (1.5i) imrnediateli' ¡'ields

x(H,t) o( I1(1/á)-r (r.60)

Equation (1.59) demonstrates that the peak ac susceptibilit¡' occurs

at tlre reduced tenpeïature t* ri hicll increases u-ith increasing field, x'hile

Equation (1.60) indicates that the peak arnplirude decreases t-ith increasing

field in tire sarr.e rnanner as the susceptibility at ?". It should be pointed

out that unlike th.e rnagnetization data, estimates of exponent ó from the

field dependence of iire peak susceptibilitl'as indicated b¡'Equation (1.60)

.r
!c
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are ipdepe¡dent of the choice of Curie temperatur€ 7.. Tirese equations have

been verified experiuentaiiy in mauy svstems (Ho et al 198i a, b; Gaunt

et al 1981; Sarau and \\iillianr.s 1987). These po\\/er lau'relationships also

form the basis of the detailed investigation of the dilute Pdi\i' PdFe and

(PdFe)\'f¡ s5.ste¡rs carried out þere, and it u'as intended to estimate the

critical exponents 1, ß and á from tirern.

These model independent predictions of the scaling lau' approach have

bee¡ co¡fir¡red b¡- specific numerical caiculations o1l" alt Ising rnodel using

both irigir ternperature expansion techniques for t'arious lattice structures

(Chang and Lee 1980), and t'ithin the ferromagnetic phase of the so cailed

SK ilodel (Sherrington and Kirkpatrick 1975, Rosirko ald \\riliiams 1984,

Kunkel et al 1988b). In Figure 1.3 the caicuiated field and temperature

depe¡de¡t susceptibilit¡'. based on the effective field-theoi¡' approacll due to

Soutirern (1976), is plotted against the reduced temperature in various flelds;

rhe calculatecl susceptibilit¡' does i¡deed behave in the manrÌer predicted b¡'

the equations shou,n a.bove. exhibitìng a peak tr-ltose height decreases, but

the position in tempera,ture of s'hich increases x-ith increasing field'

In Table 1.1 u-e give a sulÌìnlar\r of the cleflnition of some magnetic

criiical exponents, and the predicted values frorn a nurnber of theories and

¡rodels. For the Landau, 2d Ising, and Spherical models the critical exponents

are exacti for the 3d Ising,3d planar and 3d Heisenberg models the critical

exponents are found from approximate caiculations. the related uncertainties

are also listed.
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The fi¡al test of ary theorr. must be deterrnined b1'experiment. there-

fore in Table 1.1 the predicted critical exponent values of the vatious models

are cornparecl with the range of values found experirnentally. As shot'n in

this table the values given b¡' the solvable theories (Landau, 2d Ising, and

Spherical) are not quantitativelv correct. On the other hand, the predica-

tions of the approxima,te calculations (3d Ising. 3d planar and 3d Heisenberg

rnoclels) do appear to mirror, t.o a certain extent) tire data on ferrornagnetic

sl,stems. Unfortunatelr', none of these models has been solved exacth'.
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Critical
Exponent

Table 1.1: Summar5. of critical exponents values of models and experiments

Pou'er Lar'r'

Conditiols

Landau

2d ising

3d Ising

3d Planar

3d Heisenberg

Spherical

Experiment

xC'-t-'

H:0
'?':?
t / lc

1

T.T 5

1.2378
+0.0006

i.316
+0.009

1.388
+0.003

2

11 x (-r)É

TJ-ALt -v
T <7.

0.5

0. 125

0.326

Al a Htl6

r9>0
n.î

3

15

4.78

c7¡ X t-d

ä:0
T>7,

Discont

0

0. 106

+0.0003

- 0.01
+i) 007

- 0.121

-1

-0.3 - 0.3

Ë ot-"

H :0,
T>7"

0.5

I

0.63 12

0.669

0.70 7

+0.003

1

0.6-0.7

0.3+5

0.36 7

1.3 - 1.4 0.2 - 0.4

4.81

4.78

J-O
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1..S.1.

ÐlectricaT Resïstivity arxd SH,,&

General Fnoperties

One characteristic propert5' of a rnetal is its electrical conductivit¡'' The

calculated resistivity (Blocir 1930) of a pure metal, rvith electron-phonon

coupling and no magnetic scattering, has the folloti'ing behaviour

(1.61)

f (T) is a Debveivlrere Tp is the Debl.e tempera,tute, PD is a coustant' and

integral.

At high ternperature the resistir.it]'is proportional to tenperature; that

1S

p¡(T) x T. T>Tn (1 62)

as the Debveintegral has the behaviour of å(?)t This equation agrees rvitlt

expelirnental results quite u'ell in a nurnber of cases.

At lori' ternperature /(cc) : 724.4, so the resistivit¡' t'aiies approxi-

rnatel5. as

en(T¡xT5, T <Tn (163)

\\,'hen a rnetal contains impuritv atoms u'hich;'ield additional scattering
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its total resistivit-r'p" ma]' sometimes be described b¡' N'iatthiessett's ruìe

pre):ph(T)_p;(r)

n,lrere ph(T) is tire resistivit,v of the pure Ìrost (described by the previous

three equations), and p;(r) is the resistivit¡: due to the impuritl', v'hich is

ildepeldent of temperature and concentration æ in the case of dilute alloys'

specifically those svstems in rvhich the impurit.r'is not magnetic (Ziman 1960).

l\fatthiessel-L's rule is not alt'a1's obel'ed, particularl¡: ri-hen a rnagnetic

tra¡sition metal impuritr- is dissolved in a paralnagrletic ltost, the situation

ca¡ be co¡siderably more complicated. \;arious oth.er temperature depen-

dences in the resistivitv have been observed. such as Ap(?) : pr(T)- pa(?) x

T , T3l2 . ?2 and ln ?. Such dependences have been linked to r-arious mod-

els describing scattering from magneiic. or nearll' maguetic. impurities' For

exa¡rple, based on the localized spin fluctuation modei (LSF rnodel) Lederer

and À,Iiils (1968), anC liaiser and DolLiach (19i0) u'ere able to shou- that,

due to tþe scattering of conduction electrons in tile LSF, the localized spin

fluctuation eiectrical resistivit)' car-L exhibit four distinct temperature depen-

dences: p"rr(T) x T2 a,t lorr temperature, becomes linear (p"te(T) o. 7)

as the tenperature increases, above the so called spin fluctuation tempera-

ture tlre resistivit.r'is logarithmic (p¿5¡(T) u.lnT), and finall]'the resistivit]'

approaches a unitaritS' limit as 7 - oc.

\\ihe¡ a ¡retal or a1 alloy is subjected to a magnetic field, the electrical

resistir.ity p of the substance rvill change, a result that iras been knori'n for

(1 64)
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o\¡er a celltur-\, (Thomson 1851). For man-r'metals tire inc¡ease in resistil'ity

is proportiolal to H2 al lou' fields, becoming linear at higli fields, this result

has been sumrnarized b¡' Kohler (1938) through the expression

Äp : ¡rll
Po Po

(1.fJÐ)

here po is the resistivitl in zero field, Ap is the change of the resistivit5' due

to the applied field, a,nd .f is a function depelding onì¡ on the geornetricai

co¡figuration ¿nd on the rneta,l. The field induced iucrease in Ap is referred

to as the maguetoresistattce.

In ¡ragnetic rna.teriais, additional sources of magnet'oresistauce cause

co¡rplex behavior. For a number of ferrornagnets. there is a simple relation-

slrip betr.ee:n \pf ps and the magnetization,il at ternperatures close to tire

Curie ternperature

5P ¡¡2

- 
- 

u llf
On

(1 66)

ri-here a is a constalLt, and Ap is the r.ariation in p due to the external fleld

The value of magnetoresistalce is extremei,v small for most substances even

at iiigh field (in tire order of 0.1% or iess), but is relative large for strongl¡'

rnagnetic substances (for nickel, about tu'o precent).

For a magnetic substance. eveu in the absence of an external magnetic

field tlrere rvill airva.vs be a magnetic induction B :4rll[" in the volume of

eaclr d.o¡rain for T < 7,. The resistivit]' rneasured at zero applied field rrill
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actuallr-still hai'e a magneloresistance associalr:i rrith the spontaueous ulaq-

rretization 4t;À.f"; in Ni this is 6400 gauss at roorÌì letnperature. Tllerefore it

is not srrrprising that substances rr-ith magnetic ordeiing have different resis-

tir,itl- and tempe¡ature dependeuc. p(T) af T < ?. courpared ri'ith substances

not har-ir-Lg rnagnetic order.

The rlagnetoresistance phenomenon is importatit l¡eca.use it throu's

iight on the eiectronic structure of solids. For exarnple. an e-xtra field t'ectot

cau resolr.e the degeneracr- of a conductivitl tensor rçitit cubic stmmetrr-. The

force acting oll arÌ electron moviug u'itìl tire Fermi telocitr-itt a uragnet.ic fieicl

of a ferr-kOe is much greater than the force extractecl br-anr- attaillable elec-

tric flelcl rtitirin the solid. altd is thus much rÌ'lore po\\-erful as all iitstrunreltt

for probing tlte electronic s-r'stem.

For a pol1,crl'stal ferromagnetic conductor7. fron.i st'mntetrl argutnetLts.

Birss (19134) and Hurd (19i1) found the resistivitJ'tensor has tlte follou-ing

form:

(pr.¡) :(
p'(B) -PH(B)
pH(B) pÁB)

00

0

0

pil(B)

( 1.67)

u-here p¿,i(B) are funciiolLs of the rnagnetic induction B, rvhich depends in

7ln the case of of single cr¡'sial ferromagnets it is iound that the resistivitv becomes
dependent on the directiãn of current and ihe magnerization rvith respect to the crystaì
axes (Hurd 1974).
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tur¡ on the applied field ã, and tire dernagnetizing factor -l'i of the conductor.

Notice that the diagonal elernents p1 and p t in the equation above are not

equal. That ¡reals the resistiyit)' depends on the relative orientation of the

current -i ood the magnetization ,47.

The electric field ã i, d"fio"d bi' E :

indicated above, tire electrical field is

pi, so ri'ith the resistivit]'tensor

(1 68)

u,here d is a unit vectc,r in the rnagnetization direction. p, is tire resistivitl'

for ,Í parallel to ú, pr is the resistivit.v for -/ perp.ndicular to ú, and

p¡¡ is called the extraordinar¡' HalI resistivit¡'. In practice. neasurements of

tl-re magnetoresisrir.ity are usuall¡' made on a u'ire or strip sample t'ith the

measuring current (-r) and nÌagnetic field (11) either both parallel to the rvire

axis or perpendicular to each other. Constraiuing -i to florç aiong the u'ire

axis and caiiing 0 the angle bett,een -i and 17, then fron Equation (1'68)

(Carnpbell and Fert 1982)

PB=o: + (cos20 )(pli - p.) (1 6e)

For a magnetic substance, the spontaneous resistive anisotropy (SRA)

is particular interest. The spontaneous resistive anisotropf is a measute

the difference in the resistance of a single dornain ferrornagnetic conductor

Ë : p,(B),i -:.pi@) - p_(B)'. a Jld + p7¡(B)ã" x J

Pl\ ¡ 2P.
.1

1

-; J

of

of
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in zero rnaguetic induction (B) u-hen the magnetization lies parallel (ii) or

perpendicuiar ( I ) to the current direction. It is usuallS' defined by the ratio

(ff)u*.: ri ptíB) - p'(B) .,

p1!A¡ --, 2ot1g1ta-o
(1 io)

The mechanism responsible for the spontaneous resistive anisotrop¡'

(SRA) of the conductor has been a subject of speculation for a considerable

period. Based on spin-orbit coupling. tx'o different but complernentarl- ap-

proaches to the problem have been introduced, depencling on ri'hether ihe

system is best described by a locaiised or bJ' ott itinerant rnodel.

1.3.2 Localised Model

Tþe localised moclel (Kasu-va 1956. Kondo 1962) treats tire 3d or 4/ electrons,

q'hich te¡d to form magnetic monerìts) as localised at tire lattice points, in-

teracting with conduction electror-Ls through the exchange interaction. The

simplest rest of this model, a,t least in principle, is to dilui,e rare-eartlÌ in'1.-

purities; here the 4/ electrons of the rare-earth impurities are completei¡'

localized and ha,r,e a rrell defi,necl total algular momentumt J'. Limiting the

expa-nsion of the wa,r'e functions of the conduction electrons to s and p \\'aves'

the interaction betu'een conduction electrons and the electric quadrupole of

4/ electrons has the form (Kondo i962)

sIn o¡der to keep consistent n'ith the common noiations frequently used in the literature,

1,e have used .i to represent both total angular momentum and electrical current vector.
Fo¡ rhe same reason Áp has been expressedãs resistivity change both in magnetoresigtiyi^t¡t
and spontaneous resistive anisotropy expressions, as shou'n in Equations (1.65) and (1.70)'

respectivel¡'.
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ti("r Ëli,i Ë'l -
N

.,hxJT-

1I rl a

.)
r 1),k

i,, -l-K lak,o,k (1 71)

u'here -i ir th" angular momentum of the rare-earth ion and a,;,(a'È) the

creation (annihilation) operator of tire conduction electron 1ïi1,h 11'¿1's t'ectot

Ë. ltr" total scattering potential then has the form

:Ðil
;:. À''

D

^ i(J
( rí'F l-

pt'(B)-p-(B) D.-
- I-'-Po

-'1
k') - ;J \J - I)k . k'l¡to,,,ûk (1.72)

J

(1 73)

-{s indicated in tiris equation, in addition to the usual potential (l¡) and

exchange (J"") scattering terrns u'hich are isoiropic, at least in a pol-v*cr5's-

talline sampìe, an interaction betu'een the conduction electrons (s'ith spin

index í) and the electric quadrupole moment (r) of the 4/ electrons. call

also exist. I¡ the case of I- >\ ,, the resistive alisotropi- takes the form

(Friedrich and Fert 1971)

!!:
Po

-e J(J = t)../->- 'i
-:' o l

.)

u,lrere p6 is the zero-induction resistir.i'u)' and < J: > the mean value of

J: As i¡dicated in this equation the spontaneous resistivit5' anisotrop5' is

proportional to the eiectronic quadrupole moment (D) of the particular rare-

ÐÐò.4



earth ion. Ir is, tlierefore, r-Lot unexpected that tlie anisotropÏ r'a,nishes in

tlre case of zero eiectrical quadrupole moment (D : 0) such as Gd. The

anisotropy also vanishes in the pararna,glletic limits as < Ji >--- 4#Ð rvhen

B--0.
This model is strongll' supported b}' the observation of the spontaneous

resistive anisotropr, (SRA) of AuRE and AgRE al1o5'5e. It is also confirmed

b¡, the result that the SRA of tirese allo1's changes sign at the middle of the

hear.v rare-earth series (Friedrich and Fert 19i4).

It is inportant, to stress, hori-ever. tha,t the localised model is not valid

for a velt'u-ide range of inagnetic materials. as it makes the rather stringeut

assurnption of '¡-ell iocalised spins. For example, the 3d transition rnetals

probablr, do not satisf¡' this assumption as tireir spins a.re certainl¡' not ri'ell

iocalised.

1"3.3 Itinerant Model

fti tire itinerant rnodel, initallv proposed b5'\fott (1936. 196+) and Smit

(1951). and la,ter extended bi'Canpbell et a1. (1970), Berger (19i8), Camp-

bell and Fert (1982), and X{alazemoff (i936), the 3d and 4s bands s'ere divided

i¡to trvo sub-bands, depending on the spin directiou. It is believed that some

of the characteristic magnetic and electrical properties of the s¡'stems a'rise

from their particular band st¡ucture. In Figure 1.4 the band structure of Ni

a,t absoiute zero is shou'n schematicali¡'. The 4s band is usualh' thoughi to

contain equal nurnbers of electrons in botli spin orientations; rvhile the tu'o

eWhere RE stands for rear ea¡th elements'

óù



FI
ÈÈ
U)
0.)€
cd

+J
a)
+{o
€
(A
Éq)

â

Figure 1.4: Band structure of Ni at absolute zero.
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sub 3d bands have differerìt nu1Ìrbers of electrons. As slto',r'n in this figure the

3d î band n'hile lies beiow Ep ts filled, and the 3d j band rvhich lies partiallv

above Ey is not fiiled. It is often convenient to speak of the ferromagnetism

a¡d the non-integral values of the saturaiion maguetization o{ the systems

as arising frorn this band model istoner 1933)'

The electrical transport properties of the s1'stem also can be interpreted

b¡, this energy band structure, and in particular the scattering processes calÌ

be chara,cterised b1' a differe¡t cross-section in eacir sub-band x'ith differing

associated resistivities p1 al'Ld p:. As shorvn in the fi.gure, electrons of the

nrajorit.r- sub-band s.ith magnetic mornent parallel to the total magueliza-

tio¡ are i¡dicated b1"i; u'liile electrons of the rninoritv sub-band b¡' j. Each

of the sub-bands has its ol-n "residual resisiivitl'" x'hich can be mea.sured

b1- cornparing lox' and high temperature resistir-ities of samples containing

a given impuritv, or bv measurements at lou' tempera,tures on samples colÌ-

tai¡i¡g tr-''o impurities simuli,aneousl\. (Fert and Campbell 1968, Farrell and

Greig 196E).

In the so callecl tlo current model shon'n in Figure 1.5, the tï'o "re-

sistors", pi a1ìd pt) ate connected acloss the same seat of emf , so that the

currents in the two branches are

(1 71)
.l¡
ol 
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Figure 1.5 Tl-o Current }lodel
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\\'here i' is the potential c{if{ererlce tliat apÞe ars be trteeti

and this gir-es tìre total observed resisitiljt-'- of the stsiem

Pr, P:P:
P¡ = P:.

(i ;5)

pc-iinls a ald

(1 i6)

If there is spil-orbit couping, hou'ever. spiu rnixirtg scatterings ri-ill exrst

and additional terms shouid also be included in tlie general expression of the

total resisitivitv u'hich nou'becomes (Fert and Carnpbell i976):
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plp! -r P¡:(P¡ + Pi) (1 77)p--
P¡iPtÏ4P¡t

u,hele pil is the resistivit¡' associated lvith the transfer of electron bett'een

sub-bands induced b.i'spin*flip scattering processes (Fert 1969). The micro-

scopic origin of anisotrop; in this rnodel is based on the effects of spin-orbit

coupling -I1", (Smit 1951)

(1 i8)

r,here the fi.rst term lifts the degenera,cv of the d states of a given spin,

and tlre off-diagona,l terrns, à(¿uS- + L-S'), in the coupling result in an

adrnixture betu,een tlie tri'o (21+ i) foid orbitailS' degenerate subgroups that

have been split predoninanti-v bi' the efrect of the excirange fieid .H." on the

spi1. Specificall.r', in the case of Ni based alloys u'ithout spin-orbit coupling

there are no 3d band states at the Fermi level for spin i as shor.'l in Figure

1.4. \\:ithout spin-orbit coupliug p; is due to.s - s scattering only- as there

is no d band state at tire .Ð¡ level for spin'i; rvhile pr induces both s -
s and s - d, scattering. In the presence of spin-orbit coupling. hos'ever,

sorne 3d j chara,cter is mixed into the 3d i densit]'states at the E¡' Since

d,î - d.i. admixing is anisotropic, the resistivitv coirtribution resulting from

tlre opening of tliis s î -d J scatteiing channei is also anisotropic, t'ith

the rnagletization direction defining the axis for spit-orbit coupiing. \\ihiie

the underl5'ing physics is tlius rvell understood, calculation of the associated
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resistive a,nisotrop¡'is complica'r,ed b¡'tite lack of detailed knor.ledge of such

quantities as tlle scattering potential and realistic band structure. Hou'el'er,

ri-ith suitabie sinplifying assumptions appiied to tire Iatt,er Campbeil et al

(1970) have derived the follori,ing expression

Pi' - Pt '¡'þt - p¡)pi
(1 7e)

4 (so that

Pt P¡P:.iP¡iþ¡+Pù

At tenperatures Lou' compared ri-ith the Curie temperature

pì: = 0) this leads tc, the u-ell-kno\\'n resuli

Ao----L:f,(a-1)
p

( 1.80 )

rrlrere 1is a spin-orbit constant and o : pllpi is the resistivitr. ratio for spin-

don,n and spin-up u'irich can be derived from the observed deviations from

\{attiessen's rule (Canipbell et al 1970, Dorleijin 1976). Tire al¡ove equation

indicates that at lon' temperature the spon.taneous resistive a,nisotrop¡' in di-

iute nickel alloys is air increasing function of the ratio o: prlp¡. According

to tlris equation if one rt,ere to plol \plp as a fuuction of (o - 1), it should

result a straight iine rvith a slope of 1'. -{t high tempera,tures as a --+ 1:

Equation (1.S0) predicates 
^plp 

sirould go to zero. -A.lthough this equation

does not reproduce correctll' the detailed behaviour of the SRA (presurnably

as a result of the numerous simplifying and limiting assumptions made in

arrirring at the equation) (Dorleijin and \{iederna 1976; h{alozemotr 1986),

it does provide a reasonabl.v good description of the general features of the

Lo-
p
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spontaneous resistil,e anisotropÏ data on Ni-based a,llovs1o u'h.ete the polar-

izing exchange fleld is large. The data shorr an approximateiv linear increase

ol \plp ri'ith (a - 1), the slope of rvhich f ields '¡' 6 = 0.0075).

The itinerant model expression for SRA (Equation 1.80) aiso can be

used to interpret the data of arnorphous and h¡'drogeirated FeZr in a serni-

quantitatir¡e rnarì.nel (X{a et ai 1990). At lot'temperatures, the spin'i and

spil j subbands are exchange split and a r.onzero SRA results. As the temper-

ature ilcreases and thermal fluctuations colnpete rçith the excirange splitting,

the subband occupations tend to equalize. resultiitg in a decline in boh a and

SRA. Tlris process co¡tinues until the exchange field colla,pses al T : 7,.

Tire appeaïarìce of a nonzero SRA at iorv field u'itli ht'drogen loading

confi-rns the elevation of ?" abor.e room tempera.ture. \\'hile the increase

in SRA v'ith increased hvdrogen content can be interpreted as arl efective

tra¡sfer of d like eiectrons frorn the spin j to the spin 'i band, this lead to an

increase in p and a; therefore increasing the SRA.

To date, hori'ever. no investigation of the spontalteous resistive anisotropt

in s¡,sterns close to the ferromagnetic percolatiort thresitold has been per-

{orr¡.ed, and no specific theoretical predication for its behaviour exists. This

has prompted us to do such an investigation in the Pd based dilute alloys.

loCampbell et al (1970) measurecl

at concentrations belov,' 16%.
samples of NiTi, Nilr-, liiCr, liil\[n, NiFe, and NiCo
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2 "l Tnt ro ducÉ åovr

Dilute palladiurn based allo1's, especialli' u-ith Fe, Co, Ni and I\'In, have at-

tracted much experimental and theoretical interest. A review of the experi-

mental results on such allovs ivill be preser-ited in this cltapter. t-ith particular

emphasis placed on their magttetic and electricai properties.

2"2 Fure tralladïum

-{ nurnber of remarkable effects. such as "giant impurit5'magnetic il-ontetlts".

shori-n b¡' dilute Pd aìlovs can be ascribed to the particular properties of the

host. A brief discussion of pure pailadium, therefore. is necessal)'.

