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ABSTRACT

Electrical resistivity and magnetisation measuremant on a
mumber of alloys of 3d impurities with exchange enhiznced hosts have
been made. Resistance measurements were made at temperatures T<£ 40K

using a 4 prove 4 ¢ potentiometric technique and magnetisation

measurements were made by a vibrating sample megnatometer at ‘emperature

range between 1.6% up to room temperature,

The main part of the work was the investigation of the Pd-lli
and Rh-Co alloys through their respective critical concentrations.
The results show that the Pd-i alloys system makes transition from
a strongly enhanced paramagnetic region straight into a ferromegnetic
phase in which the magnetic properties of the alloys indicate that
they are itinerant ferromagnets. In Rh-Co alloys, on the other hand,
first the stabilisation of momenis on cobalt atoms occurs at about 20
ét % and the transition is, unlike Pd-li, into a spin glass region.
Above about 37 at % Co the system gradﬁally becomes itinefant eleciron
ferromagneis.

leasuremsnts on some Pd-ln alloys show that {there is a gradual
transition from ferromagnetism into some type of antiferromagnetic
order,

A review of recent theoretical investigations is made and the
' results of the investigation are discussed in the light of existing

theories. -
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INTRODUCTION

The theoretical and to some extent the experimental study of the
alloys has, understandably, been long confined to dilute concentrations
where the theoretical treatment is relatively simple and the interpretation
of experimental results is usually feasible, Only in recent years have
some theoretical attemps been made to explore more concentrated alloys.
In this case one has to choose éuitable systems for the investigations.

Pd-Ni and Rh-Co alloy systems are fairly simple. They are iso-
electronic and the electronic wave function of solufe and solvent have
the saﬁe symmetry. Further, the preparétion of samples is quite
easy since metallurgically the alloys present no problem. Therefore it
wés de?ided té investigate these alloys through their respective critical.
concentrations. (The concentration at which the alloy haé a Curie -
témpérature Tc=0°K). We also investigated Pd-imn alioys at intermediate
concentrations, 3-10 at % Mn for which no detailed investigation was
available. |

The arrangement of the thesis is as follows:

In Chapter I a review is made of the theories discussing the
formation of localised moments on isolated transition metal atoms
dissolved in nonmagnetic hosts. The efféct of local environment is
considered and the péssible interaction mechanisms between the moments
are discussed, The chapter ends with a review of some forms of ordering
in transition metal alloyé relevant to our work.

In Chapter II the electronic properties of alloys, namely, magnetic
susceptibility, electrical resistivity andbsPecific heat, are discussed
from a theoretical point of view,

A review of the experimental situation is given in Chavter III,
appératus and experimental procedure are described in Chavier IV,

and the results of the measurements are presented and discussed in

Chapter V.
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CHAPTER I

THi DILUTE ALLOY PROBLEK

I THE FORIATION OF LOCALISED INOMENTS

1. Introduction

When an impurity is dissolved-into a2 metal a momént is said
to exist if the additional susceptibility,qx s is strongly temperature
dependent i.e. if it follows a Curie law. A Pauli-like susceptibility
contribution is taken to mean there is no ﬁoment.

When there is a moment the susceptibility is not usually of

Curie; but of Curie-Wess form:

X = =l (1.1)
: T -8

ji.e. less strongly temperature depeﬂdent. In this formula © may
be large and is independent of impurity concentration. € i$ proportional
to the concentration. The above formula is therefore tﬁe result of
interaction between an isolated impurity and the surrounding conduction
electrons. |

In a metallic host the formation of localised moment on a
potentially magnetic impurity, i.e. which has an unfilled inner shell,
depends strongly on the type of shell and the nature of the host matrix.
In some cases, where the impurity electronic structure is the same as
that of the free atom one expecfs to observe the presence of localised
moment. Examples of such cases being rare earth impurities in simple
metals, potentially magnetic ions in insulators etc. where the magnetic
electrons are localised. Dut in the case of 3d transition metal impurities

in a metallic host, the states of the megnetic electrons lie in the host
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metal conduction band. This makes the situation more complicated;

However one of the main agencies responsible, in all cases, for
the formation of a localised moment, is now recognised., This is the
Coulomb repulsive energy between two electrons on the same atomic
orbital. The same quantity is responsible for the enhanced spin
susceptibility of the elements towards the end of 3d, 4d and 54
transitional series. Namely of Pd, Pt and Rh.

The states of a 3d impurity in a metallic host such as copper,
silver, aluminium etc, willlalways lie in the conduction band and will
admix strongly with the conduction ele¢trons of the host metal. Under
these conditions the magnetic electrons will not be bound to the impurity
atom. However this mixing broadens the state of the magnetic electron
in space and in energy where the amplitude of the lth component of the

' state of the conducfionkelectrons is anomalously large, corresponding
. to an excess of charge.density which when summed over the whole region

th bound

is approximately equal to the charge introduced with initial 1
state. This is what is called the viriual bound state. This concept
was first applied to the impurity problem in metals by Friedel (1 )

to explain the residual resistivity of 3d elements in simple hosts.

2. Friedel's Virtual Bound State

.Let us assume that, with an impurity, a spherically symmetric
potential Vb = V(r) is introduced into a matrix. This is the problem
of a particle in a central field in quantum mechanics. If the inter-
action between electrons is neglectedthen the wave function of electrons

satisfy

2 :
v qj(rv 8¢) + 2:; {E - v(x)] ¢(P’91‘9 )=0 (1.2

o

The wave function may be separated into its radial and angular parts.
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The equation for the radial part of the wave function is:

A L (2 Be)y e (v(r) + 2HE )T R(e) < 0 (1.3)
r dr n 2m r

From this equation one can see at once why even though the energy

levek of the d—electrons lie in the conduction band they are "wirtually"
' 22 1(141) 6
bound to the impurity. The extra term o > is ~ > Rydberg

T
for the d-electrons (1=2). It can therefore be quite large and

represents a barrier between the impurity éell and the outside region.
A d—-electron in the virtual state will eventuwally go through the
barrier, the time dependence of its amplitude will be of the form

-i(Ed‘-iA )t
e which Pourier transforms to a resonance:-—.

A

1(E) = ( 4)

82 4 (3-E,)°

Whered is the width of the resonant state and Ed is its position in

energy.Friedel ( 1) described this resonance in terms of 2 scattering

phase shift nl(E) obeying an equation of the form:-

() =15 =2
E)=1
7]1 & (Ed"E)

(L5s)

The behaviour of T),(E) is shown in fig.(I.1).
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Fig. (I.1)

iAn important property of the phase shift is -tha'b the extra
charge introduced into a metallic host with an impurity can be expressed
! in terms of it. The relationship is given by the Friedel sum rule which
: states that the total number of states below the Fermi energy of the

host conduction electrons is given by the formulas:-

W(Eg) = N(Ep) + 22 (BN (xy) ~(1.6)
T T

where NO(EF) is the number of states in the unpeturbed system. This
expression means that there are (21+1) states for each spin direction
be‘bween‘n 1= 0 and ‘{] 1 =T &

From formula (L6)the extra charge around the impurity is obtained

Az =-——2]_$I’-;[_ (21 + 1), (5,) (1.7)

This extra charge is localised in the neighbourhood of the impurity
(not too near due to Laue's theorem ( 2 ) and has an oscillatory term

which has a negligible contribution to AZ,

13.



Following the same line as Stoner ( 3 ) Friedel qualitatively
considered the possibility that the virtuval bound state will split
into two halves of opposite spin direction due to the exchange energy

between electrons in the virtual state and finds the condition for this

10 be given by:-

p dE>A - (1.8)

ﬁhere p is the number of 4 electrons (if the level is less than half
full) or holes (otherwise) and dE is the energy difference between two

electrons with anti-parallel and parallel spins.

3. The Anderson Model

A systematic study, by Matthias et al ( 4 ), of the magnetisation
of iron in various 44 transitional series metal and alloys, led Anderson
( 5 ) to discuss the occurence of localised moments in alloys from a
some what different point of view to that of Friedel. Although Anderson
recognises the nature of the impurity state for a 3d—e1ément in simple
metal hosts, he nevertheless takes it as an extra orbital; This makes
the model more explicit and more suitable for mathematical treatment.

The hamiltonian is taken to be:-

‘ ' + +
H “%d Eny o +§ Bgfae + Thgyng, +§T:c<vdkaka' %30 ¥ Yka®ar akc) (x.9)

Yhere the first and second terms are the unperturbed energy of the
conduction electrons of the host and the d-states of the impurity atom
respectively. I is the coulomb repulsive energy between the d—electrons
in the same orbital. The fourth term is the s—d'mixing term which is

responsible for the broadening of the d-state into a virtual level

14.



n = aLakc_ where ako_,is the annihilation operator of the conduction
electron in the state k with spinc . NG is defined in a similar way.
In this hamiltonian there is no term representing interaction between
host electrons. Therefore the’model‘ is applicable to the impurities in
metals shm;ting little or no enhancement, such as noble metals. The
above hamiltonian is treated in the Hartfee-Fock (H-F) approximation.

Therefore the hamiltonian for one spin di;ection is given by-
+ + )
B =§ B + B Moo +§ (Vadrs % * ra %0 2 ) (1210)

where Edcr’ the effective one electron energy, is given by —

By, = E; + I<nd,_c_> (1.11)

in which <nd °.> indicates the average number of d-electrons with spin o .
This hamiltonian is treated using the Green's function technicque. The
Green's operator for such a2 hamilionian is:—

. .
GG(E) = n-»o(E-Ifr+i11 ) (1.12)

Computing the matrix elements of the operator el (E) vetween the states
|k> and |4 one arrives at a set of equations from which the density of

states per spin direction of d—electrons is obtained quite simply as:—

p‘;’ (E):-%Im <d[ G[&):l 4 (1.13)

T 2 2
(E—Ed; +4

where .
2 .
A =y A(E) (1.14)
is the half width of the virtual state and Q (E) is the density of

states of the unperturbed host. The number of d-electrons per spin

direction is found from:-



ng > Zp

Ep , y
(n§>=/ F(m) dE - rlr-cOt ( Ed"‘KA E) (1.15)
-2

Hence one has to solve the following two equations simultaneously

(= & oo ~1( EHKnD> B
E+I<{ny-E (z.16)
{n]>= %Co‘t (A5t =i

putting y=-i-: , Anderson finds that when %(1 the solution of (I,16)

y
gives <n+>=< n di.c. the impurity is nonmagnetic, while ﬁ>1 is
found to give magnetic solution i.e. (n+) #(n-> o The other condition

- _
assumed to exist is O<..E.?....‘.1. < 1. Vhich ensures that E(1 is below and
I

Ed+I is above the Fermi level. Thus for a given I and a fixed value of

E(1 there is a critvical value of the width. Ac + For widths larger than
A_ (I.16) has only one solution {n*y - {n Y. The oritical value is

;defiﬁed by: —

adn’> - -1
adn >

I pé(EF) =1 : (1.17)

This is of the same form as the Stoner condition for band ferromagnetism
(3).

The treatment of Anderson outlined above leads to a sharp bb1mdary
between the magnetic and nonmagnetic regions. This results from the
uvse of the H-F approximation. Near the H-F instability the dynamic
character of the problem must be taken into account which will smear

out the very sharp boundary existing between the two regions.

16.
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In the appendix to his paper, Anderson ( 5 ) extended his model
to the orbitally degenerate states. This was later treated in datail
by Yoshida et al ( 6 ) and has since been reviewed by Heeger ( 7 )e

The hamiltonian in this case is Agiven by~

H=H +H +H 4 | (1.18)

where

Be =) By,

Hd =Z Emnmo- + (19) Z nmo_nno_+ I n._ nn’ o
‘ on m,N,or m,n

+ +
Hlc--d. = Z (ykm akaqm'é- mG e a1~:o-)
kno

In these equations Hk and Hd are the hamiltonians for the &onduction

and the localised d-electrons and I and J are intra~atomic coulomb

and exchange energies respectively. The Hk ) is the s—-d mixing term

andn = at a is the number operator for electrons in the orbital

mno no no

state labeled by m. The above hamiltonian is treated in the H-F

approximation. Hence for the effective one particle energy with spin o
one has: -

Eo, = B +{(1-7))_ {n o0t IZ(nm’ o7 (1.19)
nfm n

With this,the problem then reduces to the simple one electron problem

in which the average numbers of electrons{ nno_> is to be determined



self consitently. These are given by:-—
' 1 1 EH y
N e i
<nmo}_ — Cotg (-—g——'—Am ) (1.20)
In this formulaAm is the half width of the virtual level of the m.kh

arbital and is assumed to be independent of energy.
In the absence of the crystal field effects and for the orbitally
degenerate d-states the density of states, resulting from the virtual

level is obtained as follows:—
- A

o - 21+1
7@ T (E—Eda_)2+A2

Where (21+1) arises from the orbital deraeneracy in absence of crystal

(1.21)

18.

field effects and A is the half width of the virtual level. The condition

for the quenching of the orbital moment is giveh by

pXERICH VAT  (n22)

gnd the condition for the appearance of localised moments is found, in

1

the same way as for the case of a single orbital, to be:-

(1+47) P7(5,) > 1 o (1.23)

In (I.21) and (I.22) Q\a(EF) is the added density of states per orbital.

