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ABSTRACT

The magnetic ordering of dilute Pd-Mn aì'loys has been 'investi-

gated for alloys with Mn concentrations from 0.5 at % to 10.45 at %,

in steps of 0.5 al %. The measurements of the electrical resistivity

and A.C. susceptibility have been made ín the temperature range .l.5 
K

to 300 K and in magnetic fields from zero to 800 0e. Three different
't

"phases" are found: the ferromagnetic phase from 0.5 at % Mn to 2.5

at % Mn, the m'ixed ordering phase from 3.0 at % Mn to 4.5 at % ltln, and

the spin glass phase from 5.0 at % Mn to 10.45 at % Mn. It is found

that direct d-d anti-ferromagnetic coupling between nearest neighbour

Mn moments comes into play besides the (enhanced) n.f.K.Y interaction

usual'ly treated in models of Edwards and Anderson, and of Sherrington

and K'irkpatrick. The critical indices y,ô and the s-d coupìing

constant lJl are also estimated.



CHAPTER I

PURPOSE AND SCOPE OF PROJECT

The purpose of the project reported in thís thesis is to investi-

gate the magneti c orderi ng i n di I ute paì 1 adÍ um (Pd ) -manganese (l'{n )

al1oys. Pure Pd is paramagnetic while pure 1'1n is antjferromagnetic.

However, a host of different magnetic propertíes varying from spÍn

glass to ferromagnetic behaviour appear in their aìloys. Hence it
is hoped that thjs invest'igation can improve one's understanding of

magnet'ic crdering Ín general, and the Pd-Mn alìoy system in panticular.

For the ferromagnetÍc Pd-Mn alloys, this is the first attempt to

measure their critical indices y, 6 in their ferrornagnet to para-

magnet transition, while for the spin gìass alìoys one hopes tt¡ have

shed more 1ìght on a subject which is still very unclear.

At the start of this project the general features of the dilute

Pd-Mn alloy system were known, aìthough there is still disagreement on

the extenl of the different magnetic phases. The earliest work on this

system consisted of resjstivity studies done by Sarachik and Shaltíel

(1967) ancl l^lilliams and Loram (1969b). This was followed by various

magnet'ic measurements performed by Coìes et al (.l975), Star et al

(i975), Nieuwenhuys and Verbeek Í977 ), Thomson and Thompson {1979)

and others. There ìs general agreement that a'lloys with Mn concen-

tration less than 3.0 at % are ferromagnetic, and alloys with more

than 5.0 at % i'in are spin glasses. (Rault and Burger(1969) p'laced

the ferromagnet'ic phase up to I at %, though). The range from 3.0

at % to 5.0 at 7o lïn, however, has various'ly been described as partly

ferromagnetjc, sp'in gìass, and even double transjtion. The critical
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temperatures Tq and Trn also vary from investÍgator to investigator.

0ne reason for this disagreement stems from the uncertainty in

the concentration of Mn and/or other impurìtìes in the aì'toy. Another

reason may be that the early susceptibility measuremenis were done in

a magnetic field of - 1 k0e, which suppressed the cusp in the suscep-

tibility curve of the sp'in glass alloys. In this project, the Mn con-

centration is estimated to an accuracy of t 0.1 at %. However, as

the alioys were made in steps of 0.5 at % Mn, Ínformation on the

boundary of the various magnetÍc phases are only accurate to 0.5 at %

Mn also. The driving field in the A.C. susceptibility measurement

was only 0.46 0e rms so that any cusp in the spin glass regime should

be quite sharp (if it ex'ists). Hence, it is hoped that the infor-

mation obtained in th'is project will be more accurate.

Starting from the d'ilute limit, fron 27 to 575 pprn Mn, Pd-Mn

a'l 'l oys are spi n g'l ass ì i ke (Thomson and Thompson 1979) - At hi gher Mn

concentration, from approxl'matley 0.I al % to 2.5 at % Mn, the al'loys

are ferromagnetic, (Nieuwenhuys et a'l 1979), while aI'loys with

2.5at%<Mn<5.0at%

have a mi xed orderi ng. Al ì oys w'ith

-5.0at%<Mn<-25aL%
are agaín spin glass 1ike, and beyond 25 al % three intermediate corn-

pounds appear:

ß - MnPd, ßl- (l'ln2Pd3), ß2 - l{nPd2

(Raub and Mahler 1954 and Yamauchi 1964). These diffenent phases of
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Pd-Mn alìoys are summarized in Fig. 1.1.1. The Y-scale is only

approximate to display data at 'low Mn concentratÍon.

In the present project, alloys w'ith Mn concentration from 0

to 10.45 at % were made in approx'imate steps of 0.5 at %. They

correspond to the ferromagnetic, mixed ordering and spin glass iI
phases in Fig. l.l.l. Further, these sampìes were rneasured over the

temperature interval .l.5'K to 300"K, in the magnet'ic field from

0 to 800 0e. The main thrust of the investigation was in the

temperature range from 1.5'K to l5'K because this is the nange where

magnetic orderíng, either ferromagnetic or spin glass like, occurs.

The system was investigated via measurements of D.C. resistivity
and A.C. susceptibility, supplemented by X-ray powder photography for

the determination of the 'lattice structure of the samples.

Chapter 2 of this thesis presents some theories on the inter-

action between Pd and Mn in the alloys, and also on their magnetic

ordering. Chapter 3 describes the experimental methods used while

Chapter 4 presents the data analysis.

Because of the enormous amount of diagrams involved, the dis-

cussion Ín chapter 4 wili be Ín terms of one typical alloy whenever

possÍb'le. The remaining data can be found in the Appendices.
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CHAPTER Ii
THEOR IES

2.1 The R.K.K.Y. Interaction

2.1 .1. Qual i tati ve Descri pti on of I nteracti ons i n Pd-Mn Aì I oys.

Pd and Mn are transition metals. The Pd atom has the electronic

structure of 4dl0 outsi de a cl osed shel'l of krypton-l f ke e'lectrons,

i.e.,
1sZ ZsZ Zp6 3rZ 3p6 4r2 36'10 406 4¿.l0

In metallic Pd, some of the 4dl0 electrons spilì over to the 5s state.

Hence instead of 4dl0 one has (Vuillemin .l966)

4¿9.64 5s0.36

The Mn atom has the electronic structure of qs2 3¿5 outside a closed

shel I of argon-l i ke el ectrons i . e.

1s? ZsZ ?p6 3rZ 3p6 4s2 3¿5

In many cases the 3d5 configuration Ís qu'ite stable, and gives rise to

a magnetic moment corresponding to the spin quantum number of S = 5

given by Hund's Rule.

l^lhen Mn i s di ssol ved Í n Pd to f orm substi tuti onal al Toys, the

magnetic moment associated with the Mn 3d5 configuration is preserved

(Star et al 1975). This moment polarizes the Pd conduction electrons

(4d and 5s) to form giant moments, via the enhanced R.K.K.Y. poìariza-

tion discussed in Secti on 2.'l .2 below. This po'larization is osci'l1a-

tory and at large distance r from the Mn site decreases as "-3. See

Fig. 2.1.1 (a). The first zero of the oscillatÍon occurs at about l0 Â

from the Mn site. This interaction ís'long ranged since the radius of
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the Pd atom is only 1.37 Ã and the Mn atom 
.l.26 

A.

When the Mn concentration js very small, from the ppm range to

'less than -0.1 al %, the Mn moments are far apart if they are even'ly

distributed in the aì10y. Hence they 'interact with one another onìy

through the tails of the R.K.K.Y. polarízat'ion. Because of the rapid

change in sígn in the polarization, no preferred orientational

djrection is established, and the alloy becomes a spin 91ass, as shown

in Fig. 2.1.1 (b). When the Mn concentratjon is somewhat bigger than

0.1 at %, the average Mn-Mn moment separat'ion falls within the first
zero of the R.K.K.Y" poìarization, and the giant moments begin to

overl ap . Thi s produces a pref erred ori entati on j n the a'l 'l oy, and

makes it ferromagnetic, as depicted in Fi9.2.1.1 (c). As the Mn

concentration increases further, the giant moments over'lap more, and

the alloy becomes more strongly ferromagnetic. This is reflected in

the rise in Curie temperature T. for the alloys from 0.5 at % to

2.5 at % l{n.

As the Mn concentration increases further, the chance of two Mn

moments becoming nearest neighbors increases. When they do so, their

d-electron wave functions over'lap, and the djrect d-d exchange for

Mn atoms is expected to be anti-ferromagnetjc (Moriya, 1967). One

can see, roughly, that the direct Mn-Mn interaction is antÍ-ferro-

magnetic because the 3d5 electrons of Mn iust fill up half the d-

shell, and applying Hund's Rule they are all spin up. Any extra elec-

tron that can be added to the d-sheì.l, say vía covalent admixture, has

to have spin down, in accordance with the Pauli Exclusion Principle.

This anti-ferromagnetÍc interaction drives down the apparent ordering



temperature for a'l'loys with Mn concentration between 3.0 at % and

4.5 at %, which show a mixed ordering which Ís not purely ferromag-

netic. From 5.0 at % to -25 at % Mn, the anti'ferromagnetic d-d

interaction is in ful'l competitíon with the enhanced R.K.K.Y" inter-

action, and the alloys are again spin glasses.

Beyond -?5 al % Mn, compounds like MnPd, Mn2Pd3 and MnPd2

appear, and they are outsjde the scope of this investigation.

The next section outlines the R.K.K.Y. 'interaction used as a

basis for the above discussion.

2.1.2 Derivation of R.K.K.Y. Interaction

The Ruderman-Kittel -Kasuya-Yosída (R.K.K.Y. ) interaction des-

cribes the indirect interaction among magnetic moments in a metal

host, via spÍn polarìzation of the host conduction e'lectrons. In its
modifi.ed form, it js responsjble for giant magnetic rnoments inferred

from magnetization measurements on some al'loys, ê9. FdFe and lgMn. It
is believed to be able to induce ferromagnetic or spin glass líke

behaviour in various alìoy systems. Because it is one of, the main

interactions in Pd-þln aìloys, an outlíne of the derivation is given

be1ow, based on the following references: Kíttel ('[968), and

Hhite, R.M. (1970).

The approach these authors use is to calculate the spin polari-
+

zation s(r) of a free electron gas when a magnetíc rnoment is pìaced

in Ít. The basic assumptions in the analysis are:

'1. free electron model at zero temperature

2. 'l i near response approxÍ mati on



3. static magnetic field

4. energJ/ corrected to 2nd order on1y, within non-degenerate

perturbation theory.

Here s(r) ís actually M(r)/(gug), where g is the Lande

g-factor, and ug i s the Bohr magneton.

The magnetization per unit volume U(i) is related to the magnetic
++

field H(r) and the susceptìbility x(r) by

M(;) = [d3r'x(i-i') H(i')

Using the linear response approximation, all three quantities

can be expanded into Fourier series"

(2.i.l )

(2.1.2)

and l{o = x ho , q being a reciprocal lattice vector.'q

Hence the probì em Í s reduced to f i nd'ing the suscepti bi'l i ty

xq of the electron gas resu'lting from the appìication of

one Fourier component Ë'o .0, (ä.;) of the magnetic fíeld.

Let the Hamiltonian of a free electron gas at zero temperature

with spín oi be

+ \- ++
M(r) = L Mq exp [iq.rl

ä
+++

H(r) = L ho exp [iq.r]
ä

+ <- ++
x(r)=/ X expIiq.r]

ðq
+++

Ihen Ì'l(r) = L x hs exp [iq.r]
;q
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"1d- 
= r

l

DZ Y* + ++'i * ue?oi"ho cos (q'tt)

Zn

where the first term on the right hand side is the kinetic energy and
.11 Y+ + ++é I = vB 4oi'hq cos (q.ri )

1js the perturbation Íntroduced by the magnetic field. To avoid diffi-
cuìty arisíng from q=0, t'o t, taken to lie on the x-direction i.e.

+^
hO=hOx

.ir y ¿ iô.ii -ið.ii
then #, = 

lurnoÁ(oi+o;) 
(e +e ')

The first order correctjon to the energy is
+ 1l +

<kl J+r lk>

and is zero because of orthogonaljty of the plane wave states.

The 2nd order correction to the energy for state È is

,,(?) = z ¡.it.Ê, ltrt2=k 
L+k .k - rg

=f(ush,,,{+Jffi.*+åi

where e¡ is the free electron energy for state Ë,

and f¡ is the Fermi-Dirac distribution.

The factors (l - fk+q) and (l - ft-q) come ín because onìy vacant

states are allowed as intermediate states in the perturbation

cal cul ati on.

The total second order energy correction is a summation over
+all occupied k states.



l't

EQ) =](ushrrz X {,t 
- l*.0 * I 

- to-o 
} n

¿ {.'k-ek+q tt<-tf-qJ

\-Êê=-|tusht)'+ k-tk+q
ek+q - ek

-l (ush6)2 F(q)
T

ç r-€
where F(q) = /- 'k 'k+q

k e¡+q - e¡

[ +r2-oz 2k+o I3N I l+ F lnl F I t
4 EF I -4kF q- lzkF -Tl It)

k.3 Á?u 2kF= Fermivector, N= | and e= F

znT 
F Zm-

The susceptibility for wave vector q is

ð (magneti c fi el d )

Because the magnetic field i, Ë0.0, tä.ii) and the spatíal average
++

of cos2(q.ri) is I ,
z

*o = urz F(q) (2.1.3)

The susceptibility in real space is, from Eq. 2.1.1,
+\-^++

x(r) = Lu^z F(q) exp[Íq.r]qts

mu 2 lsin 2k r - 2k r cos 2k r')= B l F F Fl
6¡arl " J
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if the interactíon between an Mn moment so and a pd conduction
+

electron si is assumed to be a ô- function exchange, of the form
\-+ + +

- JLc . st o(ri)

then the conduction e'lectron 'sees' an effective magnetic field of

H.¡¡(i)= J ð"oti1)
guB

with a Fourier component of

H.¡¡(q) = J ð*
guB

Using Eq. 2.1.2 and 2.1.3, the magnetizatíon, and thus the spÍn-

densi ty +
s(r) - M

guB

of the conduction electron can be found

+ v i;.i,
s(r) = J L*q e So

,r+g'vyt q

-f_rJ

++
\- . iQ'F *
L ,e' F(q) e So

o2roz q

_1-rJ X ttol e

++
Íq'r *

sa

gzq

sin 2k r-2k r cos 2k rFFF=Jm
r4¡2r13g?tnz

l*
lso (2.1.4)j

The impurity spin so has thus induced a spin po]arization in the
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Pd conductíon electrons. At iarge dÍstances from the

when kpr >>0, the term

si te,

2krcosZkrFF

-;zr-dominates ihe function, and the polarization oscÍllates with a period
-lof nk¡'wh'ile the ampìitude of the polarization decrear., ur.-3.

Eq. 2.1 .4 is called the R.K.K.Y. polarÍzation, and is p'lotted in

Fig. 2.1 .2(a).

If there is another Mn spin ðg ut i, it w'ill ínteract with
+++

s(r) tlrrough a coupling of the form - J s. S and g'îves the R.K.K.Y.

interaction energy"
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where V is the average of the Fourier coefficient of the screened

Coulomb potentiaì. The factor ( I - V F(q))-l is caÏ'led the Stoner

enhancement factor and becomes very large when v F(q) . I , which is
the case for Pd. Because F(q)>0 and Ís monotonical]y decreasing

the enhancement is greatest for small q. The result is to enhance

the magnitude of the R.K.K.Y. polarization and to pursh out, in real

space, the range of the polarization. An enhanced magnetic moment

of -7.5u8 per Mn atom resultíng from such a poìarization has been

measured by Star et al (1975). This enhanced R.K.K.y- po]arization

is p'lotted in Fig 2.1.2(b).

Finally, it shou'ld be pointed out that the R.K.K-y. interaction

has been derived assuming a spherical Fermi surface. Andersen (1g70)

has found that the Fermi surface of Pd is very much like intersecting

cy'linders, as reproduced in Fig. 2.1.3. For non-sphenÍcaì surfaces,

Roth et al (1966) show that the susceptibilÍty at ìarEe distances r

has the usual oscilliating form, but that the amp'litude decreases

as l/r for para'llel regions of the Fermi surface, and as r-2 for
cylindrical surfaces. Hence the r-3 dependence for R.K.K.y.

interaction for Pd-Mn a'ì'loys at'large r may not be correct.

2.1 .3 the R. K. K. Y. Scal i ng Law

One of the consequences of the r-3 behauiour of the R.K.K.y.

interaction at large r for sphericaì Fermi surfaces is the R.K.K.y.

scaling 'law, first suggested by Souìetie and rournien (1969). This

law suggests that for a dilute alloy system with the R.K.K.y. inter-
action the ímpurity magnetic specific heat aco (= cp a.lìoy - cp host),
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the impurity magnetization M, and the susceptibility x should be some

universal functions of h/c and T/c, where h is the appìied nragnetic

field, T is the temperature and c ís the impurity concentration.

Mathematically, Sou'letie and Tournier (1969) find

Acp (T, h )

M(T,h)

x(T, h )

c r (f /c, h/c)

c Ç Í/c, h/c)

K(T/c, h/c)

(2.1.5)

(2.1 .6 )

(2.1 .7 )

It folTows thatwhere

for h

f,

=Q

6, K are all functions independent of c.

Ac
p

a
r (T/c, 0 )

c( T/c, 0)

K (T/c, 0 )

M

c

X

are al1 independent of c.

An example of R.K.K.Y. scaling is given jn Fig 2.1.4, reproduced from

Fig. I of Souletie and Tournier (1969). Here a Cplc is p'l'otted against

T/c for 4 different Ag-Mn alloys. The universal function r is re-

markab'ly traced out. Other examp'les in magnetization and suscepti-

bilìty can be found in the above reference.

The fol'lowing is an outline of the derivation of the R.K.K.Y.

scal i ng 'l 
aw "
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The basis of the scaling law comes from the intuitive idea that

the r-3 decrease in the R.K.K.Y. interaction ís exactìy balanced by

the 13 increase in the number of impurity atoms in a sphere of radius

r. Specifically, the average voìume <v> associated with an impurity

atom in a lattÍce of N s'ites ís

(v)=]9]t]ffl_3]loy-

assuming one atom per lattice site.

This <v> can also be approximated by a sphere

(Y) =(+'(å)'>

where r is the impurity-impurity separation. Equating the two equ-

ations for <v) one gets ,4 n r, \3, = vo'lume of a'l1oy
3 \Z t ---------lc

c .r3> - 6 x volume of a]loy;tr
= constant (2..l.8)

Therefore c<r3t is independent of r and c.