Palladium is one of iire feu' d elements r-hicir shos's neither magnetism

rìor superconductivitl'. Being atomicalll' quite similar to nickel. rvhich ha-.

ten electrons outside the argon shell. palladium has ten eiectrons outside

the kri,pton s1-iell. The ground state configuration of the Pd atom is 4d10

rvitir the first excitecl sra,te 4deõsl onl¡'0.813551 ei- higher than the ground

sta.te (X[clennarì and Snith 1926). \\iiren atorrs are brought closer together

to form metallic palladium, the energS. levels are modified as iliustrated in

Figure 2.1. The 4d levels spread into a rìarroly 4d band, and the 5s levels are

spread into a mucir u.ider 5s band. These bands overiap il energ\', and the

d band contains approximately 0.36 holes per atom, equai to the number of

electrols in the s band. Ttris kind of band structure is very sirnilar to that

of itinerant ferromagnets such as l\i.

From the band sttucture, specifrcally the densit5' of states cun'e, the
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susceptibilitl of a meta,l can be estirnated via

expression

the Pauli spin susceptibiliti'

Xo: 2 lt'B N(Er) (2 1)

rvhere ¡-16 is the Bohr maglLeton, and 
^ 

(Er) is the densit¡' of state at Fermi

energr.l. The calculated susceptibilit-r' of pure Pd using this equation is

0.8 x 10-a(enzuf rnol), u'hicir is airead¡'much larger tiran that for other non

magnetic metals. but is still approximatell' an order of magnitude srnaller

than that measured experimentall¡-. It is possible to resolve this ciiscrepancv

in terms of Stoner's theor.r', in l'hich the effect of the electron interactions

ís considered. To a first approúmation. tire susceptibilit¡' of an intera,cting

eLectron svstern can be calculated from (Stoner 1938)

2 ¡fp N(Ep)
(2 2)x- r-I

Ir-here ¡" is the Pauli susceptibilit5'shou'n in Equation (2.1), and (1 - 1) is

called the Stoner susceptibilitt' enirancement factor2. Based on the specific

data for pure Pd metal 1:0.9 (Doniach and Ðngelsberg 1966), this leads to

a calculated susceptibiiitl' rvhich agrees u'ith tire experimental measurenents

quite ri'ell As 7 has a value close to one, palladium is sometimes calied

tl{(E) defi.ned as the number of states per unit of energy per spin direction per atom

at the energy -Ð.
27 = IN(Ep) > 1is called the Stoner ferroma.gnetism c¡iterion, and f is a,n effective in-

teraction energ]' betn'een the elecirons; obviousl¡" t'hen ,I = 1 the susceptibility X diverges,
i.e the system-Lecomes ferromagnet. This condition is ¡eferred to us the Stone¡ criterion
for ferromagnetism.

: X'=
1-I
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"nearl\' ferromagnet" (\\iohl{arth 1976).

B), considering tire norlinear magnetization (\'Iulier et al 1970) of Pd

in high field, to a second approximation, \Vohlfarth (1976) has shorvn tirat

the susceptibiliti'of strong palam.agnets like Pd has follorving form

X:
ÀIlE").

TI7-I
7 ¡f" Ilr(Eç) ,,, , À-" ., ÀI'r2r r

, O-¡f tt,\'-"(^'l;:2 p'" (2 3)

t'here rtt'i, ulf), and À"'is e#. This equation gives an independent

u-al'of estimating the Stolier susceptibilitv eniraucement factor (t - 1) bl'

estimates of the coefficient of. H2. There ha,r'e been several estirnates of the

coefÊcient of Hz for Pd (Lipton and Jacobs 1971, }'luller et al 1970). An

eft'ect of about 0.5% ri'as observed for H: 350 kOe. the effect going as H2.

2.S

2.3.L

FaLladiu.ru¡. Based Magnetíc -A'I1oys

Magnetic N4toment and \4[agnetic Fhase Diagrams

Pd is itself not maguetic at an¡' temperature. but, its 3d magnetic allo¡'s

Pd1_"Fe", Pdr-"Co". Pd1-"Ni" and Pd1-"X'In" have shot'ri. ferromagnetic or-

der for ¿ as small as 0.1 at%. X'Ieanwhile, at low impurity concentration,

the magnetic moment associated rvith the dissoh'ed impuriflr is lrs¡¡r large,

t¡'picalil' I0 tt" per impurit¡' atom. Since in pure transition metals the rnag-

netic moment is about 2.2 1"" per atom or less, the associated moment rvith

each magnetic irnpurit5' in Pd based alloys is called a "giant momettt". The

value of the moment is concenlration dependent, decrea,sing rvith iucreasing
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concentration of magnetic impurities. In the case of PdFe allo]'s. tlie mag-

netic rnornent per Fe atom first rises ftorn2.2 pB tr pure Fe to about 6 p,p itt

70 aL% Fe allo1,. Belor'¡ I0 at% Fe, tire ma,gnetic rnoment per Fe atom rises

rapidl¡' to a r.alue of about L0 l"u at 1 af% Fe.

A simiiar behavior has been found in dilute PdCo, PdNi and PdNln

allo¡'s. It should aiso be pointed out that the "giant tttoment" ha,s also been

observed in the pararna.grletic concentra,tion rallge in these ailovs3. Obviously,

the obsen'ed "giant nìonelìt" in dilute Pd based alloys can nof possibi5' be

due to the magnetic impuritt' alone. It is quite natural. therefore, to assume

that tlle "giant nìoilìelìt" in such allol.s, in rvhich there is practicall,i'no clirect

excha:.rge interaction betu'een distant impuritl' atons, is caused b5' an indirect

exchange mechanisrn in u'hich an active role is pla¡'ed b¡' the conduction

electrons of the host. tire d hole spins of neighboring Pcl atoms are polarised

bi. the localized moments of the dissoh'ed magnetic atorns. Earl¡ ueutron

experinents suggested that the induced Pd mornents satura,te at lot'irnpuritv

concentration. u'ith poiarizatiorì ranges up to about tO À(Lori- and Holden

1966). \,Iore recentl¡. it has been proposed that saturation occurs onlv at

higher iinpurit¡' concentration u'ith a polarization range on the order of tlie

nearest-neigirbour distance. and ferromagnetism occurs througir a percolation

process betu'een otherri'ise isolated polarization clouds at lou ternperature

(Ododo i98o).

3Obtaìned from the Curie constant.
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\\rhen the saturation magnetic moment is u'ritten as

lJsot: 9.¡¡ J ¡t"

the question arises imrnediatell' of hou' to describe the obsen'ed "8iant rno-

rnent". Three possible approa.ches have been suggested.

(a) a large value effective Lande factor geJJ anà a norrnal value of the

rnaguetic quantum number J.

(b) a srnail value of g"J j and a large J.

(c) an enhancenr.ent ol both the effective Lande factor and the rnagnetic

qua.ntum number.

The first approa,cha has support from measurements of the specific heat

(Nieuxenhuvs 1975). rvhile the rnagnetic neasurements, in contrast, favour

approach (b) (X[cDougald and X{anuel 1968, 1970). N'fagnetoresistance mea-

surements (Grassie et al 1971, Kieimau and \\¡iiiiams 1982). hott'et'er. indicate

an enhancement of both the quanturn number J and the Lande factor g. This

latter approach has the advanta,ge tirat it gives the better description not onlv

the data of PdX'In, but also the data of otirer Pd baseci dilute allo¡'s such as

PdFe ancl PdCo.

The magnetic phase diagrarns of dilute Pd based alloys 'n'itir \[n, Fe and

Co ha,r'e been studied by nan\r investigators and these are sur\¡eyed belou'.

Tire rnagnetic phase diagram of the Pd\'hr s¡Istem has been investigated

aThis approach needs to assume a distribution of g values the origin of rl'hich is noi
clearll' specified.

(2 4)
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using a varietl ol transport, magnetic and thermal rnethods (e.g. Ho ei al

1981a, b). The foilo'r.r'ing magnetic states have been found from pure palla-

diurn to pure nanganese) namel¡' paramagnetism, spin giass. ferronagnetism.

mixed state, spin glass, and antiferromagnetism. In the limit of verl'high di-

lution, Xln impurities possess a stable moment rtith a Kondo ternperature T¡

well belorç 0.01 K. Such a rnagnetic moment polarizes the Pd 4d electrons and

results in an irnpurit¡- giant rnagnetic notnent of about 7.8 p" per \In atorn

(Star et ai 1975). As the X'In concentration is increased from the isolated

impuritf iimit. the exchange coupling betx-een impurities ri'iIl initiall¡' be of

RKI{\'11rpe. arìd x'hiie a spin glass like stat,e exists at ver\. lov- tempera.ture

(Thornson and Thompson 1979). most of the studies of this s)'stem have been

carried out on samples rvith NIn impurit¡. concentration nore than 0.I alTa.

and the corresponding transition temperature is tlear or above 1 I{.

In Figure 2.2, tlte experimentallv determined magnetic transition tem-

peratures of the svstem have been plotted against the N,hi impurit¡' cotlcetl-

tration. This figure indicates that the ferromagnetic t¡ansition temperature

increases smoothl¡' x'ith increasing À[n impuritv concentration from 1.65 K

{or t).5 at% N,hi to 6.0 Ii at 2.5 at% Ì\fn. Furt}rer increases in irnpuritv con-

centration result in tire rnagnetic transition tenperature faliiug. Stili further

increases in Xili concentration (from 5.0 at% \'In), produce a spin glass (up

to about 25 at% \'in), and the spin glass freezing ternperature increases u'ith

increasing impuritl'concentration, i.e. 3.15 K for 5.5 atT'o 1\{n and 8.05 Ii

ai 10.45 at% X[n allo¡,, ri'itir # = 0.99 Klat% impurit¡'. The current in-
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terpretation of the phase diagram discussed above suggests that at iou' \'In

concentration the a,\¡erage l'In separation falls inside tlte fi.rst zero in tire

modified RKI{Y polarization as shot'n in Figure 2.3; direct overlap betu'een

gia¡t mornents becornes possible and results in a predominanth' ferromao-

netic ground state. Be5'ond 5.0 at% i\,{n. tire competition betu'een long range

ildirect RKKY mediated ferromagnetic coupling and near neighbour cou-

pling, r'hich is antiferrornagnetic betu'een the half-filled d-sirells appropriate

for IIn (trIori¡'a 1967), produces a spin glass ground state rt'ith zero spon-

ta¡eous rnagnetization. \\:lliie at the intermediate concentrations (t¡'picaiiv

2-5 at% X,In). the mixed stat,e results from the presence of predornina.nth'

ferromagnetic l\,In-\In indirect interactions via the polarised Pd d band and

the increasing influence of antiferronagnetic XIn-X[n direct coupling (\{ori"r:a

i967). The associated spirl frustration effects cause a dec¡ease of the ordering

temper¿ture as the impurit¡'concentration increases in this legion.

Dilute PdFe ailoS's are soft ferromagnets dox'n to impriritT concentra-

tions as lorç as a,bout a fert'hundred ppm Fe s'ith f = 40 l{¡at% Fe (\Ic-

Dougaid and llauneì 1968. 1970). Belorv approximatel¡' 100 pptn Fe, tlte

s)'sten1 becornes a spiu glass5 (Peters et al 1984), rvliile betu'een the ferro-

magnetic and spin glass regirnes is the so called reentrattt regirne (Kornik et

al 1988). Llniike uniform ferromaguets such as pure Ni, the onset of ferromag-

¡etic ordering in diiute PdFe does not occllr at a sha.rpl]' defrned temperature.

The transition becomes broader u'ith decreasing Fe concentration.

sPd allol's'with as lon'as 2.2 ppn-t Fe shou'the spìn glass behavior at ultra lou'tempe¡-
ature r','ith a freezíng ternperature 0.19 r¿K.
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A sumrnarj. of tlìe currentlS'ar.ailable data, il the forrn of tlle exper-

inentaily deterrnined ma.gnetic ordering temperatures as a function of Fe

concentration lor ]ess than 15 at%, is illustrated in Figure 2.4. As this figure

indicates, the rnagnetic phase diagram is sirnpler than that of Pd\'In. \'Iuch

lorver i¡rpurit-v concentrations u'ete needed in PdFe allo1,'s to produce similar

Curie temperature to PdX'In; for exarnple, onll' 0.25 atTa Fe is needed, in con-

trast to I.5 at% X{n, in order to have the transitiotr tetnperature in the liquid

helium range. The impuritv concentration dependence of the Curie temper-

ature. Ilolvever, does not exiribit a simple relationship. To give a ver\r rougll

sketch, ri'e might sa.\' the transition tempera,ture is linear a,t large inpurit¡'

concentiation (above 2 at7a Fe). is proportional to the square of Fe concen-

tration at Lol'er cor-Lcentration (beiou'about 7 at%, Fe), and betri'een about 1

and 2 at% Fe is the intermediate range. There is no clear cut ferrornagnetic

percolation tirreshold in this s]¡stem.

Dilure PdCo allovs are) in nrarì\' respects. r'erv similar to PdFe alloys.

Experirnental resuits shou- tirat ferroma,gnetism also exists in PdCo allovs

dot,n to verr'lori'impuritl'concentration, about 0.1 at% Co. A "giant mo-

ment" of about 10 ttu is associated ri'ith each Co atont, so dilute PdCo alloys

must also contain a large induced magnetic polarization of the Pd atoms in

the vicinit¡. of the Co atons, u'hich is analogous to tire magnetic role of an

isolated Fe in Pd. The r.alue of the rnagnetic moments is also impurity con-

centration dependent and decreases ri'ith increasing Co concentration. DiÌute

PdCo alloys have ver,v sirnilar ordering temperatures to dilute PdFe allo¡'s,
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a,nd comparison of ihe concentration dependence of the transition tempera-

ture bets,een thern is possible. As sÌron,n in Figure 2.5, the ratio ff = a0

Klat% impuritf is also evident in the PdCo s\rstem. and again no sirnple re-

iationship exists betu'een transition temperature and Co concentration. The

onset of ferroma.gnetism does not occllr ai a sharpl)' defined temperature, but

¡atirer over a u'ide temperature rattge.

F,xpressions for tire Curie tenperature of dilute Pd based ailor,'s have

been derived b5'Takahashi and Shimizu (1965), bl'i{im (1966) and b¡'Long

and Turner (19î0) based on the molecular fie1d, itinerant and localized theo-

ries, respectivel¡'. These expressions predicat,e that 7" is proportional to the

impurity concentration of the ailo,vs r-hich is not in agreernent rtith experi-

mentai results over all conce:rtration ranges.

PdNi allo.r's occup]'an uuique position in the broad spectrum of rnag-

netic soiid solution allovs. One question tha,t has been debated is iroic to

correcti¡'describe tire state of isolated iii nornents in Pd. There are iri-o

main approaches.

Analr.sis of elastic diffuse neutron scattering lrìeasurenents (Aldred et

al 1970, Parra and l\'Iedina 1980) inferred that diiute PdNi is an inhontoge-

IÌeous s¡rstem, so that the magnetic properties of the s1'stetn depends criticalh'

up on its local enr.ironment. In contrast to X{rL, Fe or Co in Pd, isolated Ni

atoms are norl rnagnetic. In dilute PdNi some authors claim that onl¡' a

fraction of the Ni atoms in nearest neighbour pairs (Aldred et al 1970), or

clusters of three or more nearest neighbour Ni atorns, are rnaglletic (Chouteau
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et al 1974, Cheung et al 1981). Xla.gnetization neasuretnents reveal strongh'

cuned Arrott piots, and the behaviour of the temperature and field depen-

dence of the susceptibiiitS' also support the iniiomogeneous rnodel (I{urani

et al 1974, Sain and liouvel 1978, Clieung et al 1981). Hou'evet. the absence

of spin glass or mictomagnetic order for Ni concentration less than the fer-

roma,gnetic percolation threshold has been taken as strong evidence against

the inhornogeileous model (Loram and Nlirza 1985).

Other approachs agree that local ent'itotlntent piat's some role in PdNi

allovs, but nevertireless a.ssuirìe ihe s¡'stem is magneticallr' homogeneous.

This suggests that all the Ni atoms dissolved in Pd are ltolt magnetic in the

static Hariree-Fock sense, but rçith locaLized spin fluctuations. This model

has been appliecl to interpret electrica.l resistivit)-, magnetostriction and ther-

mal expansion measurements (Lederer and \filis 1968. Fatvcett et a1 1968).

X{ore recentlv Loram and \,lirza (1985) reanalysed the susceptibilitv and rnag-

netiza,tion data cluoted above and suggested the results are not inconsistent

rvith the honogeneous model.

Despite the contro\rers¡' over the correct description of the state of iso-

lated Ni nomelLts in Pd, there is general agreement tirat the occurrence of

long ranged ferromagnetism lies in the range 2 to 5 at% Ni. Figure 2.6 shorçs

the experimental data for tire Ni concentration dependence of Curie tem.pera-

ture irr PdNi allo¡''s. Tlre T.(æ)for tlre allo¡'s is, in gerreral, sinrilar to tliose for

PdFe and PdCo allo5's' 7" is roughl.v linear for higher irnpuritl. concentrations

and proportional to æ2 for small amounts of Ni in Pd. It should be noted
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that in order to ha,r'e the same transition temperature as PdFe and PdOo, a

Iriglrer concentration of Ni is needed; for exanpie, one needs about 22 atTc

Ni, compared u'itli about 70 aL% impuritf in the case of PdFe and PdCo. to

har.e ?. near room temperature. It also sirould be pointed out that unlike

PdFe and PdCo ailovs. the Curie ternperatures of PdNi allovs goes to zero at

rather high impuritÏ concentra.tions.

qÐrt
.L^ol .L I\4agnetization, Susceptibility and Critical Ðx-

ponents

\Iagnetization and silsceptibilit¡' measurernettts are irnportant in order to de-

termine the rnaguetic rnoment. the magnetic quarÌtum nutuber. the transition

temperature, the critical exponents and other ph¡-sical parameters of a spec-

irnen. I,fuch of the results shon-n in tire Section 2.3.1 rvere obtained from

these tu,o rneasurements. in fact magnetization measurements u'ere the flrst

to reveal a "giant nrorrrent" in dilute PdFe and PdCo ailovs (Bozorth et al

1e 61 ).

From mea.surements of the magnetization and susceptibilit¡'it has nou'

been shos'n that the "giant moment" exists in diiute Pd based s¡'stems not

onlf in the ferrornagneiic phase, but also in the paralragnetic regime, dou'n

to the ver)'dilute iimit. These triro measurements also sltot-that dilute PdFe

is a soft ferrornagnet and that the ma,gnetization at T <7" saturates in small

applied fields (e.g Chouteau and Tournier 1972). Earl¡' susceptibilit¡' ttt"u-

surements shou'ed PdFe to have a "giant ntomettt" of about 70 lt"/Fe atom

(Crangle and Scott 1965). Theoretical predictions (Nieuwenhuys 1975), as
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u'ell as tire susceptibiiitv ileasurerrents (Webb et al 1979). ha.'" indicated

that very lot' concentration PdFe allol's are spin glasses. SQUID susceptibil-

it¡'rneasurernents (Peters et al 1984), at ultra lou'temperatures ol Pd ivith

2.2 to L00 ppm Fe. have demonstrated t¡'pical spin glass behalior, and sholvn

that these sarnples have freezing temperatures bet'u'een 0.19 and 9.0 mI{. or

a ratio of freezing temperature to Fe concentratiort ft = ffi pKlppm Fe.

l\,Ieasurements of magnetization and susceptibiiit5. indicate that diiute

PdCo and PdNi allovs are nagrÌeticall¡' harder, and the¡' appear to be techni-

call¡' saturated b¡'an applied field on the order of a feu' hundred Oe. Hori'ever,

high field magnetization measulements shos- tirat tlie magnetization does ltot

beconre trueh. saturated even in rnagletic fields up to 140 kOe (e.g. Loram

et al 1985).

Dilute Pd\{n allovs are ferronlagnets belori- about 2.5 at% \{n u'ith a

zero field susceptibilill' peaked at a vaiue close to the limit set b5' the sarnple's

dimensions (,itt-t, belon'a ii-ell defined Curie ternperature (Ho et al i98ia).

Similar to dilute Pdlii and PdCo ailo¡,'s. the maguetization of Pdl{n allovs

onh' becomes truel¡- satura,ted l'hen velv stlong magnetic frelds are applied

(Star et al 1975).

The detailed critical behavior of a series of dilute Pd\{n allovs has been

investigated previousiy bl'Ho ei al (1981a, b). For 1ot'\'In concentration

alloS's (0.5 < r < 2.5), the critical exponent á decreases s1,sfs.tt1icall,v u'ith

increasing X"In concentration from 4.0 (at 0.5 at% \In). u'hich is close to

tlrat obtained for elemental ferromagnets such as Ni, to about 3.3 at 2.5 al%
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Table 2.1: SumrnarS'of critical exponents values for PdX[n allo¡'s (after Ho
1e82).

1.0

1.5

2.0

!.Ð

3.0

r). r,

4.0

1 .3{

1.3ti

1.34

1.36

96

9.0

8.3

l.J

3.7 + 0.15

3.6 - 0.15

3.4 + 0.15

3.3 + 0.15

û:3.4,6n:3.4
+0. i5

ó¿ : 3.8; 6n : ?,'l
i0.15

á¿ : 4.0; 6n: 2.9
+0.15

û:4.2;6n:2.8
+0.15

3.37 + 0.01

4.65 -'0.01

5..16 + 0.01

6.00 + 0.01

5.8 + 0.1

5.5 + 0.1

4.2 + 0.1

3.2 + 0.1

2.79 * 0.05
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lln: the values for critical exponent 1'lie in tire range 1.30 to 1.37 ciose to

the 3d Heisenberg nodel prediction u'hich is listed in Table 1.1. For N'In

concentrations abor.e 2.5 at% uo unique critical exponent 1' r,'alue can be

deterrni¡ed. The critical exponent values, together ri'ith corresponding ¡,r"1¡

ald ?. values deduced from ac susceptibilit5'data, are sumtnaried in Table 2.1;

here á¿ and ó¡ are á r'alues extrapolated from lou' and higir field, respectivel¡'.

\\¡ith the exception of clilute Pdl\,ln alloys, knou'ledge of critical expo-

nents in Pd based dilute a1lo1.s is still rather limited. To date. no extensive

experimental work establishing critical exponent r.alues for dilute PdFe, PdCo

or PdNi allo¡'s has been carried out. though Kour-el and Coml-i' (19i1) did

investigate a small nurnber of diiute PdFe allo5's.

ÐÐ.)4.ù..) trlectrical R-esistir.ity: I\4agnetoresistir¡ity and
Spontaneous R-esistive Anisotrop5' (SR A)

I{easurements of the eiectrical resistivit¡' of dilute Pd based aIlo¡'s have been

carried out b¡' m.an\: rrorkers so its beha.r'iour iras been u'ell established.

\\¡illiams and Loram (1969) measured the resistir'ìt5'of a nurnber of

PdFe allo5's rvith Fe contents less than I atTc. Their results indicate that

at ternperature s'ell belorv ?.. the incremental resistivity6 Ap varies u'ith

temperature as

Ap o 3*-t Tslz (2 5)

6The incremental resistivity Ap is defined b¡'Ap(") : Pø1o1t(T)- pp¿(T).
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n'here B is a nurirerica.l factor, and r is the impuritl'concent¡ation. Just belc,u'

the Curie temperature. Ito\Ã'evei, a, linear decrease of the Ap rvith ternperature

(?) rvas obsen'ed. This agrees well u'itir the theoretical prediction made b1'

Long and Turner (1970).

At higirer irnpurity concentrations (z > 2 atTa Fe), a 72 resistivit)'

varia,tionT replaces the T3/2 beha.viour (Skalski et al 1970) u'irich is believed

to be the result of electron-magnon scattering u'ith and rrithout rnomentum

conservation, respectiveh'.

Dilute PdCo allor.s har.e a, r'er]' similar behar-ior of temperature depeu-

deuce of the resistivit¡-(\\rilliams 1970): tliat is at lov-temperatures (,7 < ?.)

tlre incremental resistii'ity Ap is proport,ional to T3l2 and at higher temper-

atures Åp varies t'ith ?.