4. Wolff — Clogston Model

Shortly after Anderson, Wol.ff (8) proposed a model for the
occurence of localised moment in alloys. A similar approach was made
by Clogston (9). In thi's nodel the impurity is represelnted by a
localised potential Vp, which gives rise to a resonance scattering of
the conduction electrons of the host. The impurity electrons are

assumed to be part of the conduction band. This resonance may be thougnt
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to be created by a partially filled d-shell but no extra orbital is
assumed as is done by Anderson. Let the unperturbed hamiltonian of
the system be represented by Ho' Then the wave function in the

perturbed system is given by:

$ =¥y, + G0 (1. 24)

0 3 -1' ) 4
yhere GO(E ) = Wrwo(Em-Ho + 1*1) is the Green's operator
corresponding to Ho, and %)k o is the wave function of the unperturbed
. ]
system, m is the band index. At this point the following assumption

are made.

(a) The perturbing potential does not mix states from different bands.
i.e. one band only is considered. This implies that the perturbed
wave function can be expanded in terms of the Wannier functions from

a single band,
¢ - ZR (R, ) W ((r-R,) (;.25)
s .

where W is the Wannier function and ¥ is the index of the band
considered,
(p) The only non-zero matrix element of VP within one band is that

taken between two Wannier functions on the impurity site. i.e.Vp is

so strongly localised that the only existing term is

(-w(r-Ro)]vp] H(nR )= 7 (1. 26)

Using the Green's function technique the following expression is

obtained for the density of states per atom of the perturbed system

: VZF'(E)Q)(E)+V C1vr(e)] pO'(E) ]
B lvr@)]? -1-TT2V2D§(E)

P(E) = Q&) +

(1. 27)



where F'(E) is the derivative of the function

p 1
FE) = 5 ZkE-E(ﬂ (1.28)
in which P indicates the principal value and.ﬁ%(E) is the density
of states per atom of the unperturbed host. N is the number of atoms

in the crystal. If V is large enough the term in the large bracket may

have a resonant character in the nighbourhood of E = Eo for which

1-VF(E,) = 0 (1.29)

Expanding F(E) around Eo and putting the resulting expresion back

into (I.27) one arrives at the following

L - A (2)
o p(E) € po(E) + "11\'1‘“' _;—T— (E-E )2+ Az(E) (1.30)

where

A) =T RE)
FI(E)

(1.31)
is the half width of the virtual state.
Depending on the strength of the potential introduced two
things may happen:
(a) The perturbing potential is strong enough to capture a bound

state, If this state lies outside the band considered then F%(Eo)=07

and from equation (I.31)YA»o. Hence one has:

PE) - L) + —131- 6(B-E,) | (1.32)

i.e, this state is a real bound state.

20.
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(b) The potential is such that the solution of (I,29) is in the
band in question then equation (I,30)predicts a sharp peak at E = EO
" in the density of states. This is the virtual bound state in this
model.

Wolff then goes on, assuming that a virtual level exisis for
which T (8) {0, to consider the effect of adding a spin dependent
potential & Vg to Vb. The potentials seen by spin up and spin down
electrons are now V+5]Q,andv4-5v&. These lead to different amplitudes
for the corresponding wave functions at the impuri%y site. These wave
fgnctions are then employed to calculate thé change in the H-F field
of thé impurity. 3By requiring the change in the matrix elements of
the ﬁ—F field to bé equal to Vo for each spin direction the problenm
is made self consistent. The resulting equations are treated in much
%he same way as Anderson has done in his model and the criterion for
the formation of moments fbr —9-%{-« 1 is derived. | Here too it is found
that polarisation arises from the Coulomb repulsion I between anti parallel
spins.

This model is siutable for alloys betweeﬁ transition mefals because
the impurity electrons are assumed t0 have the same character as those

of the host metrix.

5. The Effect of the Local Environment on the lasmetic State of
an Imourity
The discussions of Friedel ( 1 ), Anderson ( 5 ) and Wolff ( 8 )

are confined to the simple case of a single impurity embedded in a sea
of conduction electrons, Jacecarino and Walker (10 ) have considered the

local environment effect on the state of an impurity due to the presence



of other impurities., As we have seen above, the condition for the
existence of a localised moment depends on the width of the virtual
state and its position with respect to the Fermi level. These two
quantities are directly related to the density of states of the con-
duction electrons at the Permi level. Clogstone et al ( 4 ) have
-shown that in Nb-lio alloys containing 1 at $%Fe the magnetic moment per
iron atom appears to increase {rom OuB below 40 at %Mo to 2.2.21:B above
90 at % Mo. In this concentration range the density of states of iron
free Nb-lo allo&s change smoothly as evinced from the susceptibility
measurements of this system made by Clogstone et al ( 4 ). Therefore
it is natural to associate this phenomena with the continuous change
in the magnitude of the moment per iron atom. Jaccarino and Walker,
however, argue that the magnitisation procedure is essentially a dis-—

cont inuous one, the moments being either zero or having their full
éalue.

The apparent continous change in the magnitude of the moment is
then associated with the probability that individual impurities are
magnetised due to the presence of some nighbouring impurities in

certain configurations.

In the dilute 1limit Co is non magnetic in Rh. However in

Rh~Pd alloys cobalt acquires a magnetic moment when the Pd concentration

exceeds 5 at %. The magnitude of the moment per Co impurity increases

with increasing amounts of Pd. In the MR of 0059 however Jaccarino
and Walker ohserve resonance up to at least 12.5 at % Pd, its intensity
falling steadily. This behaviour implies that some of the Co atoms are

not magnetised even well above 5 at % Pd,

22,
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The authors assume that a cobalt impurity will be magnetised
if it has a certain number of nearest neighpour Pd atoms and
calculate the probability of this event. Tney find that a Co atom
is magnetic if it has at least two nearest neighbouring Pd atoms i.e.
eleven or ﬁore Rh neighbours demagnetise the Co atoms.

Kim (.11) has made a detailed study of the local environment
effect on the state of an impurity. He shows that if the interaction
among the impurities, between the host metal and the impurities and
among the host metal electroné are properly taken into account, the
Friédel-Anderson-Volff condition for the occurence of the localised
magneﬁic moment on-an impurity exactly coincides with the condition
for tﬁe onset of ferromagnefism inrtransition metal alloys. .Anderson's
model is extended here to the case of finite concentration. The resulting
hamiltonian is treated in the H-F approximation using Greens function
techniques.

The hamiltonian considered is:~—

B | (1.33)

H = Hk + Hﬁ + H, + H,. + Hcd + 4

d dd

where Hk is the one particle energy of the s—electrons and is the first
term in the Anderson hamiltonian Eq {I.9). H_ is the hamiltonian
representing the repulsivecbxdpmb enérgy of the host metal conduction
electrons. The Coulomb interaction is assumed to be ad function of
strength v. Hd is the one particle energy, H&d is the Coulomb repulsion
of electrons on impurities:— |
Hd = Ej;,c- E:?.dzc' dic' A
(3.34)

H ~ZU.d’.‘ d. at a

ad ~ ; T I I T Y T B
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where d; is the creation operator fora d-electror at the ith impurity. Here a
one-band model is employed and the existence of different types of

impurities is assumed. The suffix i on Ei means that E: depends

on the type of impurity. Hcd and Ht are the s—d mixing term and the

direct transfer integral respectively

—— + V + 3
Bg = ) (Vpdlas Vi e d, )
l,k’c'
, (1. 35)
B = ) T..d"a,
t - 1] i jo
1y o
. where a.l: is the creation operator for an s-electron and V,jk = Vi eikRj,

Rj being the position of the Jth impurity.
Treating the hamiltonian (I.33)within the HF approximation, Kim
shows that the effect of the other impurities is to modify the width

iof an impurity stateA: te
. o '
Aj =4y +dA . (1.36)

where A"i is the width of an impurity in isolation.andbAi is the
change inA_f.: caused by the surrounding impurities.

The contribution tobAi; consists of three parts:—
oa, =54 (1) 1on(2), 52 (3) (1.37)
i i i i

where 0 A(l) comes from the indirect interimpurity interaction through
the host metal conduction electrons. If one measures the energy from
‘the Fermi level and employs a parabolic band then O A 1(1) reduces

to the following simple form:—

oa{) _ AL 5 _Cos(aiRig
1 sz Jai g2
iJ

(1.38)



i

where R.. = R. - R, and kF is the Fermi wave~vector of conduction
iJ J i
electrons. The oscilatory behaviour has the same origin as RKKY
oscilation.
For a simple cubic lattice, taking into account nearest

neighbours only, it becomes:-

(1) 6
84, =42, A, Cos (2kd)

i (1.39)
(2kpa)?

where d is the interatomic distance and Zi is the number of nearest
neighbours to the i#h impurity. This expression can be positive or
negative depending on the value of 2de.

The second contribution 6A§_2) comes from the direct transfer
- interaction between impurities. For the simple case where the virtual

Il

level lies at the Fermi level it is given by:i-
|

. (2) 2 (1.40)
A = T, oo 1.40
i T3 iJ A°
J
If one assumes that TiJ = T for nearest neighbours and is zero
o o
otherwise, and further that AJ =/A independent of J ,then one obtains
M(z) , 2 ’ .
s i pO | (1.41)

The third term is a cross term. Its magnitude is usually between

(2) (1) (2)

+ The author compares OA ; With (M; ; @and shows
1

b4 ] can

O

(2)

i

bA(i.) and A
i

i

that for the alloys between transitional elements |

ba



be greater or less than 1.1f:-
(1) (2)
hA [»IéA

i

(1)
lthenbA ZJA

i i i
in this casebﬂi may be negative as well as positive. Thus as in
each case the effect of the third term is negligible, the influence
of the local environment will be to change the width of an impurity
staté and the change may be in either direction.

Kim then goes on to consider the magnetic properties of the alloy
at T = 0°K. |

His calculation leads to a prediction of an antiferromagnetic
coupling between on impurity and the host metal conduction band when
the host metal conduction band is almost half full, and to a ferro-
magnetic coupling otherwise.

It is also found that when the localised s%ate‘is nearly half
;}ull, an antiferromagnetic coupling exists between two impurities and
a ferromagnetic one otherwise.

For the susceptibility of the perturbed host electrons, and imburiﬁy,
and of the set of impurities, a set of coupled equations is obtained.
It is showm that all the three susgeptibilities, if they diverge at all,
diverge simultaneously at the same temperature or concentration. That
is, the formation of localised moment on an impurity coincidey with
the long range ordering throughout the alloy.

The behaviour of pd-Ni, Cu-lli and some such alloys is discussed
within this model. An expresion for the critical concentration for
‘ferromagnetism is derived and is related to the initial increase vate

of the alloy susceptibility with the impurity concentration.



6. Localised Spin Fluctuations

The solution of the Anderson hamiltonian within the framework
of the H-F' approximation leads to a2 sharp boundary between magnetic
and non-magnetic regions. This.is because the above approximation
excludes the dynarﬁics of the problem.

This aspect of the localised moment pro’biem has been considered
by Rivier and Zuchermann (12 ) and Rivier et al (13 ). The transverse
dynamical susceptibility ¥w) is closely connectéd to the spin

fluctuation lifetime as follows (13 ), (14) 2=

X (W) &g .
Xglw) = —2 = O (Ts42)
i 1_Ixo(w) 5t iwTl ' '

sf

!
WhereHB is the bohr magneton, g is the lande g factor and Xo(w) is _
| the susceptibility of d—states,when I - 0,and Tsf is the lifetime
of the localised spin fluctuation given by:—~

R (Eg)

(1.43)
1-I Dd(EF)

Tsf

In the above expression it should be noticed that Xd(w) is

0 .
] 2 3 4 S ’IIA/I

Fig (1.2)

The mean spin fluctustion frequency T;}- as a function of -"'-Iik— for the
case of virtual state at the Fermi level (Ed:EF)

2’['
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not dependent on g (hence not an position in real space) as the

fluctuations are 1oca1; The spin fluctuation lifetime is temperature

independent and is essentially a function of I and A see fig (I.2).
As I F%(EF)—?O T 7>°° i.e. the spin (or magnetisation) lives

é longer and 1ongef life, but never infinite as derived in the H-F

" approximation. Hence the transition from non-magnetic étate to

magnetic state is not sudden as derived from Andersons model, but is

a gradual process,

7. The s—d Lxchange Hamiltonian

I

iWhen a localised mcment is formed it interacts with the
’condﬁction electrons via the exchange.interaction, This is given by
the so-called s—d exchange hamiltonian,in the derivation of which the
'moments are assumed to be well localised, In the case of a 3d—transition
impurity in a metalic host however the moment is not so well 1oca1ised‘
and hence the validity of the "s~d" exchange model is qgestionable:
Nevertheless when I) Athis model should be applicable, as in this
case a localised moment has a very long lifetime and hence one may

assume that the moment is reasonably well defined. In its general form

the s—-d hamiltonian is given by:=-
Ho=3 = —/J(r—Rn) S (Rn)O‘(r—Rn) f (r—Rn, e,\f) a°r (1.44)

where J is the strength of the interaction, S(Rn) is the impurity

spin and Rn its position (r-Rn) is the conduction electron spin

density and f represenfs the spatial exteﬁt of the local moment.
The above hamiltonian can be written in the second quantised

form as follows:—
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i(k’~k)Rn

Hs-4 = — —1%- Z J (¥ k) e {(a;f am-aL G )S n?
n,k,lc" ’ ’
+ -4 .t + I.
* s 2, Sp t By B Sn/} . (1.45)

Where N is the number of atoms in the pure matrix, and J (k-k ) is

the generalised exchange integral given by

_ 2
Ik ) = N o1 (X" )Rn / ar, ar, §i (v;) ¢Z(r2_Rn)rf_r2

b (r,) b, (r,—Rn) - O (146)

where ¢k and ¢L are the conduction electrons and impurity states
, +
respectively, S; are the rotational components of the impurity spin

giventbyr_
S = 8 =4S - (1.47

and Si is the Z componentof the spin.
This hamiltonian was first derived by Kasuya (15 ) and has since
been used extensively for the computation of the resistivity, polarisation

of the conduction electrons etc. in alloys as will be shown later.