From a molecular field model wr'th R.K.K.Y. type interactions

\- cos (2k r )Hi =fi I ui Fij (2.1.e)

j+i rij3
where Hi is the molecular field for spin i, ¡ri is the magnetic

moment for spin i, and A is the R.K.K.Y. interaction parameter.

One can recast it into the form
H Y cos(2kr )f = A/, ui Fij
c i +i -------ì;--3-

Íj
\

constant x / I
'J--------1cr J

'ìJ
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and

where the cosine function is taken to be constant. Upon using

Eq. 2.1 .8, Hi/c becomes approximate'ly independent of c and r.
Now the normalized probabilÍty density function P(H) gives the

probabiiity for the value of the moiecular field on a site to be

in the range dH around H. Therefore

P(H) = dN = dN x IaF- d(-Hfcl E

cP(H) = f(H/c)

f becomes independent of c because of H/c

Extending the definition of P to cover variations Ír'r T and h in

the rnolecular field model, one observes that T and h enter Eq. Z.l.g

only through ui, in the form of a Bril'louÍn function

BsIu(Hi * h)/(ksT)].

f-u(H.+ h) I lurÜ * !-rlButB^l ' -l = B^l \c lll.|t ksr ) '[--r¡rre-j
Hence c P(H, T, h) - f ( H T h I with f independent of c.\c,c,c/

Ì,ljth P(H,T,h) one can calculate the magnetic specific heat, magneti-

zation, susceptibiljty and other thermodynamic quantities. For

example, the impurity magnetization is

M (T,h) = Nc I P(H,T,h) u B= [u(H+¡¡] ot- 
L___FBT J

=c/Nf

= c e (l
\a

H)
c

t'u r ht-

\c'c'c
,h\

c,/

I u Brlu(H/c + rr¡c)'l d () - 
L-_rBTÆ-J
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Aìthough the exact functÍonal form of f is not known, the integration

can theoretically be performed to yield the function 6 independent

of c, as given in Eq. 2.1 .6. Eq. 2.1.5 and 2.1 .7 can be proved

simil ar'ly.

It should be noted that the R.K.K.Y. scaling law is observed

only Ín the dilute spin g'lass region. The lower bound is the Kondo

region reached by reducing either the impurity concentration or the

temperature, while the upper bound is the onset of long range

ordering, when direct exchange comes into piay. Larsen (lgZg) has

discussed the applicabi'líty of R.K.K.Y. scalíng to the Au-Fe a'lìoy

system. He points out that wjthin these two boundaries the scaling

is only approximateìy observed because of

1. concentration fluctuations in the alloy as opposed to a

reaì ly homongenous situation.

2. damping of the R.K.K.Y. interaction due to electron mean free

path effects. The factor e-r/9- decreases the number of

impurity spins that a certaín spin communicates with as the

di stance 'increases. Essenti aì'ly, i t i nval i dates Eq. 2.1 .8.

For the Pd-Mn aì1oys investigated in thÍs project, R.K.K.Y. scaling

is not observed. DetaÍled discussion will be given in Chapter IV.
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2.2 Theories of Ferromagnetic Ordering

2.2.1 Cl ass'i f i cati on of Phase Transi t'i ons

Because of the overlap of giant moments resultíng from the en-

hanced R.K.K.Y. interaction, sone of the Pd-Mn alloys form ferro-

magnets at low temperatures. In this project, aì'loys contafning

between 0.5 at % and 2.5 al % Mn show a ferromagnet to paramagnet

transition as the temperature is raised through their respect,ive

critical temperatures (the curie temperature Tç). Evidence for
this relativeìy sharp transition can be found in the sudden change

in slope of the incremental resistivity vs. temperature curve, and

in the appearance of the critical peak ìn A.c. susceptibilit¡ø mea-

surements at low magnetic fÍelds. Following Ehrenfest (1933Ï one

classifíes a phase transÍtion jn a system according to the behavior

of the system' s Gi bb ' s potenti al energy G. Thermodynami cal 'ly

G=U-TS-MH

where u is the internal energy, T js the temperature, S is ttre en-

tropy, M is the magnetization, and H is the magnetic fjeld. In gen-

eral U is a function of pressure and volume besides other variables.

However, for metals in generaì and the Pd-Mn system in particu'lar,

the volume change in response to a pressure change of less than one

atmosphere is negligible. Hence the sanrpìe volume and pressure can

be considered constant throughout this thesis. Therefore G -
G(T,H), and and dG = -SdT -MdH. Ehrenfest classifies a phase

transítion as first order if at the point of transition (Tç,Flç),

the first order derivatives of G, i.e.

¿ âG\ and / âG\I_t t_ ,\ aT/s \ au z1
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are discontinuous. 0ne consequence of this discontinuity is the dis-

contínuity in the entropy, and hence a non-zero latent heat of transi-
tion. (¡Q = T^s). The boiling of water under normal atmospheric

pressure Ís a good example of a first order transition. The ferro-

magnet to paramagnet transition in the ferromagnetic pd-Mn alloys is

classified as a second order phase transition. Hence the first order

derivatives of G with respect to T and H

/ aG \ and /_qÐ\rr-/ H \-rH*
are continuous at the crjtical point, while the second order de-

ri vati ves

(*þl lrze\ /r2e\
\nz / (-¡r-aH /

,T,
are discontinuous at the crjtical point. There is no latent heat of

transition, but the specifjc heat, the magnetization and the suscepti-

bility, etc. diverge as T approaches T.. One way to describe thís

divergence of properties is by means of critical indices.

2.2.2 Critical Indices

Experimenta'ììy it is found that the divergent behaviours

of many thermodynamic properties during a second order phase transi-

tion can be adequateìy described by a one term power series of a

thermodynamic variable, provÌded that the state of the sample is

sufficient'ly close to the transition point. For exampìe,

'let x = x (T,H)



?4

and , = 
t-t'

Tc

Then x(T,0) is found to behave as e-Y for T t T.

Symbo'l ica'l'ly, x(T,0) - r-Y f or T , T.

t is a constant, called a critical index.

Note that this definÍtion of a critical index does not dìff-

erentiate between the cases when

x(T,0) =constantxe-Y

and -y xl xZ x3

x(T,Q) =. {l+Ble + BZ. +B3e-+'\\} (2.2.1)

where 81, B Z, 83 are constants

and Xl, xZ, x3 t-* are constants > 0.

For the latter case, when the temperature is sufficiently close to

T. the correction terms in Eq. 2.2.1 are negligible, and x(T,0) is

proportional to e-Y again.

Similarly, one can define \' for TcTs

-l'
as X(T,O)- (- e) , T<Tc

which descríbes the dorninant behaviour of x(T,0) as the temperature

approaches Tç from below. Other criticaì indices can be treated in

the same manner:

For specific heat 
_s.

C¡(T,O) -(-e) , T<Tc

CH(T,0)-e-t , T)Tc
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For magnetization

t4 (Tc, H ) Hl /o

As ihe spontaneous magnetization is 0

, T=Tc

above Tç, g' í s not defi ned.

, T<TCM (T,O)

Here, H is the internal magnetic field defined as

H=Ha-NM

where Hu is the externalìy applied magnetic field, N is the demagne-

tizing factor, and M is the magnetization per unit volume. There are

other cr j t j cal i ndi ces 'l i ke v, rt "' etc. , descri bi ng the behavi our

of the correlation length, pair correlation function, etc. near the

critical poìnt. The reader is referred to Stan'ley (.I971, p-45) for

an extensive list of the critical indíces.

It may seem that one can define one critical index for every

thermodynamic function one can find. However, just as jn thermo-

dynamics where only 2 indepenclent varÍables suffice to characterize

the state of a sample, the crÍtical indices are not all independent.

There are many inequal ities I imiting their variation, €9. (stanley

I e7l ).

u- +?g + "('

cr + Ê(ô+l)

"t' > ß(ô-l)

>2

>2

(2.?-.2)

(2.2.3\

(2.2.4)

Ïf one further assumes the correctness of the scaling 1aw hypothesis

(discussed in Section 2.2.4 below), then these inequalities become

equa'lities, and are hence solvable as simultaneous equations. The

result is that onìy 2 of the critical indices remain unknown, and the
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behavior of a sample near the critical po'int can be completely spec-

ified by them.

Further, the crítical jndices for different substances in the

same dimensional space e.g. l-D or 3-D, and having the same type of

interaction, e.g. Ising or Heisenberg, have very simìlar cnitica'l in-
dices. A considerable amount of theoretical and experimental research

is being done to determjne whether these critical indices ane actuaììy

equal --- the idea of unìversality. Hence the understanding of

critical indices becomes very important to the understandíng of the

second order phase transition. The sÍmplest theory to descnibe

these indices Ís the Landau theory.

2.?.3 Landau Theory

Landau and Lifshitz (1969) propose that in a second

order phase transition, there is an order parameter M such that

l*1=0 , T>Tc

0<M<l , T<Tc

M can be the spontaneous magnetization M in a ferromagnet to para-

magnet transitÍon. As the temperature T approaches Tq, M is smaì'1,

and they further postuìate that the Helmholtz free energy F can be

expanded as a power serjes in M

F=Fo+AMZ+cM4+o(N6)

where Fe is a constant and A, c depend on T onìy. On'ly even powers

of i4 are necessary because F must be an even function of M- The

series is truncated after the 4th power in M. Further, assume that

A o A* (T-Tc )



27

þ/here A* is a constant, and that c is equal to the value of c at r..
Then F=Fo+A*(T-Tc)NZ+ç¡4

and the Gibb's energy ís

G=F-MH

= Fo * A*(T-Tc)rq2 * cuA - NH (z.z.s)

Landau and Lifshitz themselves point out (1969, p. 4?g) that
the basis for the series expansíon in Eq. z.z.s is not cìea¡^-

Nevertheless because of its simp]'icity, people have built upon it
a theory of critical indices under the name Landau theory.

From thermodynamics, an equjlibrium state occurs at minimum G.

Hence, starting from Eq. 2.2.s

0 = lq = 2A*(T-T.)M + +ct'13 - H

Tm-

H = A*(T-T^ )M + cM3
4Tu

Define scaled parameters

þ= H/4, e= +, â= A*Tc/?.
Tc

Then h= aeM+cM3 e.2.6)
ThÍs is the equatÍon of state ín the Landau theory, from which the

critical indices can be easily calculated, as follows:
(i) At T=Tc,ê=0

From Eq.(2.2.6) tr = c1,13

Therefore ¡a - ¡l/3
and ô = 3.00

(ii)Ash*0,e>0.

Then M is small. Taking onìy the leading term
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h - aeM

x=Ì,1 _e-l
h

Therefore y = 1.00

(iii) For e(0,h=0,M+0

From Eq. 2.2.6 0 = aeM + cM3

a(-e) 14 = cM3

M - (-ù1/2

Therefore ß = l
z

One finds that Vjdom's equality

Y = 8(o-l )

ís satisfÍed for these critical indices. Unfortunateìy, these crít-
ical indÍces do not agree with experiment close to T.. For exampìe,

in níckel (stanley 1 97ì , p. 47)

S=0.42, Y=1.35, 6=4.22

C'learly other approaches are needed.

2.2.4 Scal i ng Law Hypothesi s

One approach is that there are a lot of inequarities

limiting the range of values the crjtical indices can take. some of

these inequalities are rigorous in the sense that they are onìy based

on thermodynamics and the existence of the indices. Other inequal-

itíes require further assumptions on the propertÍes of the sample.

For example, Eq. 2.2.? and 2.2.3 referred to above are rigorous while

Eq. 2.?.4 requires two extra conditions for its existence:
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l.

2.

laH\ = -iâS\ >0 forM>0
\aTlr4 \at't/1

frtt\ >o forM>0, T>Tc| --zl
\ at't /1

For further listings and proofs of these inequa'ljties see Stanley

(1971, ch. 4).

l,'lhile these inequaìities are always obeyed in physicaÏ measure-

ments, one finds that if the experÍmental uncertainties in, the

values of the crit'ical indices are included jn the analysis, the

inequaìitÍes are often satisfied as equalities. Up to now, a rigor-

ous theory to prove these equalitjes has not been found, but, a very

plausible hypothesis, the scaling law hypothesis, was propûsed by

Widom (1965).

The scaling law hypothesís states that Gibb's potential energy

G(e,H) is a genera'lized homogeneous function. By this, it is meant

that there exist two parameters a, b such that

G(lae, ÀbH) = ¡,G(e,H) (2-2-7)

for any val ue of the number À.

Here e = T-Ta

Tc

and H is the internal magnetic field. Starting with this hypothesis,

one can express all critical indices in terms of a and b. For

example, by dífferentjating Eq. 2,2.7 with respect to H, one gets

babÀ aG(tre, lH) = lâG(e,H)

ð(ÀbH) AH
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lb M(lar , ÀbH) = ),M(e,H)

M(e,H) = ¡b-'l M(rae , ÀbH)

ïf H = 0, the above equation reduces to

M(e,0) = ¡b-1 M(lae,0)

Since this equation is true for every ì,

| = 1-r¡-'l/a

since M = -âG
ãH

ïherefore

let

Then

one gets

Then

Set

{2.2.8)

12-2.e\

l-b
a

i.e. M(e ,0) - (*r)

Comparing with the definition of g

l-b
a

M( 8,0) = (-e) N(-l,O)

ß

M(e,O)-(-.) , e <0

ß = l-b
a

Simil arly f rom Eq. 2.2.8, take the case e= 0.

M (0, H ) = ¡b-ì l'1(0, ÀbH )

¡ = ¡".¡-1lb

l-b
-5--

M(0,H) = H t,l(0,1)

l-b-5-
ie. M(O,H) - H

Comparing with the defjnition of ô

1/6
M(o,H)-H forH+o



one gets g= b

T-E-

y' can be found as follows:

Differentiate Eq. 2.2.8 with respect to H again

âM(e,H) = ¡2b-ì aM(¡'a',¡'bH)

aH arbH

x(e,H) = ¡2b-ì x(lae,ÀbH)

sl nce

Let H=0 and À - (-e)-lla

- 2b-l

x(e,0) = (-e) x(-l,o)

Therefore x( e,0) - (-e)

Comparing with the definition of \'

X =/ât{\
\ aFlt

3L

(2.2.101

(2.? .111

(2.2.12\

- Zb-l
a

-Y
x(e,0) - (-e) for e<0

one gets '{' = 2b-l
a

It is staightforward to show that the equations 2.2.9, Z.Z.j0 and

2.2.12 can be combined to give

^(' = g(6-1 )

which was first derived by l.ljdom (1965).
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Moreover, i n Eq . 2.2.11 set H=0, and À= .-1/a

- zb-l
a

Then x(e,O) = e x(1,0)

Comparing vrith the definition of y

-Y
x(e'O)-t fore>0

onegets y=2b-l
a

= ^(-

ïn fact, Íf one keeps on calculating a'll the critical indices in

terms of a and b within the scalÍng law hypothesis, one finds that

the two crjtical indices for the same thermodynamic variable below

and above Ts are equal . Further, rep'lacing a and b by the critica]
indices results in a host of equaìities e.g.

a+28 +1 =l
c, * g (0+l) = 2

'r(o+l) = (?-u) (o-l)

Y = Ê (0-l)

86 = ß+y

Solution of these equations as a set of simultaneous equations reduces

the number of unknown indices to 2. Hence, within the scalÍng ìaw

hypothesis all the behaviour of a sample near the critical point can

be found if one knows either a and b, or any two critical indices. In

actual experÍments, a and b are hard to measure, and one has to
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settle for the critical Índices instead.

In this project, the indices.¡ and ô are extracted from tlie A.c.

susceptibility data. The scaling 1aw hypothesis js modified Ëo suit
the experimental conditions 'in a manner conìmunicated prÍvately by Dr.

B. Nickel (University of Guelph).

From tq. 2.2.8, set

l-b
a

M(e,H) = e

-1/a
À=e

H

--E7a
e

=eB (2.2. 1 3 )

since and Y+B

rt'

'(i'j*)
-b

ã
I = l-b

a

This is the equation of

which one can ca]culate

state in the scaling 1aw

the suscepti b'i'l ì ty as X

hypothesi s,

=/ a¡,t\

\¡r/i

f,irom

X=eß I
Y+Ê

è

where l'1' (x ) =

He nce

l4'/ H \

tr)
dM(x)
--dx

lr4'/ H \
(;*)

x= l
Y

c

(,\#
t-.*/

H

,fY=fr*)'.u

-Y
Y+ß

¡'1'/ H \

tl-,
=fl M.

v+B
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(2.2.14)

- Y_
Y+ß_H

To find the maximum of

val ues

y+

x at a fixed H, one set dx
de

cl H \
[-:"1

-0

,-l * \l_tlv+Bl
\em /

where

0--

For

every H and êvêry e¡¡r

constan t.

constant

E=Erfi

the argu-

(2.2..15)

-Y
r+ß /HI

t

\
typi ca1 yandß,

ì.3 + 9.5

1.8

0

of

fi=

+
f

H \=_l
y+ß 

J

e¡¡/

true for

has to be

H=

G-I

I
For this equation to be

ment of the function G'

Therefore

The above equation then Ímp'lies

Y+ß
e¡¡

Y+ß
em- H
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UsÍng the definition of e¡¡,

1

T - T Y+B
mcdH

---Tc

Tm-TcH * Tc (?.2.16)

Hence a curve of T* (the temperature when x is maximum under a par-

I
r,ß

ticular H) vs. H is a straight'line and intercepts the y-axis at

Tc.

One can substitute Eq.2.z.l5 into Eq. z.z.l4 to obtain the

behaviour of ¡ at T,n

-__r_
Y+g

x (l ,H) - H G(constant)fnm
-Y
Y+8

x (r ,H) - H
mm

Usìng y -- B(0-l) = ô-l = I - Iy+ß -- gô- --i- 
ã-

one gets

l
Y+ß

I -l---
0

x (r ,H) - H
mm Q.?.17 )

It follows that Xm, measured at temperatures Tm + Tc, obeys the

same power law as one would expect from formally differentiatíng the

equation defining ô

1/ô
M(Tç,H) -H , T=Tc.
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The advantage of usÍng Eq. (2.2.17) instead of the above equation is
that a knowledge of Ts is not necessary. Eq. 2.2.17 has been exper-

imental]y verified by Gaunt et al (1981 ). The critical index y can

be found by using the definition

-Y
x (T,o) - . , T>Tc

The description of the ferromagnet to paramagnet transition is
thus complete, if one assumes the validity of the scal-ing ìaw hypo-

thesìs. Experimentaì verifjcation of the hypothesis is possible if
one measures other critical indÍces and compare them wÍth the sca'ling

1aw predictjons. This has been found to be generaì1y irue for other

systems , ê. 9. Stan'l ey (l 97.| ) . For the Pd-Mn system here, thi s has

not been followed through due to limitations in time and equÍpment.