Early resistivit)'measurenents slÌo$'ed that tire ciilute Pd\In allovs ex-

hibit a sudden linear decrease in resistivit¡, beiot' a temperature t'hich vaties

ri'ith l\In concentration and l'hich corresponds approximatel¡' to the Curie

ternperature of the alloS' (Saracirik and Shaltiel 196i).

Ho et al (1980a) have shos'n that the temperature dependence of the

resistivitS' of dilute Pdl'in allo¡'s is qualitatively similar to that observed in

PdFe and PdCo allo.vs, u'ith a change of siope in p(?) at ?. and {ollou's 
^73/2

lirniting forrn a,t lou' ternpera,ture. In comparing the s'idth of the transition

at the Curie temperature for the PdN{n, PdFe and PdCo samples u'itii the

same 7., a decrease in width from PdCo to Pd\,In was obsen'ed (Nieurvenhu¡'s

' p : prt i pT2, rvherc p is a constant.
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1975).

Llnlike "good mornerìt" s¡'siems such as PdFe, the ternperature depen-

dence of dilute PdNi allo5's has a different feature. It is difficuit to interpret

the resistivit-v data in a quantitative v-a5. and the Curie temperature is not

easv to detect in the p -T cur\¡e. lievertheless Tari and Coles (19i1) fitted

their resistivit-v measuremerÌts to the expression8

p:po+AT" (2 6)

and extrapolated the critical concentration for the svstem bt' plotting --l

against N--i concentration as shos'n in Figure 2.7.

l'Iagnetoresistance rïeasrLrenìents ltave been car¡ied out on dilute Pd

based allo-vs bi'\\;illiams et al (19i3) and Hamzic et al (19i8). The isotropic

rnagnetoresistivit¡.e p against magnetic fieid for four tvpical ferromagnetic

dilute alio¡'s at lou'temperature is short'n in Figure 2.8.

The PdFe allor,s shorr verv little isotropic magnetoresistalce u'hich

a,grees well 'ri'ith the magnetic measurements, as the PdFe is a soft ferro-

magnet.

The magnetoresistance of PdCo samples is characterized b¡. a negative

term at lorv temperature ri-hicir is similar in sign to iirat observecl in PdFe

sThis ?' ¡erm rn'ith n : 2 is a.ttributed io conduction electron scattering by spin fluc-
tuation/spin r','aves lvhen the Ni concentration æ is il'elì 6sle$'/above the c¡itical concen-
tration necessary fo¡ the establishment of a ferromagnetic ground state. ltiear this critical
concentration, n decreases to values near 3f2 or 513.

eSometimes called the a.verage magnetoresistivitl', and is defined b¡'p(ff ) : å(pii (I1) +
2p:(H)).
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allo.vs, but the magnitude of the magnetoresistance and tire field needed to

saturate the ma,gnetoresistance are much larger than that in PdFe allovs. Tire

PdCo alloy saturates in an appiied field about 75 kOe at 1.2 K.

In contrast to the PdFe and PdCo allo1.s, the magnetoresistance of

Pd\,Ín allo\. renains strongl\' negative indicating there is a ce¡tain fraction

of the magnetic mornents u'hich remain disaligned et'ett at lou' temperature

and high fieid (Hamzic et al 1980). This is in agreement u,itì.r tlie rragnetic

measureürents ri'hich shou- the sarnple does not reach trre saturation until

ver¡. Ìrigh appiied flelds (on the order of 200 kOe (Srnit et al 1979)).

TIie isotropic magnetoresistance curve of a ferroniagnetic Pcllii alio¡' is

totaliy difrerent frorn those 6f s.,.stems such as PdFe. shori'ing strong positive

nagnetoresistir.it]' ìn applied rnagnetic fields. This can be interpreted as

ildicating that the Ni local moment increases u'ith increasing applied field

(Hamzic et al 1978). Tlie basic character o{ the isotropic magnetoresistance

of dilute PclFe, PdCo. Pd\'In and PdNj rernains unchangecl rtith temperature

and impuritl' coucentratiolt.

Spontaneous resistive anisotrop,r' SRA investigatiolr.s ort PdFe. PdCo,

PdNi. and Pd\{n aÌlo-vs have been carried b5'Senoussi et al (19ii), and Hsu

et al (1982). PdFe and PdCo allovs shou- positive anisotrop)' (pll ) pt),

t'hile PdNi and Pdl'tn sirou' negative anisotropr'. The magnitude of the SRA

for these allo1's is on the order of a ferr percent or less. Unfortunately, our

knou'ledge about the SRA of these dilute alloys is still rather poor. There

have been no extensi\¡e measurements of SRA for the dilute Pd based al-
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loys, since the systems llÌa\: have ferromagnetic order in as little as 0.1 at%,

allo¡'. 1L" data quotecl above u'ere obtained from the measurelnetlts of the

alioys in steps of about 5.0 af% betx,een 0 and 35 af% impurit5'. Thus an

experimental investigation of the SR-{ in the alloys close to the ferromagnetic

percolation threshold has not been performed previousi5', alihough sonre au-

thors (Senoussi et al 1977) mention the problens erìcountered in atterlpting

to rneasure the SRA near the critical concentration'
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8. X- lntroductÏon

Tiris chapter discusses in detail tire experimental methods used alor-rg u'ith

the necessarv corrections required for data analvsis.

3.2 Sarnple Fnepanatíon

The PciNi alloS's \\'ere prepared b5' rnelting high puritl' starting materials

99.999 % pure Pd ri'ire and 99.998 % pure Ni rod in an argon furna,ce using

pressure near ?00 torr. Initial.l-v a master allov of Pd -- 5.0 at% i{i u'as

prepared. and subsesuentl¡' fourteen allor.s containing betrt'een 2.0 and õ.[)

at% Ì\i, in steps of 0.1 betr-een 2.0 and 3.0 úF/c Ni. and in steps of 0.5

above 3.0 at%, u-ere carefuil-r' prepared b¡. dilution from tiris master alloy.

Six PCFe allovs containing Fe betri'een 0.35 and 2.2 at% ri'ere prepared b1'

successir.e dilution of a 2.4 at% Fe rnaster a11o1', the latter having been made

from 99.999 % pure Pd ri-ire and 99.99 % pure Fe rod b5' arc melting. Five

(PdFe)Xfn allovs containiug 5 at% \In t-ere prepared b¡' melting 99.99 %

pure N{n flake with fir'e PdFe aliol's containing bet'u'een 0.35 and 2.2 at% Fe

in argon atmosphere, respectivell,. The specimens used in these stud.ies have

bee¡ listed in Table 3.i; ali the starting materiais üeiltioned above (Pd, Fe,

Ni. and \'Iir) rvere supplied b¡'Johnson 1\'IattheS', Londou.

Tlie importance of proper hornogelization, especiallf in Pd based al-

lo1's has been emphasised bJ, other researchers (Zu'eers 19i6). Each allo¡'t'as

therefore inverted and remelted several times to ensure iromogeneit¡''. At each

stage in the preparation the melting losses t'ere aln'a]'s negligibiy srnall. Tirin
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Table 3.1; List of the specimens.

Allol' Impurii'1' co¡ce¡tration atomic percent

Pd1 -"Fe"

3.0.3.5,4.0,4.5,5.0

0.35. 1.4, 1.6, 1.8, 2.0. 2.2.2.1

0.3õ, 1.6. 1.8,2.0.2.2(Pd1-"Fe")s¡IIn;

sireets of material fron il'hich magnetoresistance and susceptibilit5' samples

s'ere cui u'ere produced bv cold-rolling betu'een protective \lelinex sheets in

order to a.r'oid conlamination. The t}'pical dimensions of the magnetoresis-

tance samples rvere 3.5 x 0.2 x 0.01cm3. u.hile the susceptibilitr- specimens

u'ere tt'picalh' 1.7 x 0.2 x 0.01 cn¿3 and on s'hicir the corners had been rouncled.

These samples ri'ere thel etched for one minute to remove the surface laver

(using the etching solution shori'r. in Table 3.2), washed, and thel annealed

Íor 24 hours at 1000 C in 10-6 torr vacuuur and finall¡-quenched in ice u'ater

immediate15' before measuring.

In the case of the zero fi.eld susceptibilit¡'m.easurenlents, a single sample

strip of the dimensions indicated above n'as usuall.v large enough to gir.e a

signal of suitable magnitude; ri-hen an external dc rnagnetic field u'as applied,
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Table 3.2: The etcliing solution

Conc.nitric acid

Hydrocirloric acid

\tr'ater

Hl.drogen Peroxide

1

A feu' clrops

HN03

HC1

HrO

H:Ot

consequentl¡' a number of pieces lf if h vs¡1, similar ciimensions rt'ere frequentl-v

needed to stack one on top of the other, for sucir measurements in order to

give a signai of suitable rnagnitude; these pieces u'ere in good thermal contact,

'but electricaliv isolated fronr ea,cll other ri'ith masking tape.

3.S X-R ay h4easuren-r.ents

Tlie structure and the related lattice parameters of the dilute Pd based al-

Iovs u'ere determined b¡' ;¡-¡¿1. measurerttent. The pliotographs lvere taken

on a 1I.46 crn dian-reter Debye-Scherrer camera u'hich employed Straumanis

as¡'mnetrical film loading. The camera had the special feature of automatic

compensation for film shrinkage after exposure. The x-ra¡'source \{as copper,

and a Ni filter uras used. T;'pical exposure tirne u.as 6 hours, developing time

Acids Formula Parts \iolume
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6 nriirutes, and fixing time I minutes. The fiini \\¡as measured to + 0.002 cnt

u'ith a Picker tra,r'eling micrometer. The analysis of the frlns foilorved the ger-r-

eral procedure described in the book entitled "X-Ra)' Diffraction X{ethods"

(Nufreld 1966).

Figure 3.1 slioivs a t,vpicai x-ra\¡ pÌrotograph for the case of Pd + 2.8 at%

Ì{i. Tliere are 18 lines in tlie photograph. From the knortn rvavelengths of x-

ra,r'emissions from Cu. the lattice paraneter u'as estirnated at 3.8773 + 0.0002

À, rvhich agrees rveli u'ith the extrapolated va.lue from rnore concentrated

PdNi allovs listed in "A Handbook of Lattice Spacings and Structures of

\Ietals ancl Allo-i's" bJ' P"otron (i958).

Ati the allo¡'s and the pure palladium l'ere confirmed lo be f cc rvith no

superiattice structure. A kuorvledge of the lattice parameters and structures

of the alìovs is important sjnce the resistivill' p is related to tlle resistance R

b-r'

P : R (-AIL) (3 1)

u'here --l is the cross section. I is the length. and -47'-L is cailed the forni

factor of the sarnple. ilor\rever. the cross section -4 of the sampJ.e is a difficult

quartitv to deterrnine accuratel¡- because of its small thickness and slightl¡'

irregular shape. In order to determine th.e resistir.it)' accurately an indirect

method. based on the follorving tr,t-o equatiotts, tvas used:

Densíty: AIII- : y. 
f 1l,L" --1
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Figure 3.1: X-ray pattern of tlie Pde7.2Ni2.s alloy.
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altd

Density -
1(k1-\ - k2]'-)

(3 3)
Nxa3

rvhere l,'- is the sample volume, Jll its mass) k1 is tire atomic mass of Pd, k2 rs

the atomic rnass cf Ni or Fe, -\ is the atornic percent of Pd, l- that of lii or

Fe, -lú is the Avogadro's number and a is the concentration-dependent lattice

paranreter. The factor 4 indicates there are four atoms per unit cellin at f cc

srructure. The iormula for the densit-r, o{ f cc substitutional allovs ri'as first

used to calcul.ate the densitv from the measured lattice paranLeter. Fiorn this

densit¡' and accurate measurements of the mass (,'11) ancl the length (I) of

the sample (mass \ïere accurate to + 0.0001 g, a,r-Ld lengths tl'ele nteasured

to + 0.001 cm. ri'irh a Picker traveling rlicrometer) the form factor and then

the resistivitl' for the sarnpie \\'ere accura,telv determined. This technique for

m.easuring the form factor is applicable even if tirere are significant irregular-

ities in the cross sectional area of tlie sample.

fDA
qlnÍ*

3"4.1

ac Magnetïc Sr.rsceptïbïtrity Measurerrlents

The N4[easurement System

Figure 3.2 shorçs tlte general arrangement of tire sample probe, sensing coils

and external field coils forming the main components of the susceptibility

measuring systen. The sarnple probe consists o{ a machined copper block

and a large bundle of thin copper rvires (32 gauge) soft-soidered to it. The

nt
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sarnple was mourÌted inside the bundle, but, electricallv insula,ted from it u'ith

masking tape, thus ensuring good thermal contact through tire Cu bundle to

tire block u'irich is 10 cm. above it. A calibrated Gerrnanium resistance and a

Au * 0.03 at% Fe vs. chromel P tirermocouple used as temperature serlsors

are also located inside the sarne bundie close to the sample. Temperatures

belori'about 10 Ii are rneasured u.sing the resistance thermontetet, u'h.ile at

irigher ternperatures the therrnocouple is used. The Cu block also has a

non-inductive u'ound nichrome heater (50 fl) attached to it, u-hich is capable

of u'arm.ing the sample up to 300 Ii. The Cu block is connected to a thin

u'all stainless steel tube u'ith a diameter of about 0.8 cn¿. ri-hich, in turn.

is connected to the top of the apparatus. Stainless steel has relativelr'lou'

tirermal conductance and this helps reduce heat leak frorn room temperature.

Tlie sample probe is inserted into a lìarror\' liquid He filled dettrar, surrounded

bl an outer deu'ar filled titll iiquid l[2. The ttattou'-tailed glass He deu'ar is

82 crn iong, 8 cmtn internal diameter narrorving to I cm diameter in the tai1.

Ts'o isoiated sensing coils trr and L2. ri'itir measured inductances of 205

and 202 ntH. respectiveh' are piaced ir-L the liquid nitrogen deti.ar. concentric

ri-ith the taii of the inner He deri'ar, shou-n iri Figure 3.2. The dc biasing

coils are also placed inside the liquid I{2 dervar. The biasing coiis ltat'e turo

functions. One is to canceì the vertical compouent of the earth's freld tvhich is

about 0.4 Oe so that true zero fi.eld measurements can be made, and the other

is to produce a 0-1000 Oe biasing rnagnetic field to be applied to the sample.

Llnless otheru'ise stated these fields t'ere applied parallel to the longest di-
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Figure 3.2: Sampie probe, sensing coils and external field coils.
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meil.si01Ì of the samples (the corresponding dernagnetizing factor being about

0.07-0.50). Th.e tiquid liz bath not onl¡'cools ancl maintains the temperature

stabilitt' of tire sensing and field coils, but also provides additional thermal

isolation for tire liquid heliurn contained in the inner deu'ar.

3"4.2 Measurement of Susceptibility

The magnetic susceptibilit5. \vas lneasured using a, phase locked susceptorneter

(\{aartense 1970) operating aL 2.4 kHz t-ith a drivingfield of í[l mOe. Figure

3.3 shows a block diagran of the basic susceptibiliti' apparatus. The central

part of the apparatus is a. phase detector. \\''hen a magnetic ma,terial is

inserted into one of tile trvo identical isolated sensing coils, both of ri-hich are

conrponents of separale LC oscillators, a differential change in inductance,

À-L, is produced. The signals are compared in the phase detector, and a

voltage proportional to the phase difference is used to coutrol the resonant

frequenc-r'of the oscillator b]'meons of a voltage dependeut reactive elernent.

Tire voltage. therefore, is a neasure of the effect of tire magnetic na.terial ancl

is directl¡' proportionai to the susceptibilitl' It is connected to the Y-input

of an X-\' recorder,ri'liile the signal, monitored b¡' a cligital multimeter, ftom

the calibrated germanium resistance or the Au * 0'03 at% Fe vs' chrornel P

therrnocouple, is connected to the X-input. The susceptibilit¡' as a fuuction

of changing tempera.ture can therefore be recorded continuousl¡'b¡' the X-Y

recorder, 'n'it]r a typical Y-output signal of a ferv volts. Tire general procedure

adopted for susceptibilit"v tneasurenents consisted of

(1) cooiing the sarnple from above the Curie temperature,7,, to the
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Figure 3.3: Block diagram of the bais susceptibilit¡' apparatus.
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tenperaiure of interest in zero fieid.

(2) \{axinizing the signal at a fixed temperature b5' positioning the

sample at the center of the sensing coii tr1.

(3) Applying a magrÌetic fieid of a predetermined value.

(4) Recording the data as the sample is u'armed. Tire usual r,r'arming

rate u'as approximatelS'1.5 K per hour for the ternperatures belori'4.2 K, and

about 4.0 K/hour abor.e 4.2 I{.

The sampie temperature rna¡'be reduced to approximatell- 1.8 I{ b5'

pumping on the heliun-r batii using a mechauical rotarl' pump. Tetnperature

betu'een 1.8 and .1.2 Ii can be controlled b]'a cornbination of the use of tire

nichrorne heater and the pumping speed. Ternperatules abol'e 4.2 K ri ere

achieved b-r' controling the thermal iink betrçeen the sarnple space and liquid

nitrogen bath around it and/or using the nichrorne heater. The rnagnetic sus-

ceptibilit.r measurenìent can tlius be carried out as a function of temperature

(bet'u'een 1.8 K and room temperature) and extemal rnagnetic field (from 0

to i0Ll0 Oe).

3.4"3 Calibration and Corrections

The output volfage from the phase detector circuit of the magnetometer is

proportional to the change of inductance and therefore susceptibilitl'. Thus,

the signal amplitude in volts can be converted to susceptibilit5' with a simple

calibration factor. Tire magnetometer rvas calibrated using Gd203 powder

r','hose frliing factor u'as approximatell'the sarne as the Pd based allo,v sarnples.

Gd203 u'as used as a calibration substance for the magnetorneter because
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of the high value of its susceptibilit¡. and the supposed sirnpìe Curie-\\reiss

behaviour. At a given temperature its susceptibilitS'is given br,

N p2',
a/--n- 3l'"(T-0) (3 4)

ri'lrere 0 is a constant, u'ith the dimensions of temperature. in ihe case of

Gd203.0 -- -13Ii (Schinkel and \''an Arnstel 1973)1, so the magnetic suscep-

tibiiit¡' a,t a given temperature 7 can be calculated using knou'l-i values for the

number of gadolinium atoins per gram -\, the Boltzmann's constant k¡. and

þ.f I -- (i.70+0.01)¡16. The calibration factor, v'hich ri'as done at 77 K (fresir

Iiquid N2), of the magnetometer rvas found to be 6.95 x L0-7(emulgOenLI').

This is expected to be reliable to rvithin 10 % in absolute value (due to the

non-uniformity of the sample shapes). alrhougir relative susceptibiiitv r,alues

can be measured to 1 part in 104.

Three corrections are rìecessar¡' ri'hen ana.l5'sing the measured suscepti-

biLitl data in order to obtain the true susceptibilities. TIie first one is simpl¡'

the background correction. This correction amounts to a small temperature

and applied magnetic field dependent diamagnetic (negative) signal u'hicli

could be detected in the absence of a sample. The typical magnitude is

about -0.025 1; at 1.2 K. \\¡hatever the reasolrs causing the negative signai

(non-uni{ormities in the Cu bundle, small construction differences betu'een

the tu'o sensing coils as u'ell as possible contribution from the Ge thermome-

1At temperature betrveen 20 K and 300 K these susceptibiiit)'data could be fiited rvith
a relative accura,cl' bette¡ than 0.5% (I% absolute) to this equa,tion.



ter and,,ior the -A.uFe thermocoupie). the true sample signal should be the

difference betu'een the rneasured signal and the background. The correction

rras done bI' measuring the background signal in the ternperature range of

interest. These values u'ere then added (because they are negative) to the

measured susceptibilities.

The second correction is due to tire sample shape. If a magnetic bod5'

of finite size is magnetized, free nagnetic poles are induced on both its ends.

These, in turn. produce a demagnetizing fieid fI¿, u'hicli is proportional to

the intensitt' of magnetization ,41, but in a direction opposite to that of the

magnetìzation. For a regulall.r' shaped magnetic sample ihe internal field 11,

is alx'avs Less than the applied field //o b]. the amount equal to the demag-

netizing fi.eld. that is

H¿: Ho - H¿: H" - liÃI (3 5)

lr.here À' is the demagnetizing factor, rvhich is a function of the shape of the

sample. In general, tire calculation of the demagnetizing factor of a sarnple

is t'erv complex, and for irregular samples is inpossible. The dernagnetizing

factors l/ in this investigation 1\¡ere estirnated bl' treating each sarnple as

an ellipsoid (the edges of the sarnples \ïere rounded), ri'ith principal axes

equal to the sample's dimensions. and then evaluating the corresponding

ellipticintegral (Osborn i945)2. The nagnetization -41 rvas found b5'a sirnple

2In the case of an ellipsoid of revolution, the sample having a length ø and q,ith å =
c:diameter of ihe solid then À¡o = (å - I)i*,Iog(#:)- 1] rvhere the eccentricity of the

ellipse e = (1 -b2fa)1/2.
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numerical sunìmatiorl of availabie ac susceptibiliti' data a,t various fields. r'iz.

From the relation

straightforn'ard to shori'

Mg) -- Ðx.Q) x arL

betu'een tite rnagnetization

that Equation (3.5) can be

(3 6)

i{ and the field 11, it is

expressed as

X^
Xt: 1-Nx- (0.r j

where ¡¿ and Xu are true and measured susceptibilities (after background

correctiort) defined âs f¿: AAIIAHi. ancl ¡,, :0AIl0H,. The true value of

the sample susceptibilities s'ere then calculated using the above equation. It

should be noticed that the tern "true" susceptibiliti' iras onlv a qualitative

meaning here. As Equation (3.7) suggests that the maxirnum. susceptibilitr'

is limited bv the demagnetizing factor 1v" as tire samples examined here have

positile susceptibilit¡'.

An adclitiona,l correction u'as needed íor all the tenperature lneasure-

ments just above the boiling point of the cooling liquid in use. The correction

is based on the result that since the Germanium resistor and AuFe thermo-

couple are piaced a feu' millimeters higher than the sample on the sample

probe, the ternperature reading of tlie Germanium resistance can be slighti¡'

higher tllan the true sample temperature. This is particularly true just abor.e

4.2K, although tire t¡'pical corrections required u'ere not more than a tentlt of

one degree. As the He level fal.ls belorv the level of the sensor, the sensor beg-
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ir-Lgs to \\-arm rvhile the sample remains irnrnersed in He temporariit'. A "dead

range" u'as observed in the susceptibilitl' nìeasurernents at the tenlperatures

just above 4.2 and 77 Ii. One 'n'av to approach the temperature correction

is to shift the germanium resistor readings obtained above the boiiing point

temperatures using a height and slope natching technique as illustrated in

Figure 3.4, and ri'hich has been described in detail previousi¡. b]'Saran (1986).

3.5 ûc Magnetoresistance Measurenserlts

3.5.1 Erperimental Geometrv

Figure 3.5 shou's the experimental geometrv for the a,c nagrìetoresistive rlea-

surements. The electricai curreut -I is constrained to fl.orv along the Y direc-

tion. and rçhatever the appiied field Ho or rnagnetization ,11 direction, tire

resistivitv is proportional to the voltage I' bett'een the knife-edges c and d.

Currents on the order ten nz.4 u'ere usualll' applied a,nd resulted in t¡'pical

volta,ges of a feri' tens of m.I'.