8. Relation of the Anderson Hamiltonian to the Hamiltonian of the

s—d Exchange Interaction: The Schrieffer — Wolff Transformation

Both the Anderson and the Wolff theories apply at T = 0°K.
But it is known that experimentally a moment can exist only above
a certain temperature TK' Below this temperature thg moment is
quenched by the negatively polarised cloud of the conduction electrons
as discussed by Nagaoka ( 16). Alternatively, one can think of the
LSF as being fast or slow relative to the thermal fluctuation below and

above the temperature ka = Tsf_1 (Rivier; private communucation),



The failure of the theories to account for this, stems again from
the use of the H-F appfoximation. Where it is implicitly assumed

that an electron on the impurity stays for such a short time
h

(Tdecay = TE— ) that it does not feel the presence of the other spin
state which introduces an interaction lifetime (Tint = . . Thus

1
%—(IL i.e, the H-F theory applies when IT<1 This as we have

shown is the non-magnetic limit.

The magnetic limit must be approached in an alternative way,
but in this limit it has not been possible to treat the Anderson
hamiltonian successfully. For example Scalapino ( 17) has calculated
the magnetic susceptibility (chapter II) using the Anderson hamiltonian.

His treatment lead, in the limit of weak s—d m1x1ng, to a susceptibility
W

which diverges. below a certain temperature 'I‘o == e Ir)(EF), where

oW is the width of the s band. In order to isolate that aspect of the
hamiltonian which is responsible for this divergence Schrieffer and
Wolff ( 18 ) have performed a canonical transformatlon in the limit of
very weak s-d mixing, thereby eliminating V. d to first order. By

choosing an appropriate generating function S, they showed that the

 resulting hamiltonian contains an s-d exchange-like term with an

exchange coupling parameter Jkﬁ which at T = 0%K is given by:~

JkaF =2 | | TTJI:PE) 5, (1.48)
where Ed is the energy of the spin up electron measured with respect
to FPermi level. This represents an anti-ferromegnetic coupling
between conduction electrons and localised moment because in this

1imit E, {0 a.nd(Ed + 170, In the above formila we took kek = ki

since at T=0%% only the electrons at Fermi level are effective.

30.
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This antiferromagnetic coupling between s-and d-electrons was

pointed out earlier by Anderson ( 5 ) and Anderson and Clogston ( 19).

II., BASIC INTERACTION EECHANISMS BETWEEN SOLUTE ATOMS

An impurifty in a2 metallic host may present one, or simultaneously
two types of potential to the hést conduction electrons, depending on
whether it is a éimple solute or has a magnetic moment. In the lattier
case apart from the ordinary potential scattering the electrons are
scattered through exchange scafttering, giving rise o the‘polarisation
of the conduction electrons. This polarisation will interact with a
second impurity when it is not too far from the first, thus providing
. ‘a coupling mechanism between two impurifies.

There are essentially two ﬁodels describing this coupling.

The earliest is based on the s—d exchange model. The more recent is

based on the Anderson model.

1. The Interaction Based on the s—d Exchange Hodel:

The RKKY Interaction

A pure metallic host may be represented by a hamiltpnian
diagonalised to the following form:-
H, = zl’;p‘ Ekaz:a-cko- (1.49)
where 0; - and o, are the usual crea‘biqn and destruction operators
and Ek is the energy of a single electron in state k. Addition of an
impurity with a localised spin S perturbs the host metal, The magnetic

~ part of this perturbation which concerns us here, is given by the s-d



exchange hamiltonian introduced earlier L eq.(I.45)]. The diagonal

part of this hamiltonian is:-
1 + - Z
- (@ -0T) T (0)) s, (1.50)
n

where S is the impurity spin; N is the total number of atoms in the
lattice, nt and n” are the total number of electrons with spin up and
spin down and J(0) is the exchange integral.fornk=k'

This energy may be considered to represent an effective field
acting on conduction electrons polarising o = % (n+ - n ) electrons.

As a consequence of this a change in the kinetic energy of the electrons

will take place., This is given by ?z (n+ - n—)? where 2n is the
total mumber of conduction electrons,
The total change in the energy of the system is the sum of the

two terms, which is:-

AE °F (n* - n“)2 - il(qﬁ’l (n* - n_)z snZ - (1.51)

tot ~ 6n
A Et t -
The change in energy is minimum when 7?32;2_ = 0 leading to:-
s 3n Z
Tt == :
g = n._2EFN J(0) En s, . (1.52)

This polarisation is uniform, therefore by hypothesis a second impurity
anywhere in the metal will, through this polarisation,; be alligned
parallel to this. This was suggested by Zener (20 ) to be responsible
for the ferromagnetism of some of the transitional mefals.

The exchange parameter J is small compared to the conduction band
Fermi energy (e.g. Ei— 0.03 for Cu-¥n). Therefore one would expect %o
get reasonable results for various physical properties from lowest order
perturbation calculations. But the first order perturbation correction

gives, as we have seen, a uniform polarisation. However, the effect of
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~the uniform spin polarisation of the‘conduction electrons has not
been observed experimentally.
sida ( 21 ) starting from the first order perturbed wave
function has calculated the polarisation of the conduction electrons
to second order in J. Assuming a spherical Fermi surface for the
" conduction electrons, the author calculated the perturbed wave
function of elecirons for each spin direction and obtained for the density

of up and down spins the following expression:-

P(r) = \r} + gﬁ N§ ZJ(q){‘(q)sfl Cos q (r-R (1.53)
¥ F qn _
where:-
4k§. - ¢ 2legt q X (q)
f(q)=1+ In =20 ‘(I 54)
By S ) '

here Xo(q) is- the ¢ dependent susceptibility of a non interacting gas

and XO(O) is its value at q-»0. At this stage putting J(q) = J(0)

(which amounts to a zero range 0 function interaction between local

moment ~ conduction electron spins) the author simplifies Eq (I.33).

However the resulfing expressioq{diverges at r—+R due to this approxiﬁation.

Swhich oscillode as 1/,.3,
Yasida then makes the following approximation:—

£(q) 7 (a) = £(0) 3(0) = for g L2k,
| (1.55)
f(q) J(q) = O for q > 2k
and obtains for the spin density the following expression which is

finite at r--RBn.

P« p 3316, n JlfrO) y 2kp] R | P[ 2k | rR ) J; 2
- g n

o}

(1.56)



where p = —-%— is the average spin density in the host and the
o

function F(X) is given (with X = 2k | r-Rnl ) by

X Cos X —~35in X

F(X) = ) - (1.57)

The‘polarisation given by (1.56)is concentrated in the
neighbourhood of the impurity ané has a long range oscilatory effect
;outside the impurity cell decreasing with _;i . The same function
wés obtained by Rudemann and Kittel (22 ) ii the calculation of the
indirect interaction between two nuclei via their hyperfine interaction
with conduction electron sea, Therefore it is known as the R K K Y'
spin polarisation. |

In this model there will be an interaction between {two impurities

via this polarisation if they are not well separated. The initeraction

energy is giyen by~
E(R) = 6T 2252 P(Ep) F (2R) 5, 5, (1.58)

where Z is the number of conduction electrons per atom, S1 and 82

are the spins of the first and second impurities respectively.
The R X K Y spin polarisation is derived assuming that the
conduction electrons of the host have an infinite mean free path. In

actual cases it will be modified by all the scatiering mechanisms.

.o, Interaction Based on Andersoms Model: Caroli

An interaction mechanism between magnetic impurities in normal
metals basedon s—d mixing, has been cosidered by Caroli(23ﬁe considers
two impurities separated by a distance R which couple through two

consecutive resonant scatterings of conduction elecirons.



The total wave function of a conduction electron of spin
scattered by an impurity is given at a large distance R by:-
A o
el(kR+n1 )

P7(R) = M 4
kR

. [«
Sin T (1.59)

where‘n‘fl" "is the phase .shift in the conduction electron wave function
cam_zsed by the potential of the first impurity. This state then mixes
with virtual d-level of the second impurity‘ via its potential V2'as
ih the Anderson model but now the matrix element <k 'Vzl d2> is

. replaced by <¢Z|V2id2>’ which is:—

; o ikR | i(kR+NT ) o o .

<Lp’kl v, ay= el vyl ayle™ + ¢ 3 sin))?, 1 (1,60)
: ; kR

where {k [V,] d,) is the matrix element of the H-F field of the
second impurity taken between s.and d—electron states.
| Using Anderson's Greens function formalism Caroli calculated the
asymptotical form of the interaction enerzy between two non-degenerate

virtual bound states within the H-F approximation. This is given at

T = 0°K by:~

The final expression for the interaction energy afier level

degeneracy is taken into account is:~
2
21 + 1 " . o
E(R) - ‘ L—-“—L Ej Z SinY) T Slnng Cos(2kF,R4T| g ) T,

(1.62)

where 'El:1 is the unit vector in the direction of the moment on the

FH
impurity at Ri' This formula is valid only when kFR>1 and kFR> 7

A being the width of the virtual level. For the range 1 <}:F‘R &-—ZE—



the formula takes a very complex form.

Blandin (24 ) and Blandin and Friedel (25 ) have proposed a
hybrid model of interaction between magnetic impurities in dilute
alloys of 3 d elements with simple metals to explain peculiafities
shown by such alloys as Cu~Mn.

When a virtual bound state is split, the impurity presents
different spin dependant scattering potentials to incoming conduction
;electrons. If the exchange interaction between conduction electron-spin
" .on the impurity is taken to be of the form H = —2J(r)SC 8, then
spip—up and spin-down conduction electrons see V(r) - J Sim and
V(r) +J S, potentials respectively. This gives rise to a spin

density oscillating in sign. At large distances this is given by:—

5(1‘) = - g%gz o Sinf]u' Cos (ngr +T|°-) .;1. ©.(1.63)
o t r

wherénunjs the phase shift of the scattered conduction electrons

36.

with spino and 1 is a unit vector in the direction of impurity moment.

10\\
\
S \
X0 \
SN
x \
\
\
s} \
: \
\
\
\
“\
\
\
1 N
\‘
0 ‘ i - Yok

Fig (I.3 ): The normalised ¢-dependent susceptibility of an
electron gas. The solid Surve is dxrawn for no
electron-electron interaction. The dashed curve
represents the case IN(EF) = 0.9



An impurity at position Ri induces a spin polarisationCJ'(r—Ri)
at r. Assuming a O function interaction between O (r~Ri) and a

second impurity SJ at RJ one has:—
, Y
E(R, ;) = - 27(0)G (R;-R,) SJ(_RJ’ (1.64)

Using (I.63)the interaction between two impurities separated by
a distance R via polarised conduction electrons is found to be given
by:~ : .
. Cos (2k R+ )
15 _J3(0) o il
E(R) = ; z§_;cr Sixl]

P 33 (1.65)
RkF

i Jd

S,
i

where ky is defined in terms of atomic volume® i.e. 1ch3 - 3m%
and Z is the number of electrons per atom.

Caroli has compared the strength of the interaction mechanisms
; discussed above for Cu-Mn alloys for which J = 0.2eV,Eq T TeV, and

%2 =1 is assumed. Supposing a Mn atom is in the state Mt and a

" moment of duy is associated with each atom, then one has:-—

nt - = 4, and nt +n =6 giving nt = 5 n =1

+
The phase shif$ n T are related to nt n_ the numbers of spin-up

and spin-down electrons respectively by the Friedel sum rule
i-—l—Z(21+1mt iving7) " =T d"r]'”‘—"— Taking S = 2
n = - . g1v1an] =T an = 5 . ing 8 =

one obtains:—

Epyy = 8-10 (kFR)B U U,(ev) (1.66)
: Cos (2k.R + Ty -
By Friedel 9.107 L U U,(ev)
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Cos (2R + 2; )
Boaro1i = 10 U1U2(GV) © (1.67)

(R)°

The strength of each interaction mechanism increasing by an order of
magnitude,

In the case of rafe earth solute atoms the mixing ?kf is very
small and hence the RKKY mechanism is dominant. The strength of
interaction depends naturally on the type (of shell) of magnetic

impurities.

; | MODIFICATION OF THE RKKY INTERACTION

1. ‘The Effect of the Exchange Enhancement

In the derivation of the expression for RKKY spin polarisation
the host conduction electrons are agsumed to be non—intéracting. In
the case of a matrix where the susceptibility is enhanced, this
expression is no longer valid. The exchange enhancement, which is
due to the strong interaction between the itinerant electrons of thev
metal, reders it easily magnetisable. Therefore a magnetic impurity
which may be thought of as an effective field, polarises the host metal
electrons easily. This polarisation has a long range and does nhot
oscilate over a 1érge distance. For Pd containing Fe, Law and Holden
(26‘) found no oscilation within a diameter of 103 centred around
-the Fe impurity. This easy polarisation and its long range, is the origin
of the giant moments observed in the exchange enhanced hosts. Where a

magnetic moment per impurity, much iarger than that expeéted from the

impurity in a metallic host, is found.