Rìgorous theoretjcal justification of the hypothesis is not

availabìe presently; but one can mention the Kadanoff construction

of cells (1967 ) and W'ilson's renormalization group method (1971 ) as

possi bl e candi dates for a sol ution.
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2.3 Theories of Resistivity of Ferromagnetic Pd-Mn Alloys

Besides susceptìbility measurements, the ferromagnet to para-

magnet transitÍon can also be investigated through D.C. resistivity
measurements. The theoretical models ernp'loyed here are proposed by

Yosida (lgSZ) and by Long and Turner (1970).

2.3.1 Simpl e s-d Model

Yosida summarizes

and the host conduction

Hami I toni an

the interaction
->

el ectrons at ri

between Mn impurities at Rn

with the perturbation

tl- =
çY + + ÇV + + + +/.. /- V(ri_ R¡) _ Z L. /, J(ri _ Rn)si.Sn
inin

l.

2.

3.

¿,

where V(ri - Rn) is the deviation of the spin-independent potential

due to the Mn ion and J(i.¡ - ñn) is the effective exchange integraì

between the conduction electron and the Mn ion.

The main assumptions ín his model are:

Effective mass approximation for conduction electron energy.

That the Fourier transformed V and J depend on it]f'l onìy,
+

where k Ís the electronic wave vector.

Molecular field approach.

That Mn ions are randomly distributed, with no interference of

waves scattered from different ions.

The change in Fermi sphere due to an applied electríc field is
calculated via the Boltzmann equation, while the transition probabil-

itíes for the elastic and the inelastic collisions are calculated

to fírst order on'ly usíng Fermi's Golden Rule. The shift in Fermi
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sphere then gives rise to a resistivity expressed in Eq. l9 of

Yosi da's I 957 paper.

This calculation was initjaììy app'lied to ordering in Cu-Mn

a'l 1 oys. l.l'i I I i ams and Loram (1 969b ) have extended thi s model to

include ferromagnetic orderìng Ín Pd-Mn alloys. In the lÍmit of

strong potential scattering, they find

Âp(T=o)=3n m* I ncvZ-r- -? -trF

where m* is the effective mass of conduction electrons, e is the

electronic charge, Q is the effective volume of Pd ato,rn, E¡ ís the

Fermi energy, c is the Mn concentration and v is the arnpìitude of
++

V(ri-R¡). Using an effective mass approximation with nÈ = 2.2 elec-

tron mass and 0.36 s electrons per atom (vuillemin 1966), one finds

EF = 1.4 eV. Subsequentìy, the above equation simplifies to

Ap(T=O) = 5.78 cYZ (uncm) (2.3.i )

Further
tl

¡p(Tc) =5.78c [t;tzstr+45) *v?) e.3.2)
and ¡p(Tc) - np(T=Q) = 5.78 c l,tl2 s(l + 4s) (2.3.3)

These equations will be used to compare with experimental data

in Chapter IV.
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2.3.? SÍmpì e s-d Model with Col lective txcitations

This I'rodel is an improvement over Yosída's modeì because while

Yosida considers only the interaction between s electrons and the Mn

ions, Long and Turner (1970) have included the d-holes as v¡ell (0.36

holes per atom as found by Vuilìemin, 1966). See Fig. 2.3-1. Inter_

actions among the d-hoìes, s-electrons, and the impurity spín as ca.l-

culated by the authors appear to fit the available rJata on the ferro-
mag.netic phase of Pd-Mn and other a'lìoy systems (Ì^lilliams and Loram,

1969 a, 1969 b).

Long and rurner phenomenoìogical]y sum up the interactions ín

six terms

l. H¿l = ;fpn ïn. å¿ttnl
n

where pn = {l if ñn is an impurÍty site

{0 Íf tn i, not an ímpurÌty site

+
Sn is the spÍn on the impurity site

å¿rtn) = ], .t . åoo exp tiä"ñnl
l- ++ ++ +kqaÊ dk+qa dkg

+
o¿ is the spin density of the d-band holes.
t

c + and c + are creation and annihilation operators for the d-banddkc dko

hol es.
+
ocß are the Pauli spin matrices and l''l is the total number of

atoms in the aì1oy. This term represents the interaction between

the d-holes of Pd and the impurity spins.
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\-
1-
È.,

Hd=2.
Y

+ I Ln, 
^nr,

i

*¿
e¿(k) cl

¿to

Y" * + +3. Hds = u L., á¿(rin) . J=tánl
n

c
+

dkcr

where ni+=l I ct c expfi{.ñrlrr N- ? ++ +
kq dk+q+ dk +

+ + Y ¡ + +->where or(Rn) = l L___, cr c oog exp(iq.Rn)
Ì'l ** ++ +

kq"ß s(+qc skß

The first term in H¿ sums the individual kinetic energy of the

d-holes while the second term represents the strong repu'lsion be-

tween d-holes of opposite sp'in because they are highìy locaT'¡:zed on

the Pd site.

t
c * and c + are creation and annihilation operators for the s
ska ska

el ectrons.

This term represents the interaction between d-holes and s-elect-

rons.
V+++4. HsI = JZ pnSn o5(R¡)
n

Similar to H¿1, this term represents the exchange interaction be-

tween s electron and the impurity spin.

+ ++p¡ c' c exp(iq.Rn)
+++

\- i-5. U LL
kqo n sk+qc ska
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where u=l a"(r)vHF(r)a(r)dr.

a(r) are the l,lannier functions of the s electrons on the Sn = 0

si te.

This term represents the interaction between s electrons and the Har-

tree - Fock potential VHF due to the valence difference between host

and impurity.
f+r6. ) e-(k) c' c/ >'

t" sk o* sk,r*

Thís term sums the individual kinetíc energy rr{t') of the s-elec-

trons.

ïn the above 6 terms, J, I, U and J" are couplÍng constants to

the various interactions.

The dynamicaì states of the impurity spins and the d-holes are

approximated at 1ow temperature by spin waves, and near the critical
temperature T. by independent spins moving in a molecular field.

The scattering of s electrons from a d-hoje impurity spin pair is

taken care of by subst'itut'ing Js¡¡ for J'.

Js¡¡-J'+ Uïpd(0,0)J

where ipO(O,0) is the Pauli susceptibility Xo enhanced by the

factor (l - I xo)-l

The incremental resjstivity

¡p(T) = p(T)aloV - o(T)pd

is calculated usÍng the Boltzmann equation in a similar manner

to Yosi da's cal cul atíon.

The result



¡p(T) = Ac *

¡p(T) c (T. - T) ,

BT)-772
c

3/2

T + T.-

,*Ta*

T*0
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(2. 3.4)

(2.3.s)

(2.3.6 )¡p(T) = constant ,

A and B are parameters independent of temperature T and Mn concen-

tration c, but are related to various bancl parameters. Because of
its assumption of ìow-lying excÍtations during some stages of its
calculation, this theory will fail at high temperatunes. For a
homogeneous ferromagnet at low temperature, one expects in Eq. 2.3.q

a T2 temperature dependence due to electron magnon scattening. The

Mn moments in the ailoy system are, however, random'ly dístributed,
and the T2 dependence gÍves way to a t3/2 dependence due to

breaking of translational symmetry.

The temperature dependence in Eq. 2.3.4 and z.J.s are well

obeyed by the ferromagnetic pd-Mn alloys investigated. The c-depend_

ence in Eq. 2.3.4 ís good for the parameter A and wíthín 7% for B.

Eq. 2.3.6 i s approxÍmately obeyed by the ferromagnetic aj'loys with

the devÍatíon increasing with l'1n concentration. A detaí'led com-

parison between theory and data will be presented in chapter IV.

A corol'lary of this theory expìains the "knee" in the Âp vs. T

curve for ferromagnets. Experimentalìy, one finds that when a ferro-
magnet is cooled from the paramagnetic to the ferromagnetic state,
the Íncremental resistivity Ín the ¡p vs. T curve decreases abrupily

at r = Tc. Long and rurner's t,heory explains it as nesulting from
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the different coefficients of the same T dependence'in Eq. 2.3.5

and 2.3.6. (The coefficient for T in Eq. 2.3.6 is 0. ) Physically,

as poínted out by Mott and Jones (.l936), a magnetìcally ondered

soljd is more symmetrical than a disordered one (paramagnet), and

as a symmetrical solid scatters electrons coherent'ly, it does not

contrÍbute to electrical resistivity. Therefore the resistÍvíty of

a solid decreases with increase in orderliness.
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2.4 Theories of Sp'in Glass Ordering

?.4.1 Introduction

From -5.0 to -25 at %, the pd-Mn aì1oys are spin gìass like.
The term "spin glass"'is due to Coles (.1973) and is used to denote

an alloy of a small amount of magnetÍc impurity dissolved in a noble

metal host, e.g. AuFe, cuMn. Below the ordering ternperature Trn the

impurity moments are supposed to be locked into random but fixed
positions in space, resuìting'in zero net moment. Hence the idea of

a "glass". The interaction among impurity mornents is usuaììy taken

to be of the unenhanced R.K.K.y. type, while the main observabìe

characteristics are a cusp at Tsg in the A.c. susceptibiìity at
ì ow magneti c f i el d, 13 /2 aependence for the i ncremental resÍ st-i v.i ty
as T * 0, and a broad incremental resistivÍty maximum above Trn

(Mydosh, 1977).

At present there is no theory that can adequately descrìbe all
the properties of spin glass systems, not to mention the pd-Mn

aìloys with Mn concentration >5 at %. The main reason is that in
addition to the R.K.K.Y. interaction usual ìy discussed in spin glass

theories, there is an additional short-ranged Mn-Mn interaction de-

scribed in section 2.ì.ì, which has not been taken into account in

these theories. Furthen, the majority of them utilize only the
'long-ranged part of the R.K.K.Y. interaction, í.e.

interaction energy cos (2krt)

(2k¡r )3

whi'le the ful I í nteract'ion contai ns a short-ranged part aì so,
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interaction energy
?krsin( F )

a,

(Zkpr)'

is justified for ordinary spin gìassesThe long-range approximation

as fol I ows:

The Fermi vector kp is of the order of (lattice spac.inE)-l. r

is of the order of several hundred lattíce spacings if onìy a few

impurÍty spins are evenly dístributed in a macroscopic sample.

Then 2k¡r>>'l and (2kpr)-4 .un be discarded in comparison to
(2k¡r) -3.

For the Pd-Mn alìoys, however, the pd conduction electrons

and the Mn spins interact to form giant moments around the impurity

sites, thus pushing the effective distance of the R.K.K.y. inter-
action to greater distance from the Mn síte, as discussed in Section

2,1.2. Thus the Mn spins have a greater chance of "seeing" one

another than when giant moments are not present.

The ful I Hami I toní an i . e.

energy
sin(2krr) - 2krr cos (Zkrr)

(2kpr)a

shou'ld be used, and calculated to beyond next nearest neighbor dis-
tance, since the R.K.K.Y. interaction is limited only by a factor
e-r / 9', di scussed i n Secti on 2.1 .2. publ i shed cal cul ati ons , never-

theless' are usually up to nearest or next nearest neighbor distances

because of the immense mathematical labour involved.

In spite of the above short-comings, the models have been
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developed with some experimental characteristics of spÍn gìasses

in mind; so they correct'ly descrÍbe some of the characteristics.

However, no single model can include all of them at the same time.

Hence in thís section, several of the main rnodels have been outlined,

and a detai'led comparison with experimental data will be attempted

in Chapter IV.

2.4.2 Elementary Excitation Model

Some of the Pd-Mn spin g'lass alloys show a T3/2 dependence for

their incremental resistivity at ìow temperature T. Rivier and

lidkins (1975) have proposed a model based on the scattering of elect-

rons by spín diffusion modes of very ìong ìjfetimes to account for

such effects.

They start with the generaì formula for conductivity in metallic

systems (Mott and Jones, I 936 ).

o = 2.2 urz ,, ¡a,3'|¡ (*)

the

ate a

axatÍ

s app

t.(e)

Fermi vel ocity

t Fermi 1 evel ,

on time of an

roximated by a

of conduction

f(e) is the

el ectron wi tls

del ta

mu'ltip'le scat-

between spins

where o is the conductivity, vp is

electrons, pF is the density of st

Fermi function and tr(e) is the rel

energy e. The "Fermi window" af i
âe

function, and the approximations of isotrop'ic medium,

tering and S- wave only are appìied. The interaction

is taken to be the usual R.K.K.Y. type,

ener$/- CoSr,lr-
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and a Lorentzian conduction band of width f is assumed- For low

temperatures, when only spin diffusive modes of very long wave-

'lengths can be excited, Rivier and Adkins predict

p(T) = p(-) tl - D(l - cDT3/2)l

where p(T) = resistivity due to impurity spins

p(-)= 3cr/Qezvtz o¡l)
c - concentration of impurÍty

C and D are parameters"

If one identifies the impurity resistivity as the incre¡¡lental

resistivity ¡p, then

Ap f3/2, T+0

Rivier and Adkins expect that there will be deviatÍons from the

t3/2 law if some of the diffusive modes with the slowest damping

rates are prohibited by non-magnetic impuríties, and/or surface or

grain boundaries. They suggest that the new dependence wilT be

Lp*I2, T+0

Some of the Pd-Mn a'lìoys studied here show a T3l2 lirnÍting form in

their incremental resistivity, while others show a T depend,ence

instead of r3/2 or T2. The possibi'lity of a linear T dependence is

díscussed in the following model.
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2.4.3 Short Range Interaction Model

In Section 2.1.2 above it is claimed that the factor e-r/e"

used to take care of defect effects ín the R.K.K.y. Ínteract.ion Ís

approximately ì. One can visualize this by an order of magnitude

estímate (AUrikosov, l9B0).

In an alloy with magnetic impuritíes,

F - êvêFâge intersp'in distance - n*-'ll3

where nr is the volume concentration of magnetic impurities.

In the absence of other defects

e. - (n*a2¡-1

where a is the lattice parameter

_1 /3
then r ry n* - n^?/3 uz - ,^?/3r.- Ì,T (;FïTI

where c¡n is the concentration in atomic % of magnetic impurities.

Hence
-r / e. -r^Z/t

ede-l

Abrikosov further argues that the case r/g >> I is aTso

possibìe, if non-magnetic impurities of concentration c.¡ are also

present.

_1 /3
Thenrdnrtir" e' ^vttm

If ci
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becomes short-ranged. In the extreme case, onìy nearest neighbour

interactions need to be considered.

In this model, at low temperatures, when the interaction energy

among spins is much ìarger than the thermal energy, every spÍn is

under the influence of only its nearest neighbour. This nearest

neighbour itself is locked into another nearest neÍghbour, and so on.

Hence the resultant effect on any spÍn is an effective field

H = v^ , cos2kFr 
"-r/tt"3

where S is the impurity spin.

Vs is some coefficient with suitable dimensions.

usjng this molecular field, the free energy'is found to be

[ = -T I n sj nh[ (S+l /Z )H/T]
s j nñTFZ2T-)-

The susceptibility ¡ is, for T.. To, (To is a characteristic tem-

perature )

x = ßTr3/\-1 i (4nn,nr3 )-3/a-Y.

x exp[2 (4nnm.s.3¡-1/\ I n (TolT ).

where u is such that us is the magnetìc moment of impurity spin s.

To - VoSL-3 (4rn^n3¡7 /4 exp[- (4nn*03 1-1 /21

At a higher temperature, near the temperature of the suscepti-

biìity peak Tsg, Abrikosov uses a percolation approach. As the

interaction between spins is short-ranged, he def.ines a thermal

radjus r(T) such that spins separated by a distance less than r(T)
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v/ill interact, while those separated more than r(T) will not.. The

percolation parameter p is defined as

P=ñm + ( +rr)'
The percolatjon limit is at pc = 0.347.

Tsg is given as

Trs = .r vos2n* exp[-fuoJt rt (n*l /3s¡-11
bPc \"/

The suscept'ibi'l i ty at Trn i s

x = exp[- þ, , utn* S(S+l ) /3Tsg (2.4.I )

For the resÍstivity ca'lculation, Abrikosov utilizes the Boltz-

mann equat'ion

+ ^c
eE (+ ) 

= -(rp - to(o))/, + -l-= / *oo. {-rp(l - ,r,)
ap Qr)

+ fp. (l - fp) exp[(rp-rp.)/r]]¿3p

where l rr rn. appìied e]ectric fÍeld, fp js the distributíon

function of electrons at any temperature. tltì, the Fermi function,

t is the collision time correspondÍng to potential scattering with

Ímpurities and *pp'is the Born scattering probability from p to

P' corresponding to exchange interactíon of electrons with magnetic

impuritÍes.

fp is then approximated by

fp - fp(o) * fp(l ) + ro(2)

and the Boltzmann equation is solved by iteratÍon, assuming that
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potential scattering dominates. For T + -, he gets

AP(T + -) = 1?n4 
m n*Vo S(S+l )

u2k.3

where m = mass of electron

For T * o, Abríkosov obtains
7/2

^p(T*o) = Âp(T=o) +3n m I(s)
æF

3-3/4 ^ 3-1/2
x (4n n*.0 ) exn [f (ann*ø ) ]r

where ap(T = o) = 1zn4 'j.ut tt
.2kF3

I (s) =",f- [l - Br(x) sinh x - x]dx' coshx-T
Bs(x) is the Br illouin function for spin S

Hence as T + 0 , Abrikosov predicts,that the 'incremental

resistivity increases ìinearly with T,

and that Ap(J +-) = S(S+l )-^p-lT;OI - s2-

Except for giving a 'linear temperature dependence for the

incremental resistivity at ìow temperature, this model is not very

successful at describing the behavior of rnetallic spin gìass.

2.4.4 Mean Fiel d Model

The model by tdwards and Anderson (197S, 1976) is one

of the most wide'ly used models for spin gìasses because it is simpìe
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and based on the

These

interacting with

if the probabiìity

even i f

such that

Edwards and

centered at zero

classical mean field theory.

authors consider a spin ði as a cTassicaï dipoìe
+

another spin S¡ through an interaction

Ji¡ ði . ð5

of fjnding ði at i and ð¡ at j is ei¡, ihen

z
i, j

Jij rij = o

on any scale, macroscopic or microscopic, they argue that the mere

existence of a ground state, which needs on'ly be a'local minimum,

will enable the system to show a cusp Ín the susceptibility at Trn.