Tlie magnetoresista.nce is not a simple scal¿rr quantitr'. as it depends on

the rela.tive orientations of the current and the magnetic fleld. Hou'ever it

is usual to consider just trvo configurations, the iongitudinal position u'here

magnetic field I/ and current / are parallei to each otirer ri hich is Y direction

in the figure, and the tlansverse position u'hete the applied fieid and current

are perpendicular as in the conventionai Hall geornetr.v. lt seerns that both

longitudinal and transverse effects are of about the same order of magnitude

in metais. The corresponding spontaneous resistivit¡'anisotrop¡' (SR-{) can
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Figure 3.5: The experimental geometr¡' for the ¿c magnetoresistive measure-
ment. l
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have either sign. l'ith values generailv of a ferv percent or less although some

nragnetic alloys (such as f cc nickel-rich l{iFe and NiCo allo¡'s) ma}: have ar.r

SRA as higir as 20% (Srnit 1951).

S.5.2 The l\4leasurement Technique

Figure 3.6 shos,s the arrangement oí the sample block, derl,'at systern and

electrornagnet for lr-easurement of ac magnetoresistance. The sample block

iliustrated in Figure 3.7 r'as made oí high thernal conductivitS' ox1'gen-free

copper, and tlte approxirnate dirnensiorls \l'ele 7.4 X 3.õ x 0.6cm3. As man-l-

as six specimens. three on each side. could be mounted on the knife-edge sup-

ports for each run. The knife-edge supports t'ere electricall¡'insulated from

the copper block b5. condenser paper impregnated ri'ith gerìerous atlloulìts

of General Eiectric (G E ) varnish. The varnish pror,ided reasonablS' good

tþer¡ral contact between the knife-edge supports and the sample biock. The

samples \\.ere rightl¡'clamped into place u'ith fibre glass 1'okes positioned b1'

brass screus. but ri,ere electricall¡. insulated u'ith nr-lar insulating strips.

Six samples \\'ere connected il series alid therefore carried the same

current, this current being applied aiong the largest specimeu dimension'

Knou.ing the current, the resistance of each sa.mple could then be deduced by

measuring the voitage betri,een the knife-edges. and using Ohm's 1a.v' (Ã :

\;lÐ The knife-edge supports leave inpressions on tire samples and the

distance (l) betu,een tirese marks \r,as m.easured t'ith a travellittg nr.icroscopl''

This neasurernent, as u'ell as the precise neasurement of tlte sample form

factor (AlL) discussed in Section 3.3, are necessar)¡ to convett resistance to
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resistivitr'.

The sarnple block s'a,s immersed in liquid helium contained in a des'ar

located betri'een tire pole pieces of a conventional electromagnet. Ternper-

atures belori' 4.2 K t'ere achieved b). pumping or-L the He bath, and u'ere

estimated frorn the measured bath vapour pressure.

Fields up to I0 kOe u'ere applied parallel or perpendicular to the cur-

rent direction b¡'a rotatable electrornagnet (l\lodel Fieldial l'fark I, manufac-

tured b¡'the \iarian \{agnet Compan.v) t'hich surrounded the deu'ar svstem.

The field produced bi'this electromagnet u'as calibrated using a F. \\'. Bell

Gaussureter (Ilodeì 615) u'ith an estimated error of =0.5% of fuil scale. Tire

electromagnet has two pole f¿ces. 24 cm in diameter. u'itir a separation of

8 crn. The field hornogeneit\. rra.s also measured. the estirnated error being

about !1% over the sample volume.

A doubie del-ar s]'stem \\¡as used in the experiment. an inner deu'ar

coltained iiquid helium and an outer den-ar to cortain licluid nitrogen. The

lla,rro\i- tails of the deivars a,llot's the tire use of a, slnaller pole-gap for the

magnet producing higher fields for the salne maguet culrent. The top section

of the dewar is enlarged to give greater liquid-storage capa,cit¡'. The liquid

irelium dervar is 8[) cm in length, 12 cm in illtemal diameter and 5.5 crrl aÍ

the tail. T¡'pical He consumption is about olle litre per hour.

The effect of an applied magnetic fieid up to 85 kOe, on the longi-

tudinal resistiyity, \\¡as nìeasured in another srstem illustrated in Figure 3.8.

Surrounding the sample chanber (I2.7 crn long). is the gas thermometer bulb
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(G T Bulb) used for moritoring ihe temperature of ihe sample space. Out-

side the G. T. Bulb a \/acuuln chamber separates the sampìe space from the

Helium bath.

The rvhole assembh. could be placed inside a supercoducting solenoid

(SHE I'[a,nufacturing Co., U. S. A.) ü']iich produced a 0 - 85 kOe biasing

rnagnetic field parallel to the longest dimension of the sa,mples.

The sample holder, shou'n in Figure 3.9, is a rectangular Cu piate, itith

tlre approxìmate dimelsions 10.5 x 2 x 0.2 cn'ts. As man¡ as four samples,

t'r'¡o on each side, could be mounted on the knife-edge supports for each run.

The sanple holder ri as soldered to the end of a long, narro\\' stainless steel

tube rvhich carried various current and voltage lea,ds to the samples mounted

on tire holder.

3.5.S Circuit Ðiagram

In order to stud¡- the onset of magnetic order in dilute magnetic materials

at lox- temperature using magnetoresistance neasurements. a tecl'Lnique rtith

higir differential sensitivit)' but limited absolute a,ccurac)' rças used. This

ri'as Ì¡ased orì a,n ac difference technique (originalll'proposed bl'l\{uir and

Strom-Olsen 1976), and capable of rneasuring the fractional change in the

magnetoresistance to better tiran a fen, parts in 106.

Figure 3.10 shou-s a circuit diagrarn of the system used. In order to

limit skin depth problerns in systerns rr'ith lou' resistivit¡'. a, lox' operating

frequencS' Qi Hz) is emplo¡'ed. An alternating current from a General Ra-

dio 1311-A audio oscillator is applied to botir the sample under obsenation
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alÌd a series connected variabie resistauce (I{elvin Varlev t¡'pe DP121i). The

voltage difference betrveen the two is then measured accurateh, r'r'ith a pre-

cision lock-in amplifier (Princeton Applied Research model HR-8) tuned to

the driving frequencl.' of the oscillator. Because the variable series resistance

can be a,ccura.tel¡' adjusted, t,he above difference can be kept small. The vari-

ation of tliis signal u-ith srnall cirange in applied magnetic field can then be

observed using the lock-in amplifier. In order to obtain irigh sensitivit¡'in iire

rnea,surelnents. a r.a¡iometer is used to eliminate tire interference from straY

quadrature cornponents in the signal across the sample. Tlie r.ariometer con-

sists of tirree coils. One of tliem is a stationar¡' prirnar¡' coil of 150 turns and

the other trvo are rotatable secondarv coils (250 turns and 10 turns respec-

tiveiS-). The variometer not onll'produces arÌ accurate qua,drature signal for

setting the phase of the lock-in amplifrer. but also produces a nulling signal

used to cancel anr. strar- quadrature signals present. After nulling, switch

-.1 is opened and the total in-phase voltage 1¡ read ol the lock-in amplifier.

Closing the sri'itch .-l and appli'ing a magnetic field 11" allos's the differen-

tial sample voltage it to be read. From'[¡, the sample current.I. and tire

sample geornetr\-, the magnetoresistance can be calculated. The absolute re-

sistivit¡' could be most a,ccura,tell, determined b¡'rnea,suring the same sample

nitlr a conventionai four-probe dc potentiometric rtetirod. In the four-probe

rnethod. a knou'n current 1is applied to a specimen, and the voltage I" across

the sample can be measured a,ccurately using a potentiometer. The resistance

of the specirner-i is calculated from Ohm's larv, -R -- \;lI, and then knowing
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tire forrn factor (-4lL). the electrical resistii'itv of the sample can be preciseìr,

deterrnined using p -- R (AlL)

$.6 F{ydrogen Absorptíon

Il.vdrogen can bring about important modifications ilL the interatornic dis-

tance, electronic structure and rnagnetic properties of iransition metal allovs.

Dilute Pd based allo¡'s are especiallS' good candidates for the studv. as the

host itself is a ver¡' good li1'drogen absorber.

There are ser.eial rnethods tirat can be used to load hydrogen, sucir as

hvdrogen ioir bombardment or bl exposing a sanple to hr.drogen pressure.

Iu our investigation hou'ever, h1'drogelr. \\:as introduced from an electrolt'te

b.v cathodic polarization of a sarnple a,t roorn temperature, using the device

iliustrated in Figure 3.11. -A iarge platinum plate ri'as used as anode (ilie

sample and platinum plate had an area ratio about 1 : 30). The electrolvte

ri'as 0.1 ,11 i{a2COr. ri'ith distilled rvater used as the electrolvte solvent. This

method is verl simple and cost effective. furthermore this electrolr.te does

not dissolve the sample. Current densities ol the order of 100 (nt.4f cm2) ol

sample u'ere used. The a,mount of hydrogerÌ call be controlled by setting a

constant current and adjustiLg the exposure time; a 1,1'pical exposure tirne

being a feu' minutes. The h5'drogen can diffuse throughout the sample shortll'

after loading. hi tire case of dilute PdI\i, the sample becarne brittle after

ioading u'ith hydrogen, aithough thel' could still be mountecl and rneasured

ri-ithout breaking if handled carefuli¡'. The effect of h,vdrogen on the dilute
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Pdlii alloi,s is dra,matic since ihe dilation it induces is readilt-rneasured using

a Picker traveling micrometer to observe length changes. and these changes

can influence tire ma,gnetic response.

The ir1'fl¡6gen absorbed can be discharged by annealing the sample in

\¡aclrun1 or reversing the polarit¡' in the electrochernical cell. The effects of

repeated lr.¡'drogen charging and discharging on on the ph¡'sical properties of

samples can also be studied.
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4"3- lntrodt¡etion

The experimental resuits and their interpretation u'ill be presented in tlus

chapier, u'hich is divided into four major parts. The first part deals u'ith the

detailed ac susceptibilitS'measürenlents on three dilute allo¡' systems namel5'

PdFe, Pdl{i, and (PdFe)I\'fn. The second part describes the SRA ¡esults on

these three s1'stems, u'hile the third part contains a short report of hydrogen

effects on a tvpical d.ilute PdNi allol,. The con.irrsions aïe presented at the

end of the cirapter.

4"2

4"2.1

û,c gusceptibí}íty R,esults for the Ðilute
P dF e systerxr

,4. É(Ferfect Systerntt - Pdsa.oFer.+

The data reported belorv are lou'temperature øc sllsceptibilit¡'measurentents

of seven PdFe allol's containing betu'een 0.35 and 2.4 at% Fe. In the vicinit]'

of tire ordering temperature 7", the zero field susceptibilit,r' increases rapidlr'

as the temperature decreases ivhich agrees li'itli the prediction o{ Equation

(i.56). The susceptibilit¡. peaks at the temperature Ty (Tu - the Hopkin-

son maximuru (Chikazumi 1964)) lr'hich is slightl5. below Curie tempera,ture

T" The typical rneasured maxirnum zero field susceptibilit¡' r,alue was 1.0

(emuf gOe), and that represents about Ð0% of the value set by the dimen-

sion of tlie sample (that is 1v'-1. rvirere ly' is the demagnetising factor u'as

found b5'treating the sample as an ellipsoid u'ith the principal axes equal to
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the sample's dimensions and evaluating the corresponding elliptic iritegrals).

That latter value is comparable u'ith the maximun zero fieid susceptibility

measured in systems like Pdi\{n, rvhich is knorvn to be a soft ferromagnet,

at ieast for those allo1's containing betu'een 0.5 and 2.5 at% 1\{n (Ho et al

1981a). Indeed tire analysis of field suscepiibilitl' on the PdFe allo¡'s u'ill

further confirm the soft ferromagnetic propertJ' of these alloys.

Figure 4.1 shou's a detaiied examination of the temperature dependence

of the ac susceptibilitl'for a Pd + 1.4 at% Fe sample in r.arious interualfields

(over tlre range of 0 to 602 Oe). Tiie presence of a cross-o\¡er line is clear (a

line along u'hich the suscepiibiliti'in a fixed field exhibits a maximum. that

is (ðyl0t)n: 0), and the effects described b¡'Equations (1.59) and (1.60) are

verified; tirat is the peak susceptibilitv decreases as thefield increases and the

peak temperature (Ç) increases n'ith increasing field. It should be pointed

out tirat a critical peak (corrected for background and demagnetising efects)

is observed in a field as lou'as orìe Oe (shou'n in Figure 4.2). This rneans

that the measured magnetic response is dominated b,r' contributions arising

from critical fluctuations, r'hìch is a requiremelLt for an¡- of the porver lau'

relations to be valid. The regular contribution to the response (e.g domain

ivall motion andT'or coherent rotation) is removed in lort fields.

A quantitative analysis of the field dependence of the peak susceptibilit5'

is carried out in Figure 4.2 u'here the peak susceptibilitv is plotted against

the internal field f{¿, rvhere,H¿ is defined b¡'Equation (3.5), on a double

logarithmic plot for tire Pdes.6Fe1.a allo¡'. As can be seen from this plot a
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siraight lile is obtailed over the field range betu'een 1 and 80i) Oe. A value

for tire index 6 can be obtained from the slope of the plot b-v using Equatiolr

(1.60), rrhich yields á:4.0 +- 0.1. This is close to that found in elemental

ferronragnets like pure Ni (6 : 4.2 Kouvel and Fisher 1964). It should be

noted that unlike the anal,vsis of ma,gnetization data. the value of á found

frorn this method is independent of the choice ol7..

B¡' contrast an estimate for the exponent 1' does need a prior knori'ledge

of tlre criiical tempera,tute 7", ri'hich u'a,s estirnated in the foilos'ing nranner.

In Figure 4.3 the critical peak temperature ?o has been plotted against a

reasonable powerl (0.50 in the case of Pcles.6Fer.+) of 11, in order to obtain a

first estimate of 7. (Equation 1.59). Such a plot ¡'ields a straight line, and

the Curie ternperatute (7") u'as estirnated by extrapolating the straight line

to H;: 0, the value obtained fron such plot is 55.6 + 0.1 K.

\\¡itil a value of the Curie temperature so obtained, the reduced peak

temperature (io) is plotted against the internal field (ll) on a double loga-

rithnic scale for the Pdes6Fer.l sample. According to Equation (1.59). such

a plot should produce a straight line ri'ith a slope of 1/(1-d). and the result

is shou'n in Figure 4.4. As can be seen {rom tire plot, t}re beiraviour predicted

by the equation is confirmed, namelS' the temperature of the critical peaks

ir.creases n'ith increasing fieid, and the value for 1/(1' - 6) obtained in the

above manrler is 0.54 + 0.02.

1If the exponents 1,anà ß are a,ssumed to be close to the
the isoiopic ihree-dimensional Heisenberg model, as listed
0.57.

theoretical values preciicated by
in Table 1.1, then (f'- B)-t =

L02
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Irsing zero field susceptibiiitv data, it is possibie to deduce a, value

for the critical exponent 1'b5'using Equation (1.56). This ri'as done b¡'

plotting the susceptibilitl'on a double logarithmic scale against the reduced

temperature ú as shos'n in Figure 4.5. In order tc, obtain the best straight

line fit to the data for ú = 10-2, a small adjustment in 4 of a feu'tenths of a

degree is sornetirres necessar¡'. The value for 1 estimated from these data is

1.36i0.05 u'iiich is close to the value of 1.386 quoted for the three dimensional

Heisenberg ferrorragnet as listed in Table 1.1. Substituting tiiis 1 r'alue into

tlre cross-o\¡er exponent.Il(¡ f B). 5'ields a 3 r.alue of 0.49. The exponent

values obtained above satisf.r'tire \\ridorn relationship (l:9(6- 1))

I(ouvel and Fisher (1964) have defined tire effective exponent 1-(7) as

^t-g): (? - T")lT : (T - r.)@ldT)I"(xo') (4 1)

n'here 7 is ternperature and Xs is initial susceptibilitS.. An alternative extrap-

olation procedure to deduce a value for the critical exponent f is to plot the

effective exponents 1'- (from tire local slopes on the log-log ploi of the zero

field susceptibility data as indicated in the above equation) as a function of

reduced ternperature ú. as shou'ed in the inset of Figure 4.5. Excluding2 the

temperature region 1's¡1' close to ?. the effectir.e susceptibilitl exponent 1-

shou's very little change u'ith changing temperature, and the extrapolated 1'

value at T :7", is 1.36 + 0.02 ri'hich agrees ve¡r' u-ell u'ith that (1.36 + 0.05)

2As the susceptibiliry does not reach the demag limit. presumabìy due to the anisotropy
effect, the effective exponent 1,-(T) musi eventuall¡'fall a.t temperature close to Q.
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previoushr deduced from the plot of zero field susceptibiiitv versus reduced

temperature bv using Equation (1.56).

A final appraisal of the ferromagnetic transition can be carried out b5'

surnmarizing the entire field and temperature dependence of the susceptibilitS'

in a scaiing piot. Equations (1.57), (1.õ9) and (1.60), u'hen cornbined. yield

(4.2)

since the denominator is a, constant. Equation (1.2) plecìicts that the normai-

ized susceptibilit¡' ptotted against h.f tt+a should produce a universal curve.

The dependence of the scaling function G on its argument for arbitrarS. vaiues

of iz and ú (i.e. the forrn of tire curve) can only be specified b¡' experimeirtal

data,, not from general scaling considerat,ions.

In Figure 4.6 the fieid and terlperature dependence of the ¿c sus-

ceptibilit-i' of the Pdes.6Fe1.a sample has been plotted against tire argurnent

(t lh1l6=ß)) of the scaling function G using the Curie temperature T, - 55.6 I{

and -l=:0.55 (Equation 4.2). As shori'n in the pìot. the susceptibilit.r'data

normalized to its peak r.alue and measured in a number of fixeci nol-zero fields

Ít, as a function of temperature collapses onto a single universal curve. Similar

results have been previousì.1' obtained for the ferrornagnet (Pdee.2b\,'In6.75) as

rn'ell as tlie re-entrant system ((Pdee.65Feo.ss)ssl\'1n5) (Kunkel and \\rilliams

1988a, b).

The scaling lau' onh' describes tirat part of the susceptibilitl'that arises

x(h.t) _ G(tLlt",-l) 
x. G,tttj_ß\

x(h,tò G(hlü-b) -'-\ / /
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from criticai fluctuations. In situations rvhere an anisotropt' exists. rvhich

typicalll.' might occur if an orbital rnoment \\rere present on the impurit¡' site,

and results in spin-orbit coupling, ar. additional non-critical cornponent in

the susceptibilitl' rnat' also exist. Basicall5 this u-ould, for example, consist

of dornain rrall contributions, since the applied field u'ould no longer saturate

this "technical" contribution in los' fieids. This complicates the determination

of the critical exponents as the magnitude of this "technicai" contribution

u'ould not generall¡. be knos'n. Tliis complication u'as ttot observed in the

case of the Pde¡.6Fe1.a alloi', and indeed the Fe írnpuritl' does not have a

substantial orbital moment in this host at this composition (Senoussi et al

197i). \\:e conclude tirerefore that Pde6.6Fe1.a is a good ferromagnet, rvith

near Heisenberg critical exponent values. Horlrever in the case of dilute PdNi

ailol's (s'here lii is knorvn to have a substantial orbital moment (e.g. Kunkel

et al 1987), and also in higher cornposition PdFe allo¡'s, an anisotrop5'exists

ri-Ìrich complicates the rnagnetic measurentents, altirough at the same tiure,

it is essential for the presence of a spontaneous resistive anisotropl'(SRA)

(cliscussed in Sections 4.3 and "1.5).

4"2"2 Fe concentration Ðependence

Figures 4.7 and 4.8 present a cioser examination of the temperatute r.atia-

tion of true susceptibiiit5. in various internal fields for tire Pdee.65Fe6.35 and

Pde7.6Fe2.a alio,vs u'hich typify the results that have been obtained in this

concentration range; i.e. from one of the rnost dilute to one of the most Fe

concentrated samples studied. The effects of applied fields are quite strik-
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ing as a field as small as tire earth's field can reduce the susceptibilitl'sub-

stantialll', thus facilitating the observation of smaller secondary peaks in the

vicinit]' of the transition temperature. Basicaily aLl the seven PdFe allo¡.s

studied exhibit simiiar behaviour in various collinear biasing fields. External

fields rapidl.v suppress the susceptibilitS' in the ordered state, allov'ing the

critical peak to be observed in applied fields as low as about 0.3 Oe (in the

case of 0.35 at% Fe allo¡'), although the rninimum fiel<i necessar¡ to resoh'e

an ernergirrg critical peak climbs to about I0 Oe for the Pd -i 2.4 atYc Fe

al1o5'. Nevertireless, these results confirn the allo5's are soft ferromagnets.

TIre expected maximum in the susceptibilitl' at temperatrte To increases as

the fieid increases. The detailed temperature and field variation for all the

PdFe allovs studied a¡e sl-Lot'n in Appendix A.

A quantita,tive anah.sis of tire field dependence of the peak susceptibil-

it¡' lor trvo PdFe alloys (0.35 and 2.4 at% Fe)is carried out in Figure 4.9 using

Equation (1.60). The peak susceptibilitv is plotted against the internal field

H; où a double logaritlulic plot. As shou'n in this figure the peak susceptibil-

itv is indeed proportionol to the H; ' over the range 10 Oe 1 H¿ 11000 Oe

(dov'n to 0.3 Oe in the case of Pdss.e¡Fe6.35 alio¡'). The estimates for exponeut

á tireu can be rnade from the slopes of these curves, and these values combine

rvith the ones obtained for other PdFe alloys studied are listed in Table 4.1.

Tire á vaiues obtained range frorn 2.4 to 3.1 for the samples we have

investigated (the Pdes.6Fe1.ais an exception as it has a á value4.0 as discussed

in Section 4.2.I.). l\fost of these values for á are substantialiy less than that
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Tabie 4.1: Summar¡'of parameters taken from the øc susceptibílit¡'data for
the PdFe specimens.

, Alloi'
Fe

aïYi

.r.
Lc

I (K)

Ii.rÒ
i

)

tmaî

0.35

_t.4

1.6

1.8

2.0

2.2

7.50 + 0.03

55.6 + 0.1

61.5 + 0.2

69.1 + 0.2

75.,1 + 0.3

80.6 + 0.5

3.1 + 0.1

4.0 + 0.1

2.8 = 0.1

2.5 + 0.1

2.4 + ú.1

2.4 r 0.1

l.E = 0.1

1.36 + 0.02

3.5 + 0.1

3.2 + 0.1

:1.3 + 0.1

3.2 -,- 0.1

| 2.4 I SA.A :- 0.5 i 2.i + 0.1 i 3.6 + 0.1 
iiliii
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found for elernental ferromagnets as quoted in Chapter 1. but are cornparable

rrith the á values obtained in some other Pd based dilute alioys such as

intermediate concentration Pd]\in alloys.

These ó values decrease initially u'ith Fe cor-Lcentration above I.4 at%

Fe, passing though a rninimum at about 2.0 at% Pe. and then increase rvith

furtirer increases in Fe content. A similar concentration dependence has been

obse¡r'ed in the dilute (PdFe)I'tn allo5's (discussed iater).

Lìsing data similar to that shox.n in Figure 4.9, it is possible to estimate

the peak position of the susceptibilit¡- in zero field, that is a, value for ?..

In Figure 4.10 the peak susceptibilitv temperatures of the Pdee.65Fe6.35 and

Pde7.6Fe2.a allo5,s hate been plotted against Hll' Lot the entire field range

studied. This figure indicates that the approxirnate relationship3 betri'een

peak temperature and field does exist. This approach enables estimates for

T; to be rnade; and the results are also listed in Table 4.1.