This phenomeron has been explained by Wolff (27 ) and Giovanini
et al (28 ). Wolff calculated the host Pauli spin susceptibility in
the random phase approximation including the interaction between
elecirons which is assumed to be a § funciion of strength V and found:-—
2,2 P@%)f0%%)

X(q) = & p° _
Pt )

(1.68)

! q | |
where (Evk—) is given by (I.54). As a result of the enhancement X(q)
R

is enhanced for all g's, however the enhancement is much greater for

[y

small values of q. For very large enhancement X(q) may be expanded in q

g'iving: -

X(q) = X°(O; , (1.69)
1 +(—R':")

where K is a constant. Hence, at low g value X(q) has a Lorentzian

shape fig T.3).
The spin pola.risa‘l:ion"sgiven by :-
1 3
o(r) = TZ H(q) X (q)e'%

B q
where H(q) is the F-T of the effective field seen by conduction

(1.70)

~electrons, due to impurity. If the impurity moment-conduction

electrons interaction is taken to be 0 function s—d interaction then

H(q) may be shown to be H(g) = J ¢ Sz>where J is the exchange

iz
interaction constant and { SZ) is the average value of Z component

of the impurity spin Bubstituting H(q) into o (r) one obtains:-
JL8,»

o (r =———Z X(q)e ™ (I.71)
O g
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As the ferromagnetic transition is approached X(q) peaks
strohgly at lower value of g and hence the range of o (r) gets
longer. At the same time the amplitude of RKKY increases and its
first zero is pushed further, covering in some cases a large number
of surrounding host atoms, This is the origin of giant moments in
the exchange enhanced metals such as Pd,

Due to interaction between these giant moments the alloys of
;exchange enhanced metals are usually ordered in very dilute limit.

Although the transitional metals Fe; Co and to a lesser extent
Mn in Pd induced giant moments, no such effect is produced by the rare
eafth impurities where thg magnetic moment fer atom is found to be the
value expected from free ion of rare earth solute. This phenomenon
seems to be closely connected to the mixing of the host conduction

electrons and the localised electron state.

2. The Effect of Approximations Made for J(k,K;) on the
RKKY Spin Polarisation '

The BRKXY spin polarisation is very sensitive to the form of
exchange coupling constant J(q). Below, the discussions concerning
-ﬁhis quantity are reviewed.

Overhauser (_29) has considered the exchange interaction between
a localised spin-Si at Ri and the spin polarisation density of the
electron gas ?(r) in_which the impurity is embedded. This coupling

'is represented by:—

H, = - F(q) 5, P(R,) ©(1.72)

Here F(q) is the coupling parameter approximated by the atomic form

40.



factor of +the solute:—
. F N> 2 .
F(q) j/;l(g:g )p l%d( 8y o | (1.73)

vhere p = (r—Ri) and @d is the state function of the localised spin.
This is the spatial P-Transform of the local moment distribution.
F(q) is obtained from the exchange interaction parameter J(k,ﬁ‘)
given by (I.46), when considering a strdng screening of the Coulomb
potential i.e. approximating it by a 6 function.

The form factor approximation of the exchange coupling parameter
1egds to a spin polarisation which differs from that obtained from
the RKKY theory as shown by Watson and Freeman ( 30 ).

Watson and Freeman have investigated quantitatiyely the exchange
coupiing constant J(k,KX ) between conduction electrons and localised

i magnetic electrons for a range of k, ¥ . The O,P.W (orthogonalised

plans waves ) are employed to represent the counduction electron stales

and the localised moments are taken to be the 4f7 and 3@5 shells of
dd3+ and Fe3+ respectively.

The RKKY theory is then employed with and without an exchange
enhanced susceptibility. In the case of Gd3+ it is found that the
approximation J(k,X ) = J(kX%') is well justified as is expected
for a short range interaction. However for Fe3+ this approximation
is found not to be too good. The bulk of the spin polarisati;n is

}fbund to be not on the impufity, but approximately two atomic units

awvay from it in contrast to the RKKY prediction. However the same

asymptotical oscilatory behaviour is observed,

410
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3. The Effect of the lagnetic State of the Host on RKKY Spin Polarisation

Xim and Schwartz (31 ) have considered the effect of the
magnetisation of the host on the range of spin polarisation about an
impurity. In their calculation a simple non-degenerate band and a
0 —function electron-electron interaction is assumed. They found

that range is longest for very small value of the host metal relative

4+ -
magnetisation U= _13__—_1_1__ . In the limit of § = 1 (an example of
nan '
this is Ni where at T = 0°K one spin direction of holes is completely

full while the other is empty) the spin polarisation is found to be the

same as the simple RKKY term.

|

.
t



II1I. SOME FORMS OF ORDERING

1. Introduction

The interaction mechanisms discussed earlier, i,e. RKKY,
Caroli ( 23 ), Blandin and Friedel ( 25 ) describe the exchange
coupling between localised spins via conduction electrons. These
therefore constitute what is known as indirect exchange. This type of
exchange mechanism is operative in metals and alloys with localised
moments.

In the transition metals and the alloys between them, the
coupling occurs mostly via the exchange between itinerant electrons.

1These interaction mechanisms lead to various forms of ordering. .
These‘include, what are called spin glasses (of which Cu-ln is a
typical example), long and short range ordering, and various forms of
complex spin structure usually seen in rare earth metals.

Below we discuss the types of ordering which are directly

related to the alloy systems studied here.

2. Spin Glasses

The common feature of the EKKY interaction and those proposed by
Caroli ( 23 ) and by Blandin and Friedel ( 25) is that they oscillated
like Cos (2kFR +WQ)/(kFR)3 with a wave vector 2ky. The wave 1ength.of
this oscillation is small (Zde 2 6.92 for Au, Ag or Cu, where d is the
-distance between first neighbours.) For dilute alloys the distance
between impurities is very large therefore the couplihg energy has the
same probability of being negative as positive. The moments on the
impurities therefore take randem orientations at low temperatures.

For perfectly disordered dilute alloys of simple metals with transition
metal impurities this leads to a sort of ordered state at T=0°K in

which 211 the spins are frozen out with no visible regularity.
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At high temperatures this state is broken-up by thermal agitations
leading to a set of localised moments giving a Curie-Weiss like
susceptibility. These types of alloys have been called spin glasses
by Prof. Coies. |

Marshall ( 32 ) has proposed a model, based on the RKKY interaction
between manganese ions in noble metals, to account for the behaviour of
the excess specific heat of dilute Cu-Mn ( 33 ) and Ag-Fn ( 34 ) alloys
which at low temperatures show a linear tempe:ature dependence independent
Qf solute concentration. He assumes for simplicity that as the alloys are
cooled down all spins in the system are oriented pa?allel or antiparallel
to a certain direction of. Within this Ising model the effective field
seen by a manganese impurity, due to all other impurities, has a probability
distribution p(H,T), where p(H,T)dH is the probability that a manganese
?tom is in a field lying between H and H+dH at tempefature T. Marshalls
calculation shows that p(H.T) is a Lorentzian having a suitable cut—off
iimit and a width proporftional to concentration. At low temperatures it
has a double peak symetrically placed around p(0,T). The'minimum at this
point was shown later by Klein and Brout ( 35 ) to arisé from the strong
correlations between spins that are close together.

Klein and Brout have developed a statistical theory of the

ihteractions between inpurity spins of very dilute Cu~ln-like systems.
Their detailed analysis, again employing an Ising model for impurity
spin system, confirms Marshalls findings. They write down the partition
function for a single spin in terms of the probability distribution of
the effective field p(H) seen by an impurity moment at some origin due
40 all other randomly distributed spins in the crystal. To find p(H)
they first neglect correlations beiween impurity spins and assume that
the impurities could take up a continuous range of distances from the

one located at the origin. In this approximation the authors show that



the distribution function p(H) is a Lorentzian with a width proportional
to concentration.

" When imposing the condition that no two impurities may come
closer than a certain minimum distance r a Gaussian form for p(H)
is obtained, again having a width proportional to concentration. To
get correction to the distribution function, the authors then consider
the two-spin correlation function <?i Sj:> . They expand the partition
function in powers of concentration, perform averages over spins and
spatial configurations and thereby obtain the mean free energy of the
total system. This procedure at 7-0%% and in very ailute limit leads

to the break-up of the spin system around an impurity into itwo regions.

(1) The region within some correlation radius Rc¢ from a certain
spin i. Any other spin J within this region is correlated to spin i.
The strength of correlation depends on the distance rij between them,
f (2) The rest of the crystal volume for rii> R_ in which any

spin J is weakly correlated to i.

.

Thus at T=0°K the field experienced by a spin i at certain origin

is the sum of the contributions from the two regiomns. i.e.
Bp=Hy +H, (1.74)
The probability distribution of the total field p(HT) is the
convolution of the distributions p(H1) and p(Hz).
For a Cu-1.8 at % Mn alloy the distribution for the total field
p(HT) is computed and p(HT=o) is found to be inversely proportional to
the concentration in agreement with Marshall's theory.

Klein and Brout's statistical model is applicable to very>dilute

alloys at T=0°K.
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Liu ( 35 ) has proposed a mpdel extending Marshalls idez to
cover higher temperatures and more concentrated alloys c=1 at %,
This model is phenoménological and based on self-consistent postulates
'in analogy with Weiss molecular field model. Therefore Liu makes the
assumption that the most probable value of the effective field is
temperature dependent and decreases with increasing temperature. This
is the main point of disagreement beiween this model and the theory of
Klein and Brout where célculaiions show that thé most probable field
shifts to higher values as the temperature is increased. The author

takes the distribution function to be of the following form:-

. 1 1
| p(H) =a| ———F—% + ——5 5| for HLH
| (H-b)?40° (B+b) 242 | c
‘p(H) = 0. forH >'Hc. (1.75)

where Hc is a cut—off wvalue of the field., This function is given in

»Fig (1.4 ),

- lf(H)

Fig (1.4)
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where b represents the most probable velue and C the width of the
distribution and a is a normalisation constant.

| By comparison with the Weiss theory where the magnitude of the
molecular field decreases with increasing temperature the parameter b

is assumed to be given by:-—

b = bg’] | ' (1.76)

where
M= Jpimar s ( k;‘T y
0

is the reduced average magnetisation per snin.
' 1
For dilute alloys Liu assumes bo and C to be proportional to

concentration and that the dependence is complicated for more concentrated

alloys.
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3. Long Range Ordering

The incomplete 23d shells of the first row transition series
elements, play an important role in their magnetic properties. The
3d state functions of these elements are fairly localised and hence
cannot overlap strongly with the wave functions of other atoms.

This results in a narrow band with a high density of states. This,
as we will see soon, is a decisive factor in determining the magnetic
state of the transition metals.

There are two models attempting.to account for their magnetic
properfies,the Heisenberg model and the band model.\ The latter
asSumes that the magnetic carriers are itinerant, their allowed states
lying in a narrow band with a high density of states.

In the Heisenberg model it is assumed that the 3d electrons, which
are responsible for the magnetic properties, are locélised. The 3d
shells of the transition metal atoms not being full, there is, according
to Hunds rule, a net magneti; moment associated wifh each atom. In
the case of an interatomic exchange interaction this giveé~rise to
ferro-or antiferromagnetism. Otherwise the metal is paramagnetic. Some
of the important resglts that can be de;ived from the Heisenberg model

are given below:—

(i) The high temperature susceptibility is given;in the molecular field
approximation,by the Curie-Weiss law.
(ii) 1In the ordered ferromagnetic state, at low temperatures, the

elementary excitation *spin waves' of the metal give the Bloch law:—

=i=

_._%.g_ ¥ (1-aT 372 ) (1.78)



where HM(0) is the saturation megnetisation and a is a constant.

The spin wave spectrum for long wave length is given by:—

hwg= Dq° (1.79)
where: . ..
| (1) = D(0) (1-br /2) - (1.80)

and b» is a constant.

=¥

(iii) At temperatures near Tc the susceptibility behaves as (T-Tc

A recent estimate of the exponent ¥ is = 1.4 ( 31 ).

Thié model explains reasonably well the properties of magnetic
transition metals Fe, Co and to some extent Wi as the following
examplés show.

At high temperatures the susceptibility of Fe and Co follow a
durie—Weiss law in agreement with the prediction of the model. At
low temperatureé the magnetisation of Fe, Co and Ni follows the Bloch
law given by (I.78). The variation of D(T) is also in agreement with
the prediction of the model. |

At T2Tc the susceptibility behaves as (T—Tc)-x‘with ¥4

In Fe and Co the magnetic contribution to the electrical resistivity
" behaves in a similar way to rare-earth metals suggesting that the magnetic
components of the resistivity have the same origin.

This model, however, cannot explain other properties of the .

transition metals some of which are given below

(i) The transition metals have a large electronic specific heat indicating
the existence of a high densityvof states. This can be explained by the

participation of the itinerant d-electirons which have a high state density.
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(ii) The magnetic transition metals possess a permanent magnetic moment
per atom which is not an integer numberrof Bohr magnetons. For Fe, Co
and-Ni this number is 2.2, 1.7 and 0.6 respectively. Such a'non-integer
mimber follows quite naturally from the band model.

(1ii) Transport properties of the transition metals show that the

d-electrons take part in the conduction mechanism.

The observed Bloch 10& in the magnetic transition metals Fe, Co
énd.ﬁi can also be obtained from band model when including spin wave
excitation. |

From the above discussion it seems that a proper description of
the transition elements should lie in between these two models, A%
present there seems to be agreement on this point. For this we refer to
Herring ( 38 ).

Below, the Heisenberg and the itinerant electron model (band model)
are described simply and briefly, and the effective field model is

introduced wvia the Heisenberg model.