Thís ground state corresponds to some preferred orientation of the
+

spin si at the bottom of a potential well of depth -knTsg. For

temperatures T > Ts9, the spin does not see this well; but when

t < Tsg, the spin begins to settle into this preferred orientation.
Hence below Tsn, there is a non-zero probability of f'Índing ði to
point at the same direction if one checks it at times (l) and (z).

This defines an order parameter

q =.ð-(l). ii

T

T

T

(2\ 
>

Ttg

Trg

0

q=o
q>o

q=l

Anderson further assumes a Gaussian distribution
for JÍj eij. The ensemble free energy is calculated
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where

by evaluating the free energy of m repìicas of the originaÏ system.

They fi nd
,rn, =T JoZ /ke?

,2- V , 2
'o - /- uio tio

CI

The specific heat js calcuIated to be

cu = À(l - q2) - 4r2 aq
âÀ

where X = p/po

p= lrLJjj2) ,o?/lkBT)2
" lJ

and ps = density of occupation of spins

Edwards and Anderson themselves have pointed out that the above

equation does not fit experimental data because it imp]ies a cusp for
the specific heat at Trn, which is not experimentally ob,served.

For the suscepti bi I i ty, they fi nd

x=_q , T>Tsg
î

*="c -g(Tsg -T)z , T.Trg
'sg

whereC=Curieconstant

There is thus a cusp in the susceptibility vs. temperature curve, but

the cusp is not symmetrical about t = Tsg. ¡ varies as lfl for

t > Tsg and quadratical'ly for T < T5g, which is not in agreement with

experiment; the experimental cusp is frequently found to be

symmetrÍcal. The next model represents an improvement on the Edwar^ds

and Anderson model.
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2.4.5 Improved Mean Fiel d I,lodel

SherrÍngton and Kirkpatrick (1975) and Sherrington and

Southern (1975) have extended the model by Edwards and Anderson to
simulate more realistic systems. They cons.ider quantum spins with

exchange interactions distributed in a Gaussian fashion about a non-

zero mean J9.

The Hamiltonian is

,J{= -.\Á' ,,¡ð,. ð¡
i<j

with Ji¡ distributed according to a probabiljty distribution

P(J.¡.i) = I exp[-(Jii-Jo)2]- 
( 2"¡1 /2 J zJz

where J is the width of the distributíon.

Ji¡ also varies with the distance between spins, êg. in R.K.K.y.

i nteracti on

jij +
rJ

The interaction is carried up to z neighbours of each spin. The en-

semble-averaged free energy is again calculated by the method of rep-

licas as in the previous model. The order parameter is

q = <si>2

averaged over the J.,'¡ distribution, wh.ile the magnetization is

ffi=<SÍ

averaged over the same distrÍbution.

Because of the shifted Ji¡ distribution, the phase diagram of

the system under investigation becomes separated into paramagnetic,
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spjn glass and ferromagnetic reg'ions with different combinations of

q and m, namely

q + 0 =) magnetic orderÍng

q+0, m*0 =) ferromagneticordering

q + 0, m = 0 =) spi n O'lass behavi or

Fjg. 2.4.1 shows a schematic phase diagram in reduced units of temper-

ature and J¡, taken from sherrÍngton and Kirkpatrick (1975). In

reality the phase diagram would probabìy be nore complex.

In an extensÍon of this moder Sherrjngton and southern (I975)

gíve the spin gìass temperature Trn as

Tro = úLi ts(s + l)12 + s(s + ¡ 1l/2-RB- 
-2

and the Curie temperature Ts as

rc= + {r+[r - 3rz ,t''I
zJo2s (S+1 ¡

Since T. has to be real, they predict that ferromagnetism is possibìe

onìy i f
Jz . s(s + 1¡

zJ 2 ----T-
o

and Tc(minimum) = S(:+t) lÎloz
bkB

The susceptíbiìity gives a cusp in zero magnetic field and a rounded

maximum in appìied magnetic field as shown Ín Fig. 2.4.2.
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unfortunately, the specific heat also shows a cusp at T5g, and

even worse, the entropy becomes negative at T = 0, both being cont-

rary to reaì systems. Further improvements in the mean fíeld models

are needed.

Before discussing other theories on spin gìasses, it is fair to
mention other mean field models. The one by Adkjns and RivÍer (19741

precedes the Edwards and Anderson model whìle recentìy walker and

l,{alstedt (1980) have computer simulated the R.K.K.y. interaction in
spin gìasses. Their analysis of the nearly degenerate ground states

i s noteworthy.

2.4.6. Cluster Model

Smith (1974, 1975) suggests a different approach, the

cluster model, to describe the behavior of spìn glasses. smÍth

observes that the strength of the R.K.K.Y. interaction is actua'lly

quìte strong---if one takes the form

\")
Energy = L A

ij
.o, (zt<rr )

( 2krr )3

7.6 x ]04 "K

si .sj

then for Ag-Mn ,A=
TB

and for

Hence for the

the R.K.K.Y.

exci tati ons.

Cu-Mn , A = l05oK
-kB

usual experimental temperatures of less than 300"K,

interaction is able to link up spins in spite of thermal

ïo simplify the ana'lysis, he defínes a thermal cut-off
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ìength R. through the relation

AS = xkgT
(2k-R 13r c'

(2.4.?\

(,2.4 .3)

where x is an undetermined parameter of order unity. A cruster is
defined as a coilection of spins that are connected to one another
via a bond shorter than Rq and stronger than kgT. A.ll spins Ín a

cl uster, except "l oose spi ns " , are ri gi d]y al i gned col i near-[y i n one

another's ínternar fierds, and that different crusters are compara-

tively free to rotate agaínst each other. Because of the cosÍne

factor in the numerator of the R.K.K.y. interaction' some spins may

be coupled to the cruster through a bond shorter than R. but weaker

than kgT. These spins are called "loose spins', and are assuned to
be small in number^. This moder is simirar to the percoration moder

of Abrikosov. (Historica'rìy, Smith's moder precedes that of
Abrikosov by 6 years. )

From Eq- 2.4-2, as T decreases, Rc increases and the crusters
grow in size. The onset of percolation, when an infinite c.luster
first appears, defines the spin gìass temperature Tsg,

kBTso = cAS

where c is the concentration of spins

and Z is the valency of the host.

This equation gives

T5gcc
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To account for the cusp in the susceptibiìity, smith postulates

a relaxatjon time rna needed for a cluster of n spins and type

a to relax over a barríer of height aEno. The actual rnechanism of

relaxation is not known, but he takes a form

where

tÍ
ncr

be abl

peri od

cl uste

c'luste

r /-AE \
rno ' = fno exp/ , ng 

I

\ ksl/
fno is a parameter dependent on n and a.

s assurned to i ncrease w'ith n. Hence í nf

e to participate in any measurement made

such as A.C. susceptibility. Further,

r interactÍon, the susceptibi'lity become

r suscepti bi I i es Xncr

inite clusters will not

over a fÍnite time

if one 'ignores inter-

s a sL{m over Índividua'l

x(,¡) = | 
*no

na I +i r¡rna

This equatíon indicates that clusters with re'laxation time greater

than o-] do not contribute to the measured susceptibilÍty. The cusp

at Ttn thus reflects a progressive decrease in the nurnber of finite
c]usters in the sampìe as more and more spins are fnozen into the

infinite cluster. The result is a frequency dependent A.c. suscept-

ibiìíty.
Smíth has calculated the susceptibirity based on the Bethe

lattice model and found quaìitative agreement between theory and

experiment. However, he points out that a quantitat.ive comparíson

with experiment ís not advisable at this moment since the effects

of loose spins and inter-cluster interactions are not considered.
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Further, he argues that on]y quantities sensjtive to the formation

of 'large clusters can show anomaly at Trn. Hence the resistivity
does not peak at Trg because the freezing out of spin flip scattering

is a single spin effect.

2.4.7 Frustration Model

Toulouse (1977 ) has presented a totalìy new model on spin

gìasses, based on the local symmetry of the Hamiltonian
\-++= -|.Jijsi. S¡
1J

Take a twc-dimensional square lattice with Ising spins (S¡=tì),

nearest neighbour interaction, and lJi¡l = l.-Jjj - +l signifies
ferromagnetic coupling, J.ij = -l antiferromagnetic coupling, while

Jij = .l randomìy signifies spin glass behavior. Starting from a

ferromagnetic model Jij = +1, one can make a local transformation on

one particular spin ii
ii * -ði

Ji¡(j adjacent to i) * -Jjj
and the resultant Hamiltonían is unchanged. The above transformation

is sirnilar to the gauge transformation in electromagnetic theory.

ü(x) * gic(x) '{,, (x)

År*l *Å(*)+va
Thus, a considerable amount of apparent disorder can be realized by

f 'l í ppi ng the bond si gns around random'ly chosen si tes wí thout changi ng

the thermodynamical properties. This is not the real dÍsoi der found

J+
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i n spi n gl asses.

Serious disorder stems from frustration effect. consider 4

spins situated in the corners of a square lattice as shown r-n

Fig.2.4.3.
ttll-14

t-
+

I

I

+l
I2 | + l--¡-

Fig. 2.4.3 Frustrated spins

Spin 'l and Spin 2 interact ferromagnetically, J = +l, as indicated

by the "+" sign between them. simiarìy for z and 3, and 3 and 4.

However, spin 4 and spin I interact anti-ferromagneticall¡r, J = -1,
as indicated by the "-" sign between them. The energy of the

system is

ll Y++\^Y- = -+.Jij Si . S¡
rJ

++++++++- - S.¡ . SZ - SZ . 53 - 53 . 54 _(_S4 - Sl)

To achieve the ground state, lowest in energy, ð1 has to be para.lleì
+

to 52, because then

++
-S1 .52=-SISZ =-(l) (l) =-'l

simiiar'ly -íz . ð3 - -l

++
-S3'54 = -l

l,low the above 3 equations imply that ð1 is paral'le1 to ð2,
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ð2 is paraìtet

The end result

to 54, then

++
-(-s+ . Sl) =

is paraìleì

paral 1 eì to

to

is

53, and
+

that 51

to
+
54.

+
S3

is

54.

Now,

s+s I (l ) (l )

energy of the system becomes

-1-l-l+l = -1.

ís much higher than the lowest possib'le energy.

-l-l-l-l = -4"

*i+ c s1 =

The

&=
Thí s

l-=

To achieve the lowest energy in the term -(-sq. ðl), ð4 rras to be

anti-paraì'ìel to ð1. But thÍs wirl raise the energy in the term
++

- 51 . s2,... Therefore there ís conflicting information on the di-
+

rection of 54 if one counts clockwise, or anticlockwise, rrom ð1.

This situation is ca]ied frustration. One can measure the frus-
tration function

Þ = ä Ji;
(c) rJ

defjned on any closed path (c) aìong the bonds of the lattice. If
Õ = +1, there is no frustration; jf Õ = -1, there is.

The idea of frustration is very new, 1971, and as such is not

fuììy developed. Kirkpatrick (1977 ) has jnvestigated the ground

state i n a f rustrated 1 atti ce, and lrlarl and and Betts (l g7g) i nvesti -
gate the frustration effect on quantum spins. None of the above

analyses, however, have yielded expressions for the susceptibi'lity

or resistivÍty. Hence a detaiìed comparison of theory with experf_

ment is not possíble at this moment.

tf 31 is paraìteì
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CHAPTER I I i

EXPTRIMTNTAL MITHODS

3. I Introduction

The methods used in this investigation of magnetic orderÍng

in the Pd-Mn system were resistivity and A. c. susceptibility
measurements. In addítion, room temperature X-ray powder photo_

graphs were taken to determine the lattice structure of the samp'les.

3.2 Sample Preparation

The concentration of manganese in the aì'loys was from 0 to
10.45 at %, in approximate steps of 0.5 at %. The starting materials

were 99.999 % pure palladium (pd) sponge and 99.99 % pure manganese

(Mn) flake from Johnson Matthey chemicals Limited, London. The con-

stituents were melted on the water"-cooled copper hearth of an argon

arc furnace with a tungsten electrode. The atmosphere inside the fur-
nace was about 200 torr of argon gas, gettered by molten titanium. In

generaì each alloy was inverted and re-melted six times to ensure

homogenei ty, usual 'ly wi th negl i gi bl e mel t.i ng I osses.

Initially, a master a'lìoy of pd-10.45 at % Mn was prepared.

Then alloys of 0.5 at %, 1.0 at %, 'l .5 at %, etc., up to 10.0 at %

l''ln, were obtained by diluting parts of the master a1ìoy with the

appropriate amount of pa]'ladium. The Mn concentratíon in each aìloy
was estimated to t 0.1 at % of the nominal vaiue. (An 0.7s at %
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a'lIoy was made later by meìting together a pd-O.5 at % Mn and a

Pd-1.0 at % Mn alloy.) Following meìting, the alloys were cold

ro]'led into sheets about 0.006 cm thick, from which samples for
resístivity, A. c. susceptibírity and X-ray powder photographs were

cut. The resistivity sampìes had typical dimensions of

l0 x 0.2 x 0.006 cm.3

and mass of 0.06 gm, as the length was made much bigger than the
cross-sectional area in order to maximise the resistance. The A. c.
susceptíbility sampìes had typical dimensions of

I.2 x 0.3 x 0.006 cm.3

and mass from 0.0r gm to 0.r gffi, arthough a few had a bigger surface
area and were forded into hairpin shape with contacting surfaces in_

su]ated by a masking tape. The thickness of the sample (0.006 cm.)

ensured that the A. c. driving fÍe]d penetrated all of the sampìe.

The X-ray powder photograph sampìes were thin wires.

FollowÍng cutting, the samples were etched for I minute to
remove surface contaminants. The etching solution was:

PARTS BY VOLUME

I

a few drops

After etching, the samples were annealed for 24 hours at 650 c
under continuous pumping. Typical]y, pressures at the end of the
annealíng period were 4 x l0-6 mm. Hg. After annealing" they were

allowed to cool to room ternperature naturaìly, while still being

ACIDS

Conc. nitric acid

Hydroch'lori c aci d

l{ater

Hydrogen peroxide
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pumped.

The master alloy of pd-10.45 at % Mn was later analysed by

the crysta'l Growth Laboratory of the university of utah, where the
manganese concentration was found to be

(10.21 t 0.25) at %.

The amount of iron and cobalt impurities were less than 5 ppm., and

the amount of titanium impuríty was less than their detectÍon limit
of .l40 

ppm by wejght. Three different slices of the pd-10.45 at % Mn

sample were analysed and showed manganese concentrations within 0.06

at % of the mean value.

3.3 X-ray Diffraction Measurement

The resistivity p of a sample ís defined as

p=R/ A \
t-r-/

where R is the resistancê, A is the cross-sectional area and I is the
'length over which R Ís measured. It ís, however, difficult to measure

A directly to better than z % because of its smallness. Hence an

Índirect method (Ì,Jhall, et al lg7?\ was used, based on the equation

<A> =

where <A> is the average cross-sectiona'l area. Measurements on mass

and length were done quite satisfactori]y using the barance and the

travelìing microscope: Masses were accurate to t 0.0001 gm and
'lengths to t 0.001 cm. The density was calculated using the lattice
parameter obtaíned by X-ray powder diffraction photographs. As the
'lattice parameter was accurate to t 0.0001 A out of typicat.ly

mass
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3.8906 Â , the overall uncertainty of A, and hence the forn¡ factor
(A/l), was limited to r 0.s % --- an improvement over the direct
method. The fo]lowing is a brief discription of the X-ray measure-

ments.

The photographs were taken on a 11.46 cm. diameter Deb¡re_sch_

errer camera which employed the Straumanis asymmetrica'l 'Ìoading of
film. The camera had the special feature of automatic compensatÍon

for fílm shrinkage after exposure. The X-ray source was iron, and

no filter was used. Typicaì exposure time was lz hours, deve.loping

time l0 mínutes, and fixing time l5 minutes. The films were measured

to t 0.001 cm. wíth a picker traveììing micrometer. The analysis
of films followed the generaì procedure described in standand text-
books of X-ray ana'lysis (eg. Nuff jel d .l966 

).

Ffg.3.3.1 shows a typical powder photograph, in this case of
Pd-6.5 at % Mn. There are 32 lines ín the photograph, which can be

grouped into Ko and Kg lines under the known wave'lengths of
Ko and Kg emÍssíons from iron. The lattice is c'learly face-

centered cubic (fcc), and the lattice parameter estimated at
(3.8906 t 0.0001) Ã.

Fig. 3.3.2 ís a plot of the measured lattice parameter vs. man_

ganese concentration in these a]ìoys. All the alloys, and the pure

pal'ladium' were found to be fcc, and with no superlattice structure.
Further, the atomic radius of pd (1.37 A) and that of Mn (1.26 Â)

are too c'lose to form interstitial al'loys. Hence the formr¡la for the

density of fcc substitutional alloys can be used to calcu.TaËe the
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density from the measured

Density = + AZXz )

where A1 is the atomic we'ight of Pd, A2 is the atomic weight of Mn,

X1 is the atomic % of Pd, X2 is the atomic % of Mn, N¡ is the

Avogadro's number and a is the lattíce parameter. These densities

were then used in calculating the form factors in resistivity anaìysis.

3.4 Measurement of Electrical Resistivity

For the purpose of djscussion it is convenient to subdivide

the electrical resistivity system into 7 parts:

I . the sampl e bl ock to hol d the sampl es

2. a cryostat system to achieve cooling

3. a manostat to stabjlíze temperature below 4.2 K

4. a manometer system to measure temperature below 4.2 K

5. an A. c. bridge cìrcuit to stabiìize temperature above 4.2 K

6. a gas thermometer to measure temperature above 4.2 K

7. the potentiometric system used to measure D. c. res'istivity

3.4.1 Sampl e Bl ock

The sample block was machined out of oxygen-free high con-

ductivity (OFHC) copper in approximate'ly the dimension shown in

Fig. 3.4.'1. It could accommodate up to 6 samples, usualìy a pure

metal (host) and 5 a'lloys. This ensured that in ca'lculating the in-

I attjce parameter.