The Curie tempera,ture exhibits a. nearl-r. linear dependence ol Fe con-

centration betrveen 1.4 and 2.1a|% r','ith a ratio ff = 32 Ii/at%Fe. The 0.35

a.t% Fe sample has a ?. : 7.50 I{, substantiall¡'less than the value estimated

b}, extrapolation frorn higher concentration sampìes. That is not unexpected,

a,s discussed in Section 2.3.1; the transition temperature is roughl¡'propor-

tionai to the square of Fe concentration in the case of lou' concentraiion PdFe

alloys.

tTsing the estimated rralue for the Curie temperature rnentioned above

3\\¡e rvill give more deiails aboui the approximate relationship in Seciion 4.3.2.
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an attenpt rvas made to estima,te the critical exponent 1 by plotting the

zero field susceptibilit¡' r'alues (for 7 > 7i) on a double logarithmic plot

against reduced temperature ú. As shou'n in Figure 4.11, at iou'reduced

ternperatures a se\¡ere flattening is observed; ivhile at higher temperatures

close examination reveals considerable curvature u'itir large local slopes, and

no extended pou'er iarv regime is seen.

The insets of Figure 4.11 shorv the ternpera,ture dependence of the eft"ec-

tive exponent 1,'. L'inlike the Pde3.aFel a allo¡', at intermediate temperature

tire effective susceptibilit¡' exponents increase ri'ith increasing temperatute,

and achieves a rna,xirnurn value 1;,, (1.8 + 0.1 in the case of 0.35 at% Fe.

and 3.5 + 0.1 in 2.4 alr/aFe allo5'). Tirus the effective susceptibilitl'exponents

1'- are strongl5'temperature dependent as indicated b¡ the "^9" shaped 1'plot

shou'n in the Figure 4.11. The 1'- o" r'alues for all the PdFe allovs studied are

also listed in Table 4.1.

High 1-"" values coupled with lor' ó r'alues in more concentrated PdFe

alio¡'s are not unexpected since the smallest field required to first resolve a

critical peali increases u'ith increasing Fe concentration (from about one Oe

for 1.4 atVc Fe to about len Oe for 2.4 aL% Fe allol',4 as sltori'n in Figures 4.2

and 4.9). This inciicates an additional non-critical component in the suscepti-

bilit¡. of PdFe allo¡'s, rvhich plal's some role in complicating the determination

of the criticai exponents. This situation becornes mucir nrore pronounced in

the case of PdNi allovs. as Ni is knou'n to har.e a substantial orbital moment.

aThis field is less than 0.5 Oe in the case of 0.35 at% Fe allov.
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This latter conclusion receives support from the observation of non-zero SRA

iir both PdNi and PdFe alloys discussed in Section 4.5 and 4.6.
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4"& øc Strsceptibíiíty H"esults f,or the Ðíh.rte
PdNï Systenn

General Features of the FdNi Systern4.&.1

Figure 4.12 shorvs tire beira,r'iour of the zero field ¿c susceptibilitv for a typ-

ical sampie Pd + 3.5 at% Ni. In the vicinitJ of the ordering temperature

7. tlre susceptibilttT,, y(H.: 0,?), increases rapidlv rtith decreasing tem-

perature. It peaks at about 30 K (Hopkinson peak, Chikazumi 1964), with

a rrraxinrurn susceptjbilit.r'of aboui 3 x 10-2(emulgOe). This latier value

represents onl¡'a feri'perceut of the lirnit set bt'demagnetising constraints,

and it is up to a factor o{ 50 smaller than that observed in soft ferrornag-

netic ailots based on the sarne host, such as PdX'In (Ho et al 1981a), and

PdFe allovs as discussed in Sectiott 4.2.2. It is, ho'n'e\¡er. comparable ri'ith

the maximuln susceptibilit¡. observed in systems like (PdNi)\'1n (Hall et al

19841 Kunkel et al 1988b), and PdCo (\{aartense and \\rilliam.s 1976), s¡'s-

telns in rl'hicli the impurit.r' is knor¡-n to carr\. an orbital mornent (Senoussi

et al 19?7). Belori' the peak ternperature, the susceptibilitl' then decreases

rapidly x'ith decreasing ternperature, a,n effect u'hich is often attributed to

the presence of anisotrop_v (actuali¡' due to a strong temperature dependence

of the anisotropv/coercivitr' (l\'Iorrish i965)).

The effects of various external applied frelds H" are illustrated in Figure

4.I3. Tire Hopkinson peak height decreases rapidl¡'and its position moves

dorvnwards in temperature as Ho increases, aiiorving a secondary peak (i.e.

the critical peak) to be resoh'ed at a ternperature close to the Curie tempera-
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ture 7. and somerrhat higher in temperature than the Hopkinson rnaxirnurn;

the critical peak arnpiitude though is much smalier than that of the Hop-

kinson rnaximurn. As can been seen from this figure the beiraviour of the

critical peak described b5'Equations (i.59) and (1.60) is basicalll'follorved,

namel.v the critical peak is rapidll' suppressed in arnplitude u'ith increasing

dc biasing field, rvirile the peak position ?o increases slightl¡'in temperature

rçitlr increasing field. In all the ferromagnetic samples examined, (2.4 < r <

5.(\ at% Ni), the qualitative behaviour of the ac susceptibilit,r,in both zero

and r.arious applied fields is verJ' similar, and ii willbe further detailed belou-.

4"&"2 Detailed Features of a PdNi Specimen

Figures 4.72, 4.I3. as well as the detailed da,ta shori'n in Appendix A present

a closer examination of tire temperature variation of the true susceptibilit¡'

(corrected for background and dernagnetising effects) in a number of applied

fields (bets'een 0 and 900 Oe) for the Pd + 3.5 at% Ì\i sarnpie. As indicated

in these figures. similar tr: the PdFe sanpies, the qualitative behaviour de-

scribed b¡'Equations (1.59) and (1.60) is {ollorved. nameh.the experimentaiir-

observed peak susceptibilit¡. ¡o decreases as fieid increases and secondlt. the

peak temperature Ç increases ii-ith increasing field. Notice, however. that

unlike the PdFe samples, tlie critical peak cannot be resolved until the ap-

plied field reaches about 40 Oe. that is about 50 times the field required for

a soft ferromagnet such as Pde6.6Fe1.a (about 100 times the field required in

Pdee.65Fe6.ru). Thi. is strong evidence that the regular contribution (basicalll'

the result of anisotrop], n'hicit is esseltial to explain the 1o¡-zero spo¡taleous

722



10-3

6.0

5.0

H 
"(O ")

Pdgo.sl\i¡.¡

a)

\Jq
-ì
CJ
cJ
t-
a)

X
{-J

a)

€
c)(J
(n

U)
()
--{
LF

4.0

30

2.0

1.0

0

10 20 30 40

Temperature (K)
Figure 4.13: Susceptibility versus temperature for Pdgo.sNi¡.s at various static
biasing fields.

123



resistive anisotrop¡'(SRA) as \\,e irill discuss in Section 4.5) makes a siguifi-

cant contribution to the susceptibilit,vin this s¡'s1sm. This latter statement is

further supported b5' the follou'ing observation. Even in an appliecl field up to

100 Oe. the siope of the susceptibilitl'su¡1's re\¡erses quite rapidl5' just belorr

the critical peak temperature indicating a large background susceptibilit¡,,

il'hicir means that non-critical response is much nore difficuit to saturate.

In Figure 4.14 the peak susceptibilit¡'¡o has been plotted against the

internal freld 11, (estimated frorn fl -- Ho - ^I¡{) 
on a double logarithrnic

plot for the Pde6.5Ni3.5 sail.ple. As the plot shou's. tÌre pou'er-lau' behaviour

predicted b¡'Equation (1.60) is not follori'ed over the entire field range mea,-

sured. The peak susceptibilitl' against the internal fields plot exhibits a visible

currrature and therefore no unique critical exponent ó could be deduced fron

the plot. This situatior. sras not observed in soft ferrornagnetic materials such

as Pde3.6Fer.l (Figure a.2). The extent of the curl'atute can be seen frorn the

trvo straiglit lines drari'n at lou' and high field. t'hich ¡'i.1¿ tn'o cottesponding

effective expoirents, á¡ and á;, (fron tire lot- and high fielcl slopes respec-

tivel¡'). r-hicli are 3.3 and2.2 respecti'r'el.v. These values are much l.ou'er than

that for a typical ferrornagnet.

As shorvn earlier, the zero field susceptibility and the field dependence

of the critical peak ternperatures in soft ferromagnets such as Pde5.6F€1.4 câlÌ

be u'ell described b¡'Equations (1.56) and (i.59). Reliable critical exponents

,y and B can then be obtained from double logarithmic plots of reduced peak

temperature úo againsi internal fleld fI, and the t¡ue zero-field susceptibility
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X¿ against the reciuced temperature f; the Curie temperature T. can be ex-

tra,cted frorn a plot of peak temperature as a function of a reasonable po\{er

ol H¿.

In the case of the Pdl{i s1.stern, hou'ever, due to tl're substantial effect

of the regular contribution (attributed to the presence of an anisotropr'), es-

timates of the c¡itical exponents (1 and 6) based on the plot of reduced peak

tenrperature úo versus the internal field H; ot a double logarithnic scale be-

colrres \¡erJ' questionable. First of all an applied field in excess of 40 Oe is

required in order to resolve a critical peak; this fieid is more than one or-

der of magnitude larger than that required to produce similar effects in soft

ferromagnets. On a logarithmic scale, this means tire loss of data cot'ering

more than one decade. in addition. the critical peaks are rather broad corn-

pared rvith soft ferrornagnets (tiris is also the result of the anisotrop\', and

its eflect on tire lou'ternperature side of the critical peak), ri'hich increasing

the uncertaint¡- in the peak tempera.ture. This ís particularlv noticeable on a

logarithmic plot, so r-ro reliable critical exponent couid be extracted from it.

An approxrnaie method can, hot'evel. be used to analvse the field

dependence of the criticai peak temperature 1o u'hich iras been previoush'

adopted for the (PdNi)lt,In svstem (Hall et ai 1981). Li Figure 4.15 the peak

temperature To has been piotted on a linear scale against the square root

of the internal field H, for the sample Pde6.5Ni3.5, Such a plot is based on

the assumption that the critical exponents (1 and B) have values, Iisted in

Tabie 1.1, close to those predicated bl'the Heisenberg modei (LeGuillon and
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Zinn-Justin 1980): tiren Equation (1.59) can

pourer 1au' relationship

be approximated b¡' a simple

T, x Hl/' (4 3)

As shou,n in tire piot based on this equation (Figure a.15) a reasonable

straight line is obtained, from rvhich the Curie temperature I can be deter-

mi¡ed b)' meoruri¡g the vertical axis intercept of the straigirt line. The value

so obtained is 31.0 + 0.5 K.

\\¡ith the Curie ternperature determined b¡' tlte piot of ?" r's H|/', th"

zero field susceptibilitv for tire Pdsa.;Ni3.5 sarnple is plotted in Figure 4.16

o¡ a double logarithmic scale against tire reduced temperature ú. The simple

po\\,er lau-relarionship predicted b¡'Equation (1.56) (X(0,¿) = Ú-') does not

hold for this system, unlike the behaviour in rnanJ¡ soft ferromagnets. Sorne

acijustments in the choice of 7. (up to a feri- tenths of a degree wirich resulted

iu tire ch.oice of ?" rnoving above or belou' the temperature of the zero field

inflection point) have been made in an attempt to obtain a better straight

li¡e fit to these data; this procedure was not successful in the Pdl'ri s¡'stem,

and no extended power lau' regime could be observed.

Figure 4.16 shorvs that the zero field susceptibilitl'increa,ses with de-

creasilg reduced ternperature, but not as fa,st as predicted b5' the scaling

hypothesis because of severe flattening that is observed at lolv reduced tem-

per¿ture. At higiier reduced ternperature, double logarithmic plots exhibit

marked curvatule in this sarnple, rvith large local slopes (effective exponent
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1'-). This result is quite sirnilar to that observed in other disordered s.vstems

(Gaunt et al 1981, Kaul 1985, Fahnle et al 1988, Seegar and Kronmuller

1989), a.nd so u'e have a.dopted a similar approach to anal¡'se our data.

The effecti\re exponents 1''' of 3.5 al% Ni alloy (from the local slopes

on the 1og-log plot of tir.e zero field susceptibilit¡' data) have been plotted

against the ternperature above the Curie ternperature A7(: T - T.) in the

inset'of Figure 4.16. Above the Curie temperature the effective exponent

1-(7) first increases (presumabl¡'from a value 1- = 1.30 close to that pre-

dicted theoreticalll')5, rrith a peak effective exponent 1i,o*:3.2 at A? : 4.5

Ii, and then decreases ri'ith increasing temperature. This effective exponent

value is rnuch larger than the predicted vaiue from Monte Carlo or renormal-

ization calculations (1(T)^", : 1.55) (Seeger and Kronmuller 1989). The

concentration dependence of the effective exponent, 1'--, as u'ell as of otirer

effective exponents for the PdNi s¡rstem rvill be discussed belolr', in greater

detail.

/lDa)
iì. d. LÞ Concentration Ðependence of Various Parame-

ters

In Figure 4.17 the critical peak susceptibilitv ¡o has been plotted on a, double

logarithmic sca,le against tire internal field -Il¿ based on Equation (1.60) for

tlrree selected samples. The 2.4 at% Ni sample is the most dilute allo¡' u'hicir

stiil exliibits long range magnetic order at Iou. temperature in this s)'stern.

sin the temperature region very close to Q such plots remain unreliable due to the
severe flattening ofthe zero field suscepiibilitl'plot (Figure 4.16), and its associated failure
to climb tovt'ards the demag limii.
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The 4.5 at% Ni sample is the second rnost concentrated specimen, and has

a 7" comparable rvith the I.4 at% Fe alloy discussed earlier, u'hile the 2.9

at% l\i iras an intermediate concentration. As can be seen frorn this figure, a

po\ver lau'relationship r,r'ith a unique index (as predicted by Equation (1.60))

is not observed over the entire field range exarnined in tltis sy'stem. There

ale, holever, some features that should be noticed. First, the allo¡'s rn'ith

intermeciiate l{i corÌcentration require larger fields (about 40 Oe cornpare

u'itlr about 20 Oe for lou'er and higher ì{i concentrated ailoys) to first tesolr'e

a critical peak. Second. the critical peak amplitude at a particular field

increa,ses u'ith increasing Ni concentration. Tirird, the curr.ature of the double

logarith.mic plot is noticeable for all the sa,mples exarnined, but the amount

of curr.ature decreases u'ith decreasing Ni composition. Furthermore, the

effecrive exponent ó; found at irigh field (I1, > 100 Oe) r'aries little (the

rralues range between 2.2 and 2.5 ) for all tire specimens investigated. -q.t

Iou,er field, lrov'et,er, the effective exponent ói (estimated for H; < 700 Oe)

decreases monotonicall¡'u'ith decreasing Ni concentration from 4.1 at 4.5 atVc

to 2.7 al 2.4 at% Ni (also seen Table 4.2). The iou--field value, ái : 4.1 of

Pdg¡.sNi+.: is ver"v close to that found b5'Iiouvel and Fisher (1964) in pure

Ni.

Having presented these observa,tions, t¡'e ttext discuss the field depen-

dence of the effective exponents (á-). As can been seen from Figure 4.17 as

u'ell as in Tabie 4.2, the effective exponent á¡ is alv'ays larger than á[ for

all the samples studied; that means the 6- r.alue decreases witli increasing
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Table 4.2: Summarl' of parameters deduced from øc susceptibilit"v data for
the PdNi alio¡'s.

Composition
tüi

at%

çxuhct0¡

Slope of
To vs Hllz plot

(KlOertzy

5.0

4.5

4.0

J.rJ

J.U

2.9

2.7

l.o

¿.4

î) .'lL-A

bJ.f -i I

57.5 + 1

,14.3 + 0.5

31.0 + 0.5

12.5 r 0.5

11.0 + 0.3

6.0 + 0.2

4.05+ 0.1

3.85r 0.1

1.95+ 0.1

4.1+0.1

4.1+0.1

4.0+0.1

3.3+0.1

3.0+0.1

3.2+0.1

3.0+ 0.1

2.8+0.1

2.7+0.1

2.7+0.7

0.100 + 0.003

0.i50 + 0.005

0.190 + 0.005

0. 180 -* 0.005

0.170 + 0.005

0.160 + 0.005

0.130 +-0.004

0.105 r 0.003

0.100 + 0.003

0.085 + 0.003

2.4!0.7

2.5+0. i

2.2+0.r

2.210.1

2.5+0.1

2.4+0.1

2.5+0.1

2.4t0.1

2.2+0.I

2.5=0.1

1DÐ
t_dtJ



fieid. This lattei beha,r'iour has been observed previouslv in other dilute s5's-

terns such as Pd\'ln and PdGd (Ho et al 1981b, Saran et al 1987). Such

a result can be explained by the so-called SK like model (Sherrington and

I{irkpatrick 1975, Southern 1976). As shou'n b1' Roshko and Williams (1984),

n'lren the ratio 4 declines tourard one, (4 : JolJ, u'llete Jo is the mean vaiue

of the impurit5'-impurit¡' exchange bond distribution and ./ is tlie u'idth of

tlie Gaussian excb.ange bond distribuiion), the effective exponent á- sholvs

a prollounced reduction u'ith increasing field, although its ast'mptotic r.alue

(å --+ 0) rernains unchanged. Thus the data shou'n in Figure 4.17 and Tabie

4.2 cart be interpreted as indicating an efiective exchange field dìstribution

betv'een impurities (betiveen N-i sites in the case of present svstem) which

becomes broader as the Ni concentration is lorvered tou'ards the critical com-

position. ze. nec€ssâr). to produce a ferromagnetic ground state ri-iren the

ratio 4 decreases torvards one. This latter inierpretation is consistent u'ith

previous model calculations (\'eung et al 1986) as v'ell as l'ith rnagnetiza,tion

lneasurenìents for PdNi (ÀIurani et al 197a) x'hicir shorv that the -A.rrott plots

exhibit iircreasing curvature at lou' field when the impuritv concetttration is

reduced tolr-ards the criticai conposition.

N-ext we u'ould like to make an interesting observation on the com-

parison of the critical peak arnplitudes among the different nagnetic ions

in Pd. Specificali¡', for internal fields near 100 Oe, the ratio of the criticai

peak arnplitudes for PdNi, Pdh{n and PdGd containing comparable arlounts

of impurit.v (about 3 at%) is 1:3:5. Tiris ratio is ren'rarkablt' .1ot" to tirat

1 â.tIrrl



predicted, if ttre spin value used for the impuritl' sites ts 7 2. 'c12 and 712

respectivel¡', bT caiculations (Kunkel et al 1990) based on the same effective

fielcl approach discussed above. This argues not only for stabie half-filled

shell configura,tions in the case of \,In and Gd, but also supports indirectli'

the spin assignrnent S :712 for l'ri rnade b1'Loram et al (1985).

In Figure 4.18 the behaviour of the critical peak temperature To as a

function ol H; for tlie samples s-ith Ni concentrations betu'ee:n 2.4 and 4.5

atTc is presented. -4"s in the 3.5 at% Ni sample, the approximate relationship

predicted b), Equation (a.2) (To x H:lt) is reasonabl¡- ri'ell obeyed for all

crtlrer samples in tlie present svstern. Estimates lor T. u'ere again obtained

bv extrapolating ihese plots to H;:0, and titese resrilts are listed in Tabie

4.2. The results indicate tirat the Curie temperature Q drops rapidlS- as

tire Ni composition decreases, front 62.7 K at õ.0 atTa to a value of i2.5 K

at 3.0 at% hli sampie u'ith f = 2-o Klat% Ni. Below 3.0 at% the Curie

ternperature drops much more slou'l.r' as the lii composition decreases. As a

rough approxirnation, the Curie temperature 7" is lilrear in r for the sampies

\\-ith Ni concentrations betu'een 3.0 and 5.0 at%, but is proportional to 12 for

tlre specirnens u'ith less than 3.0 at% Ni. To give a rough estimate, u'e night

sav the critical cornposition lìecessary to produce a ferromagnetic ground

state at zero temperature lies betu'een 2.2 and 2.4 at% Ni. In contrast u'ith

the SRA nleasìlremenis, no precise critical cornposition zs for ferromagnetic

long range order could be obtained from these data.

One additional feature concerning Figure 4.18 that is of interest is the
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concentration dependence of the slopes. Tire slopes increase markedh. frorn

8.5 xI0-' (KlO"tlz) for ú'te 2.4 at% Ni sarnple to 19.0 x10-2 (KlOetlzl

for tlre 4.0 at% ìtIi alioy, then decrease above this concentration. This latter

behaviour is very similar to the concentra,tion dependence of the siopes of

ttre high field magnetoresistance in the same system as v'ill be presented in

Section 4.5, although the ph¡rsical origin for this is irot clear at present.

\\¡ith 7. estirnated using the above power lau- approximation (To =

H:l\. tlle critical index 1 governing the ternperature dependence of ihe zero

field susceptibilit5-immediateh' abor.e 7" has been examined. The porver lan'

relationship predicted bv Equation (1.56) (i.e ¡(0, t) = t-t (7 > [)) does

not exist oyer an.\' significant range for an5' of tlie samples examined here.

\\rhen the zero field susceptibilit¡' is plotted against reduced temperature on

a double logarithmic scale it does not result in a straigirt line but instead

the plots exhibit marked curvature u'ith the foilori'ing additional character-

istics. Tire values of the rnaxirnum effective exponent, 'l'Ào,, as rvell as the

temperature at r','hich the peak effective exponent occurs. are N-i concetttta-

tion dependent. These iatter characteristics are apparent in Figure 4.19. Tire

data siron'n in this plot (1' against (T - 7.)) have been selected from the

nìeasurerrents carried out on all the ferromagnetic alioys.

This figure shou's a norì-monotonic ternpera,ture dependence for each

of the five selected samples. At an intermediate NTi concentration the sam-

ple shorvs a much stronger increase of 1*(7) s'ith increasing temperature.

N,Ieanu'hile the maxirnurn r.alue of the effective exponent 1'|o" and the corre-
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sponding temperature T^ at u'hich this maximun value occrlrs also exiribit

some systernatic variation v'ith l{i concentration. In fact the¡.' }rave a sirnilar

behaviour to the slopes of Io versu" H!l'and the high field magnetoresis-

tance.

Iieai the Curie temperature 1''' is close to the vaiue predicted for tire

isotopic three dimensional Heisenberg model, rvhereas at a temperature much

higher than I the value of the'effective exponent 1,- falls tou'ards the rnean

fieid vaiue of one. In the intermediate ternperature rarìge the effecti\¡e ex-

ponent achieves a maximum value for each sample studied. For rnost of the

sarnples the maximun value of the effective exponent lies bets'een 2 and 3.2,

rvhich is equal to or larger than the maxirnum value of 2 reported in arnor-

phous s5'stems (e.g Kaul 1985), but is comparable u'ith the estimated value

for interrnediate-concentration Pd\'tn (3-5 at% \'ll) allovs (Ho et al 1981b).

For the sample ri'ith Ni concentration verv ciose to the critical composition.

æs, the rnaximum effective exponent 1)o" has a value close t,o but slightl¡'

higher than the predicted 3d Heisenberg value 1.388. Despite the difficulties

in estimating criticai exponents. the ac susceptibiliti'data are shox'n to be

consistent, not onl1. rvith a previous suggestion tirat a spin-glass ground state

wouLd appear at lou' Ni concentration if cornpiications due to the Kondo ef-

fect u'ere not presentG, but also u'ìth assigning a lov'spin value (S: 1/2) to

the Ni site (Kunkel et al i990).