(a)' The Heisenbers and the Effective Field Hodel

The origin of the effective field in a metal is the exchange
interaction between electrons., This concept arises from the use of the
determinantal wave functions of the Hartree-Fock (H-F) model. The need
for a determinantal wave function arises, ofcourse, from the Pauli
principle,

The determinant bpilt up from electrons with parallel spins

introduces the exchange term

BT () 0@V 14 @) d Dy (zen)

where 1 and J are the sites of atoms, 1.and 2 are the positions of the
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electrons and Vp is the repulsive Coulomb potential between the two
electrons. The inter-atomic terms (i # J) are much smaller than the
intra—atomic ones (i = J) because of the small degree of overlap
between atomic states on neighbouring atoms., The intra-atomic terms
can be divided into two. The Coulomb term I = J;; and the exchange '
term J = J;i . Their estimated magnitudes are I = 208V and J = l.ev
respectively.

The simplest way of introducing the exchange energy is to consider

the typical example of the hydrogen molecule ( 39 )

If Eo is the energy of a hydrogen atom in isolation then the energy

of the molecule is given by:-

E = 2B+ (C+J)/(1+Se)»

(1.82)

| B, = 2B+ (0-3)/(1-5%)

- Correspondingto the singlet and triplet states respectively where:-—

¢ =P P 7D () Puiz) D
3=y = 5(=,) | qu)i(r2) q)J(r'.)‘) (1.83)
8 =<Ll)i(r1 )M)J(zﬁ)>

Here C is the Coulomb integral, J the exchange integral, S is
the non-orthogonality integral and V is the perturbing potential
introduced when the atoms are brought together. The energy difference

between the singlet and triplet states for small S is :—

AE-= B, - E,=2J : - (1.84)



Thus if J > o, the triplet state is stable. Now if § is zero i.e.
if the electrons are completely localised we can write the total energy

of the system as

H = Constant ¥ I10 ' (1.85)

for the triplet and singlet states respectively. Here J12 is the

exchange integral for two elctrons having spins S1 and 82 on sites 1

and 2 respectively. Apart from some constant terms this can be written

as:-—

H, =~ 2J12§1§2 . (1.86)

A .
. 1 .-
- Because the eigen value of the operator —2J12§1§2— 5V, is ¥ J,, for
. A
the parallel and antiparallel spin configurations., Here I is the unit
operator., Up to this point we have been dealing with the case of the

hydrogen molecule where ofcourse J.< o. The same approach applies to

actual cases i.e. to magnetic electrons. Dirac ( 40 ) has shown that
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when taking the Pauli principle into account the spin dependent contribution

to the energy due to exchange coupling between localised electrons in

orthogtal orbitals may be written as

H=- J. 33 : (1.87)
g iV :

This hamiltonian is, known as the Heisenberg hamiltonian now,

Below we show how the above Hamiltonian is related to the molecular

field model and describe the latter very briefly.
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The basic assumption in the molecular field model is that fhe
effective field is proportional to the average magnetisation of the

metal i.e,

H = IM (1.88)
m

where I is the molecular field constant and M is the magnetisation.
With certain approximations a formula of this type ma& be obtained
quité readily from the Heisenberg Hamiltonian (I1.87). To show this let
us consider the coupling between nearest neighbours only. Then the

single atom Hamiltonian, from (I,87), is:-
H, = - 2J5, ;n s, (1.89)

where it is assumed that J is the same for all nearest neighbours.

‘If this Hamiltonian is replaced by an interaction between a molecular
! .

field and the atomic moment, such as:—

= - pgSiH, (1.90)
Then this field is given by:-
2J
= - I.91
m il mn ( ? )

¥here J is the exchange integral between two nearest neighbour atoms,

% is the mumber of nearest neighbour atoms and g is the Landé g factor.
In (1.90) it is assumed that the atomic moment is F[: ngﬁg- This is
Justified for the 3d transition series elements, as in this series the
‘angular momenta of each level is quenched. Now if we assume that each

Sy can be replaced by its average value <fS&) then it is a simple matter
to show that I is given bj:-

273
" leuy -92)



When applying an external field Ha to the metal, the total field

acting on an atom is:—

Hp=H +H = Ha f IM . (1.93)

T

-

If one takes Ha in, say, 62 direction then M and hence Hm lie in the
same direction if the system is isotropic. The Hamiltonian of an atom

in this field is:-
H=- gy S, (H+I) o (1.94)
and‘has eigen values |
E = - guBrﬁ(Ha+Ir«1)-, m= —5, ~-s+1, s-1, 8 (1.95)

The reduced magnetisation of the atom is ( 41 )

(1) S : |
) ﬁ(o) = BS[ —i——rg—B (Ha-l-IM)] = -%i{—g—}— (1.96)

whereLL(O) is the saturation value of an atomic moment'yi(o) = gl S,
Bs(t) is the Brillouin function and M(0) is the saturation magnetisation
of the crystal. If atoms are of the same sort then M(0) = HLL(O) where |
¥ is the number of atoms per cm3.
The Curie temperature Tc, at which the spantoneous magnetisation-
disappgars in the absence of an applied field, is easily obtained from

{this model. For high temperatures and not too large fields Ha’one hes

(dropping subscript of the spin).

Sgp
S+1 S+1 H B
X = 3‘3“ v (Hy IH) (1.97)

Bs(x) ~

hence putting Ha= 0

M(T)  _s+1 _Ekp
M(o) - 3 k Tc

I u(T) (1.98)
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giving:—

s+1_, EH3B
T, = % X I 1(0) (1.99)

which may be shown to be proportional to the molecular field energy.

Above 'I‘C the spontaneous magnetisation is small g g & 1 '

therefore at high temperatures Hyis not negligible compared to Hm

hence:-
S .
M(T) S¢1_ g MB e .
CTH(O). T3 KT (H+I8(T) ) (1.100)
giving:-
¢
WD)y =X = T-T_ (1.101)
|
with:— .
C o = (5+1) &pugH(0) (1.102)

3

(b) The itinerant Electron model of ferromagnetism

This model has been the subject of many recent publications. An
excellent review is given.by Blandin (42 ), the most recent by Vogt
( 43 ). However we present here the approach originally made by Stoner
and Wohlfarth (44 ).

ThisAmodel makes use of the concept of energy bands in metals, the
Permi-~Dirac StaiistiCSband a molecular field, to describe the interaction
- between carriers, assumed to be holes ( 3 ). It must be pointed out
however that Fermi Dirac statistics are sirictly valid 6n1y for fhe non—
interacting particles.

Let [ = —Hi:g:— be the relative magnetisation at T = 0%K. The

4+ -
n +n

molecular field model is brought into the theory by assuming a molecular



field energy per particle dEm = —kB6'§ . This energy per atom is

then:—

2 .
B "121_ kg®'C (1.103)

where n is the mumber of holes per atom and 6' is a characteristic

temperature. If () O then the spin up and spin down bands split.

. +
Pig.( I.5) and are then filled up to E with
‘ +
* a E- o
n == (1+0) = {p(E)dE (1.104)
A ,

where ID(E) is the density of states per atom per spin.
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t 1y E=0
-S.f.m p(E) +5r'm
Fig (1.5)
The total energy per atomat T = 0%k is therfore
+
E
- - nko! 2
E(L ) = E +E, = FE() (E)4E - joEp(E)dn. - (1.105)
E —
0 E

Minimising B([ ) with respect to gives the so called exchange spli

oL

v

ting



L |
AE=E -F =207 (1.106)

This splitting exists if the total energy is minimum at a finite value
of ¢ . From(I.105) one has:-

e (8) _ a1 1

= 1 - v
at 2 ) p(E;)+ o) nky® (1.107)

Hence if E"{ O then E(L ) has 2 maximum at { = O leading to the so-

cé.lled Stoner criterion for ferromagnetism at T = OOK.

20 ()

n

k€' > 1 ' (1.108)

The effect of the high density of states on the magnetic state ofithe
metal is quite clear from th-is‘formula. i.e. The high density of states
facilitates ferromagnetism.

Equation (I.108)can be written as follows:—

I eff.D (Ep) }1
2kg®!

n

(1.109)

where I eff =

LY

Although ir the limit I efﬂp (EF)< 1 the system is paramagnetic its
susceptibility is now enhanced as:—
% _(0)

Ieff.
— X (0)
2 TE

X =

=D X _(0)  (1.110)
e

where XO(O) =2 usz(EF) and D is the enhancement factor. The latest
estimate for D is &~ 10 for Pd and 4 for Pt ( 45 ).

The generalisation of this formula to finite temperatures is given

byi—
(T)
X(T) = =2
-2 x (i) (I.111)

57.
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where:
| wl
x (1) = 2u32 /F)(E) l T l & | (1.112)

Here: f(E) is the Permi-Dirac function. The Curie temperature is the
temperature at which X(T) becomes infinite. Hence from (I.111) and (I.112)
it is given by:-

I eff / FJO(E) I—dfﬂ—

dB
o

dE = 1 (1.113)

In alloys, both p(EF) and lefr depend on concentration, Hence
the effect of p(EF) and I eff which determine the behaviour of alloys

may be separated, at T = OOK, as follous:—~

1 lesr (0) (1.114)

1
) X(c) XO(C) op Bz

‘Thus increasing concentration alters I eff and P (EF)’ eventually the

’all'oy may become magnetic,
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CHAPTER II

THE THEQRY OF THE ELECTRONIC PROPERTIES OF TRANSITION METALS AND ALLOYS

I. MAGNETIZATION AND SUSCEPTIBILITY

1. Introduction

At low temperatures low lying spin excitations play an important

" role in the electronic properties of mégnetic and nearly magnetic metals
and alloys. The simplest of thése are the Stoner excitations. To
describe them consider the ground -state of a non-interacting electron
gas. This may be represented by a solid Fermi sphere. When an electron
is removed from within the Fermi sphere it leaves behind a hole. Such

" an excitation can be represented by the Fermi sphere plus an electron-—
hole pair. The pair excitations are divided into two: the spin-flip
and the non spin-flip excitations. The former, which concerns us here,
arises when an electron is transferred to a state outside the Fermi sphere
with. its spin direction reversed, and its wave vector changed by a
certain (wave vector) q. This type of excitation is referred to as

Stoner or spin—-flip pair excitation.

In magnetic metals and alloys another type of excitation exists.

This is the spin wave which is a collective excitation of the spin system.
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A spin wave has a wave-vector q, and it represents a bound state ‘
of an electronthole pair. The binding energy is, for small q, given
approximately by the exchange splittin&Apf the electron sub-bands, Fig.
(II.2). Spin waves are important at low temperatures as they contribute
to the resistivity, magnetization and specific heat. They are true
excitations and have well defined energies at low temperatures. In
the strongly exchange-enhanced systems (e.g.>Pd, dilute Pd-Ni alloys)

a contribution to the electronic properties comes, apart from Stoner
excitations, from the critical spin fluctuations (paramagnons). They

have energies which lie in the band of’the Stoner continuum, and hence

they can decay into Jdir excitations. Therefore, they are not true
 elementary excitations. Tﬁeir existence is indicated by a peak in the
imaginary part of the susceptibility as will be shown below. The

energies of the above excitations are obtained from the singularities

in the imaginary part of the dynamic susceptibility. Therefore, we

discuss below the susceptibility function for interacting and non-interacting
. systems. In each case we consider first the susceptibility in the static

limit.

2. The Susceptibility of Non-Interacting Electrons

The bulk susceptibility (W -0, qw0) of a non—-interacting electron
gas is calculated in most textbooks (46). In an applied field H the

energy levels of spin-up and spin—down electrons change as follows:-



61

ke~ B T ugH
(11.1)

Epo™ Ex + BgH

where Ek is the energy of a particle in the absence of the field and lJ.B

is the Bohr magneton. At T = 0°K the magnetization is obtained as:—

1 oY
= f P(E) dE = 2Hp g3 (Ep) (I1.2)
ﬂo “BH

from which the susceptibility is obtained as:-

Xt =0 = zuB P ER

(11.3)

i
[
i

i where TTO is the highest occupied state in the presence of the field and

p(E) is the density of states per unit volume. Here it is assumed that

IJBH((‘II0= EF the Fermi energy.

At finite temperatures and for not too large fields, the susceptibility

is given by (47)

o |
X= 21,2 fp(E) (- %—é) dE (I1.4)
(o] .

Here f is the Fermi function. Notice that as Tvo, (- %)»E(E—EF) giving

(II.3. For temperatures not too large the susceptibility is found from

(II.4 to be given by (47),
X, (@ =Xo(o)[ 1+ BTzl (11.5)

where
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_ 12
B =%

2
k2 dEZ log p(E ) _ (1I1.6)

(I1.4) may be written as:~

X, (m = 211822[ ___%] (I1.7)

" This expression may be obtained from:-

mBZ f(k)-f(k+q) . (11.8)
Q0 | E(k+q)-E (k)

where E(k) is the kinetic énergy of an electron. It can further be shown
that the general qfdependént susceptibility is givén by ( 48 ):-

X, (@ = ZJBZZk%‘:—gf—f}E‘{% | (11.9)
This is the most géneral formula for the static susceptibility from which,
.és we tried to show abové, thé bulk susceptibility (g~o) at any finite
temperature is obtained quite readily. )(o(q) is, of coursé, the Fourier
;transform of the non-local susceptibility, and is the response to a spatially
varying field. To find the single particle éxcitations use ié made of the

dynamic susceptibility.

For the computation of the dynamic susceptibility,)((q,uD,_we refer

to White (49). The imaginary part oﬁx (q,w) is givén by:-

mX_ , (¢, )= 208" Z £ (@) (1=£, (k+q) 6 (HWI-E (krq)y +E(K), ) (I1.10°
v
where V is the volume of the crystal The s1ng1e partlcle excitations are
given by the singularities of the d functiom, i.e., .
W= - - kK-q, g |
hw= E(krq)y-E(), = 208 (X4 + Zm)h’ (I1.11)
This is shown in Eq. (II.1).
phua)

7

2uH

Fig. (11.1)

o7
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3. The Susceptibility of an Interacting Electron System

First we calculate the wave vector dependent susceptibility. The procedure

is that of Anderson (50).