/ o \to,*,Ll
\ NAâ" /
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crementa'l resi sti vi ty

ap = p aì'loy - p host

one subtracted from p¿1loy a host resistance phost measured at

the same temperature. Each sample was mounted vertÍcaìly on a pair

of knife-edge supports situated near the ends of the block, about

I cm. apart. The supports were electricalìy insulated from the block

with strips of newsprint paper, and fastened in p'lace with generous

amount of General Electrjc Company (G.f.) ru0. 7031 varnish. llires

soldered to the side of each knífe-edge support provided the voìtage

tap-off connections. The sampìes were tighily cìamped onto the

knife-edge supports by bolts pressing onto a brass yoke, but insul-

ated from the yoke by my]ar strips. The impressions of the knjfe-
edges induced on each sample defjned the exact length across which

the resistance was measured. This distance was measured to t 0.001 cm

by a traveì'ling microscope after the samples were dismounted.

The sanple block also carried two heater coils and one Allen-

Bradley carbon res'istor, all of which formed part of the A. c. bridge

circuit used to stablize the temperature above 4.2 K. The resistor
was fitted into a hole in the middle of the samp'le block and was

coated with generous amount of G. E. varnish to ensure good thermal

contact. The sampìe block v¡as screwed into the lower end of the gas

thermorneter bulb, and both the block and the gas thermometer bulb

were sealed inside a brass inner vacuum can (IVc) with an indium 0-

ring. A small amount of He gas was trapped inside the IVC to ensure

thermal equilibrium among the samples and the gas thermometer bulb.
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The IVC itself was sealed inside a brass outer vacuum can (0vc) with

wood's meta'l . For temperatures from 'r .b K to 4.2 K, th Ovc was

fil'led with He gas, which served as a thermal link between Èhe IVc

and the ìíquid helium bath outside the OvC. Above 4.2 K the Ovc was

evacuated so that the samples could be heated to temperatures hígher

than that of 'l i qui d he'l 'i um.

3 .4.2 Cryostat System

The sample block, IVC and Ovc were suspended from the cryo-

stat top plate by 3 stainless steel tubes with external radíation

shields. One of these tubes acted as a guide for insertinE the

helium transfer tube when filling the helium bath. The second was

the pumping line for the Ovc and also housed a 0.032 inch 0., D.

stainless steel tube which connected the gas thermometer bu'lb to an

external pressure gauge. And the thírd tube'led to the IVC and car-

ried twenty-two electrical wires whose purpose is described ln sec-

tion 3.4.7. These wires came out of the cryostat top pìate through

a brass 'feed-through' sealed by siricone sea'l and stycast epoxy

cement. Fig. 3.4.2 shows the top plate assembly.

Temperatures below 4.2 K were achieved by pumping on the helium

bath surrounding the OVC with an Edwards High vacuum Ltd. speedivac

ES 330 rotary pump. A manostat placed in its pumping line controlled

the pressure of the bath. This pressure vras measured by a set of

mercury (Hg) and oil manometers, the reference sides of which were

pumped by a Speedjvac vapour diffusion pump backed by a speedivac ts
.l00 rotary pump. A seconcl diffusion pump backed by the same ES 100
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pump controlled the pressure inside the IVC and Ovc, r¡rhich was mon-

itored by a Pirani ll and a Penning 8 gauge. The pirani ll covened

the range atmosphere to l0-3 mm. Hg, whire the penninE g the range

l0-2 to l0-7 nnn. Hg. Fíg. 3.4.3 illustrates the flow diagram of

the cryostat system.

3. 4. 3 Manostat

Temperatures below 4.2 K were stabirÍzed by a manostat in

the He bath pumping 1Íne that controiled the vapour pr.essure of the

helium bath surrounding the Ovc. Fig. 3.4.4 illustrates the con-

structíon of the manostat. It consisted of an 0.01 inch thick latex

rubber membrane held between two perforated brass retairrring plates.

One of the p'lates had'177, l/16 inch dìameter holes evenly drilled
in ít, and led to a reservoir of gas, whire the other pìate was con-

nected to the ES 330 mechanical pump and the heliurn baûh through two

perforated ports. The reservoir could be connected to the helium

baih througlr a small valve. During pump down, this sntall valve was

open, so that the same pressure was maintained between the reservoir

and the helium bath. when a desired pressure in the reservoir was

reached, the small valve was closed. Further pumping of the helium

bath made the reservoir pressure higher than the hel.iurn bath pres-

sure, forcing out the rubber membrane to seal the port to the mech-

anical pump. Conversely, the membrane would fall bactr when the bath

pressure rose to the reservoir pressure through vapourization of the

liquid helium, so than any further vapour build-up wor¡ld be pumped

away by the mechanical pump. The bath pressure, and hence the bath
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79temperature, were thus stabilized.

3.4.4 Manometer System

Temperatures below 4.2 K were measured by monitoring the

vapour pressure of the liquid helium bath surrounding ttee OVC. This

vapour pressure was measured by 2 manometers; one containing mercury

and the other Apiezon B low vapour pressure oi1. Fig. 3.4.5 shows

the manometer system. The mercury manometer was used over the range

I cm. to 85 cm. Hg, and the oil from 0.25 cm. to 3 cm. i-lg, as its
densjty was about l/15 of that of mercury" When the bath pressure

was betvreen I and 3 cm. Hg, it was poss'ible to measure this pressure

on boih manometers and this provÍded the conversion fact,or for oil
readi ngs bel ow 'l cm. Hg. The hei ghts of the I Í qui d co'Ìunnns were

measured to t 0.001 cm. with a cathetometer manufactured by Griffin
and George Ltd. The measured pressures were corrected for thermal

expansion of the gìass in the manometers, and local gravity. Temp-

atures correspond'ing to these pressures were determined f,'rom pub-

lished helium vapour pressure tables. (Hhite, G.K., j96g, p. 367)

3.4,5 A. C. Bridge Circuit

Temperatures between 4.2 K and 300 K were obtaÍned using

an A. c. Phase-Sensitive tr.Iheatstone Brr'dge, the block diagram for
which ís shown in Fig. 3.4.6. One arm of the brìdge was connected

to the Allen-Bradley carbon resistor in the middle of the sample

block inside the crytostat. The resistance of this carbon sensor

varied from 100 ohm at room temperature, to 55000 ohm at the lowest

temperature achieved (1.45 K), as shown in Fig. 3.4.1. The remaining
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three arms of thjs bridge were located outside the cryostat, and con-

sisted of a variable resistor box and two 1000 ohm resistons.

The brjdge operates as follows: I,Jhen a temperature higher than

the boiìing point of, Sôy, liquid helium is desired, the variable

resÍstor box is set at a resistance R corresponding to the resistance

of the carbon resistor at the required higher temperature. R is

then smaller than the instantaneous resistance of the carbon re-

sistor (still at 4.2 K). As the resistor box and the carbon resístor

are part of the bridge circuit, thjs difference in resistar¡ce in-
duces a difference in voltage, and a current is fed to the heater.

Thís current is made proportionaì to the positive difference be-

tween the resistance of the carbon resistor and the set resistance

R, so that if the carbon resistor is equal to or rower than R, the

heater current is stopped.

l.lith l'iquid helium surrounding the Ovc, sample tempenatures be-

low about 25 K could be maintained wÍth the current obtained direct,'ly

from the bridge output. However above 25 K, a Heathkit IF-27 low

voìtage power suppìy was used to provÍde additional heater current.

A similar situation exjsted above about 85 K when'liquid nitrogen

was used as a coolent.

Two heaters were wound around the centrar region of the sample

block; one being actualìy used, the other as a spare. Each heater

consisted of 20 feet of 0.036 jnch diameter enamel'led cupron wire

with 500 ohm resistance, which remained roughly constant as cupron

has a very small temperature coefficient of resístance.
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3.4.6 Gas Thermometer

Temperatures above 4.? K were measured with a non-línear he-
'lium gas thermometer jllustrated in Fig. 3.4.8. The gas thermometer

bulb was machÍned from brass, and formed the top of the IVC sup-

porting the samp'le block. This bulb was connected to the pressure

sensíng capsule'inside a l^lallace and Tiernan (I,l & T) Model 6?^-4C_

0'120 pressure gauge located outside the cryostat. The connection

was provÍded by a contjnuous piece of stainless steel tubíng, wÍth

0.032 inch 0.D. and 0.004 inch wall.'For the sake of analys-Fs, it
was convenient to subdivide this tubing into two parts as shown Ín

Fig. 3.4.8: Lz G?8.7 jnch) was the rength of the tubing inside the

cryostat, whjle L1 (=109 inch) was that portion outsÍde, which re-

mained essentia]ly at room temperature. The nonlínearity of the gas

thermometer arose maín]y from two sources: the van der l,laaÏs-type

interatomic interactions of the helium gas, and the clead spaces in L1

and the pressure sensing capsule.

According to rnanufacturer's specifications, the volume v of the

capsuìe was assumed to vary l'inearìy with pressure p as

V(P)=V0+aP,

where Vg and a are parameters to be determined. As L1 and the cap-

sule were aìways at room temperature, it was convenÍent to consider

the volume of the capsu'le as aP, and add vg to the volume of 11, i.e.
V¡1= vo'lume of L1 + V0.

v¡2 was the volume of L2 only. vll and v¡2 were assumed to remain

constant throughout the experiments. The gas thermometer bu¿lb had a

volume vg(T) at the temperature T. Its value was measured to be



85

pre ssure
sensing
capsule

cryos tat

Fi9.3.4.8. Schematic of Gas Thermometer"

gas bul-b



86

'l.497 cu. inch at room temperature, and from the tabulated values of

the coefficient of linear expansion of brass (Whjte, G.K., l96g,

p. 377\, it was possible to ca]culate íts va]ue at any temperature.

The ana'lysis of the gas thermometer proceeds as follows:

Frorn Appendix A the ideal gas'law as applÌed to a container

with several interconnecting compartments was

X(PVi)=consranr (3.4.1 )i Ti-
where P is the pressure of the heìium gas, same for all compartments

vi js the volume of ith compartment and ri is the temperature of ith
compartrnent. Fol I ow'ing Keesom (1942, P . 30 and foi l owi ng), to correct

for the non-ideality of the helium gas, each pv term in the summa.tion

was expanded to first order in P, i.ê.,
PV=A+BP

where A and B are the fjrst and second virial coefficients respect-

i vely. Further,

A=A0T /273.15

with Ag = 0.999488 in amagat units for helium. The values of B as a

function of temperature were tabu'lated in the above reference.

Then,pv = A+Bp = A0T * Bp = A0 
Í+z73.l5Bp/Ao)273.15 273. 1 5

There'Fore,

pV=oo=constant
T- +-2rc:TfBP-f/\0 ZTTJT

Then Eq. 3.4.1 became,
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(3.4.2)

T + 273.1S B(T=T) p/AO

where T was the sample temperature

2. The cryostat tube term

PV T-+C (3.4.3)LZ ln ( n I
TR:-T

where c = ?73.15 B(T = 
T*TR) p/Ao
-2-

3. The room temperature compartment term

P (v + aP)
LI

ÏR-T-Z/3.T5-Bi-¡_=l-R1-p7Ã0

where Tp was the room temperature.

The cryostat tube term was calculated assuming a linear temp-

erature gradient from the bottom of the tube (at sample temperature

T), to the top of the tube (at room temperature Tp). And the virial
coefficient of the gas ín the tube was appox.imated by B at the

average temperature. see Appendix A for a detailed derivation.

To find the parameters vll and a, the gas thermometer was cali_
brated at the known temperatures and pressures of helium boiling

PV.
(l ) = constant

Ti+ 273.15 BiP/Ag

There were 3 terms in the summation of Eq. 3.4.2:

I . The gas bul b term

r
l-
i

P V, (T=T)
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point (4.213 K) and tripìe point of ice (273.16 K) with a fixed

amount of helium gas. Then Eq. 3.4.? became

P V.i)
i Ti + 273.ì5 Bi P/40 T = 4.213 K

ç PV.=L( l)
i Ti + 273.15 Bt P/AO T = ?73.ì6 K

Since P was gìven by the l^l & T pressure gauge, this equation

simplied to an equatíon of 2 unknowns

f(V¡'1 , a) - f(VLl , a)
T=4.2K T=273.16K (3.4.4)

Then some of the helium gas was removed from the thermometer, and

the calibration at the known temperatures was repeated. This gen-

erated another equation of the form of Eq. 3.4.4. Hence V¡.¡ and a

could be found by solv'ing the two simultaneous equations. The

resul t:

Vll = 1.0270 cu. inch

a = 1.0557 cu. jnch/atmosphere

Now Eq. 3.4.2 could be used to find an unknown temperature if a

fixed amount of helÍum gas had also been used to measure a known

P V.'t

Z(

temperature Te, i .ê. ,

Y P V./- ( r 
)

i Ti + ?73.15 Bi P/AO unknown temperature

Y
= ./, (

i

=(

Ti + ?73..l 5 Bi P/40
) known temperature



The R.H.S. of this equation could

value K, because the only unknown

of the equation onìy. I,lritten ín

P V, (T=T ) + PYtz
TR-TT + 273.15 B(T=T) p/AO

89

be evaluated to give a constant

variablê, T, occurred on the L.H.S.

full the equation became:

rn ( TR * c 
)

T+C

TR + 273.15 B(T=Tp) p/Ag

where c = 273.15 B(r= T]Tn¡ 
e/Ao

2

B (T=T )

T +CRlã

-T

T +C/
l-T--T-

R

The only

Then

(3.4.5 )

(3.4.6)

(3.4.7)

(3.4. B )

'Tr '-

P (V¡-t + aP)
=(

-Q

I-T-r-e
R

To solve this equatíon algebraical]y for T was quite difficult be-

cause of the non-linear temperature dependence of terms. Hence, a

successive approximation and iteration method was used.

Initia'lly, the following approximations were used in the gas

bulb term and the cryostat tube term in the L.H.s. of Eq. 3.4.5,
namely,

Vg(T=T) - Vg(T=Te)

rn (

'T'

Eq.

l=lI
TBIT;T;T

variable remaining in the

3.4.5 símpì i fied to:

æl

R

equation was renamed

K.
P-

v
L2
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T1 was the first approximation to the sample temperature, and roughly

corresponded to the ideal gas temperature. Next, correction was

made for the negiect of the'ln'function in Eq. 3.4.9 by sub-

stituting Tl into the L.H.s. of Eq. 3.4.5, whi'le keeping the

approximatíons Eq. 3.4.6 and Eq.3.4.7. The 'T'variable in the gas

bulb term was renamed 12. A better estjmate of the sampìe tempera

ture was thus obtaíned.

I - I + u* 
t I - I tn (to*t', )l-Tz -Tî VBTT;T-J -TR TR:Tî \ -#; / -

where Cl = 273.15 B(T= Tl * TR 
) p/A^

2"
Then the thermal contraction of the gas bu'lb and the neglect of

the virÍal coeffícient B were accounted for by substituting T2 into
ihe L.H.s. of the full Eq. 3.4.5, except for the one'T,variable in
the gas bulb term, which was renamed T3.

After some algebra, the third estimate of the sample ternperature

came forth

T3 = ur,t 
l=t=r] {l - l' t r - r rn(T**'!)r}-t

--llBTT;fgI ' Tî VB(T=T9) TR TRiZ t-Tz + c2

- 273.15 B(T=T2) p/A0

where cz = ?73.15 B(r= 
t, 

: 
to 

¡ e/Ao
2

The number K- defined as

+ PVtz rn(Tnlc¡)
P V, (T=T, )K, =

T3 + 273.15 B(T=T3) P/40 TR-T¡ T3 + C3
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P ( Vr.,+ aR )

where

TR * 273.15 B(T=Tp) e7n6

c3 = 273.15 B( T = T3 + TR 
I P/AO

2

then indicated how close T3 approached the rea'r sample temper^ature T

when it was compared with K. 0.001 could be added or subtracted

from T3 in succession to bring K'wjthin 1o-3 z of K. In the end,

the approximations used in deriving tq. 3.4.5 limited the overall

uncertainty of the gas thermometer temperature to t 0.5 %.

Figure 3.4.9 illustrates the response curve of Ëhe gas ther-
mometer with a known condition of To = 4.2" K, po = 4.2 inch of water,

and rp = 24.5" c. The deviatíon of thÍs curve from +.he y = x lÍne
high'lights the non-linearity of the gas thermometer.

3.4.7 The Potentiometric System used to i'leasure D.c. Resistivity

Fig. 3.4.10 íllustrates the standard four probe techn-ique

used to measure D. c. resístivìty. A known current r passing through

leads soldered to the ends of the sampìe produces a potentia'l diff-
erence across the sample. Part of this voltage is tapped off through

the knife-edge contacts. If this tapped voltage just balances a

known vo]tage v insíde the potentiometer, then the resistance R of

this part of the sampìe defind by the knife-edges can be found by

Ohm's Law:

ft =I
I

To average out thermal voltages originating from contacts being
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switched on and off, the current I is reversed and t.he voltage v

measured again. Then the average v and the average I wi'l'l be used

to calculate R for the particular temperature.

Fjg. 3.4..I1 shows the block diagram for the electronics used to

measure D. C. resistivity. The reference voltages for various parts

of the system were obtained from 6 standard cells enclosed in a

temperature control I ed Guì I dl i ne Model gl 52T6 standard cel I en-

closure. One of tlrese cells referenced a Guildline 97708 constant

current supp'ly to produce a current of l0 mA stable to z parts ín 106.

ThÍs current passed through a Tins'ley Type 4092 reversing switch, and

a Gu'ildline 9200 standard resístor set at 0..l ohm, before being fed

via the cryostat top plate to the 6 samples on the sarne block. volt-
ages tapped from the above standard resistor and the samples, were

selected by a Guildlíne Model gl45Al0 selector switch and fed to a

TÍnsley Type 3589R-Auto Diesselhorst potentiometer. Th.is potentio-

meter was referenced by another standard cell in the Guildline Stan-

dard cell enclosure, and powered by a Guildlfne Model 97Bl reference

voltage. The last two items were also wíred through the Tinsley re-
versing swÍtch so that the reversal of all relevant voltages could be

synchronized. The output from the potentiometer was fed to a Tinsley

Type 52.l4 photocell ga]vanometer amplifier and a Tinsjey Type MSz-4sE

galvanometer capable of measuring to t '10-8 volts. All electrical
connections outside the cryostat were made with low thermal solder.