6i.e. T = Jc,lJ decreases toivards a. value of I as the Ni concentration is decreased
bowards 2.4 aL%. If this trenC u'e¡e to continuity, 4 should fall belov'. 1 for concentrai,ions
betu'een 1 and 2 at% Ni, when a spin-glass state should emerge at lora' temperature.
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4,4 û,c StåscepÉåbilåty R"esr.¡.Ïts fon the Ðålute
(trdFe)T\4n Systern

The magnetic properties of the dilute PdFe allo¡'s containing betrveen 0.3o

and 2.4 at% Fe u'ere discussed in detail in Section 4.2, and he¡e s'e present

ac susceptibilítl. measuremenis of some of these allo¡'s ri'ith an additional 5

at% \{n. \\re u'ill focus on the magnetic properties of t}rese (PdFe)X4n alloys

in this section, and lea,r,e the SRA results untill Section 4.7.

At temperatures near the ferroinagnetic Curie point, the qualitative

features of the ac susceptibilit¡, of these sarnples are similar to those acquired

previousl5. on the other Pd based allovs. The zero field susceptibiiiti'increases

rapidl¡' rvith decreasing ternperature in the vicinity of the Curie temperature

and peaks at a, temperature sornex'irat belou- ?.. T5'pical, the measured max-

imnm zero field susceptibilil,y'r'alue u'as 0.5 (emulgOe), and that represents

about 30 % ol the value set b¡' the dimension of the sanple. compared u'ith

a ¡atio of 50 % for dilute PdFe but onl¡' a feri' percent for dilute PdNi allo¡'s.

In Figure 4.20 the behaviour of the true susceptibilit¡'¡¿ for a (PdFe)i\[n

allov with L6 atTc Fe in various fields is exarnined in detail in the vicinitl'

of the ordering temperature. As can been seen the qualitative behaviour e-x-

pressed in Equations (1.59) and (1.60) is again foliorved; namel-v the peak

height decreases rapidl¡. ri'ith increasing field tt'ltereas the peak position in-

creases slightll,in temperature with increasing field.

Figures 4.21 and 4.22 present plots of the peak suscepiibility against

tlre internal fieìd for tire 0.35 al% Fe sarnple and the otirer (PdFe)I\4n allo¡'s
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on a double logarithmic scale. For all the (PdFe)l\'In sarnples studied a polryer

lau' behaviour u'ith a, unique critical exponent á is observed.

The slope of the plot for the (Pdee.65Fes.35)e5i\tn5 sample yields a 6 value

ol 4.I + 0.1, rvhile for tlle rnore collcent¡ated Fe alioys á r'alues range from

2.9 + 0.1 to 3.3 + 0.1 u'hicli are again less than those found for elernental

ferrornagnets. For the allo.vs rvith betv'een 1.6 and 2.2 at% Fe, the concen-

tration dependence of the á r'alues measured for (PdFe)\{n is similar but less

dramatic compared to that found in PdFe. first tlle 6 r'alue decreases with

increasing Fe concentration and has a minirnum at about 2.0 aL% Fe.

As shos.n in Figure 4.22, f.or the (PdFe)lIn allovs s'itir 1.6 to 2.2 alYo

Fe applied fields in excess of about 20 Oe are required before the emerging

critical peaks can be resolr'ed and tliis is about an order magnitude iarger than

those required to produce sinilar effects in the PdFe alÌo1's rvith cornparable

arnounts of Fe. The rninirnum field required to ernerge the critical peak for

tlre (Pdeg.s;Feo.s;)g¡N{n5 allor. t'as ottll. about 3 Oe (as shou'lt in Figure 4.21),

but it is still one order of magnitude Ìarger than tirat required to produced

similar effects for the Pdee.65Fes.:; (about 0.3 Oe).

In Figure 4.23 the peak ternperatures Ç u,ere piotted against Hllt o,

a, linear plot in order to estimates ?" for the (PdFe)l\'In allovs v'ith 1.6 to 2.2

al% Fe. As tirese data indicate, the Curie temperatures of the svstem are

rapidi,v suppressed. and are rnucir smaller than those observed in PdFe alloys:

for example, Pd - 1.6 at% Fe has ?" : 61.5 K, which is lowered to 38 K by

the addition of 5 % I'In.
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The impurity concentraiion dependence of tire Curie temperature dis-

plavs a simple linear relationship. u'ith ft = 16 Klal%Fe for the alioys u'itir

Fe concentration betrveen 1.6 and 2.2 at%. This latter ratio is also much

snraller tlran tha.t of the measured ratio for the PdFe alloys (= 32 Klat%Fe).

\\rith a value specified f.ot 7,, it is usual to examine the remailing scaling

prediction bv attempting to fit tlie zero field susceptibilit¡'to Equation (1.56)

on a double logarithrnic scale (the 1 plot). Figure 4.24 shou's such a plot for

a (Pdes.0Fe2.6)e5i\{n5 sample. As can been seen in this figure t}rere is a severe

flattening of the plot at lou-reduced temperature (that is, as 7 --- T.), this is

due to the failure of zero field susceptibilit¡' to approach the value set bl the

dimension of the sample. Iio extended pou'er larr regine is seen. The inset

of the figure shor.s the temperature dependence of the effective exponent 1-.

This effective susceptibilit¡'exponent is stronglv curved and has a maxintum

value 1iìo, :3.3 + 0.2. This situation is very sirnilar to that seen in the PdNi

and the more Fe concentrated PdFe allo¡'s discussed in the last tri'o sections.

The 1i"" r'alue so obtained for the other (PdFe)f{n allovs are all listed in

Table 4.3.

It should be pointed out that the (Pdee.65Fee.35)e5tr'hr5 sample is partic-

ulari¡'interesting because it is a re-entrant systemT. Previous measurernents

have shot'li this latter allo5' to har.e a ferromagnetic Curie temperature ?"

about 10 K and a spin glass temperature ft near 4 K (\ierbeek et al 1978).

From the susceptibilit¡' data (Kunkel and \\¡illiams 1988b), a t'ell defined

7U¡e believe tha.t ihe oiher (PdFe)X'In allovs studied a¡e also ¡e-entrant systems, but
with t,he lou'er transition temoeratures well belo'n 1 K.
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Table 4.3: Summary of pararneters taken from the øc susceptibilit,r'data for
the (PdFe)\In specimens.

Allo¡'s i

r..be I

9.30+0.02

38.0 + 0.2

41.6 + 0.2

44.9 -! 0.5

47.9 + 0.5

4.07!0.02 4.1 + 0.1

3.3 + 0.1

3.0 + 0.1

2.9 + 0.1

3.1 + 0.1

I

I ,\''
I lmøî

1.9 + 0.2

3.1 + 0.2

3.4 ! 0.2

3.3 + 0.2

c).1_rnÐ
-.1 

\t.!

.r
!c t¡

ilat%,) i (lt) i (K) I i l

0.35

l-.b

1.8
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ferrornagnetic Curie temperature [ : 9.39

characterised by criticai exponent values

6 : 4.1 + 0.1, 1 : 1.64 + 0.07, and B

The non-linear magnetic response of

(Pdee.65Fe6.ss)sul\{nu has also been studied in the r.icinit¡' of both transitior-Ls

based on the follorving tu'o equations

* 0.02 K has been found, and it

: 0.53(5) = 0.08.

the re-rentrant system

(4 4)
TTa TT3

Xi.,,o(H,l) : ¿-" - å;' å;

for the upper transitionE.

x".s(H.t): ys(t) - Y: * ry,n 
,tl' ' t''r'+ß'

In terms of the no¡.-linear response, the coefficient of the 11? term xff

is plotted against the reduced temperature ú in Figure 4.2-o on double logarith-

mic scale for the upper transition. The coefficient predicted b¡'scaling theory

is confi.rmed as a straight line results u-ith the slope being 6.2 + 0.6 compared

u'ith tlre predicated value of 37r 20 :6.0 i 0.4 from rrrore conventional data

iisted above this section.

For the lon'er transition substaniial experimentai effort Ìras been ex-

pended in atternpts to verifv predictions of singular collporìents in the non-

Iinear magnetic response (Binder and \bung 1986), i.e. predictions that the

susceptibilit¡- of spin glasses can be ri'ritten

(4 5)

sExpanding the sta'r,ic scaling lau-equation (i.e. Equation (i.57)) in terms of the fielC
.H. and retaining onìy the lou'est non-linear te¡ms.
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r',-here primes are used to distinguish tire exponents ilL spin gla,sses frorn tirose

in ferromagnets.

The coefficient of the Hz term has also been measured near the spin-

glass ternperature Q. Figure 4.26 summarizes the temperature dependence

of tlris coefficient over the range 2 to 4.2 K. An anomah' in the non-iinear

response has been clearll' sh.ou'n for the frrst time. It is located near the tem-

perature at, lr.hich the initial susceptibilitl' falls abruptl¡'. This peak is not

divergent, but clearil.'exhibits a distinct rnaximum at 4.07 K. This peak struc-

ture is belier.ed to be a strong indication of a true re-entrant ferromagnetic-

spil glass transition.
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4"& SR",& Results fon the Ðítrute PdNi Systemt

As nrentioned in Section 2.3.3, no previous experimental investigation of the

SRA on Pd based dilute a11o5's close to the ferrornagnetic instabilitS'has been

carried out nor does there exist an¡'specific theoreticai prediction for it. Here

rve present the results of tlie first such investigation. \\ie begin u'ith the dilute

PdNi s¡'stem.

4"5.1 .{ Typical AlloY-Pds¡.olNi¡.0

Tlre resistivities of fourteen dilute PdNi samples containing 2.1 and -c.0 afr/c

Ni at fixed temperature ? of 1.5 ard 4.2 K in various applied fields u'ere

measurecl using the øc technique described in Chapter 3.

In Figure 4.27 tire longitudinal (pii) and ttattsrretse (p1) magnetoresis-

iivities of a t¡'pical sarnple, 5.0 at% l\i, are plotted against the applied field 11"

at 1.õ K (this allo¡'has a Curie temperature of 62.7 K)e. This fi.gure indicates

that the transverse rnagnetoresistivit¡- (pr-) in.t"oses monotonicall,v u'ith in-

creasing applied freld H" up to I0 kOe, x'ith a r.alue ol p ' - 2.3058 (¡-rQcrn)lo

in zero applied field and increasing Lo 2.3454 (p.Qcrn) at Ho: 10 kOe . u'itir

an inflection point (at about 7.0 kOe) and a substantial high-field slope

elt should be pointed out that the resistivities of the ze¡o and Ìoq' field states are
domain confrguration dependent; the¡' depend on the sample histor¡' and magnetizing
process. Therefo¡e u'e usually have to appi¡' magnetic fields large enough to technicaìl¡'
iaturate the sample in orde¡ to estimate the spontaneous resistivity anisotropy of a sample
aL zero induction.

1ú\4¡hile the absolute value of pr (1.5 K, ãn - 0) = 2.3058 (p.Acm) is accurate io +0.5%
(due to shape factor uncertainties). relative values ca.n be determined io a precision of 1

ini06; thusthevalueof pr (1.5K,Ho=I}lcOe)=2.3454(p,Acm) shoq'sachangeinthe
resisiivit.v of 39.8 (nùcm) relative to the zero field value and this change can be accuratel.v
specified.
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(dp1ldH" : 2.48 (nlcmlkOe)). Tire longitudinal magnetoresistivitl' (p¡r),

in contrast, displaS's a negative component at lou'field, but also has a sub-

stantiai positive higir field slope (dp¡¡ f dH.: L.95(nQcm.lkOe)), so that it is

basicallS' U shaped with a minimum at about 2.5 kOe. At this minimurn p11

drops to 2.2776 (¡L.Acrr,) and then graduall¡. increases to 2.2846 (p0cm) al

Ho : 10 kOe, a vaiue lov'er tltan p(H" - 0) Botir p¡1(11") and pt(H.) are

linear in tire field betu'een 3.0 a¡d 10 lcOe.

Figure 4.27 clearly demonstra,tes the appearance of sorne anisotropS.

êp i 0) not onlr- at higher fields. but also at lov'fields (H" < 0.1 ËOe). Tliis

is a, resuit rvhicìr rve u'ant to exploit. A non-zero anisotrop\- in such lou- ap-

piied field provides strong evidence for the preserÌce of a significa,nt exchange

field in this sample, v'hich produce a rapid increase in the anisotrop"v Ap l'ith

ilcreasing field as domail effects are o\¡ercome. Applied fields can certainlv

induce an anisotropl'in parailragnetic system as discussed b1' Friederich and

Fert (1974). but such fields have to be sufficientiv large in order to induce a

significant polarization of the scattering moments. tvpical H"lT > 10 kOelK

is required, that is far in excess of the values quot,ed above.

The result of the non-zero SRA observed in the PdNi (due to tlie pres-

ence of an orbital mornent) is consistent u'ith results obtained from øc sus-

ceptibilit¡, measurem.ents. Specif;cail¡', the suppression of the zero field sus-

ceptibiiitS' peak amplitude, the increasing magnitude of tire rninimum field

required to resolve a critical peak. and indeed the inabilit¡' to extract reli-

able critical exponents for the system, can all be attributed to an anisotropv
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(arising probabll' from spin-orbit couplilg).

As illustrated in Figure 4.27, a simple liüear field dependence repre-

sents the higher field data in the 5.0 at% l{i sample very rvell; various other

field dependences (namel5' H', yE etc) irave been attempted for the higher

field da,ta, but the¡' do not reproduce these data as u'ell as the simple linear

form shori'nli. The extrapolation procedure implicit in Equation (1.70) has

therefore been taken as a simple linear form, and this enables a quaniitative

estimate of SRA to be made. There are nevertheless tri'o equivalent linear

extrapolation procedures. and tire other is illustrated Figure 4.28.

In Figure -1.27, b1'using this linear extrapolation for both sets of data

frorn high field (shorvn b5'broken lines), the anisotrop5'(Ap) is found to

be -56.0 t 0.7(nQczn), and the corresponding spontaneous magnetoresis-

tive anisotropy ratio (SRA) is -2.43 + 0.03%; this agrees well n'ith the one

previous ûreasurement a,t this composition (Senoussi et al 1977). It is also

cornparable t'ith the SRA observed in a s1'stem like PdCo near the same

concentration, altliough it has the opposite sign. The negatìr'e sign of the

anisotropv observed here agrees u'ith that predicted to arise frorn spin-orbit

scattering from eithe¡ a dE or a de configuration at the Ni site (Kondo 1962).

An alternati'e extrapolation procedure is to plot Ap (Ap : pii - p!)

directi¡'as a function of H". as shou'n in Figure 4.28. -A.gain it is apparent that

the simple iinear forrn reproduces the high field data rvell and a quantita,tive

estimate of the SRA from the extrapolation procedure based on Equation

1lln the case of dilute (PdNi)l\,tn sl.stem the higher field data of the sample can be

represented by fl.it- field dependence (Kunkel et ai 1988a).
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(1.70) is again possibie. The value so obtained is (-2.43+0.03%) in excellent

agreement v¡ith that obtairred using the first technique.

Tire spontaneous resistive anisotropt' (SRA) shon's virtuali],no change

betrveen 1.5 and 4.2 K in this sarnple, because of the large ?. in comparison

u'ith the difference betu'een the tr¡'o measuring temperatures.

4"5.2 lli Concentration Ðependence

Having presented the SRA results on the Pds¡.oNi¡.0 sampie (the most con-

centrated Ni sample siudied). s'e next discuss the da.ta acquired at lou'er Ni

concentration. Figures 4.29 to 4.31 illustra,ie the resistivities rneasured in

iongitudinal and transverse applied fields ai 1.5 K for three sanlples u.ith 4.5,

-1.0, and 3.5 al% l{i, respectivelr'. The sirnple linear field dependence is again

tlie best frt to the higher field resistivit5' data.

The freld dependent resistivitv of these three samples have sevelal fea-

tures in com-moll u.ith the Pds¡.olVi¡ o sample. l{amel5' the change of the trans-

rrerse magnetoresistance (py(H")) is positil.s s1,s¡1,11-[ere (that ts dp-ldH" >

0). rr.ith an inflection point (i.e. dp¡ldH" ha,s a maximum) in lort applied

field; tire iongitudinal rnagnetoresistance pü(H") also displa5's a consistent be-

lrar.iour, dpüldH" is negative at lon'field (pr decreases n'ith increasing field),

p1¡ exhibits a, rninirnurn, although the fielcl at u'hicir this minimum occurs is

dependent on tire Ni concentration. The anisotrop.v and the associated SRA

are negative in all the samples studied as p¡(H") < nL(H"). There is no

viriualiy change in resistivitl'þsf11'ss11 1.5 and 1.2 K in these three allo¡'s.

A quantitative estimate for the SRA for these three samples s.as made
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usirìg a liirear extrapolation, u'hile the equivalent technique (extrapola,tion

fronr tlre plot of resistivity difference (pii- pL) at a given applied field against

tlre field) is illustrated in Figure 4.32. The values so obtained are -2.72%

for 4.5 at% Ni, -I.72r/a for 4.0 at% Ni, and -1.14Y0 lot 3.5 at% Ni sample,

showing that the magnitude of the SRA decreases rapidh' as the l{i concen-

tration decreases (tire SRA value for the 3.5 at% Ni sample is onll' about

lralf tlrat of the 5.0 aL% Ni allo¡'). The higir field siope, Ìtowet'et, displays the

re\terse trend, being much larger at 3.5 at% (dp )ldH": 5.17(n0 crnf kOe) a:nd

rlp ¡ I dH " 
: 5.75(zQ cm I kO e)) than at 5.0 at% Ni (dp 

I f dH " 
: 1.95(nQcm I kO e)

attd dp,f dH" : 2.18(nÌcmlkoe)). Tiris leads to estimates of the SRA based

on tire irigh field extrapolation proced.ure being subject to increasing unceï-

taint5. as the lii concentration is lorvered and the critical conposition is ap-

proached (that is also confirmed br. the da,ta listed in Table 4.4). These

rvill be discussed further for samples u'itir I{i concentration very close to the

ferromagnetic instabilit¡'.

As pointed out in Section 1.3, in order to extract nume¡icallr- reliable

estimates for the spontaneous resistive anisotrop¡' (SR-A.), the longitudinal

(pit) "n¿ 
transverse (pt) tr.ugoetoresistivities should be plotted against the

ma,gnetic induction B, rather than the applied field Il". In Figure 4.33,

the longitudinal (p¡1) and transt'erse magnetoresistivities (p,) of the Pd +

3.5 at% Ni sample are plotted against both the applied field ll" and the

magnetic induction B at I.5 K. The magnetization 1lf used to determine B

rvas estimated by simple numerical integration of avaiia,ble a,c snsceptibility
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data at various applied fields. The appropria,te dernagnetizing factors (-\r and

À/1) were found b¡'treating the sample as all ellipsoid rvitir principal axes

equal to the sample's dirnensions and evaluating the corresponding elliptic

integrals as discussed in Chapter 3. As short'n in tiris figure there are virtually

no differences betu'een pt (B) and p, (H") for this sample, since ÀIr :

12.07 = 4¡r. There are sonre differences betrveen plt @) and p11 (l/") since

Àit : 0.Ott, but this difference is rather small compared t'ith the fields used.

Tlrerefore, estinating the SRA from tl.Le higher field slopes of the p (H")

cur\¡es instead of p ( B) is acceptable and introduces little error. Similar

conclusions appl¡' to all tire PdNi sampies examined.

Figure 4.34 dispia¡'s the magnetroresistance of a 2.9 at% lii sample

(7":11 Ii) at 1.5 and 4.2 K. The measurement was performed in applied

nragrretic fields up to 11.0 kOe. The higher field slopes dpldH. (dpiildH":

d p ¡ l dH " : 6.9 1 (zfl cm l k O e)) here are sorne three times larger thal those ex-

lribited bv the 5.A at% Ni allo¡' (dp¡ldH,: 1.95(n.OcrnlkOe) alnd dp¡f dHo:

2.48(n1cmlkoe)) at 1.5 K, but tlie difference betri'een pii and p is ver)'

smali. and this makes the higher field extrapolation procedure vert question-

able. One can clearll' see, hou'ever, from enlarged lou' field data (in Figure

4.35) that a magnetoresistance anisotropy' does exist and the sign of the SRA

is definitel¡. negative. This latter behaviour emphasizes the necessitv of us-

ing a irigh resoiution technique to measure the anisotrop)¡ rÌear the critical

composition. In this figure there is also a clear change in both longitudinal

(ptt) ""¿ transvetse rnagnetoresistivit¡'(p.,-) b"t*een 1.5 and 4.2 K in this
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sanple. The anisotrop.v Ap decreases u'ith increasing ternperature. v hich is

anticipated result because the exchange splitting competes rvitir tirermal fluc-

tua,tions and the difference betu'een the measuring temperatures is no longer

iregligible compared to I for this ]ou' Curie ternperature sample. \Íagnetic

neasurements are, bl' contrast. quite ambiguous u.hen the lii concentration

is lou'ered to'rqards the critical composition. In allo¡'s containing less than

3.0 at% Ni, the los' field Arrott plots become stronglS' curved making the

associated ordering temperature dificult to identifv (N1urani et ai 1974).

The experimental results on a 2.4 at% Ni sample at 1.5 and 4.2 K in

full and loiv fields are shon'n in Figures 4.36 and 4.37, respectivel¡-. Figure

4.36 demonstrates that due to tlie decrease of tlie magnitude of the difference

betx'een p11 and p_, and the increase of iiigher freld siopes, a,n estirlate of the

SRA based on the higher field extrapolation procedure is not reliable. B.v

contrast) the lorv field data is unambiguous (see Pigure 4.37). It indicates

the presence of a negative SRA at i.5 K (although it is verv small). but not

at 4.2Ii. Notice the much enlarged scale, ernphasizing tire necessar\- of a high

resolution technique.

Lou. applied field magnetoresistance data for a2.3 atTb lii sauple at 1.5

and 4.2 K are presented in Figure 4.38. Despite the high relative precision of

tlre ¿c technique (Ap = 70 p{lcm.). no anisotropv could be resolved at either

1.5 or 4.2 K.

The above results indicate that, the 2.4 at% lii sample possesses long

rarì.ge magnetic order at 1.5 K but not at 4.2K, u'hile the 2.3 at% Ni sample
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does not order at 1.5 K or above. Tliese neasurelnents confirrn a critical

concentration of 2.3 < æo <2.4 at% Ni at 1.5 It. and also indicate that u'hiie

mall\r of the estimates for z¡ are based on extrapolation procedures rrhich

can be complex, æs cân be found b¡. direct obse¡r.ation from the appearance

of a SRA in applied fieids of less than 1.0 kOe.

4.5.3 Quantitatir¡e estimates from p(HT'")

-{s pointed out earliel, when the }i-i concentration is lou'ered tou'ards the criti-

cal composition, the SRA decreases and the high field slope not onl,r' becomes

progressivelr'larger but it is alsc, no longer strictll' Iinear in freld. For those

samples ri'ith Ni concentration less than 3.0 atTc. Lhe high field extrapola-

tion procedure is subject to increasing difficulties, and for those samples 'nith

lii concentra,tions vei\r il-ear the critical composition, the estima,tes of SRA

based on the high field extrapolation techniques are impossible. The second

irigher fieid extrapolation procedure can reliabh. estimate the SRA value for

sanrples u'ith Ni concentration as lon' as 2.7 at%' (these SRA values are also

listed in Table 4.-1 under column (b)). Hou'er.er as u'ith the first technique,

estinates of the SRA based on this extrapolation procedure are also subject

to increasing uncertainty tr'hen the critical concentration rs is approacÌred.