In an exchange-énhancéd systém the appliéation of an external field
induces an internal éxchangé fiéld H which is taken to be:-
H_(r) =)I(x-R)M(R)dR . | (11.12)
where I(x-R)is thé ex.changé intéraction betwéén itinerant electrons and |

‘M(R) the magnetization.

The total field is then given, in q spacé, by:-
Hp(q) = H(q) + H_ () = I(q)M(q)+H(q) (I1.13)
and, hence, using M(q) =X_ (@H;(a)
one arrives at:-

M(q) . .
X @ *[ H(q)l Xo(q) _— (11.14)
1-1(aX ()

whereXo(q) is given by (@I1.9)

This is the so-calléd éxchange enhanced suscéptibility and is derived with

propei‘ rigour by Wolff( 27 ) in the RPA.

The dynamic susceptibility of an intérac_ting electron gas is calculated,
in the one band model, by Izuyama et al (51). It is givén by:-
Xeglts ) = (g 2[F@[2Xgg (0 S 1)
where F(q) is~t:he form factor of the Wannier functions an&XaB(q,w)
is the so-called "reduced susceptibility",@ and § label the components
of the susceptibility temsor. In the derivation of(II.19the overlap integrals

of Wannier functions and different sites are neglected.

For an isotropic system, in the absence of spin orbit coupling there

are three components of the reduced susceptibility, -namelyxzz, X__{_and XJ__.
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Among these three components><_+is the important one as its poles give the
energy spectrum of the elementary excitations. It has been calculated in

the RPA by Izuyama et al . ,

X (q,w) D) ' " (II1.16)
1-1 T (q W)

where I is the intra—atomic exchange interaction and

fo(k) = £,(k + q)
$ ¢
T (q,w) =Z ' (I1.17)
k E,(k+q) - E,(K)-hw

Here Eg(k) is the one particle energy modified by the exchange self energy.

There are two types of excitatiomns in (IL.76) which occur when
IT“(q;u) 1. This gives both spin wavé and Stonér éﬁcitations. For the
spin wave exc1tat10ns the dlsper51on relatlon is, in the limit of small
q, given by (51)
kw(q) = Dq? ‘ ) (11.18)
where D is a coefficient involving the Fermi function, number of particles,
and the derivative of particle énérgiés with respéct to k,(@118) leads, at
low temperatures, to a déviation froh the saturation magnetization given by:-—
= M(o) (1 - AT /2) (11.19)
where M(o) is the saturation magnétization and A a constant. The energy
spectrum of Stoner and spin-wave excitations is shown, for a weak

ferromagnet, in Fig. (II.2)

rhunqb

///

Fig. (IL.2) A sl emtuhm

Sp.mu.rc:m
-

Toax 9
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Paramagnons , -

In the parmagnetic region(II,16) reduces to the following:- '

X_+ (q,w) =X(q,0~’) =X_Q_(_$_U)_)___ (11.20)
whereXo.(q,w) is the susceptibility of a non—intéracting éléctron gas. In

the limit of qso,y-=0 (II.20) reduces to

Xo
X = As
— I1.21
s™ a1 (11.21)
where i——in(EF) and (1—i)_1 is the Stoner enhancement factor. As Il
the system becomes unstable to a ferromagnetic transition. In the limit

of TI+1 and for u—:-((l and q= % ( 2 thé imaginary part ofX (q,uw) has been
' F

q . .
shown by Doniach (52) to be given by

T w i
! ~ T = :
Im X (q,w) —p(EF) 5 5 (II.22)
[0+ Lz s 87
[(1 D+ $,Ia?| +@I ﬁ)
where @ = % . This function peaks at certain values of yygiven by
F =
~ l_I S
w(q) = Eq (?) kp (11.23)

These peaks define the so-called paramagnons. They are reasonably well-
defined for small q's and in the limit of T*1, ie. when approaching the

ferromagnetic transition.

.The life time of paramagnons is given by
1 ' o
=
‘Ep ) | (I1.24)

as the width of the peak in ImX (q,w) is approximately proportional to w(q).

Hence, when g+0 or better still I+1,Tp increases becoming infinite at I=1

for which w(q)=o.
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4 .Magnetic Susceptibility Due to Virtual Bound States

(a) Nonmagnetic Limit

Anderso&ﬂhas calculated the susceptibility of an impurity in the
non-magnetic limit. An enhanced paramagnetic susceptibility is obtained
due to electron-electron interaction I on the impurity. For a 3d impurity

with a single orbital this is found to be:-

211B2pd(EF) |
A X ) , (11.25)

whereLLB is the Bohr magneton andf)d(EF) is the additional den31ty of states
at the Fermi level introduced by the impurity. The condition for the
impurity to be magnetic is given by the H-F Stoner condition
I PdER>L | (1I.26)
The susceptibility contribution by an impurity with full orbital
degeneracy has been calculated by Klein and Heeger (53). Théy find:-
| AX = 2152 (Er) |

(I+43)(D,(Ew)
1 10 ]

(11.27)

where J is the exchange integral.

(b) Magnetic Limit
Scalapino (17 ) has derived an expression for the magnetic susceptibility

due to the extra orbital of Anderson in the strong magnetic limit.

.The mixing term de=§;3 (de do-h=+vdk h: dc) is treated as a perturbation,
and the free energy of the system is obtained from the expansion of the par-
tition function. The susceptibility is then calculated to the fourth order in

H g This is given by:-

X = =X, EB— \ 1 +PERNI +PEIN2 La 5‘%1] (11.28)
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'
where)(p is the temperature independent Pauli term, W is the half width of
the conduction band,'D(EF) is the state density of the conduction electrons,
and J is an effective antiférromagnetic coupling between the localized state

and the conduction electrons given by:-
H 2
5o 2l'kd|s
E,(E +1)

(II1.29)

this is a negative quantity for the case considered here.

The inclusion of higher order terms gives the final expression for)( as

follows:—

o Hp2 X P&Ep)J X
= +—== 11+ (11.30)
X=Xt igr 1-9(Ep) 0 (B2

The susceptibility is singular for a certain temperature given by:-
1
W -
TD = EE e|J (D(EF) : (11.31)

5. The Susceptibility of Random Solid Solutions and of Rare Earth Metals
: and Alloys

The susceptibility of random solid solufions of some of the transition
impurities in simple hosts shows a broad maximum at a certain temperature
Tm. Well above this temperature the susceptibility usually fits a Curie-
“Weiss law. However, the Curie-Weiss temperaturé 8, obtained from such an
analysis is unrelated to the temperature where the magnetic ordering sets
in. The interaction between the magnetic atoms in these alloys in the dilute
limit and in rare earth metals and alloys'is of the RKKY type. The suscept-
ibility of these substances has been calculated in terms of the RKKY inter-

action energy.

Blandin and Friedel (25) have obtained a series expansion for the

ey sqs . -1 L. . .
susceptibility per ztom in powers of T within the RKKY interaction.

. . -2 . .
The coefficient of T gives the paramagnetic Curie temperature,
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This is found to be given by:=-

_.5(5+1)
o, = g 2; E(R; 1) (11.32)
ns¥m
where E(RiJ) is the energy of interaction between two impurity spins

separated by(ﬁj—ﬁi) in the RKKY model and is given by (I.58).

Performing an ensemble average over possiblé impurity positions
Doniach (54) has found that the sum in this equation is givén by:-
cE (q=o0)
where c 1is tﬁe impurity concénﬁration andbE(q = 0) is thé q= oiterm of
the Fourier transform of E(RiJ)' Thus thé paramagnetic Curie températuré
is given by:-

e =-§1—(; S(s+1) E(q = o). (11.33)

At low temperatures (T {100%K) and for very dilute alloys typified
; by Cu-Mn, Blandin and Friedel, employing a molecular field model find for
Tm, the temperature of the susceptibility maximum, the following expression:-

- NI an? SG+D) | 1+ g ez)
Tm = 5= NT cup? S(S+1) | 1+ 57 <2 (I1.34)

Here N is the number of sites (magnetic or nonmagnetic) per unit volume,
I is the molecular field constant, c is the concentration of impurities
and 2Z is the number of neighbouring atoms in the crystal. The agreement

of (I1.34) with experiments is claimed by the authors.

- The case of rare earth metals and alloys has been considered by De
Gennes (55). Neglecting the direct f-f ovérlap when dealing with pure
metals, the paramgnetic Curie temperature is found to be given by

3 J+1 '
QC = 3ﬁzz(gJ—1)2r\2 J(—ZIE) ;l E(RiJ) (11.35)

where 83 is the Landé factor and J is the total angular momentum of an

atom,Tﬂ is the coupling parameter between the s and f electrons, and z is
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the number of valence electrons per atom. For an ordered structure the sum
over E(R;y) may be performed. For metals having hexagonal structure and
3 conduction electrons per atom, Gc is found to be positive in accordance

with experimental results for the heavy rare earth metals.
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IT. RESISTIVITY

1. Introduction

At temperatureSvery much less than certain characteristic temp-
eratures T* (e.g. Debye,Curie, etc.) the ideal or temperature dependent
part of the’reSistivity has a functional form which can help in some
cases to identify the nature of the predominant scattering mechanism.
Fér siﬁple metals and alloys the main contribution comes from the scat-
tering of electrons from phonons. But in transition metals and alloys
two or more physically quite distinct mechanisms may lead to the same
j.form of temperature dependence, in which case it is quite difficult to

decide which one is the most important.

Below, after giving the formal transport theory briefly, we discuss
basic scattering mechanisms and the form of temperature dependence they

lead to, especially at low temperature.

2. TFormal Transport Theory

We give here a brief derivation of a general relaxation time for
scattering of conduction electrons from excitations such as phonons, spin

waves and so on. In this we follow Jones (56 ).

Let us define a distribution function f(k,r,t) such that

GTHER,2,e) a3k d3r (11.36)
is the number of electrons in.a volume dT™ = d3k d3r of phase space at
time t. Here it is assumed that d% can contain large numbers of electrons
while it is so chosen that within it the temperature and external field

are approximately constant. After a time dt the electrons in volume &3k d3r
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at t will, according to Liouvilles theorem, lie in an equal volume of space
about & +ﬁdt,? +Udt at time t + dt. Hence the difference between
£(R+dR, ?+d?, t+dt) and £(K,?,t) must be due to the electrons scattered into

the new volume during the time dt. One may write this as

-, .
Of LTV £+ F.%.f = (35) (11.37)
St . k r ot v
coll
where(%{) denotes the rate of change of f£(&,?,t) due to scattering.

coll

Now we calculate this quantity.

Cdnsider an electron in a state k at time t. If p(i;t') is the
probability per unit time that the electron is scattered into state k'
(assumed to be vacané) thénthe number of eléctrons per unit volume of
crystal scattered into a®k' in time dt is:

JGm) TR@EY) £ (1-£(®)) a%'. a%k dt  (I1.38)
A similar expression holds for the scattering in reverse direction. Here
} occurs because we are considering the process in which there is no spin
flip. The difference between these two expressions when integrated over
the final state dk' gives theC%%) as:
coll
@) =BG @) A @) -p R E®)
coll ~
' (1-£(®'))dk" (I1.39)
where N is the number of atoms in crystal and Q is the atomic volume.
If very small displacements from theequilibrium state are considered then
one may write for the distribution function
£R®) = £, + £, (k) (II.40)
where fl(i) is the deviation of the distribution function from its equilibrium

N
value,f (k), and is a small quantity.

Now employing the principle of detailed balance in the eguilibrium

. = . .
state and neglecting the second power of fl(K) oune arrives at the following:-—



72

.1.f. = E‘I_ Q ? 2 - 1 ™y - * '
("Dt)con Sﬂak—BTf p(k,k")f,(1-f, )[X (k") X(k)] dk' (11.41)

where kB is the Boltzmann constant, T the absolute temperature and)((k)

comes from the following transformation:-

= -X ® ko . | (I1.42)
a8

In the above expressions fé is used to indicate fo(ﬁ'). Now wa recall

- that the group velocity of an electron in state k is given by:-

J=¥11. VkEy ‘ (I1.43)
and the rate of changé of moméntum by:-
[5 - __u',\ (11.44)

- i 3 ) - -
Where Ek is the energy of the electron in state k, é and H are electric

" and magnetic fields respectively.

Considering steady states for which %% = o and assuming that no

thermal gradient or magnetic field are present, one obtains from (I1I.37),

(I1.41), (IT1.43) and (II.44) the following:-
e I N R ™ Ty _ev ™ -.] '
7€ Vf = B3, T [ P(R, k") £, (1 fo)[X(k )-X (0| dx' (I1.45)
We now proceed from this equation to calculate the electrical con-

ductivity in terms of the relaxation time which we introduce immediately.

3. Time of Relaxation

In Eq(IIAS)p(E;ﬁ') is determinéd by the nature of the interaction
between electrons and the lattice irregularities, hence it can be regarded
‘as a known function. Therefore, the only unknown term in this equation
is)((ﬁ). Let us assume that Eq.(II45) has been solved giving the unknown

)((i). Using this, the right hand side of the equation becomes a known

function of k. Following Jones (56) we take this to be

- %12) : | (I1.46)
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The function'r(ﬁ), it should be noticed, depends on external fields

as well as on k.