Twenty-two no. 38 enamelled copper wires in a systoflex shield

were used for electrical connections from the samples inside the

cryostat to the Guildline selector switch outside. The twenty-two



95

6, standard ceIls in temperatur
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Galva¡om-

eter
Anrp 1i f ie r
and
Galvanom-
eter

Guildline 9145410Selector Switch

Fis. 3.4. It BIock Diagram of Electronics
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comprised l2 voltage 1eads, 2 current leads,3 carbon resistor leads,

2 heater and 3 spare leads. After reavjng the sample block, these

wires were wrapped three times around the gas thermometer bulb ín-

sìde the IVC, then passed out through the OVC, and were again wrapped

several times around a thermal anchor pìaced 4.5 Ínches above the

OVC, as shown in Fig. 3.4.12.

ThÍs therma'l anchor was a piece of solÍd copper rod pushed into
the stainless steel tube for housing the copper wires (See section

3-4.?). tne exposed end of the rod was cut obìiqueìy to increase

surface contact with the helÍum bath while the enclosed end was

trimmed to a smaller dìameter to fit the stajnless steel tube. cig-
arette paper and G. E. varnish were used to ensure good thermal con-

tact between the anchor and the wires wrapped around.it. Such tech-

niques ensured that heat originating from the top of the cryostat

at room temperature would be dissipated ín the helium bath rather

than reaching the samples. Fig. 3.4.13 shows the relationship among

the sample block, gâs thermometer bu1b, IVC, Ovc, and therma'!

anchor.

3 . 5 Measurement of A. C. Suscepti bi I i ty

The A. c. Suscept'ibility system is simpler to describe than

the D. c" resistivity system, since it consisted of 2 essential

parts only:

'l . the cryostat system

?. the phase-locked magnetometer
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3.5. I Cryostat System

The A. c . suscepti bì'l 'i ty system was desi gned to conti n-

uous'ly measure this property over a wide range of temperat.ure. Thus

the cryostat system u/as not required to hold the sample at, a fixed
temperature. The system was cooled below 4.2 K by pumpinE on a

helium bath surrounding the sample, whi'le temperatures above 4.? K

were achieved by allowing the systern to warm up naturaì]y. A nich_

rome heater wound non-inductiveìy around the copper b'lock on the

sample rod could accelerate the warm up rate if desired. Typica]ìy,

this rate was 3 K/hour for temperatures below 4.? K and 6 K/hour

above 4.2 K. To avoid hysteresì s ef fects, the sampl e was a'lways

cooled down in zero magnetic fjeld, and measured on warmirìg up.

(Even the earth's magnetic field was balanced out. ) The sample \,ras

suspended 'lengthwise inside a bundle of fine coppen wÍres anchored

to the bottom of the copper block. The wires provided reasonable

therma'l contact among the sample and two thermometers buried in the

bundle close to the sample: a germanium (Ge) resistor and a Au-O.3

at % Fe vs. chromel P thermocouple. These thermometers were not

magnetic, and contributed only to the background sígnaì due to the

extra'leads and copper casíng on the Ge resistor. see FiE. 3.s.1.

From 4.2 K to .I00 K, the Ge resístor was calibrated by cryocat,

Inc. of Florida, and from 1.4 K to 4.2 K, in our laboratory against

helium vapour pressure. Experience showed that the Ge resistor was

not affected by magnetic or thermal cycìing. The drift in resistance

at the boiling point of'liquid helium (4.2 K) was less than I % over

a perÍod of 3 years. 0n1y the Ge resistor was used Ín these
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experiments.

3.5.2 Phase-Locked Magnetometer

A. c. suscepiibility as a function of temperature was mea-

sured by a phase-locked magnetometer designed by I. Maartense (1970).

Fig. 3.5.2 shows the block diagram of the magnetometer. The first
LC circuit consisted of a sensing coi'l L.¡ ins.ide the cryostat con-

nected in series wjth a capacÍtor c.¡ outside. This círcuÍt. was

allowed to resonate at its natural frequency

ûrl = (Ll C,)-1 /Z

This frequency was used by an oscillator to drive a second sirnilar

LC circuit whose natural frequency was

uZ = [ZCZ)-1/Z

These two frequencies were compared in a phase detector which was

sensitive to signa'l phase, but not amplitude. If ol= ûr2, then

the output from the phase detector would be zero. if a samp'le wíth

a permeability was inserted into the coil of the 2nd LC circuit, the

effective value of L2 wouìd be changed, and the two frequencies would

be djfferent. The phase detector would then generate a voltage to

correct the frequency of the 2nd LC circuit by means of a voltage con-

trolled reactance. This voltage vras proportional to the A. c. sus-

ceptibilÍty of the sample, and could be recorded on the y-Ínput of

an X-Y recorder. The X-Ínput was the vo]tage from the Ge resistor

thermometer.

Each sensing coil in the two circujts consisted of 4000 turns

of 35 gauge enamelled copper wire wound on a nyìon coiì former.

Theír jnductances were measured to be 205 mh and ZOZ mh respectively.
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Fig.3.5.2 Block Diagram of phase Locked Magnetometer.
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A coaxial field coil of 3500 turns of zz gauge enamelled copper wire
provided the external magnetic field up to 800 0e. All 3 coils were

immersed in liquid nitrogen to minimize temperature difference be-

tween the sensing coils and to coor the field coil. At high

currents, however, ioule heating of the field coil caused so much

bubbling of the liquìd nitrogen that small drifts in the Èemperature

and/or position of the sensing coils were inevitable. To correct
for this background dri'Ft, the sampìe was periodicalìy raÍsed out of
the sensing coils to indicate the true'zero'of the magnetorneter

output.

3.5.3 Calibration

ïhe measured volume susceptibility Âx wôs related to the

i nductance ¡L of the sensi ng coi 1 through the equati on (lulaartense

reTo)

AX=ÀL-4ntn

where ¡L was the change in L, and ¡ wâS the filling factor of the

sampìe in the coil. To use thjs equation dÍrecily required accu-

rate measurement of the sampìe vo'lume, which was deemed too difficul
to do. Hence the magnetometer was calibrated wíth Gd203 powder at
77 K.

Gd203 Ís a paramagnet at 77 K, and its susceptibility can be

described by the Curie law satisfactoriìy.

22
= NguB J(J+l)

-3TB-T-
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where x is the susceptibility per unit volume, N is the number of
magnetic atoms per unjt volume, g is the g-factor, ug is the Bohr

magneton, J is the sp'in of magnetic atom, kg is the Boltzmann's cons_

tant, T is the temperature and g = ? and J = 3.s for Gd ions in Gd203.

The Gd203 powder was encrosed in a smalì glass tube whose size
was chosen to approximate the average sample sjze. The positÍon of
the tube inside the sensing coil was adjusted to give the maximum

signa'l frorn the magnetometer. It was found that 1 mV of magnetometer

signaì corresponded to a susceptibility of g.sB x 10-7 emu/Oe. It
fol I ows that

susceptibility
per unit mass

= signa'l x 8.58 x 10 ( emu/gm/0e )mass of-lãmil e

and

-7

susceptÍ bi'l i ty
per unit volume

x density (emu/c.c. /0e)
mass

However, the spread in fí1'ring factors among samples, and changes in
demagnetis'ing field'if the sample shapes varied, placed a possible

error of t 10% on the absolute value of the measured susceptibility.
when changes ín susceptibilíty of the same sample are concerned, the

data are much more accurate. Neverthless, the resolution of the mag-

netometer itsel f, -]0-8emu/0e, p'laced a lower I imit on the detectabìe

signa'l , so that for alloys with more than 9.0 at % Ì4n, their weak

susceptibilities are less accurately measured.

In addition, for every a'l1oy one made a background run

netometer with no samp'le to determine the background signaì.

background signa'l has already been subtracted in the data in

iv.

of the mag-

Thi s

Chapter

x 8.58 x 10
of samþTe
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3.5.4 corrections for Demagnetizing Factor and Internal Magnetic

Fiel d

t,{ith the magnetometer used in this project, the output is
the measured susceptibÍl ity X , defined as

\n.ut

meas

-dM
ì-H-

cl

where M is the magnetization of samp'ìe and Hu is the appìied

magnetic field. The data one looks for are the real susceptbilÍty x

measured with respect to the internal magnetic fie]d Hi

Y= dM

TH-i

Hi and Hu are related by the scalar equation

Hi=Ha-NM (3.5.1)

(3.5.2)

assumíng an e'llipticaì form for the samples. N is the demagnetizÍng

factor.

Now Hi=Ha-NM

aH-. aHTherefore I = -'â _N
AM AM

I = I -N
XX

meas

, = Xmeas
(3.5.3)I -Nx

meas

since the samples investigated have pos'itive susceptibi'lities, the

above equation impìies that

1 >1
XX
meas



It follows that provided
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be ìgnored in comparison v¿ith N
I can

x(maxi 
)

*ruu, (maxi )

of{

This gives a better estimate of N than the formula of 0sborn {1945)

since the samp'les are not real ellipsoids.

Substi tutí ng thi s resul ts i nto Eq. 3. 5.2 one gets

XÈ meas

Xr"a 
s

(3.5.s)
Y'meas (maximum)

Because of the approximation used in Eq. 3.5.4, Eq. 3.s.5 wilì
when x-^^^ - x*^_^ ¿_-.._.\ Fortunate'ly, with the ferromagneticmeas meas(maxi )

a'lloys even the earth's fÍeld, - 0.65 0e, reduces *r.urto nult

*r.ur(maxj ). Hence Eq. 3.5.5 'is acceptable for correcting the

for demagnetising factor.

To correct for the jnternal fie'ld Hi for the ferromagnetic pd-gn

ailoys, one notes that after correcting for demagnetising factor, the

height of the critical peak xr, under an applied field Hu, follows the

empí ri ca'l formu'la

Xm = AHa-[ (3.5.6)

where A and n are constants such that

A>0, l>n>0
For examples see Fíg. 4.2.7 and other diagrams in the Appendices.

(3.5.4)

fai I

Pd-['1n

of

data
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Hence from Eq. 3-5.2,

AH"-n - dM (l + NAHa-n)* 
dHã

I dHu

Hun * NA

A power series expansion for the integrand

(Hun + NA)-l = Z (NA)i-l Hu-in (-l )i+l
j =l

converges absolutely whenever t* . #, 
usíng the ratr'o test of

series (Sokolnikoff and Redheffer 1966, p. 19). This condÍtion is

always satisfied because the critical peak heights are never more

than ?0% of 1/N.

InterchangÍng the order of summation and integration, one gets

iq=A/Ha

Hþl= a
l-

N'i x-i (-r ) 
i *l

--T-r-il

) .'rJ
Hi=Ha{r 4 *t**i (-l j"= } t3.s.7)

I =l --l--r-Í n '

Ë
i =l

Hence

This is the equat'ion used to extract Hi from Hu. trn practìce,

the difference between Hi and Hu íncreased from - 0.2 0e at low

applied fields to - 4 0e at hjgh fields. The procedure is on'ly

approx'imate because of the assumption of an elìipsoid for each

sample and of the temperature dependence of Eq. 3.5.6. This depen-

dence is given by Eq. 2.2.16, but is ignored in the above analysis.

For Pd-Mn a]ìoys with tln >5.0 at %, the internal fieÏd is not cal -
culated because there is no critjcal peak.
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3.5.5 Frequency Dependence of 0utput

The magnetometer was operated at an A. c. driving field of
0.46 0e rms. and a frequency of 2400 Hz. for all the measurements.

The frequency dependence of the susceptibiìity signa'l was checked

on +"he calibration sample and the pd-1.0 at % lrln sampÌe. þ{hen the

frequency was changed from z40o Hz. to 71 4 Hz., at the same driving
field and at the same temperature of 77 K, the signa'l for Gd203 de-

creased by 6.6 %. As the susceptibi'lity of Gd203 had no frequency

dependence at 77 K, this decrease had to be instrumental in origin.
when the same frequency change was app'lÍed to pd-1.0 at % Mn, at a

ternperature when Pd-].0 at % Mn was ferromagnetic, the signal de-

creased by 6.0 %. Hence the susceptibility signaì of pd-Mn aììoys

could not be significantly changed by changing the frequency from

2400 Hz to 7l 4 Hz. The magnetometer was set at 2400 Hz because the

higher frequency provided better signa'l to noise ratio.
In surveying the literature, it ís found that substantial

f requency dependence of susceptì bi'l i ty of other aì ì oys usua'lly

occurs at the MHz level. Further, as found by smit et a'l (1979),

the frequency dependence of Pd-l'ln alloys in thís concentration range
'is negìigibìe. Hence one can safely state that the A. c. suscepti-

biìity data presented here approximate the static susceptíbility

theory of this thesis withín an error of t rc% if absolute values

are concerned, while the error becomes smaìler, probabìy t 0.1% if
changes in susceptibility of the same sample is concerned. For alloys

with more than 9.0 at % Mn, the data are not so accurate though.
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CHAPTER IV

DATA ANALYSIS

4.1 From 0.5 at % to ?.5 at % Mn

4.1.1 Low field susceptìbi'lity data

There is general agreement that pd-r4n alìoys in this range are

ferromagnetic. 0ne evìdence for the ferromagnetism is the suscepti-

bility data, shown in Fí9" 4.1.1 for pd-2.5 at % t{n. Note that the

number beside each curve indicates the net applied magnetic field,
measured in 0e. In zero D.c. bjasr'ng field, as the temperature de-

creases, the measured susceptibility increases rapidly in the vfcin-
ity of T., peaking at a valu. rr.ur(maxi,close to N-1, N being the

demagnetising factor. At lower temperature, the susceptÍbility de-

creases with decreasing temperature, jndicating the presence of an-

ísotropy effects. The effect of an applied field ìs quite striking,
as a result of the sampìe's small N(-0.05) and low saturation moment

(Star et al 1975). The earth's fjeld (the vertical component of

whích is 0.65 0e in this laboratory) ìs sufficient to round off the

maín peak to a broad peak with about half its original height. A

slight'ly stronger field, 9.3 0e, pushes the main peak below the low

temperature'ìimit of 1.45"K of the rnagnetometer, while bringing out

a smal'l peak at a temperature close to the inflexion point of the

original zero field curve. ThÍs small peak, only 3% of yv ^meas(maxi )'
is called a critical peak because its position T* and height x* are

related to the critical indices of the ferromagnet to paramagnet

transitíon as discussed in Sectíon 2.2.4.
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Ili
If the samp'le ís rotated so that its long axis is perpendi-

cular to the drivjng field, the changes in susceptibility is less

dramatic, due to the íncrease in N (*0.3). Fig. 4.1.2. depicts the

case for a Pd-2.5 at % Mn sample measured in this manner. The 0.0

0e and 0.65 0e curves actually coincide within experimenta'i error,

while an applied field of l4 0e brings out a critical peak which is
i0% of ¡,--, t .:,for this orientation. The critical index y obtained

meas (maxi )

from the x(T,O) curve in Fig. 4.1.2 ís 1.33 whíle ít changes to 1.36

if taken from the X(T,0) curve in FÍg. 4.1.1. Fig. 4.1.2 is the only

case when the long axis of the sample is perpendicular to the driving

fjeld; all others are measured in the para]lel orientation.

As pointed out in Section 3.5.4, X , ..approaches l,l-l .
meas ( max'ì )

Hence a measure of the relative saturation moment of Mn in each

a1ìoy is the ratio X*.ur(maxi,/ru-t, p'lotted ín Fig. 4.1.3 for

Mn < 5.0 at %. Here N-l is calculated following 0sborn (1q45).

The maximum value, B0%, occurs at Pd-2.0 at % rín, and rjecreases al-
most exponenti aì ly {'or a1 

'l oys above and bel ow thi s concentrati on ,

reaching only 4% for Pd-5.0 at % Mn. That this maximum does not

reach 100% indicates the difficulty in approximating the sample shape

by an el ì 'i psoì d, and al so the I i mi tatí on of Eq . 3. 5. 4.

4.1 .2 Medi um to h i gh fi el d suscepti bi 1 í ty data

l.lith íncrease in magnetic field, the main peak is further re-

duced, while the critÍcal peak becomes more prominent with respect

to the background. The critical peak height x*, howeven, decreases
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ll4
with field, and the peak position T6 moves up in temperature, as

shown in Fig. 4-1.4 and 4..ì.5. Note that ** ulways stays wíthin the

envelope of the original zero field curve. Above - 150 0e appiied

field, even the criticar peak begins to broaden, so that although

x_remains well defined, T* does not. As discussed in Section 2.2.4
m

above, Tr foìlows Eq. z.?.r6 within the sca'ling law hypothesis.

This is borne out in Fig. 4.1.6, where typicaì values of y and g

are used in Eq . ?.2.16:

y=1.35, g=0.45, (v+g)-l= 0.556

The relativeìy big error bars in Trn at high Hi points to the djffi_
culty Ín estimating the position of the maximum of a broad peak. The

curve is a straight ìine intercepting the y-axis at Tq. This value

of T. ís acceptable since from Eq. 2.2,16 T,n(Hi = 0) is independent

of 1 + g, although for some al'loys an adjustment of a few hundreths

of a degree Kelvin is needed to give a satisfactory y-plot. The

Pd-z.5 at % Mn samp'le, however, requires a somewhat ìarger shíft.
An interesting po'int v¡hich was not anticipated is that the

height of the crjtjcal p.uk *,n, after correcting for denragnetisÍng

factor, fol I ols a pov/er 'ìavr of H¿, simi I ar to Hi , namely

x, (T*,Hu) = ot;n

withA>0,1>n>0.
Fi gure 4.1 .7 presents the typi ca] case. Hence a I n-l n pl ot of

x_ vs. Ha gives a straight line with a slope of -n. This n is thenm

used to extract l1i for Hu as ouilined in sectÍon 3.5.4 above. with

Hi one can proceed to extract the critícal index ô usÍng ìn-1n plots
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Fig. 4.1'.7 Susceptibility vs. H" for pð,-2.5 at eo Mn.
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of x vs. Hi (See
m

oblained ís free

smooth'ly from 4.0

With T. and

Eq. 2.2.15 as

1?0

Fig. 4.1.8). As mentioned before, the value of ô

from any error in Ta. The value of ô decreases

for Pd-0.5 at % Mn to 3.3 for pd-?-S at % Mn. With

ô found, one m'ight attempt to obtain ß by recasting

I
-ßT

e-Hmi

sinceßô=y+ß.

Then Ídeaily, an ln-ln pìot of e¡n vs. H.¡ will generalte a straight
line with s'lope (eo)-1. The difficulties in this app,noach are that
at ìow Hi, such a plot is very sensitive to uncertain¡ties Ín T. since

T'n - Tc is sma]l, and that at high Hr, Tm itself is not well defined

as the critjcal peaks broadened. Hence the B,s are not estimated.