This behaviour indicates that an alternative rnethod is needed in order to

obtain quantitative data on the SRA on approaching the critical composi-

iion, u'here the higher field extrapolation is ver¡' questionable. Indeed unde¡

these conditions the high field extrapolation techniques of the t.vpe used on
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Íhe more concentrated samples cannot. in our opinion. be relied upon to pre-

dict correctl5' the sign, iet alone the rnagnitude, of tire SRA for these lori' Ni

concentration samples. By contrast, all the resistivit¡, figures shorvn in pre-

vious subsections dernonstrate that the lorq-fi.eld data are unambiguous; the.v

indicate a negative sign for the SRA and a magnitude 'n'hich decreases as the

Ni concentration æ is lou'ered tou'ards 26. Further) a ne\r- method, based on

this lou' field behaviour, has been developed in order to make quantitative

estirnates for the SRA u-lien the latter is smali. ltiotice that there is a min-

imum i" pil(H") for all samples ri'ith Ni concentra,tion greater tirau 2.3 at%

ai 1.5 K. If one defrnes

\p(H?.") _
Po

p¡:(H?'") - n'(H7'"7 (4.6)

the SRA can be measured in each sample at a unique fieid (p(llit')) rn'ithout

extrapolation from higher fields. therefore avoiding the compJ.ications iulter-

ent in the latter process. Furtherrnore. as is evident from Figures 1.27 to 4.37,

tlris clraracteristic freld p(H!t'), ot thicir the ratio is measured. shou's the de-

sirabie property of approaching zero as Ø ---+ 26. Th.is rrreans that the potentiai

perturbing effects of an external fleld are minimized in this sensitive compo-

sition range. This is confi.rmed b¡. the failure to obsen'e an anisotropy at low

fields in samples below the critical composition æs. Hou'et'er, estimates of the

SRA based on the use of Equation (4.6) must agree with those obtained using

established extrapolation techniques x'hich is based on Equation (i.70) (at

least, in situations u'here comparisons are possibie). In the case of the 5.0 at%

Po
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l{i sanrple at 1.5 K, t,he quantitative estirnate fton p(H!t') is -2.41(+0.01)%

u'hich has been indicated in Figure 4.27, u'hile frorn the higher field extrap-

olation procedure the SRA is -2.43(+0.03)%. This shou's that these tv'o

estimates a.re in excelient agreement. \4;e have estimated tlte SRA using both

rnetlrods in all tlie samples containing 3.0 at% lii or more $.here tliis cornpar-

ison is possible. The results at 1.5 K irave been surnmarized in Table 4.4. As

olìe can see frorn the table, for those sanples har.ing ifi concentrations > 3.0

at%, the SRA obtained using the magnetoresistance rninimum is in exceilent

agreement ri'ith the established extrapola,tion methodsr2 (the SRA estimated

fronr data obtained aT 4.2 K is summarized in Table a.5). As Table 4.4 sirou's,

Equation (4.6) indeed provides a prescription for measuring the SRA il eacli

sanrple at a unique field (H?'"). thus avoiding the complications inherent

in extrapoiation procedures. Having demonstrated the applicabilit5' of this

lou'-field metirod in Pdlii allo¡.'s. it is nori- possible to use it to find the SRA

in sampies u'ith Ni concentration close to æs y'here the extrapolation method

is not reliable. The corresponding SRA esiimates are also listed in Table -1.4.

As is clear from this table, over the entire cornposition ra,nge exarnined, the

SRA is negative and its absolute value decreases rapidl5' as i{i concentration

is lor¡'ered, frorn -2.41% for 5.0 at% lii at 1.5 K to -0.009% for Lhe2.4 atTa

Ni sarnple, as determined b¡'the lou'-field method.

l2where (a) contains the values extrapolared directly from higher field slope, (b) stands
the vaìues extra.polated from higher field (Ap(I/")')lpr, and (c) measured values from
Lp(HT-').
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Anisotrops,j SRA i SRA i SRA
(¡tecrn) l(") i(b) i (.)

Table 4.4: Summary of parameters taken from the ac magnetoresistance data
for the PdÌrii alloys at 1.5 K.

Ni
alTo

5.0

4.,1

4.0

ó.J

3.0

2.9

2.8

2.7

2.6

o=L.¿

c) ..1

.)t
a.¿

2.2

2.r

0

-0.0560

-0.0430

-0.03 1 0

-0.0 1 70

-0.0060

-0.0243

*0.02].2

-0.0172

-0.u114

-0.0053

-0.0243

-0.0212

-0.0 1 72

-0.01 11

-0.0042

-0.0038

-0.0024

-0.00 1 5

-0.0241

-0.02 1 2

2.3058

2.1055

1 .8038

1.+932

I,I¿¡ó

1.0977

0.9835

0.9459

0.7808

0.7615

0.733 1

0.7002

0.6685

0.632 i

0.0508

Pol
fuAcm) ¡

-0.0 168

-0.0111

-0.0036

-0.0032

-0.0020

-0.00 13

-0.00069

-0.00034

-0.00009

s

0.0000 14

0.000014

0.000014
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Table 4.5: Summary o1parameters takeir from the ac rnagnetoresistance data
for the PdNi allo¡'s at 4.2 K.

SRA I

(b)

5.0

4.5

4.0

3.5

3.0

to

2.8

2.7

26

2.5

,^

2.,)

2.2

-0.0550

-0.0430

-0.03 i 0

-0.0 160

-0.0030

-0.0239

-0.0272

-0.0 1 72

-0.010 7

-0.0027

-0.0243

-0.0212

-0.0 1 72

-0.0114

-0.0042

-0.0038

-0.0024

-0.00 1 5

-0.0239

-0.0209

-0.0 1 63

-0.0 1 01

-0.002 7

-0.0025

-0.00 1 4

-0.000 76

-0.000 1 7

-0.000046

0.000014

0.000014

0.000014
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4.5"4 For¡'er Law R-elationshïp

As slrown in Tables 4.4 and 4.ã, tire 2.5 at% Ni sample is ordered just above 4.2

K, u'hiie in the case of the 2.4 at% allo.v, the anisotropl' has collapsed to zero

at that temperature. For those samples \\'itlì Ni concentra.tions less than 3.0

at%. tlte resistive anisotropy is observed to decrease 'q'hen the temperature is

clranged from 1.5 to 4.2 K as therrnal fluctuations begin to cornpete effectivell,'

with tire excirange splitting, as shorlrn in Figures 4.34 to 4.38: for those allol's

with higher Ni concentrations no ternperature dependence in the SRA couid

be rneasured betu-een 1.5 and 4.2 K because of the higher 7;.

For the samples ri'itir Ni conpositions close to tire criiical concentratioir.

one can thus still estirnate the SRA quantitativly using the neu- method.

Notice that the SRA decreases rapidl¡' as z -a æoi there is a reduction b¡'

a factor of 250 betri'een 5.0 and 2.1 at% Ni at 1.5 K. Tiris has prompted

us to search for a possible po\ver lau- relationship betu'een the SRA and Ni

concentration such that

\p ,r - ro,n

Po Ts
(4 i)

\\:e have carefuliv examined the data listed in the tables. using the

critical l\i concentration, æo : 2.3* (0.05) at% Ni, which u'as deduced from

previous neasurements (Tari and Coles 1971, X,Iurani et al 1974) and con-

firmed receutl5' b)'Kunkel et al (1987). Tire results ate sho'¿'n in Figures 4.39

and 4.40, respectivel¡'. This is tire first such attempt to fit this type of data,
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and it indicates that the pou'er law relationsirip does reproduce the SRA

data both at 1.5 a:nd 4.2 K respectivei¡' 1i'11h the follon'ing parameters

rt :2.25 + 0.7 u,hen ro:2.25 at% Ni

? : 2.00 + 0.1 u'hen æo:2.30 at% Ni.

Considering the ternperature dependence of the SRA at lori' l{i concen-

tration, as clearl5'shov'n in Figure 4.35 (the SRA increases as the temperature

decreases to 1.5 K). measurements at still lorver temperature u'ould be ex-

pected to produce increased SRA. Therefole lve argue for the first estimate i.e.

ra:2.2-o at% Ni and 4 :2.25. This choice for rs is in excellent agreement

'lr-ith previousiv reported estimates listed above; hori'ever, b¡' contrast there is

no previous measurerÌrent or theoretical prediction for the exponent 4. Lov'er

and higher values of æs have been atternpted but the¡' do not reproduce the

data as x'ell as this choice for the critical Ni concentration.

A sumnar¡'of tlie zero-field resistivitJ'at 1.5 K over tire entire Ni con-

centration rarrge exarnined is aiso presented in Table 4.4. As shortn in this

tab1e. the magnitude of the resistivitl' it't.t"ures s'ith increasing Ni concentra,-

tion frorn 0.0508 (¡-t?cm) for the pure Pd to 2.3058 (¡L.?crn) for tire 5.0 at%

I{i sample.

Tlre higher field slopes , dpli f d,H " and d.p ' I dH " have aiso been estimated

in tlre field range 5.0 kOe < Ho < 70 kOe for all the Pdlii sarnples studied.

As shou'n in Table 4.6, tire rnagnitude of. dp¡f dH" lor each sample is usuaih'

a fer,r. percent larger lltan dp¡f dHo, and both d,p1ild.fl" and dp¡ldH" increase

ivitlr increasing Ni concentration from 2.1 at% to approximateh' 3.0 at% Ni.
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TIre magnitude oí the siopes a.t 3.0 at% LÌi (dplldH": 7.00(zf)crnlkOe).

dpLldH": 6.70(n,CIcmlkOe)) are about three times as big as for 2.I at%

\i (dp1tIdH":2.60(nocmf koe), dp¡f dH":2.35(2f,)crnIkoe)). The mag-

nitude of both dpilldH" ard dp¡f d.Ho peak at about 3.0 at% Ni at botli 1.5

and 4.2 K, and then decrease u'ith increasing l{i concentration up to 5.0 aL%

l(i. \\rhile these slopes themseh'es do not Ìra,r'e an anomai¡. in the vicinit.r'of

the criticai composition estimated above, the¡'11s1'sttheless support the above

estimate for the critical concentration 16. The identification of rs a,s a critical

concentration neans that plots of quantities sucir as (t I ps)(dp.l d,H ")(I lT.)

against lVi concentration should diverge al rs. This is sirnpll' equivalent to

stating tìrat Q -+ 0 as iL ---+ æ0. X{easurements of Curie ternperatures close

to the critical concentration in PdNi are difficult not onl¡' for the technical

reasons outlined above. bui also because 7. falls rl'ell beior¡, 1 K. Plotting

the quantit¡'indicated above has the following advantages: first, it uses data

acquired from the sample for u'hich the SRA r',-as estirnated. and second, it

allou's the data on paramâgnetic sampì.es to be included bv the conventional

replacement of the Curie temperature T. b¡. the mea,suring temperature 1.

Thus, not onl¡' can data for samples with l{i concentrations above z¡ rn€â-

sured above their ordering ternperature be included, but samples u'ith con-

centrations belou- ze câlÌ also be assessed (Loerven et al 1986). These data

are reproduced in Figure 4.41. The ordinate in this figure increases b1'a fac-

tor of 100 over the concentration range examined (necessitating the use of a

log-linear ploi). In comparison there is less than a factor of 3 in the variation

181



Table 4.6: Sunnar5' of the irigh fieid slopes for PdNi alloys at 1.5 and 4.2 K.

Ni at%
T:I.-cK
dplildH"

(nQctnlkOe)

?: 1.5 K
dp¡ I dH"

(nÌcmlkOe)

5.0

45

1.0

J.O

3.0

t0

2.8

2.7

2.6

2.5

,.¿

1 .95

2.55

J. ùd

5.17

6.70

6.91

6.29

5.75

leo

4.40

3.95

1.15

5.75

7.00

6.91

6. 75

6.28

= 
1F7

tJ.1 ¡

4.70

4.20

J,+ ¡

5.14
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6.55

6.2r

5.82

!1 :,2

4.02

3.63

-t.0+

Ð. bb

o./-L

7.05

6.70

D.¿Ð

4.90

1.28

3.81

li

i:

il
ll

li

T:4.2K I T:4.2K
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(nlcm I kO e) i (nQcrn I kO e)

2.48 1.94 .', 
^ 

/1L.+a
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Ð9
L.t) 3.43 3.70 3.19 EA'¿,aL
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2.602.7
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for tlre unscaled slopes. li-otice that this scaled plot peaks betu'eel 2.2 anð

2.3 af% N-i, thus providing indirect coufirmation of our choice for zs.
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4.& SR".,& R.esults for the l]åTute FdFe Systera-r

The results reported belov,'irave been selected from rneasurements carried out

on six dilute PdFe alloys containing betri'een 0.3õ and 2.2 at% Fe.

Figure 4.42 reproduces data fron a I.4 atVo Fe sample (this allo¡' iras

a Curie temperature of 55.6 K) at i.5 K in the form of plots of resistivity

p against applied field l/" rvith fields up to 70 kOe. and these data t¡'pifv

the results obtained from all tiie PdFe alloys studied. Tiris figure indicates

that u'hile the longitudinal resistivit,r'prl increases substantiallf in lou- field,

the transverse resistivitv p, first increases slightl¡' ri'ith increasing fieid. and

exlribits a maximum at about 0.4 kOe, then decreases rapidl¡' as the field

increases; above 7 kOe both ihe longitudinal resistivit¡'p1r and the transverse

resistivitv p¡ displal' saturation. This clearh. demonstrates a difference be-

tl'een pi and p_l , tirus confrrming the presence of a resistive anisotropr in

this allo¡'. and provides clear er.idence of a considerable excltange field in this

sanrpie. The positive sign of the anisotropl' Øt - pt > 0) observed here agrees

ri'itir that predicied to arise from spin-orbit scattering from eitirer a d5 or a d6

configuration at the Fe site (I{oudo 1962). As shorvn in this figure, hon'ever,

a reliable quantitative estimate foi the spontaneous resistive anisotropy us-

ing the same iinear field extrapolation method u'e used in sampies containing

rnore than 3.0 at% Ni sampies is not suitable because of tlie curvature of the

rnagnetoresistance at higher fields, particularly in the tlansverse direction.

Since the functional dependence of the resistivitS' ot-t field in the mag-

neticalh' saturated regime is dictaied by the field dependence of the Kohler
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magnetoresistance. ihe latter thus determines the functionai forrn (of ,A)

against u'hich p¡i and p1 plotted. \,-arious field dependences have been at-

tempted for the higher fieid data, and it is found rltat Hj field dependence

reproduce the data best.

Figure 4.43 illustrates that the conventionai high field extrapola,tion

procedure can be used to find the SRA, based on plots of tlte resistivit)'

against the square of the applied field; the value so obtained (0.29(6) +

0.01 %) represents oniS'about 14% of the absolute value (- 2.12 + 0.03 %)

rneasured in a Pde5.5Nia.5 sanple u'ith a comparable Curie ternperature (58

Ii). This is not unexpected as the a.c susceptibilitv data have shot'n that

dilute PdFe ailo¡'s are rnagneticall5 softer than dilute PdNi samples.

As s'e pointed out before, to extract numericalll'reliable estirnates for

the anisotropv ratios. the longitudinal resistivit¡' p¡¡ and tralLsverse resistivit¡'

p_¡, should be plotted against rnagnetic induction B, rather than applied

fleld f{, or the interr-Lal freld l1;. Ho\r'ever such changes cannot modif¡'the

conclusions reached a,bove.

In Figure 4.44, the longitudinal resistivitl'pi, and the transverse resistir.-

it)'p, of tire Pd + 1.4 atTcFe sa,rnple are plotted against both theinduction B

and the sqÌrare of tire induction (82) at 1.5 K. The zero ternperature satura-

tion ma,gnetization (A[":6.85 ernufg) of tlte Pdes.6Fe1.a sample obtained by

Kouvel and Cornly (1971) tt as used here to deterrrine B and 82. The appro-

priate demagnetizing factors (l{¡1 and l\, ) were found bJ. treating the sample

as an ellipsoid u'ith the principai axes equal to the sample's dimensions and
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evaluating the corresponding elliptic integrals. There are virtuall5'no differ-

ences betu'een p _r(B) and p , (H" ) on the scale shov'n for this sample since the

denragnetizing factor Nll : 12.16 = 4r. There are sorlìe differences betu'een

pll@) and p¡¡(f{") because l{11 is vert' small (Nti : 0.006). The additional

terms (4rA'1, - Nll¡f,) in the rnagnetic induction expression ha','e a value of

L072 kOe for tiris Pd + 7.1 at% Fe alloy. As shot'n in this figure for the

longitudinal geometr¡. there is a difference of 20 (kOe)' betu'een the square of

tìre induction (82) and the square of the applied field (fI"z). Hc,t'ever one carÌ

c1ear11' see frorn tiris figure, that the basic character of rnagnetoresistivit]'as

a function of induction or applied field is similar, and that the conventional

higher field extrapolation procedure can be used to find the SR-{. The value

so obtained (0.29(5) %) agrees well u'ith the estirnate for this sample frorn

Lhe p(H!) plots. This agreement is expected since the higher field slopes

(dp I dH") are ver5' small (e.g dp¡11 dHo : -0.09 (nÌcm lkO e)) cornpared u'ith

2.55 (nlcmlkOe) for the Pdlii sample u-hicli has a conpa,rable Curie tem-

perature. Aiso, plotting resistivit)- against the applied field .Ë1o, rather than

tire induction B, does not modif.r' the result substantialll'. Therefore esti-

mating the SRA from the higlier field slope of the p(H:) instead of p(82) is

acceptabie, and introduces little error. Similar conclusions appl¡' to all the

PdFe samples studied.

In Figure 4.45 the longitudinal resistivit¡' p¡¡ and the transverse resis-

tivit]' p r of the Pdes.6Fe1.a santple are plotted against both the applied field

Ho and the square of the applied fr,eld Hl at 4.2 K. These plots are similar
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to tliose for the same sample at 1.5 I{, specificallS'. the shapes of the curves

and the sign o{ the a.nisotropr'. Hov'ever the magnitude of the SRA (0.28(1)

%) is smailer than that at 1.5 K (0.29(6) %), and the absolute value of the

high field slope is iarger than that exhibited b1'the sanple at 1.5 K.

Figures 4.46 to 4.50 reproduce data, acquired at 1.5 K for the other

fir'e PdFe samples studied. These data are presented in the forrn of the

longitudinal and transverse resistivities (pr1 and pr) plotted against tire square

of tlre applied freld I{'z,; s'hich is the best fit of the higher fielcl resistivity da.ta.

The higher freid extrapolations used for conventional estirnates of the SRA

for the allo¡'s.

A non-zero anisotropl' (\p f 0) in the ior- fieid provides clear evidence

of a considerable exchange field in these allol's, as domain effects are o\¡erconìe.

and tire anisotropr'Äp increases rapidl,r.. It also indicates tirat these alloys.

including the most dilute Pdee.65Fe6.35 allo¡', possess iong-range order at 1.5

K.

As shou'u in these frgures (also confirmed b1' tlie data listed in Table

1.7). tire estimated SRA values drop rapidl¡'n'ith decreasing Fe concen',,ration

frorn 0.49% for the 2.2 at% Feto 0.09% for the 0.35 at% Fesarnpie. Tire pos-

sibilitS'of a pori'er-lau relationship, a,s discussed in Section 4.5 (see Equation

4.7), betrveen SRA and the reduced concentration has also been examined

for the dilute PdFe allo¡'s studied. As shou'n in Figure 4.51 the pou'er-law

relationship does reproduce the SRA estimates at 1.5 K for all the samples

studied with parameters
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ro:0.010 + 0.005 a'u%Fe. and 4:0.9 + 0.1.

This result confirms a critical Fe concentration (26) necessarlr ¡o estab-

lish a ferrornagnetic ground state by magnetoresistance anisotropy rneasure-

rnents. B¡. contrast no previouslr, rneasurement or theoretical prediction exist

for iite exponent 4. For Fe concentrations less than the critical concentration.

the s1.'stem becornes a spin glass.

Betu'een 1.5 and 4.2 K. u'e find a decrease in SRA for ali the PdFe

sarnples rneasured. For the allo¡'*-ith Fe concentration 0.?'5 at% tire decrease

il tire SRA becomes rlìore rnarked, as indicated b¡' the data listed in Table

-1.7, this is an anticipated result since tirermal fluctua.tions compete u'ith the

exchange splitting; x'hile for rnore Fe concentrated samples the decrease in

SRA is iess rapid as the rneasuring ternperatures are far belou' the samples'

ordering temperatures.

The zero field resistivities ps of the PdFe alÌol's at 1.5 K are also listed in

Table 4.7. The da.ta reproduced in Figure 4.52 indicate a linear increase in p6

'n'jtlr z at a rate of about I.57 ¡,tlcntlat% Fe (simiiar behaviour was observed

for tlre PdNi sampies studied rvhich had a rate of a.bout 0.65 ¡-tlcnzlat% Ni):

furtl-rerrnore there is au interestiug correlation bett'een po and 7. in PdFe ancl

PdNi; notice that those samples u'ith comparable Curie ternpera,tures have

similar val.ues of zero fieid resistivit],such as 2.31 (p,Acrn) for tire 1.4 at%

Fe and 2.LI (¡tlcm) for the 4.5 at% lùi sample. Tirese p6 values are in good

agreement rvith the results given by previous measurenents (e.g. Tari et al

1971 for Pdl{i alloys).
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Table 4.7: Sumrnary of paraneters taken from the øc magnetoresistance data
fo¡ the PdFe allo¡'s at 1.5 and 4.2 K

liiit,r:1.5 (K) 1 r.;1x¡ i r.s 1x¡ itr:4.2 (K) 42(K)
SRA
(%)

Fe iAnisotropf iSRA po j -A.nisotropl'
(a19i') : (¡rQcm) i (%) i (p}cm) '' (p}cm)l' 't i i'' 

üilliii

2.2

2.0

1.8

Ltl

r.+

0.35

0.0176(8)

0.015 7(8 )

0.0121(2)

0.0106 ( 1)

0.006E(5)

o.oi]06(o)

0.4e(8)

0.46(e)

o.40(5)

o 3e(3)

0.2e( 6 )

o.oe(1)

3.552(4)

3.366(5)

2.ee1(8)

2.6e6(2)

2.317(0)

0.672(1)

0.0172 (0 )

0.0156(8)

0.0114(e)

0.0 103 ( i)

0.0065 ( 3 )

<0.000i

0.48(3)

0 46(5)

0 38(4)

0 38(1)

0.28( 1 )

<0.01
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4"7 SR,& R esu.lËs fon tï:.e Ïlilute (trdF'e)hôn
Systern

The resuits reported belou'have been selected from rneasurements carried out

on fir'e dilute (Pd + x at% Fe)+ 5 at% l\[n allovs containing betrveen 0.35

and 2.2 at% Fe.

Figure 4.53 reproduces data frorn a 2.2 at% Fe sample (tiris allo¡' has

a Curie temperature of 47.9 Ii. u'hich has been lou'ered frorn 80.6 K by the

addition of 5 atTa tr'In) at 1.5 K in the form of plots of resistir-itv p against

applied field f1" u'itli frelds up to I0 kOe. Tirese data ti'pif¡- the results ob-

tained from ail the (PdFe)\'In allovs studied. This figure indicates that adciing

5.0 at% \fn to the PdFe host allo¡' changes the magnetoresístive properties

substantiallr- (compare u'ith Fig. a.46).

As shou'n in tiris figure, the zero field resistivit¡' (p6 : 12.40 p.Qcrn)

u'hich is some four tirnes larger thau that exhibit,ed b¡' the host a11o5' Pde7.6Fe2.2.