In the situation where P(k,k') is small except when
Epr - Ek«kBT o | (I1.47)

One finds from (II.41), (II.42) and (I1.46) the following for T(k):-
1 _ N p(®,k" (1 -)-((—E'.)—) dk! (11.48)
T® - 81 ‘ X ® |
» . - - l- L3 -
In this case 1f)((k')/)((k) is independent of the external fields
then (k) depends on k only and is called the relaxation time. Because

under these conditions any arbitrary distribution,when left to its own

devices,will relax exponentially to its equilibrium value.

At low temperatures the scattering of electrons from lattice waves
involves an energy gxchange by an amountAILékBT,hence the condition (II1.47)
is not satisfied. At high temperatures, however, the maximum energy
an electron can exchange with lattice is equal to kBeD hence, if T%eD
the condition E s _]ﬁékaT is satisfied. Therefore in pure metals a time
of relaxation exists at sufficiently high temperatures only. For
scattering by an impurity this condition is always satisfied. Therefore

in this case the relaxation time exists at all temperatures.

We now consider a uniform electric field given by £(o,0,E). When
Ohms law is applicable one may replace £ by f, on the left hand side of (II

+45). This is equivalent to neglecting powers of € higher than the first.

. A fi
Then using (- = = F() °ne has from (II1.45)
ot coll T
eE ¥ £~f '
—_— pfl, = - [9) II‘49
LY TX) (1148)

z



This equation may be written as:-

k= Eiy) (I1.50)

£= £,k , k =

y

For free electrons if one assumes T(k) is independent of & then
the change in the momentum of n electrons in a unit volume of the metal
is nef T . The current density is therefore:-
o,
_ ne TE&

.7 T a , (I1.51)

and, hence, the resistivity is given by:-
_m 1 :

Pz 7 . (I1.52)

where m is the mass of the electron and e is the electronic charge.

Thus the calculation of the resistivity reduces to that of the relaxation

time which is given below.

In order to make the calculation of the transition probability
p(k,k') feasible, the following assumptions are made:-
(i) The energy of the electrons depends.on the magnitude of the wave
vector as follows:-
ER) = o0 [R]2
where m is the effective mass of the electron.

(ii) The metal is regarded as an isotropic elastic solid.

The most important consequences of these two assumptions are
-&—’. . - -
that P(k,k') now depends only on the magnitude of k and k', and the anglee
between them. A second consequence of these assumptions is that T(k) can
-
depend on the magnitude of k only. These have been shown by Jones (5€)

to simplify (II.48)o:-

1 t ' - -

where C(E) is some unspecified function of the energy. In this equation
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we need to know P(k,k',®) the transition probability. This can be
calculated as follows, using time dependent perturbation theory. Let V(1)
be the potential energy of the electron at # in the perfect lattice and
V(?,t) be the potential of the electron at the same point after a time t
in the crystal which contains irregularities due to thermal motion of the
atoms, or impurities. Then

U(E,t) = V(E,t) - V (D) ‘ (11.54)
is the perturbation giving rise to transitiens between electronic states.
We calculate this assuming that at some instant the displacement of
atoms is frozen-out. This amounts to excluding all but elastic scattering.
In this case, of course, U is independent of time. A wave function in

the perturbed lattice can be expressed as

4’:; a(k,t) Y3 (2, t) (11.35)

where‘fﬁ is a Bloch function of the unperturbed lattice assumed here to
be normalized to the volume of the crystal. Using the perturbation cal-

culation oﬁe obtains:—
AOEIGIN

latet,0) 2 = s { lu| P sin? 7 (11.56)

E©-E(KN)H?
which is interpreted as the probability of finding an electron in state k'
at time t after starting from etate-z at t = o, hence the rate of change
of la(ﬁ',t)lz has the same meaning as p(i,i'). Takiﬁg the derivative of
‘a(?',t)lz with respect to time, substituting into(@I.53)and integrating

over all final states k' one finally arrives at

L
%f 1;1_11%_533 ﬂ(kpk IUlLPk>‘ 2(1-Cosed) Sinel ded  (11.57)

)
This integral may be written as (57 )

%_= 2V k2nc/ (1-Cos ) p(e) Sinxde (11.58)

: ) 1
where V = NQ is the volume of the crystal. If one uses the wave function({
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normalized to the crystal volume V then this term does not show in
this last equation. p(e 1is the probability per unit time that an

electron is scattered through an angle &£,

We now use this formula to calculate the resistivity arising from
the scattering of electrons from well defined excitations such as phonons,

magnons, etc.

4. Contribution to Resistivity from Electron-Phonon Scattering

The thermal motion of atoms in a lattice may be resolved into a set
of travelling plane waves. For a perfect lattice, and in the case of
harmonic interactions, these are the normal modes of vibration, each

‘mode having an energy which,when quantized, is called a phonon. This is

usually denoted by tw(q) where q is the phonon wave vector. At temperatures
above a certain characteristic temperature all these modes are thermally
excited. Well below this temperature, hbwever, only modes with long wave
lengths (small q's) are excited. Therefore, different forms of temperature
.dependence are obtained for resistivity in these two regions. We derive
below the expression for resistivity in the simplest case, ie: for

free electrons ana neglect the.scattering through more than 79° (the

Umklapp processes).

(a) Resistance at Low Temperatures

If k and k' are the wave vectors of an electron before and after
scattering, and oL is the angle between them, then from{II.58)the resistivity

is obtained as:-

max
p=c f ple) (1 - CoseX) Sine{ de (1I1.59)
o )
At low temperatures p(X) is roughly independent of o and is proportional
T | }
to §g7 for all angles less than’“ﬁax = qwax (58 ) where T the

F
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maximum phonon wave-vector excited at this temperature, M is the mass of

an atom in the crystal and © is a characteristic temperature. Hence:-
T/e

= C T 1- ot = TS
P= [ figz (1-Cosed Sindel= C iz (I1.60)

where C and C' are constants ,This formula is derived under the assumption that
E(k')..E(k)((k;f which is not true for temperatures Tée, hence it cannot

be used to obtain a quantitative expression for resistance.

(b) Resistance at High Temperatures

At high temperatures the resistivity for a‘Debye Solid is given by

Joneq (56) as :~

2

_m?m T

p - SeRicyHe, CD (11.61)
‘where M is the ionic mass, 6p is the Debye temperature and Ch is a

constant expressing the coupling between electrons and the lattice vibration.

At low temperatures the Umklapp processes may be neglected bec;use
the electrons are scattered through small angles. At high temperatures,
however, it may account for ~75% of the total resistance (59 ). To represent
the variation of the resistivity in the intermediate temperature range,
the so—called Bloch-Gruneisen formula has been used extensively. This is
given by (60 ):-

zd dz

C
= . T N
p: MO8 (e?-1) (1-e %)

(11.62)

T O ————
Hlo

InII.60 andII.62 6 is a characteristic temperature for the lattice
resistivity and is slightly higher than the Debye temperature (61 ). When
© and C have been suitably chosen, the above expression is found to
represent the expérimental temperature variation of the resistivity of a

wide range of metals quite well.
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5. Magnetic Disorder and Spin Wave Scattering in Pure Metals

In magnetic materials the disorder in spin orientation and in its
location gives rise to an extra term in resistivity. At low temperatures
'relative to a magnetic ordering temperature, the disorder in the spin
orientation is best described by the spin waves. At sufficiently low
temperatures the‘dispersion relation for spin waves is of éhe form (58 )

E(q)~ Jq?2 ‘ | (I1.63)
where q'is the wave vector and J is the exchange integral. The scattering
of the conduction electrons'by the spin waves océurs through the s—-d(f)
exchange interaction. When such a scattering takes place it results in
the destruction of a spiﬁ wave and the change in the spin direction of
_the conduction electrons. In this case it can be shown that the
(1 - Cosckj term does not appear in the expression of the time of relaxation.

Hence, the resistivity arising from this mechanism is given by:-—

oL .
max
p~ f p(sd Sined« (11.64)
o , .
kT 1 . . . . .
' ~ Sty L . .
whgrg : ax (J ) T As p(«) is proportional to T one finds thg resistivity

to be proportional to T2.

The different form of température dependence of the resistivity
due to the lattice and spin wavés arisés from the difference between their
energy spectra. Mannari (62 ) has discussed the resistivity due to
" phonon and spin waves in ferro and antiferromagnets. He finds a T® term
for phonon and a T? term for spin waves in ferromagnets. Iﬁ anl;ntiferré—
mégnet, where the energy is linearly dependent on q, the author obtains a

T4 term in the resistivity.

Liu (63 ) has criticized the use of the s-d interaction as a small
perturbation on a gas of free electrons and magnetically coupled spins.

Assuming that the coupling between spins arises entirely from the indirect
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s—d(f) interaction, he obtains for a ferromagnet a T3/2 term in addition
to T? term and claims that the former may be dominant at temperatures below

107 of the ordering temperature.

In the rare earth and magnetic transition elements the magnetic
part of the resistivity dropé abruptly below the ordering temperature.
Above this temperature the resistivity is constant in rare earth metals
and may have a T? dependence in transition metals (64). This anomalous
behaviour of the resistivity has been discuésed by several authors whose
-models can be classified into two types. The one is the spin disorder
resistivity based on the s—d exchange model and the other is the resistivity

due to the s—-d interband scattering.

Tﬁé s—d interband scattering proposed by Mott (65) is based
on the band structure of the transition metals. -The states of d-electrons
in these metals, according to the band model, form a narrow band with
a high density of states as well as the breoad s-band. The effective
mass of d-electrons being 1argé, the current is mainly carried by the
s—electrons. But as the transition probability is proportional to the
density of final states of the Fermi level, the s—electrons are mostly
scattered into d-states. Hence, at temperatures where the band for one

spin direction is full, the conduction electrons can only be scattered
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into the unfilled band. Hence, the resistivity of these metals depends
on the magnetization of the d-band. This model is appropriate for Ni and

Co where the magnetic electrons are itinerant.

In the s-d exchange model the magnetic electfons are assumed to be
localized on the lattice point. The coupling between conduction electrons
‘and localized moments is described by the s-d exchénge hamiltonian (I-45)
which is treated as a perturbation. The anomalous electrical resistance
occurs because the exchange energy between conduction electrons and localized
spins depends on the relative orientations of the latter which is not
periodic at finite temperatures. This model is m;st appropriate for
iron and rare earth elements. Among these Gadolinium has been chosen for

theoretical treatments by Kasuya (66 ) and by De Gennes and Friedel (67).

In his treatment Kasuya made the following assumptions:-

i 2
2m

(i) The energy spectrum of the conduction electrons is -given by
where m is the effective mass of electroms.
(ii) The Fermi energy is much larger than the exchange constant J(q = o) = J

and kBT.

Using the molecular field approximation the author obtains the
following expression for the resistivity:-
P = ¢ [s-om] [s+om + 1] (I1.65)
 where C is a constant dépending on the metal in question, S is the

magnitude of the impurity spin at absolute zero andO(T) is its average

value at temperature T. At T OOK,CT(o) = §, therefore resistivity

goes to zero. At T2 Tc,T(T)

o, hence at T> Tc, p(T) is constant. Its

value being

Pp=cs(s+1) (11.66)

When temperature is lowered below Tc,J(T) increases, thereforeF)(T) decreases,

Hence, the resistivity decreases with decreasing temperature. Formula (T1.66)
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shows that the magnitude of the resistivity at and above Tc depends on

the magnitude of the spin. This is, indeed, observed experimentally.

De Gennes and Friedel (67) have calculated the magnetic part of the
resistivity in the Born approximation using the molecular field model. Emp-
loying an effective mass approximation for the conduction electrons they

obtained the following expression for the resistivity above the ordering

temperature:—
_ hkg ,mG 2
P, = Tis (Fz) S(s + 1) . o (I1.67)

where z is the number of valence electrons per atom, G is the strength
of the coupling energy between conduction electrons and atomic spins, and
is assumed to be  function-like, m is the effective mass of the conduction

electrons and S is the magnitude of the atomic spin.

The authors argue that the wave-length of the conduction electrons
at the Fermi level is sufficiently short, and therefore neglect the inter-
ference between scattered waves. In this case they find the following

for the resistivity:-

| i |
P = Ra —%—%ﬁ)) (I1.68)

They further discuss the effects of short range ordering above the
transition temperature, and find that in the above case these effects are

negligible.

Both Kasuya's and De Gennes and Friedel's modelsare not valid at

very low temperatures where the molecular field model is not applicable.
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6. Resistivity Due to the Magnetlc Disorder and Spin Waves in the Alloys
of Transition and Rare Earth Metals

(a) Finite Concentration

The resistance of certain alloys of the transition and rare earth
metals with noble and with some other transition metals (e.g. Pd) shows

an anomalous behaviour.

In most of these alloys the resistance shows a sudden decrease on
cooling through the ordéring temperature, but it does not tend to a very
low value at the lowest temperatures because of the spatial disorder of the
lqcalizeﬂ spins. Here again the spin disorder scattering mechanism explains
this anomolous resistivity. The theories develobed to account for the be-
haviour of the resistivity in some of these alloys typified by dilute
Cu-Mn (excluding the resistance minimum) and Pd-Fe are given by Yosida(eg)

and by Long and Turner (69).