4.1.3 y P'lots

Another critical index that can be extracted from the suscepti-

bility data is y. From the definition of y

x(T,0) -e-Y ,T>Tc
T-Twhere Ê = c

Tc

Hence a ln-ln plot of the susceptibility data, after correcting for
demagnetising factor, vs e gives a straight line with a slope of

-"t" See Fig. 4'1.9. Such a plot suffers from the inF¡erent errors of
uncertainties in (T - Tc) and in the resolution of the magnetometen

used since the susceptibility data used are recorded in one sweep of
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the magnetometer at zero magnetic field. By comparison, each o-pìot
contains x-(T,n,Hi) data taken from djfferent sweeps of Hi, each taken

m

with an optimum scale. Hence the y-pìot is not as good a straight
line as the 6-pìot. The.¡'s obtained vary from 1.30 to 1.37,

enconpassing the value of 1.33 usualìy quoted for 3-D Heisenberg

magnets.

These y-pìots can be used to estimate the effective maEnetic

moment of the Mn atom, as outlined by Maartense and vríilliarns (lg7S):

In the mean-field approximation (MFA)

* = 
* uarr2

3ks(T - Tc)

where N is the number of magnetic atoms per unit vo]ume, and

u ^^is the effective magnetic moment.eff

can be

e ueff

0.5 at %

are

nd Thom-

Sincey=l inMFA;

*=Y,lr' --(r-r.\-r = \rr' (T-Tc\Y
3ke(T-Tc) \ rc ) \ ,r)
tT - T \-Y

= Al c \
\T^ /\u/

Nuwhere4='''eff
¡r.s Tç

Eq. 4.1.1 is equivalent to the equation defining .¡. Hence A

found from the .¡-plots and rr.¡¡ estimated via Eq . 4.1 .?. Th

values decreases systematical]y from 12.3 ug/Mn atorn for pd-

Mn to 7.5 ¡Lg/l4n atom for Pd-2.5 at % Mn. while most of them

higher than the t.5 uB/Mn atom quoted by star et al (]925) a

(4.t.l )

(4.1.2. )
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son and rhompson (1979), due to the approximations of MFA, the de_

crease in effective magnetic moment with increasing Mn concentration

is unmistakable. This can be taken as one piece of evidence sup_

porting increase Ín direct Mn-Mn anti-ferromagnetic coup'ling with ín-
crease i n itln concentrati on.

Further support can be found in the systematic increase in width
of the critical peaks with íncrease in l4n concentration. Under an

applied field of, Sôy 9.4 0e, the spread in temperature of the crit_
ical peak heights measured at 7s% of peak value, increased from 0.21

degrees K for the pd-0.5 at % Mn al'loy to 0.4ì degree K for the

Pd-3.0 at % Mn al]oy. For the 3.b at %, 4.0 at % and 4.5 at % a1_

1oys, the critical peaks are not yet separated from the main peaks

at 75% peak height. Aìloys with Mn concentration larger than or equaì

to 5 at % do not show critjcar peaks, but the same trend can be found

for the main peak height at zero fie]d, measured at 7s% of

x_^_^r-_..:r. Fig. 4.1..l0 presents the above data.meas t max't )

4.1 .4 Resi sti vi ty Data

The ferromagnet to paramagnet transition is also ref'rected Ín

the resistivity data. The most prominent featue is the sudden de-

crease in slope, the "knee", in the incremental resÍstivity curve near

Tc, as shown in FÍg. 4.l.ll. t.lithin experimental error the position
of thÍs knee coincides with rc from the susceptibitity data. As dis-
cussed in Section 2.3.2, Long and rurner explain this knee as re_

sulting from the intersection of two straight line sections of the

curve, at Tç. The one above Tç is predicted to be flat, i.e. the
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coefficient of r is zero, whire the one below Tç varies as (Tc_T).

Experimentalìy, one observes an increasing temperature dependence of
¡p(T) for the supposedry fìat region above T6. OnÏy the pd-0.5 at

% Mn alloy is flat from T. to -iO'K, after which phonon contribution
begins to domÍnate the resistivity. For al.loys with higher Mn con-

centration, this linear region keeps getting steeper. The effect Ís
seen cl earìy by pl otti ng

^p(10"K) 
- ¡p(Tc)

^p(Tc) 
- ¡p(o)

as a function of Mn concentration as done in Fig. 4.'1.12. The value
for Pd-4.5 at % is 1.92, too big to be Íncluded ín the diagram.

QualÍtatively, the íncreasing antiferromagnetic Mn-Mn coup.ling has

the result of smearing out the internal field distribution p(H), so

that there are more spins coupìed with higher than average energy.

The alloy is hence less homogeneous, and the temperature clependence

in ap(T) just above Ts goes up, as observed experimentalry-

Long and rurner's moclel further predicts that at low temper_

ature, the incremental resistivity for each alloy varies as Eq. 2.3.4

¡p(T) =Ac1 B
3/2

T T*o
c1 /2

Hence a plot of rp(l) vs T3/2 shourd yierd a straight rine, at reast
in the ìow temperature I imjt. see Fig. 4.1.13 for examples. The

coefficients of the T3l2 terms for ail the ferromagnetic aìroys can

then be plotted vs. c-1/2, as done in Fig.4.l.l4, a'lthough the smail

T. of the Pd-0.5 at % Mn has prevented its f/2 regÍon fron being ob-

served in thÍs project. I,lithin 7% error, the T3/2 coefficients for
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alìoys with less than 4.5 at % Mn follow a straight'line with a slope

of B equal to 0.017uCI cmK-3/2 (at %¡1/2. Incidentalìy, some of the

spin glass alloys aìso show aI3/2 limitíng form jn their incremental

resistivities, but for a different reason than treated in Long and

Turner's model. Hence these coeffÍcients do not scale with c-ll2^
as shown in the above diagram.

By extrapolating the t3/2 region to T=0, one can get the resid-
ual resistivity ¡p(T=O) of each al1oy" The parameter A in Eq.2.3.4
is then found to be 1.62uCI cn/at % by p'lotting Âp(T=0) vs. c.
Fig. 4.1.15 shows the data for all alloys investigated. It is re-
markable that for all alloys except the 10.45 at % Mn the residual

resistivities follow to within 4% a straight ìr'ne passing through the

origin, although strictly speaking, the model appìies to ferromag-

neti c al I oys on'ly.

The residual resistivities can also be used to estimate the de_

viation from periodic potential due to Mn jons, using yosida,s

formul a

Àp(T=g) = 5.78 cyZ

The value of V increases smoothly from 0.47eV

0.52 eV f or 2.5 at % ltln. The corresponding V

0.52 eV and increases to 0.54 eV for 4.5 at %

cability of the model to alloys w.ith l,1n > Z.s

above values of V compare favourabìy with the

(2.3..| )

for Pd-0.5 at % Mn to

for 3.0 at % Mn is

Mñ, al though the app'l i -

at % is doubtful. The

resul ts of lrli'll i ams

and Loram (1969 b).

Yosida's model further furnishes estimate of the exchange inte-
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gral J between Pd conduction electrons, and Mn íons.

¡p(Tc) - ¡p(T=O) = s.7B c lJl2 s(l + 4 s)

132

(2.3.3)
Using S = å for Mn ions, one can extract extimates of l,Jl from the

incremental resístivity data. l¿l varies from 0.020 eV for 0.5 at %

l4n to a maximum of 0.03s ev at 2.0 at % F1n, then decreases to 0.029 ev

at 2.5 at % Mn. similar to the v estimates above, app'lying Eq. 2.3.3
to alìoys with l4n > Z.S at % yields a lJl decreasing monotonica.lìy

from 0.028 eV at 3.0 at % lrtn to 0.013 ev at 4.5 at % Mn. These

numbers sliow more variation than those given by i^lilliams and Loram

(1969 b), but are of the same order of magnitude. Because the

ordering is ferromagnetic, J is actuaì'ly positive.

4. I .5 Summary of Resul ts

The following tables summaries the parameters deduced f'rom the
A.c. susceptibiì ity and the D.c. resistivity data for al ìoys with
Mn < 2.5 at 'Á.

Table 4.1.1. Parameters deduced from A.c. suscept.ibiìity data.

Aìloy
at % l'ln)

c

(K) ucff
(ug per t'1n )

0.5

0. 75

1.0

1.5

2,0

2.5

1.65t0.01

2 . 5910. 0l

3. 3710. 0j

4. 6510. 0l

5. 46r0. 0l

6. 00r0. 0l

4. 010. 1 5

4. 0r0. 1 5

3.7l0.15

3.6t0.15

3.4r0. I 5

3. 310. I 5

I .37

1 .32

I .34

1 .30

I .34

I .36

1?.3

10.2

9.6

9.0

8.3

7.5
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resi stivity data"Table 4.1 .?. Sumrnary of parameters taken from the

re
Alloy

(at % Mn)
^p(0)

[ua cm)

Tc

(K)

of the
I inear term
(uo cm ç-ì ¡

Coeffi ci ent-
of the T3l2 term
(ua cm K-3/2

0.5

0. 75

1.0

1.5

?.0

2.5

0. 650t

I .037

1.427

2.27 6

2.987

3. 905

0. 039

0.037

0. 034

0.032

0.032

0" 031

0. 0l 85

0. 0t 59

0.01 49

0.01 3l

0.01ì2

I .70!0. I 0

2.60t0.10

3. 3010.05

4. 5510. 05

5. 4010.05

5. 8510. 05

ttstimated, as no T3/2 term was observed from vrhich an

could be made.

Tabl e 4 .1 .? (con 't )

extrapol ati on

A'll oy
(at % f'1n)

V
(eV )

lJl
(eV )

0.5

0.75

1.0

1.5

?.0

2.5

0.47

0. 49

0. 50

0.51

0.51

0. 52

0. 020

0.021

0. 023

0.027

0. 035

0. 029
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4.2 From 3.0 at % Mn to 5.0 at % Mn

4.2.1 Suscepti b'i I i ty Data

As pointed out above, alìoys in thjs Mn concentration range have

stronger direct d-d antiferromagnetic coupling, due to their higher

Mn concentration. The consequence is clearly seen in the suscepti-

bility data presented in Fig. 4.2.1 to 4.2.5. l,lhile the 3.0 at %

aì1oy resembles the ferromagnetic alloys in most respects, the dís-

crepency increases with increasing Mn concentration until at 5.0 %,

the susceptibility curve does not yíeld a crjtical peak at all. The

decrease in x_^^^r_^_rr/N-l has already been presented in Fig.4.l.3
meas tmaxl )

above. Here, anisotropy effects ôre more prominent.

The expressÍon l d¡
a-îtruu, (max )

evaluated below the main peak ternperature climbs from a va]ue of

0.2 al 3.0 at % Mn to about 0.7 at 5 at % Mn. Further, whereas

with the ferromagnetic Pd-l'ln alloys, the main peak is pushed to below

1.45'K by a smal'l magnetic field, now jt moves down in temperature so

slowly that for the 4.0 at % I'tn and the 4.5 at % Mn samples, the

main peak and the critical peak are both visible (>1.45K) and com_

parab'le Ín height under an app'ljed field of -10 0e. Fig. 4.2.6

traces the change in posítjon of the two peaks for pd-4.5 at %t4n.

It can be seen that the main peak moves down in temperatune with in-
crease in magnetic field whjle the critÍcal peak moves up.

The effect of applìed magnetic field on the susceptibiìity of

the present alloys is also smaller compared to the ferromagnetic

aì1oys, although their demagnetising factors are comparable. l^lhereas
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for the 3.0 at % Mn sample, the earth's field is still strong enough

to roughìy halve the main peak, its effect decreases progressively to
a reduction of only 3% for the 5.0 at % aì10y. As before, one can

test the applicability of the scaling ìaw hypothesis on these alioys,
by extracting the parameters Ts*, 6* and y* from the suspectibiìity
data. The asterisk on these parameters is to djstinguish them from

those of true ferromagnetic ordering. Fig. 4.2.7 shows the pìot T**

vs. H-0'556 for Pd-3.5 at %Mn. The srope of the straight line fit
is considerabìy higher than that of simÍlar p'lots for the feryomagnetic

al1oys. Ì'{oreover, the T.* obtained is close to zero field inflexion
point only for the 3.0 at % alloy. As Mn concentration increases,

T.* faìls progressively below the inflexion poÌnt, wh.ile remaining

above the main peak temperature. What is worse, the Tc*,s obtained

do not give a weli-defined straight line in the "¡-p1ots.

The critical index ö* can also be obtained as before. However"

one immediate difficulty is the scatter in the x, vs. Hu plots,

shown in Fí9. 4.2.8 for Pd-3.5 at % lrln. In add-ition, the resultant

ô*-plot yields a reasonable straight ìíne onìy for pd-3.0 at % lvln,

as shown in Fig. 4.2.9, from which ô* is estjmated to be 3.4 for: the

vrhole range of Hi's. For the 3.5 at %, 4.A at %, and 4.5 at %

alloys, each 6*-plot exhibits two strajght line sectjons from which

a "low field" and a "high field" ô* have been estÍmated. See

Fi g. 4.2.10 for the 3.5 at % al I oy.

6*(low field) - 4.0

ô*(high field - 2.9

The average of these two ô*'s is 3.4; the same agrument appìies to
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the other al'loys in thís l4n range. This is quite a change from the

trend of decreasing ô with increasing Mn for the ferromagnetic a'!1oys.

The y*-plots, too, show more curvature than befone. In the 3.0

at % alìoy, if Tc* is taken to be 5.80'K from the T** vs. H-0.556
plot, then the y*-plot in Fig. 4.?.1ì yieìds two straight line
sections, with two y*'s.

y* = 3 for 2 x l0-2 <e( 5 x l0-2

f* o ? for 5 x l0-2 (e( 3 x l0-l
Raising Tc* to 5.95"K produces the curve in Fig. 4.2.12 with a.¡* of
4/1. However, 5.95'K is too far from the inflexion point of the

zero field curve, and outside the estimated certainty ir Tc* for t.his

a'l'loy. similar situations for the 3.s at %, 4.0 at % and 4.s at %

a'lìoys yield y*'s up to 2.5. In face of the usua]]y quoted y of
1.33 for 3-D Heisenberg ferromagnets, the y*,s are rejected in tiu.is

project. The Pd-5.0 at % Mn alloy does not yield a critical peak

under any app'lied magnetic field. Its main peak decreases in height

and moves down in temperatur.e under appìied magnetic fields---alT
characterÍstics of spin glasses. In view of the above anaìysis, it
can be said that the scaling law hypothesis does not hold for pd-Mn

a'l1oys in this ltln range.

4.2.2 Resi sti vi ty Data

The resistivity data, too, show a gradual breaking down of

ferromagnetic ordering wÍth íncrease in Mn concentration. As shown

in Fig. 4.2.13, the "knee" in the incremental resistivity vs. tenrper-

ature curve gets progressive'ly washed out from 3.0 at % lr\n, untiÌ at
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5.0 at %14n, no anomaly is detected around 3oK(Tsg), coincidÍng with
the disappearance of the critical peak in this a.l1oy. The position
of the knee still agrees within experÍmentar error with r.* f,rom the
susceptibility data. The two linear temperature range above and

below T. are still vjsible while the ratio

^p(10"K) 
- ¡p(Tc*)

@
keeps increasing with increasing Mn concentration, as shown ín
Fig. 4.1.i2 above.

The second feature of Long and rurner's model, the t3/2 depend_

ence, is found for alìoys from 3.0 at % to 4.0 at %, as shown in
Fig. 4-2.14 and 4.?.i5, whire the 4.5 at % and the 5.0 at % aììoy
show a linear temperature dependence from 4 K to 1.5 K, the-Ïowest

temperature measured, as shown in detail in Fi g. 4.2.16. The F/Z
coefficients have already been plotted in Fig. 4.1.14. It is not

clear whether the 4.s at % lrln al'loy wíì'l actually yield a T3/2

dependence if the ternperature Ís much lower. For the 5.0 at %

Mn, see the discussjon in Sectí on 4.3.2.



4.2.3 Summary of Resu'lts

The fol'lowing tables summarise the parameters

A. C. suscept'ibi'l i ty and the D. C. resi sti vi ty data

3.0 at % < Mn < 5.0 at%.

Table 4.2.1. Summary of parameters taken from the

data.

154

deduced from

for alìoys with

AC susceptí bi I ì ty

Aìloy

(at % t'in )

T*tc

(K)

6*

Low fiel d High t--ieìd

3.0

3.5

4.0

4.5

5.0

5. 8!0. l

5. 510. I

4.2!0.1

3.2r0.1

2.97t0.05(Tsg)

3.4r0. I 5

3.8

4.0

4.2

3.4t0. I 5

3.1

2.9

?.8

Table 4.2.?. Sumnary of parameters taken from the resistivity data

Aìloy

at%Mn
Ap (T=o )

¡fìcm)

Coeff i ci ent
of the
I i near term
( uacm 6-t ¡

Tc*f

(K)

Coeffi ci ent ap ( I 0K ) -of the T3l2 
^p(Tc*)-term

(uacm K-3 /2 ¿p (T^* ) -
¿p(o)'

3.0 5.810.1 4.765

3 . 5 5. 3510. I 5. 635

4.0 4.lr0.l 6.7?3

4.5 3.310.2 7.472 o.oll (2)

0.029

0. 024

0.018(5)

0.0099

0. 0086

0. 0071

0.16

0.27

0.71

1.92

?.02
5.0 7.917 0. 0089

decrease rapidly with increasing temperature.
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4.3 From 5.5 at % Mn to 10.45 at % Mn

4.3. I Susceptibil ity Data

starting from 5.0 at % l,trn, the critjcaj peak seen in the more

dilute alloys disappears artogether, wh.ile the main peak sharpens to
a cusp at a temperature usually ca'lìed rrn. see the susceptibility
data for Pd-6.0 at % Mn and pd-10.45 at % Mn in Fig. 4.3.1 and 4.3.2

for examples. The cusp is symmetrical with respect to Tsg, contrary

to the predíctions of Edwards and Anderson, gíven in section ?.4.4,

and of sherrington and Kirkpatríck, in Section 2.4.5. similar to
conventional spin g'lasses such as CuMn, the magnitude of the measured

susceptì bi l i ty of the present aì l oys i s much smal l er than illat of
the ferromagnetic aì'loys, so that it is now not necessary to correct
for demagnetising effects. The reason can be found in Eq. 3.5.3,
where N is now ignored in comparjson with j/x.