This figure aiso demonstrates a marked component in both the longitu-

dinal p¡r and tire transverse nagnetoresistivities p. itt higher fields. and

t1re1' ¡"tnuin unsaturated up to fields of. I0 kOe (dp11ldH" = dp.-ldH" :

-98.4 nQcrnf kOe, the absolute t'alue of the slope is much lager than tha,t of

PdNÌi and PdFe allo5's rvith comparable impuriil' concentra,tion), thus com-

piicating quantitatir.e anall'sis. Similar beha,viour iras been seen for the

(Pdl{i)X{n svstem (Kunkel et ai 1987). This flgure, however, does demon-

stra,te a difference betrveen p¡¡ and p1, thus confrrming the presence of a re-

sistive anisotropy in this sample u'ith a sign (higher field data) u'hich agrees
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'u'ith that exhibited in the host a}lo¡'s as ciiscussed in Section 4.6. The data

also shou'a, change in the sign of the anisotropt, at lou'er fields as pli 1 pt.

Hon'ever, recall that in order to extract numericalll' reliabie estimates for the

anisotropy the resistivities pr and p ' should be plotted against rnagnetic in-

duction B, rather than a,pplied fleld .Ho. Beca.use \\¡e have no direct knou'ledge

of the magnetization for the s1's¿sm, as a, first approximation in treating these

data, it s'as decided tc' use, or extra.pola,te rrhere necessar)r) the rnagnetization

values from t,he the literature (e.g. from Sato et al 1985). In Figure 4.54,

the longitudinal p¡ and the transverse resistivities p ar€ plotied against the

nragnetic inciuction B (upper part of the figure) at 1.5 Ii for the (Pd - 2.2

at% Fe)= 5 at% \[n allo¡'. As short'n in t]rese figures (Figures 4.53 and 4.c4),

tlrere is r.irtuall¡'no difference betwee:n p¡(H") and p1(B) for this sample.

There are. hou'ever. significant differences betu'ee:n pt1(H") and pft@). The

conr.entional higher field extrapolated anisotrop\', as sholvn in Figure 4.54, is

0.030(5) (p.Qctn), and the associated the SRA is 0.2a$)%. v'hicli represents

onl¡' about 50% of the value (0.49(8)%) rneasured in the PclFe host allo.r'.

The alternative higher field extrapolation procedure, {rom the plot of

resistivit]. difference (pli - pL) at a given induction against the induction. is

iliustrated in the los'er part of Figure 4.54. It is apparent that the simpie

iiuear form reproduces the data u'e11, and the SRA value is found to be

0.24(2)%, rvhich agrees rvell r.r'ith that obtained using tire first technique.

The longitudinal p¡l and the transverse resistivit.v p1 at 1.5 Ii for 2.0,

1.8 and 1.6 at% Fe (Pd * r at% Fe)- 5 at% \{n allor,'s display the same
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basic trend as the 2.2 af% (PdFe)Xin allo-r'. namel-r' the presence of a resistive

anisotropy (Lp * 0), u'hich is positive (or pli ) pt), and a marked negative

component in both tire iongitudinal and the transverse m"agnetoresistivities

(confirmed b1'the data listecl in Table 4.8). These data also dernonstrate the

occurrence of a decreasing of zero field resistivitJ' (po) and a, smaller difference

betu'een p1¡ and p: as the Fe concentration is lou'ered all confirmed b1' the

data listed in Table 4.8.

In Figure 4.55, the longitudinal resistivit¡' p¡ and the transverse resis-

tir.irv p: of the (Pd .r 0.35 at% Fe)- 5 at% Xfn allo¡' (the rnost Fe dilute

sample amolr.g the fir'e (PdFe)Xfn allor,.s sturiied) are piotted against the the

magnetic induction B at L 5 Ii. These data are similar to tirose for the other

(PdFe)\ln alloys as tireS' shor- a substantial negative magnetoresistance and

no sign of saturation. As shos'n in this figure, the SRA in this sanple is vel].

small. This is not unexpected as \\:e have seen a similar Fe concentration

dependence of the SRA in tire host PdFe allov svstern as preselited in Section

4.6.

The rnagnetoresistance da,ta for the five (PdFe)X{n sampies studied at

4.2 K are also iisted in Table 4.8. These data are verv sirnilar to those at

1.5 I{, the sign of the anisotropf is positive and shou's a, substantial negative

rnagnetoresistance.

It should be pointed out there is nc, obvious change in the magnetore-

sistive properties on passing thougir the re-entrant spin glass temperature

(as discussed in Section 4.4; (P¿ -t 0.35 at% Fe) -r 5 at% \4n is a re-entralì.t
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Table 4.8: Sumrnary of parameters taken from the øc magnetoresistance data
for the (PdFe)\'In allor.s at 1.5 and 4.2 K

T : 15 (K) : 1.õ (I() 15(K)
Fe i AnisotropJ' SR-q, Po;%' ^ää;i' i;;i i wåZ*t I

ii\'/l"i\f]

i.5 (K)
dpl dH

(nlcmlkOe)

T : a.2 (K)
Anisotropv

(¡tQcrn)

42(K)
SRA
(%)

2.2

2.0

1.6

I.b

ft t=
U. (JJ

0.21(6)

0.23(4)

0.20(4)

0 17(1)

t} o6(o)

-98.4

-95.6

-93.7

-88.3

71 :I a. t

0.24( 1 )

0.23(4)

o.20(e)

0.15(i)

0 04(8)

0.030(5)

0.02i(8)

0.023(5)

o.i)le(C))

o. oo5((])

12.3ee(0)

11.88e(7)

11 486(e)

11.11i(e)

8.32(5)

0.02e(e)

0.027(e)

0.024(0)

0.01i(5 )

0.004( 0 )

s¡'stem u'ith a T¡ o{ 4.0i K).

The possibilitv of a pori'er-lau' relationship. as discussed in Section

4.5 (see Equation 4.7). betu'een tlie SRA and tire reduced concentration iras

aiso been examined {or the diiute (PdFe)i\In allo1's stuclied. The pou'er-

lau' relationship does reproduce tire SRA estimates at 1.o K for the samples

studied ri'ith parameters

æo : 0.2 + 0.7 al7a Fe, and ? : 0.9 + 0.1.

A substantial negative rnagnetoresistance, u'ith no sign of saturation
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belon, I(J kOe. is one of the remarkable feature of the dilute (PdFe)Nfn ailo¡'s

studied. Tiris prornpted us to studv tire resistive properties of these ailoys

at et'en higher fields. The longitudinal resistivitl' p¡y al 7.5 and 4.2 K of tire

(PdFe)lIn sarnples (2.2,2.0,1.8. and 7.6 at% Fe) s'ere measured to 85 kOe.

As the data are similar at both temperatures, on15, those at 1.5 K are shou'n in

Figure 4.56. These data sirou- a substantia,l negative magnetoresistance u'hicir

does not saturate in the highest applied field used. It further indicates that

the st'stem does not behave as a uniform ferromagnet. and confirms that the

spins in this lou- temperature state are not fulil' aligned. in agreement ri'itii

conclusions drat-n, for example. from nuclear orienta,tion studies (Kettschau

et al 1983).
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4"8 ?he Effects of, F{ydrogen

The effects of h¡'drogen on the geometric and maguetic properties of a typical

PdNi specimen, Pds5.0lii5.0, Ìrave been measured and these are summarized

in Figures 4.57 to 4.59. The h1'drogen charging u'as done electrocherlicali¡'at

room ternperature as described in Chapter 3, v'hile the hvdrogen discharging

was acirieved electrochemicali5'and/or b¡' annea,ling the sarnple at irigh tern-

perature. The amount of hl,drogen \\'as controlled in a senr.iquantitative u'ay

b1' setting a constant electrolS'sis currettt and recording the cha"rging tirne.

Hvdrogen has dramatic effects on the dilute Pd\i s¡'stem as the induced

elonga,tion is sufficientl¡' iarge to be studied b-r. a Picker trar.elling microm-

eter. The expansion r.ariatiorL (LLlLo) as a functiou of cirargilLg iime (T

in minutes), and tirerefore the amount of h1'd¡6gen in the Pd -! 5.0 at% Ni

sampie, is exanined in Figure 4.57. Starting from a virgin sample (before h¡'-

droger-L treatment), the expansion (4tr/-L¡) increases approximatel¡' Iinearl¡'

x'ith increasing charging time initialll', and then rather abruptll' reaches the

saturation state. H1'drogen produced a, maxirnum increase of 1.8% in the

iength of the PdNi saniple. achier-ed ín a charging time of about 40 minutes

u'itlr current densities on the order of 100 (rnAlcmz). These data can be used

to estimate the h¡.d¡ogen-to-metal ratio if this ratio is taken to be about 0.7

in the plateau region (\'h'dosh 1974).

H_vdrogen not onll' produces changes in the sample's geometrical struc-

ture, but it also modifies strongiy the magnetic properties. Figure 4.58 re-

produces some of the experirnental data in the form of true zero fieid suscep-
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tibiiity r,r versus tenperature ? for the Pde5.61\ii5.s sample ri'itir the different

hydrogen treatments. The sample t'ere first fullv loaded u'ith hydrogen (cun'e

(a)), and then discharged progressivel,v. Tu'o methods rvere used to discharge

hydrogen from this allo¡'; the first was b1' annealing and the second b]' t"-

verse electrol,vsis (electrochernical discharge). For the former, the specimen

t'as sealed in a quartz giass tube at 10-6 torr pressure prior to annealing,

and then aunealed at 800 K for three hours: the resulting effects ale shown

b1'curt'e (b). The second method ¡esulted in cun'es (c) and (d) foilou'ing dis-

charging time for tu'o and four minutes. respectivell'. In this figure the curr,es

(e) to (g) represent clata from cirarging tire same specimen for an additional

three. six and r-Line minutes. It is apparent from the figure that the suscep-

tibilit5'is charging time dependent ri'hich is in tum related to tire arnount of

h,vdrogen in the sarnple; the hvdrogen content increases frorn top to bottorn

(curves (d) to (a)).

Careful examination of the present data ena.bìe the foilori'ing comments

to be made about the effects of hl,cirogen on the rnagnetic properties of this

specinen.

(t) Bl'adding h5'drogen to the allo¡., tire magnetic susceptibilit¡-of the

present sample can be almost cornpletel.v suppressed. This can be clearll'

seer-L in curve (a) (seiected from the measurenents betu'een temperature ? :

1.8 - 300 Ii), in u'Ìricli the rnagnitude of the susceptibiiity and its temperature

derivative is t'erv small (x < tO-u ernulOeg) after fulll'loading v,'itii hydrogen.

(2) Annealing the specirnen produced similar results to the electrochem-

q1,
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ical method, in tÌre sense of discirarging irydrogen. Tire experimental data

indicate that the zero field susceptibilitf increases r',itir decreasing amounts

of h¡'drogen. as shov'n in curves (a) to (d); hou'everthe temperature at r¡'hicii

the peak susceptibilitv o..ntr rernains essentiall5, unchanged (at 61 + 1 K).

This indicates that the Curje temperature of the specimen does not change

substantiaill' u'ith loading hydrogen (presumabl¡. the Hopkinson peak tern-

perature provides a qualitative indicatior-L of the behaviour of the ordering

temperature). Tliis further indicates that there is nc, significant cltange iu

the magnetic interactions as the Curie ternperature reflects such interaction.

(3) Compared to the r.irgin sample, the height of the zero field sus-

ceptibilitS' is reduced (representiug only about 60% of the original r.alue or

Iess in the case of (b) to (d)); the u'idth of the zero field susceptibilit¡'peak

is broader and the background susceptibilit¡- is largei. These observations

might be related to an increase in the coercive field (H.) (because of the de-

fects introduced bv h1'd¡sgen; and H" is a structuraih' sensitive parameter).

This latter explanation is directlr. confirmed bv the obserr-ation of a large

ircrease in the coercive fleld {rorn 18 Oe for the virgil sarnple, to 56 Oe (at

4.2 K) after just 5 minui,es charging. as shorvn in Figure 4.59 (in v'hich the

susceptibilit¡'at 1.2 K is shorvn as a function of static biasing field). The

coercive field -H. is essentiall¡'iralf the separation (in field) betu'een the maxi-

mum slopes of the h1's1.t"rtr loop. This conclusion also receives support from

the observation of the change in length after h¡'drogen absorption as shown

in figure 4.57. The length of tire sample increases u'itir increasing amounts

2r5



of ir5'drogen. 'w'hich then changes the coercir.e field and susceptibilit¡' of the

sample.
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4.9 S¡.r.n-¡rnary and Corrc].u.síosls

\\¡e lrar,'e presented the first extensive studS'of the ac susceptibilit¡'and øc

magnetoresistance of a number of dilute PdNi, PdFe, and (PdFe)l\'In allo,i's

içitir Ni or Fe concentration close the critical cornposition; u'e have also pre-

sented the effects of h-r,drooen absorptioll on the nagnetic properties of a

t1-pical PdNi sample.

The temperature and field dependent susceptibilit¡'of all three Pd based

dilute svstems studied har-e a number of features in common. Specificall¡-,

the¡' all displal' an ernerging critical peak in the vicinit¡' of 7; iu small static

biasing fields: this peak decreases in amplitude and shifts uprvards in temper-

ature as the static biasing field increases, in agreement rvith the predictions

of the static scaling la,ii-.

Reliable estimates of the critical exponents and the Curie ternpera,ture

of a Pde¡.6Fe1 a sample have been rnade b1' anal¡'sing the behaviour of such

peaks, and ¡.ields

1': 1.36: U.05; á:4.0 - 0.1; P : Q.4g a¡d Q : 55.6 -i- 0.1 H.

These expollellt r.alues are close to those fouird in elemerltal ferromag-

nets like pure N-i, and shor.s that tire susceptibilit¡' of the ailoy can be u'elI

described b¡' tlie scaling law. the criticai exponents (.'¡', þ and ó) obeving

the \\ridon equalit.r' 1' : P(6 - I) The field dependent susceptibilit¡' data,

norrnalized to its peak vaiue, and rneasured in a number of fixed non-zero

fields h as a function of temperature. fit precisel¡'on a universal curve as also

predicted l:¡' the scaling lau'.
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Lov- ternperature susceptibilitl, trl"orntentents in various collinear flelds

lrave been carried out on PdFe allol,s containing betri'een 0.35 and 2.4 at%

Fe. Tire da,ta, shot- that ail the seven samples studied are soft ferrornagnets as

the critical peaks can be observed in external fieids of onl¡. a fe'it Oe. A quan-

titative analysis of tlie peak susceptibility shorvs that for most of the PdFe

sarnples studied the á r.alues (beti.r'een 2.4 and 3.1) are less than that found

for elemental ferrornagnets, but are comparable ri'ith the r.alues obtained in

some other Pd based dilute allo"vs. such as the Pd\fn ailovs of interrnediate

concentration; the zero field susceptibilitt. data shou'the effective 1' values in

PdFe exhibit a strong ternperature dependence. These data also indica.te that

the regular contribution to the susceptibilitt' (u'itli tire presence of spin-orbit

coupling) pla,1's some role, ar-rd probabl5- precludes reliable estimates for the

critical exponents.

The impuritl' concentration dependence of the Curie temperature ex-

tribits a linear dependence on the Fe concentration betr¡'een 1.4 and 2.4 at%.

ri-itlr tlre ratio * = 32I{,/at% Fe; the 0.3o at% Fe sampie has a Q:7.50 Ii.

The ac susceptibilit¡' measurenlents of fir'e (PdFe)Itn allol's containing

betu'een 0.35 and 2.2 alrta Fe n-ith an additional 5 at% ilfn have shorvn these

allol's are magneticalli, harder. Applied fields in excess of about 20 Oe are

required before the emerging critical peaks can be resolved, ri'hich is about

an order of nagnitude larger than that required to produce similar effects in

ihe PdFe allo¡'s witir comparable amounts of Fe. The irnpurit\' .ott."ntration

dependence of the Curie tempera,ture displa¡'s a simple linear relationship,

279



\\'ith # = 16 I'i/at%Fe for the allovs v'ith Fe concentra,tion betu'een 1.6 and

2.2 al%. This latter ratio is onll' about half of the measured ratio for tire

PdFe allo¡'s (= 32 K/at%Fe).

The (Pdee.65Fes.35)e5l{n5 sample is particularlf interesting beca,use it is

a re-entrant sl'stem. The ¿c susceptibilitl. data shorv that this latter alloy has

a ferroma,gnetic Curie t,emperature T, - 9.30 K a,nd a spin glass ternperature

T¡ : 4.07 I(; the ferromagnetic transition is characterised b1, ç¡i1i.al exponent

values 6 : 4.1= 0.1, 1' : 1.64 + 0.07, and r3 : 0.53(5)+ 0.08. The non-linear

magnetic response of the re-rentrant s¡'stem (Pdge o;Feo.35)e5\fn5 has also

been studied in the vicinitJ.of both transitions. For the upper transition. the

coefficient of the 112 term predicted b¡' the scaling theor\. is confirmed. For

the lorver tra.nsition. an anomalf in the non-linear response has been clearl¡'

shox'n for the first time. It is suggested that this is a strong indication

of a seconcl transition and ma,)¡ be an iutrinsic feature of a true re-entraut

ferromagnetic-spin glass transition.

Detaiied measurenlents of the field and temperature dependent a,c srls-

ceptibilit¡'of a number of Pd\-i ailol'5 conta,ining betu'een 2 and 5 at% Ni

have been presented. In the ferroma.gnetic sarnples attempts \\'ere made to

anal¡'se these data for Curie tempeiature and critical exponent va,lues. The

øc susceptibilitl' data indicate the Curie ternperature T. oL the aliovs can be

deterrnined bl' an approximate rnethod based on a simple single pou'er larv

relationship. The Curie temperature estimated b¡' th.is method ranged from

1.95 + 0.1 K for the 2.4 al% lli sample to 62.7 + 1 K for 5.0 at% allo¡'. The
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Curie ternpera.ture exhibits a nearl_l, iinear dependence on l{i concentrration

bets,een 3.0 and 5.0 aL% r'"'ith a ntio ff = 2'o Klat% Ni. Belou 3.0 at% the

Curie ternperature drops mucir more slou'I1' as the Ni composition decreases.

The data also indicate that spin orbit induced anisotropv associated u'ith a

lii orbital moment precludes reliable estimations for an,v criiical exponents

(1, 13 ot á), though such anisotrop,r: is necessary to make the observation of a

spontaneous resistive anisotropt' (SR-{) possible. Nevertheless the ac suscep-

tibilit¡' data are consistent rvith tire suggestion that a spin-glass ground sta,te

v'ould appear at Ìou- temperatures foi l{i concentrations at or belot- about

2 af% if complications arising from the single ion Kondo c'lmpensation of a

lot'spin state n'ere absent. These data are also shon'n to be consistent rrith

assigning a lon-spin value (S : I12) to the Ni site.

The magnetoresistance data on Pdlii allor.s she.s' for the first time that

the onset of ferromagnetic order ca:r be investigated via a nolì-zero spor-

taneous resistive anisotropr' (SRA) u'ithout extrapolation. and the lori' field

SRA data confirrn the critical Ni composition 26 n€c€ssarl to establish a

ferromagnetic ground state at lot- temperat,ure bv clirect observation. The

appearalìce of a minillum in p¡r(H") has been exploited to obta.in quantita-

tivel], reliabie measurerrents for SRA directl5' at a, unique freId (H{i" ). The

SRA value using this method is defined bv the ratio

^p(Hro^) : ptl(HTi") - pt(Hi"i")
Po

(4 8)
Po

ihat in those cases rn'here tire comparisou is possible,The results shori'
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estirnates of the SR-{ based or p11(Hii') agree 1's¡1- ri'ell u'iíir tirose obtained

using established extrapoiation techniques. For those lorrer Ni concentration

specimens rvhere an extrapolation procedure is not reliable or not possible,

the neu' rnethod still can be used to estima,te the SRA at lori- field.

\\,'e ha,r'e aiso dernonstrated for the first time a po\\¡er lau' relationship

bett'een the SRA and the reduced composition close to æ6 of the form

(4 e)

Tlie corresponcling r.alue of æs and the critical expc'rnent q in this re-

lationship arc. 2.2-o at% Ni and 2.25 respectivelr'. Prompted b¡' the scaling

approach, ure have attempted to calculate the scattering per Ni site by nor-

n-ralizing the resistivit¡- to ps as $ell as Curie temperature for ferromagnetic

samples (or the measuring temperature for paramagnetic alìo5's). Plotting the

scaleci slopes (I I po)(dp t I dH 
")(1 lT.) at 1.5 I{ r.ersus the lli concentration iras

again confirmed the estima.te {or z6 given above.

1\leasurements of tire magnetoresistance in PdFe allo¡'s shot' tha,t an

H! freld dependence reproduces the da,ta best at high field. These data

demonstrate a difference betu'een pi and p, , thus conflrrning the presence

of a positir.e resistive anisotropl'in these ailol's, and provides clear evidence

of a considerable excirange field in the samples; the SRA values however

represent oni.v about 15 percent of the values observed in PdNi allo¡'s with

comparable Curie temperatures. The possibilit5' of a pou'er-iau' relationship,

as obsetved in PdNi allo.vs. bett'een SRA and the reduced concentration has

Ao .Í - Ía.'ã( ")'
Po r's
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aiso beel examined. and shov's that a pon'er-lau' reiationship does again

reproduce 1's15'14,sU the SRA estirnates at 1.5 Ii for all the PdFe samples

studied x'ith parameters: ro : 0.010 + 0.005 at% Fe, and 4 : 0.9 + 0.1.

This result confirmed the critical Fe concentration zs n€cesSâr5'to establish a

ferromagletic ground state b1' magnetoresistance anisotropy measurements.

X'[easurements of the rnagnetoresistance in (PdFe)XIn allo¡'s indicate

tirat adding 5.0 at% I{n to the PdFe host aliol' changes the magnetoresistive

properties of the s1'stem substantiallr,. it is demonstrated that a rnarked

component exists both longitudinal p1 and the transverse nagnetoresistivities

p_, in lrigher fields, and this remains unsa,tura.ted up to fields of 85 kOe.

thus complicating quantitative analYsis. These data. hou'ever, denonstrate a

difference betll'een pl and p r , thus confirming agaiu the presence of a resistir,e

anisotropv in tÌrese samples, ri'ith a sign uhich agrees u'ith that exhibited in

the host allovs (PdFe). The SRA values represent onlv about 50% of that

measured in PdFe allovs u'ith compara,ble Fe concentration. The possibilit¡'

of a pori'er-ia,ri-relationship. as observed in dilute PdNí and PdFe allo¡.s,

between SRA and the reduced concentration has also been examined. and

sho'n's that a pou'er-lat'relationship does again reproduce the SRA estimates

at 1.5 I{ for the (PdFe)NIn samples studied rvith parameters: ro = 0.2 -i- 0.1

at%Fe, and 4 :0.9+0.1. This result demonstrates for thefirst time a critical

Fe concentration z6 n€c€SSâry to establish a ferroma.gnetic ground state b1'

magnetoresistance anisotropy measurenents for the (PdFe)1\{n s5'stem.

\\,'e also shoil'that h5'drogen has dramatic effects on both the specimen

ooc
L t.)



dimensions ar-Ld the magnetic properties of tire dilute Pdlfi svstern. The

susceptibilitf is ver]' sensitive to the anr.ount of Ìr¡.drogen, and it can be

completel5' rlestro)'ed bv full¡' loading witir hydrogen. The results also shou'

that the magnetic susceptibilitl'responds to hyclrogen loading in a reversible

'q'ar, r'hile the coercir.e field -H. responds irreversibllr' (unless annealing is

used as a method of discharging hi'drogen). -A.n exhaustive studv of the

efects of irvdrooen on the magnetic, electrical and structural properties of

Pd based allol's rvould be a ver.\'interesting project, and n'e hope the preseut

rreasu.rellents s'iil stirnuiate further studi' in this area.
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Figure A6: The selected øc susceptibiliiy data as a function of temperature
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