The effect of an app'lied magnetic fíeld is to decrease the

overalì signal while also rounding off the cusp to a broad maximum

peaking at a lower temperature. Note that the earth's fie'td still
has a visible effect on the 6.0 at % Mn but not on the more concen-

trated al1oys. The decrease ín susceptibjlity becomes so snrall that
for allo,vs ¡4ith t'1n > 7.0 at %, curves for different applÍed fields
partìy overlap one another. For clarìty of presentatÍon, the y-scale

for such a diagram is labelled for the curve with the maxinurm applied

field (the bottom curve), and each successive curve above one another
(corresponding to a smaller field) has been artjficíaì.ly raised by

a constant amount given in the captÍon of the diagram.
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The decrease in *r.ur(maxi,/ru-t for alloys with i,rn > 5.0 at % is

shown in Fig. 4.3.3. Note the use of ìogarithm scare to bring out
the smalì signa'ls. Aìthough there are sorne scatter in the data near
7 at 'Á and 9.5 at %, the genera'l trend of decrease in susceptibi.l ity
sígna'l with increase in Mn concentration is crear, cclrresponding to
a decrease in magnetic moment in these aììoys.

As pointed out in section 2.ì.3, if R.K.K.y scarÍng hords,

x(T,ù), when pìotted against the variable T/c, shou.ïd bríng out the
universal function K. However, thís is not the case, as shown in
Fig. 4.3-4, where the susceptibìlity data of severaT alloys are pre_

sented. That they tend to fir up the whore page as opposed to
fallÍng into a sÍng]e curve, highrights the fairure of R.K.K.y.
scaling. Besides the reason given at the end of Sect.ion 2.1.3, one

notes the extra direct d-d anti-ferromagnetic couplÍng as dÍscussed
in section 2.1.r. Hence this fairure is anticipated.

Irlore comparisons with theoretical models foilow.
Abrikosov's model predicts that

y(T5g,0) " Tsg/c = constant

as deduced from Eq. 2.4.j.
This expression ís, however,

concentration c, as given in

The modei of tdwards and

found to be a decreasinE function of Mn

Table 4.3.1 below.

Anderson predicts that

Trgf,= C forT>
T

Hence a plot of l/x vs. T should yie'ld a straight'rine passing through
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the origin. This is found to be only approxÍmateìy true for pd_]0.0

at % Mn, as shown in FÍg. 4.3.5. 1/ x vs. T is a straight ìine only

in the temperature range 7.s K < T < lz" K. Above lz" K, the line
becomes curved. Hence the straight line may actual]y be an artifact
of fitting data to too smalì a temperature interval, as remarked by

Mulder et al (1981). The same range dependence is arso found for
plots of 8.0 ar % Mn and 10.45 at % Mn. Further, the x-intercept of
the line is positive (1.7" K) for the former alloy but negative
(-1.4 K) for the latter, as shown in FÍg. 4.3.6. Hence, no signi-
ficance is attached to these l/ x vs. T plots.

A major failure of both the Edwards and Anderson niodel, and the

sherrington and KirkpatrÍck model, Ís their prediction of a cusp in
the specÍfic heat, which is not experimentally observecl. The reason,

as pointed out by Abrikosov (lgg0), is that in order to account for
a cusp Ín susceptÍbiìity, these models have assumed the existence of
an order parameter, which necessarily brings about a cusp in the
theoretical specifjc heat.

Final]y the cluster model (Smith 1974) predicts that Trg * .
using an r-3 type r'nteraction. If, however, the interaction is r-2,
it predr'cts that Trg * c2/9. Experimentally one finds that
Tsg - (c-2.5). Hence the real ínteraction Ín the pd-Mn a'l1oy system

is neither r-3, nor r-2. More dìscussion on th-is point will be

given Ín Section 4.4.1.

4 .3 .2 Res'i sti vi ty Data

For the resistivity data for alloys w.ithin this Mn range, the
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Instead, one finds a broad maximum above T5g, near 60o K, as shown

in Fig- 4.3.7. The fact that this broad maximum does not change

position with change Ín Mn concentration indicates that it is prob_

abìy associated with breakdown in i'latthiessen's Rure (Bass lglz\,
so that Àp=o -oalloy 'host

no 'longer faithfully represents the impurity resistivity. unfort-
unateìy at present there is no better way of extracting the impurity
resistivity from paì.loy for high irnpurity concentrations. This
broad maximum has been repeated'ly checked in this laboratory.

Simi'lar to conventionar sp'in g]asses (Ford and Mydosh, -lgl6)

the íncremental resfstivity is found to be rinear Ín temperature at
Tro for all the spin g'lass-'like pd-l,,ln alìoys investigated. The

lÍmiting form (T*0) of the incremental resÍstivity is linean in T

for alìoys with 5.0 at % < Mn < 8.0 at %, and f/z for alloys with
l"'ln > 8.0 at %- (See Fig. 4.3.8 and 4.3.9 for examples). The coeffí_
cíent of the linear term decreases sright'ry at 6.5 at. % Mn and then

increases slowly with increase in Mn concentration. The coefficient
of the T3/2 term is constant withín experimental error, in sharp

contrast to the behavíour of its counterpart for the ferromagnetic

Pd-Mn al I oys, as aì ready shown i n Fi g. 4. 
.l 

. I 4 above.

The models of Abrikosov and of Rivier and Adkins have respect_

ive'ly predicted a T and a T3/2 limiting form for the incremental

resistivity of a spin glass. Both have, however, based their argu_

ments on the process of scatterÍng of conduction electrons from

thermally generated excited states close to the ground state. The
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l6B
T-dependence Ís found to be true for conventional spin g]asses where

the range of validity is roughìy l5 to 30% of r5g. For pd-Mn spin
glass with a linear T dependence, e.g. the 7.0 at % Mn" the linear
region extends from 1.5" K to 7" K, whi'le its Trn ís on.ly 4.g" K.

For alìoys with a t3/2 dependence, e.g. the 9.5 at % ttTn, the f/Z
region extends from 1.5'K to 6.5"K, a temperature g0% of its Trn
(7.05"K). Hence, for the present alloys, one should also consider
scattering at energy levels much higher than those treated in the

above two models. Moreover, as the t3/2 region for g.5 at % Mn

extends up to its Trn (5.9'K), one expects to find a T3l2 region
for the 8.0 at % Mn near-its Trn (5.5"K) too, since the two aììoys
differ by only half a percent of Mn concentration. Instead, one

fínds that the'linear region for the g.0 at % Mn extends from 1.5"K

to 8.0"K, as shown in Fig. 4.3..l0. Therefore, the missj ng y3/Z

regíon for this aì1oy, and simi'ìar1y for other pd-Mn spr-n glass

alloys, is not an error of not looking ín the right temperature

í nterval .

4.3.3 Surnmary of Results

The fol ì owi ng tabl es summari se the

A.C. susceptibil ity and D.C. resistivity
5.5 at % < Mn < .l0.45 at %.

parameters deduced from the

data for aì'loys with
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Table 4.3.1 Summary of the A.C. susceptibijity data

A1ì oy

(at % Mn)

¡(Ttn,0)

(lo-3 emu/gmloe)

x(Tsg,olTsg/c

(xlo-3)

Ttg

(K)

5.5

6.0

6.5

7.0

7.5

8.0

8.5

9.0

9.5

10.0

10.45

3. I 5t0.05

3 . 610. 05

3 . 9!0. 05

4. 310. 05

5.110.05

5 . 5510. 05

5 , 9r0. 05

6 . 510. 05

7 . 0510. 05

7.55r0. 05

B. 0510. 05

4. 610. 5

2.7!0 .3

2.0!0.2

1 .7!0 "2

0 .7 4t0.07

0. 44!0. 04

0. 39t0. 04

0. 3710. 04

0. 3t r0. 03

0. 2610. 03

0. 2910. 03

2.63

1.6?

1 .2A

I .04

0. 503

0. 305

0.?7-t

0.?6,7

0. 23û

0. 196

v.1(J
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Table 4.3.2. Summary of parameters from th. R.:Ë!iuj_ty__qgtu

5.5 8.61 o.oo8(4)

. Aìroy ap(r=0) îfl:tll;åîl,rll,,rn. ï:rfliå.ll.fit(at % Mn ) (¡Lncm ) [un.nr f .I I {uacm Ks /z)

6. 0 9.37 o. o0B (o )

6.s 10.38 0.007(6)

7.0 11.25 o.oo8(4)

7.5 12.3s 0.008(8)

8.0 13.18 0.00e(o)

8.5 13.98 o.ooe(s)

e.o 15.28 o.olo(4)

9.5 16.12 o.olo(8)

10.0 16.79 0.011(0)

0.002(e)

0.002{7)

0.002(7)

0.002 ( 7 )

0.002(7)
10.45 l8.ll 0.011(2)
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4 .4 Concl usi on

4.4.1 Phase Diagram

Fig. 4.4.1 summarises the criticar temperatures T.,Tc*, and rrn
found ín this project. The data are more reliable than those ob_

tained previous'ly because of the reasons given in chapter I. The

ferromagnetìc phase extends from 0.5 at % Mn to z.s at %lin, and has

been examined via the behaviour of the critical peak of the suscepti-
biIity data, as welI as the "knee" in the resistivity data. sim_

iìar'ly, the mixed ordering phase l ies in the range of 3.0 at % Mn to
4.5 at % lrln, although the phase is onìy quasi-ferromagnetíc as dis_
cussed in section 4.2.j above. The spin glass phase lies in the
range of 5.0 at'Á Mn to 10.45 at "Á (and beyond) and has been examined

via the cusp of the susceptib.ility data. As noted before, the actual
boundary of the phase may lie within the haìf per cent interval of
the gíven value. The híghest temperature for ferromagnetic tnansitíon
T. is 6.0 K for the 2.5 at % Mn, and the highest spin g'rass temperature

Tsg is 8.05 K for 10.45 at % Mn. The lowest T. is 'l .64 K for 0.5 at
% lún, and the lowest Tsg i s 2.97 K for 5.0 at % l4n. consídening that
there is another spin glass phase at very dilute Mn concentratÍon
(500 ppm), the co-exístence of two spin glass phases in the same alìoy
system is very rare Ín nature, while the co-existence of spin gìass

and ferromagnetic phases are believed to be more common, e.g. AuFe.

0f the theories presented in this thesis, only the modeÏ of
Sherrington and Kirkpatrick predícts a phase diagram, Fig. z-4.1,
similar to the present system, with a twist. If their phase diagram

is plotted with Jo + -Js then their theoretical prediction would appear
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to resemble the experímentaì s'ituat'ion, as shown in Fìg. 4-4-?. How-

ever, more recent calculations by Kirkpatrick and Sherrington (1978)

show that such a situation does not lead to a sjmple mirror neflect-

ion of the phase diagram, and further leads to the prediction of an

antiferromagnetic state. This clear'ly does not reproduce the sit-
uation dìscussed above. It therefore seems that the competing inter-
actions in the Pd-Mn system, viz., a 'long-ranged ferromagnetic coup-

ling via the enhanced R.K.K.Y. polarization and a short-ranged direct

d-d anti-ferromagnetic coupìr'ng cannot be described by a simple mod-

ification of the sherrington and Kirkpatrick model. Howeven, some

aspects of this model sujt the Pd-Mn system better because'i,t. in-

cludes ínteractíons beyond pure R.K.K.Y.

4.4.2 Double Transitions?

Fig. 4.4.1 shows that the spin gìass temperature T5g of, aì1oys

with Mn > 5.0 at % follows a strar'ght line of the form

Tsg * (c-2'5)

where c is the Mn concentration in atomic %.

If this is extended, 'it intercepts the x-axis at 2.5 at % Mn. Hence

for alloys wirn 2.5 al T" < Mn < 5.0 at %, two possibìe phase transi-

tions can be proposed, one quasi-ferromagnetic from the behaviour of

the cri ti cal peak as noted j n Sect'i on 4. 4. 'l , and one sp'i n gl ass I i ke

by inference from the behavjour of the spin gìass aiìoys. This idea

has been sugested by Verbeek and Mydosh (1978) and Verbeek et al

(lgza) for AuFe and Pd(Fe,t',ln). Actual'ly, the susceptibility data of
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these a'lloys show two peaks on'ly under a small magnetic fÍeld. As

shown in Fig. 4.2.6 for pd-4.5 at % rin, with increase in fietd
strength, the high temperature peak moves up Ín temperature, while
the low temperature peak moves down. The high temperature peak pro_

vides information on criticar behaviour on Tç*, y*,ô* by virtue of
its height and position in a magnetic field, and has been closeìy
examined in Section 4.2.1. The low ternperature peak extrapolates to
the zero field main peak X*.ur(maxi,, whích occurs at a temperature
(3.1"K) slightly lower than Tq*(3.2.K), but much higher than the
temperature predicted by the relation

Ttg G (c-2'5)

while no other peaks are visible in the whole temperature range ex_

amined. The same argument appìies to pd-4.0 at % Mn. Hence the zero
fÍeld main peak , X*ear(maxi), of alìoys with Z.S at % < Mn ( S.0 at
% does not índicate a continuation of the spin glass trans.ition for
aloys ith Mn > s.0 at %. In conclusion, the idea of double transi_
tions for^ alloys in thÍs Mn concentration range is not supported ín
this project.

4.4.3 Recommendations for Further Siudy

A. It is hoped that a better way of isolating the fmpurity con_

tribution from the alloy data can be found. For examp-le, at present,
there Ís no better way than assurning that

ap=p
al I oy Phost

faithfully represents the resistivity due to the Mn fmpurities.



177

However, this approximation shou'rd not be good at high Mn concentra-
tion, as evidenced by the incremental resistivity data of aìloys
with Mn > 5.0 at %.

B. All the data of this project reflect the importance of the
antiferromagnetÍc direct d-d coupling of the Mn ions. Hence,

further study should concentrate on a theoretical model that in_

cludes this interaction as well as the R.K.K.y. interaction. The

model of sherrington and Kirkpatrick is a good start. However, more

detailed calculation of the R.K.K.y interaction itself is al so

needed, as discussed in Section 2.4.1.

c. 0n the experimenta'r side, one hopes to understand better the
effect anisotropy has on the A.c. susceptibility data. This effect
is amplified by the smail demagnetisÍng factors of the sampìes. In
particu'lar, the measured A.c. susceptÍbí1ity sígnal aìways decreases

if the sampìe's coercive force is greater than the driving field of
the magnetometer. It is questionable whether the zero field main

peak is real, or jus! an artifact of the A.c. technique. because the

ferromagnetic Pd-t'{n alloys have coercíve forces, too. In this re-
spect' measurements of the real and the imaginary susceptibÍlities
wíll he'lp to clear up the picture. If a range of driving field fre_
quencies are enrployed, one gets contact between these two srjscepti-
bilities via the Kramers-Kronig re'lationships.

D. Finaìly, it will be nice to prepare more samples near the Mn

concentrations of 0.5 at %, z.s at % and s.0 at % to further study
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Appendix A

THE iDIAL GAS LA},l

As app'lied to a container wjth several interconneÒting compartments

Vi, each with different temperature Ti.

Assume that a steady state is reached so that the pressure F is the

same throughout the container. From the kÍnetic theory of an ideal
gâS, one has

mn. 
-p=l i ,i. (A.l)3-q

where m = mass of ideal gas molecule

ni = number of molecules in ith compartment

Vi = volume of ith corpartment

-uit = mean squared velocìty of rnolecules in ith compartment

If one is on'ly concerned with situations far away from the

boundary of the compartments (and so ignore the discontinuÌiy Ín

temperature across the boundary) the average kinetic energ)¡ of each

molecule is:

lrn*z= 3k.T,
T'TDr

where kg = Boìtzmann's constant

Ti = temperature of i th compartment

Substituting into Eq. A.l
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z
i

nP = i_ kgT.irì
PV i = nikB
Ti

PV {-(_ i) =/. nikg=constant-T-i i

because: ni is the total number of molecules in the container. Thís
1

is the ideal gas ìaw used in Eq. 3.4.1.

In practice, the non-ideality of the gas was taken care of by

using Eq' 3'4-2 instead of Eq. 3.4.1. The three terms in the summation

represented 3 compartrnents: the gas buìb at samp'le temperature T,

the room temperature compartment at Tp, and the cryostat tub,e at
some temperature(s) between T and T¡.

To approximate the real spread of temperatures a.long the whole

ìength L of the cryostat tube, the.uube was mentally divided into
many sma'lì compartments, each of volume

AV = AAx

where A = cross-sectional area of the tube

x = vari abl e al ong the 'l ength of the tube

see Fig. A"l. A rinear tempenature gradient along the tube was

assumed so that

Ti=T+(Tq-T)x/L
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Temperature=TB (room temperature)

Temperature=T (sampJ_e temperature)

Fig.A.1 Analysis of the Cryostat Tube Term.

{
Ax_T
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Further, assume the second virial coefficient B was the same

for all compartments aìong the tube, and was equar to

T+T.B ( T = 'R 
).

2

Then for the cryostat tube

PV
i

Ti- r-ÎÆ--TrBì-PÆ;

where c = 273.15 B( T = + 1 e/Ao
?

In the limit 
^xÍ 

approached dx

and the above summation became

)- pA¡x.
t---r lî-_TF

I
i

L
/ PAdxo '-Ti- +T-

L L r -r t-l= PA/ (T+( n )x+C) ¿*o \ r---T- " /

PV T +C-- L? ln( R )
lp-l \T+C /

where YLZ = AL = volume of cryostat tube.

This is the cryostat tube terrn used Ín Eq. 3.4.3

L
approached /
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APPINDiX B

MEASURED SUSCEPTIBiLITY DATA FOR

ALLOYS WITH t4n < ?.5 at %



ì Ica surccl -susccpt ibi 1 it¡,
Å ( X,r"rr)
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Tcmuerature

appl i ed

4r"r, (nraxi)

Aftcr corl:ccting for
dcnragncti sì ng factor,
Y'-coorCinatc jr Xr.

Fig. 8.1 Explanation of synbols in -susceptibj 1it¡r clata.
'li-re nurnber besidc each curve incli_cates the net
ntagnet ic f iel cl , nea-srrred in 0e .
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APPENDIX C

¡4EASURTD SUSCEPTIBiLITY DATA FOR

ALLOYS WITH 3.0 at % < tfin < 4.5 at %
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APPENDIX D

MEASURTD SUSCEPTIBILiTY DATA FOR ALLOYS

WITH Mn > 5.0 aT %
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