.Yosida has discussed the behaviour of Cu-Ma alloys containing more
than about 1 at % ménganese. He assumes that the main parts of the pertur-
bation in these alloys are the spin dependent potential, resulting from
the s-d interaction; and an ordiﬁary screened Coulomb potential V(r) around

the manganese ions. The author makes the following assumptions:-

(1) The energy of the conduction electrons can be approximated by

E;'ﬁzkz , where m is the effective mass of the conduction electrons.
2m ‘

(2) At low temperétures the Mn ions are ordered in an antiferromagnetic

fashion.
(3) The exchange integral J(k,ﬁ_)and the potential V(k,k') depend on [k-k'{only

(4) Mn ions are distributed at random and there is no interference between
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the waves scattered from different ions,

With these approximations Yosida calculates the resistivity and finds:-

. ) L% . guBH:t
P = Ac[‘ G+D[ S(s+l) - %zm: mw'n; tan h ('Z’EBT)] ] " (I1.69)

.where A, G and D are constants, ¢ is the concentration of Mn atoms, HY are
the molecular fields acting on up and down spins anduwg is the probability
with which the component of a localized up-spin takes the value m. At
temperatutes above the ordering temperature .@ll theé spins are oriented
randomly. Hence: -m(u;%o and H+=H_=o,thereforé (I1.69) reduces to:

m _

|

c | P = Ach+D S(Sﬂi] (11.70)
i.e. independent of temperature but dependent on the magnitude of the
impurity spin. The model clearly does not take into account the effect of

_the short range ordering above the transition temperature. Below the ordering

temperature the expression (IL.63) decreases and at absolute zero it reaches:-

P (T 0) = Ac(G+DS2) (11.71)
The difference between the value at absolute zero and that above the
ordering temperatures is given by:-
AP = AcDps | '(11.72)
Using the values of the constants A and D which are related to the
physical parameters of the alloys, Yosida calculates[}ﬁ) and shows that it
would agree»with experiments if the exchange integral_for the s-d intér—'

action were taken to-be larger than that of a.free Mn* ion by a factor l.7.

For a ccomprehensive review of spin disorder effect inrare earth and

transition metals and their alloys we refer to Coles (70 ),

Long and Turner (g9 ) have calculated the resistivity of dilute ferro-
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magnetic alloys of the type Pd-Fe using the hamiltonian originally given
by Doniach and Wohlfarth (71 ), Théy describe the dynamical state of
the localized spins at low temperatures by spin-waves and at temperatures
near the Curie temperature by independent spins moving in a molecular
field. The authors follow the calculation of Yosida and obtain for the
‘incremental (the impurity part of the) resistivity a complicated expression
which, as the temperature approaches the Curie témpérature Tc, réduces
to:-ly
CAP@sTe) =Ae (L-3) “ - (11.73)

ﬁhereiA is a constant and c is an impurity concentration.

At témperatures well below the ordering temperature thé form of the

_‘incremental resistivity is:-

3
/2 , (1T.74)

AD(T> o) = Bc + pct T
Here B and‘D are numerical factors. The first term‘in(II.74) arises from
the elastic scattering. Both the elastié part of the exchangé scattering
and the spin independent potential contribute to this term. The second
term has two contributions:-
(i) The term arising from the temperature‘dependencé of the elastic part
of the exchange séattering wﬁich yields a contribution proportional tc

the square of the magnetization. TFor spin waves as T-> o the square of

the magnetization varies as M(o)z-AT3/2 (See Eq. 1.78).

(ii) The term coming from the inelastic scattering. Long and Turner
argue that in a system which is not translationally invariant the momentum
is not conserved. This leads to a scattering rate proportional to the

3/9

number of spin waves present, which is again proportional to T ' <.
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(b) Single Magnetic Impurity Taken to Higher Order

The magnetic part of a single impurity resistivity arises from
scattering of conduction electrons from the Spin dependént part of the
impurity potential, Kondo (72) has calculated this using the s-d
exchange hamiltonian given by (I.45) in which he took J(k-K ) to be a
constant.J. The author carried the calculation to 2nd order using the

Born approximation and found:-—

D= (1 + 32 -g—F- log T) S (11.75)

whereﬁ)m is given by(11.60),z is the number of conduction electrons per
“atom and ¢ is the impurity concentration.

7. Resistivity Due to Non-magnetic Impurities and Defects

The contribution to the resistivity from a non-magnetic impurity is
due to simple potential, resonance scattering and defects. Here we will be
concerned with the contribution due to resonance scattering . The
calculation of the residual resistivity arising from the resonance scattering
has been done by Friedel (1). The author, using phase shift analysis,

found the following'expression:

4in; .
Ap"‘ 1 g (¢ + 1)Sin? (T]e"'nc_‘_l)E:EF (11.76)
neZkyp ;

where n; is the number of impurities, n is the concentration of electromns,
kp is the Fermi wave vector andj]e is the phase shift for the 1th partial
wave. If only the resonant phase shift is large, then using the Friedel

sum rule (Eq.Ie7),the resistivity per impurity is found to be given by:-

10 m

Y = - 2T ' S
Ap nneZiD(Ef) Sin® ToN (11.77)

where m is the electronic mass, N is the number of d-electrons of the
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impurity and[D(E) is the density of states of host conduction electrons.
From the above formula it is clear that the resistivity of 3d elements
should go through a maximum when N~s5 , i.e. near Cr and Mn. This is

indeed observed by Boato et al (73), for 34 impurities in Al and in Zn.

- 8. Scattering of Electrons from Persistent Spin Fluctuations in
Metals and Alloys.

In a strongly enhanced paramagnetic metal such as Pd there is an
" additional contribution to the usual resistivity (éléctron—électron
and electron-phonon scattering) due to the scattering of condpction
electrons from persistent spin fluctuations in the d-band. These so-
called paramagnons are not true excitations., Their existence is indicated,
as we have shown (Eq.IL22 by a peak in the imaginary part of the sus-
_ceptibility, which is essentially the spin fluctuation spectral density
function. Therefore, the computation of the resistivity due to the
scattering of the conduction electrons from paramagnons involves the

spectral density function quite naturally.

The first calculation of the electrical resistivity arising from
the scattering of conduction electrons from itinerant d-electrons in which

a spin flip of theelectrons occurs, was made by Mills and Lederer (64).

They considered an exchange interaction of the form:-
: = 3 11.78
H_ ;=17 VCJ:r(r) S(r) d°r ( )
where Vc is the volume of the unit cell, J is the s-d interaction parameter,
o~ (r) and S(r) are the spin density operators of the s and d electrons
respectively. They retain in the hamiltonian only the terms in which a

spin flip of an s-electron is described. Employing for the d-electrons the

one band, short range, interaction model, they computed the susceptibility
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and, hence, the sﬁectral density function. They then calculated the

relaxation time for a variety of cases.

Relevant to our discussion here is the casé of a férromagnétic system
of i%inerant electrons at temperatures above the Curie temperature, where
they showed that the resistivity should be proportional to T2 and pointed
out that thé résult of fheir calculation should also apply to a paramag-

netic transition metal such as Pd at low temperatures.

Schindler and Rice (74 ) have calculated the résistivity of dilute

Pd-Ni alloys using the above hamiltonian and the Mills and Lederer formalism.
. They 'assumed that the addition of Ni impurities enhances the alloys d-band
auniformly. They used a variational principle to solve the Boltzmann
‘equation and related the scattering rate to an integral équation containing
. a spectral density function. For this function a simple triangular
aéproximation is made which assumes a linear variation of the spéctral
density function A(q,w) with the fréquency up to a certain phénomenological
cut-off valué(uq. The calculation yieldéd the following eibression for
the resistivity:~
=% 2|1, - <§)3 s &) (I1.79)

Where 8 is a characteristic paramagnon temperaturé définéd by

kBe = ku)Q,yl;i, JHG%) denotesthe Bloch~Gruneisen integral, and « is a

. 1
concentration-dependent parameter.

Close to the ferromagnetic transition £~1 hence:—
6~ (1l - ;) (11.80)
In the above expressions I = IFDd(Ef). Here I is the Coulomb repulsion
between d-electrons and [Dd(EF) ié their density of states at the Fermi

level.
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For sufficiently small (g),the Bloch-Grineisen integrals may be
replaced by the constants Jn(«ﬂ. Therefore the formula(ii,79)reduces to:-—

ok

ol

55 J5 (=) T° (I1.81)

Thu§~at very low températures and for a system néar to thé ferromagnetic
Fransition (i.e. © very small) the first term may suppress thé TS term
‘hence alloﬁing the T2 1law to be observed. One aspect of the théory which
is not satisfied is the variation of the coéfficient of the T2 term

with the exchange enhancemént factof‘é§%. The thébry suggésts that this

coefficient should vary as G%)z while the experimental evidence is that
0

this variation is linear. This was explained later by Lederer and Mills @75).

' These authors argued that in the Pd-Ni type alloys the enhancement
dué to the impurity is confined to the impurity cell,_and hence the
“uniform enhancement model of Schindler and Rice (74 ) cannot give an
adequate description of such alloys. They considered an-énhanced matrix
containing a single impurity which tends to drive fhe host to the ferromagnetic
‘transition in thg region of the impurity. They used the Wolff model ( 8 )
and'employed a dynamic molecular field approximation to obtain the
susceptibility of the alloy from which the spectral density function is
obtained. This function consists of two parts as expected, the host and

the impurity parts.

They then used their earlier method to compute the resistivity

at low temperatures and found

P~ A (o)[ 1 ‘;—20927 c ]T2 | (1I.82)
where the constant A(o) refers to the host ﬁatrix, ¢ is the impurity
concentration, I, is the intra—atomic Coulomb repulsion between d-holes of
the host, 31I is the change in the strength of the interaction within

the impurity cell. T is a parameter related to the number of holes in
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the d band, the exchange enhancement factor [1 - Ioﬁ)(EF%-l of the host
- -1 . - .
metal and oL==[1 - 6I-XR(051 ; Waere X (o) is the real part of the
function
XW) = ¥ (k ,w) (11.83)
. o
in the limit of wwo. Here N is the total number of atomic cells in the
" pure metal, % is the susceptibility of the pure host metal. The calculation
showed that, in the dilute limit, A(c) varies roughly linearly with concen-

tration, hence linearly with the susceptibility.

Kaiser and Doniach (76) have extended the caléulétion of Lederer and
Mills (75) to higher temperatures and obtained a-universal curve for fhe
. impuéity spin fluctuation contribution to the resistivity of dilute alloys.
The§ applied their model to alloys in which local exchange enhancement is
large (e.g; Pd—Ni; Rh-Fe, Rh-Co, eté.)ﬂ Employing a variational principle
.fb solve the Boltzmann equgtion they arrived at the following for the reduced

impurity resistivity:-—

o % { = i/w i (II.84)
o (e 7-1)(1-e"' ) (14W2)

Here p rfj) s Where Q) is a constant,T = %, W = T{-“;—e ’ 'ﬁw is the energy of the

paramagnon and k 9 i%%élfégl is the energy of the peak in the localized

~ spin fluctuation excitation spectrum .Xg(w) and X1 W) are the real and the

imaginary parts of the susceptibility given by (II.83). At very low temp-

-2 . . . .
eratures W can be neglected in the denominator if the system is not too

near to the Stoner instability limit leading to:-
P a0~ > (11.85)
At High temperatures, all paramagnons are excited, hence one has:-

p(T;oo)~% : (I1.86)

They showed that the region of T? extends to temperatures up to 25% of 6.
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Hence, as the system approaches the Stoner instability region,® goes to
zero and, therefore, the powér of T at a given low températuré décréasés.
Eventually the resistance becomes linear over the whole témperature range.
This fact can be used as a criterion to select the alloy with the critical
concentration, i.e. the alloy neérest to the ferromagnetic transition.

The authors also discuss the resistivity of the host metal and show that
it varies as T? over a considerable temperature range, since in this

case © is large. They further discuss the effect on the resistivity of
the variation with temperature of the local exchange enhancement factor,
and find a fall of the resistivity below the linear portion of the curve
at hiéher temperatures. The effect is found to be gréater, the gréater
‘the enhancement factor at absolute zero. Comparison with experiments on
$di1ute Rh-Fe, Ir-Fe, Rh-Co, Pd-Ni i1s made and it is shown that theory and

experiment agree reasonably well, = especially in the case of Ir-Fe.

Rivier and Zlati (77 ) have critized the high temperature calculation

of Kaiser and Doniach (76 ). The latter authors' calculation leads'to

a resistivity which varies linearly with temperature at high témperatures.
This implies that in this temperature range the effective pérturbing
potential is iarge. Therefore the propef treatment is to carry perturbation
calcﬁlation to higher orders. This has been done by Rivier and zlatid,

These authors found the following for the reduced resistivity:-

p-P_T,- .HE 1. 2 8y _ 1 6}-1 (11.87)
P=3 [1 {1 + e+(b(2+ i) G +5g ) ]
which is plotted in Fig. (1I.3) as a function of ZTLg. In the above expression

A is a constant involving the number of impurities, mass and charge of
electrons, etc. It is chosen so that as T-=»oo {5*&. q) is the digamma function
and © is the localized spin fluctuation temperature. The ﬁésistivity
'5 is a universal function of temperature and varies with temperature as

follows:-
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(a) At very low temperatures the resistivity increases as:—

- 312, 7.2 .

0= @ (I1.88)
{(b) At temperatures of the order of0.26 it becomes linear:

[5 = ¢(T - DO) : o (11.89)
wheré c =-lélg and D = 0.67

(c) Above the spin fluctuation temperature 6,(5 varies as

= _ T
D = 0.68 + 0.24 €n ) } (I1.90)
(d) At temperatures well above 6 the variation oqi is:
p=0a-2 ‘ (I1.91)
1{)(5
\
[ .
os| {
- (b) l
|
I
- (0) . I‘;’I/.---e ! T
0 5 10

Fig., (I.3). The normalized resistivity versus the reduced
temperature T=2T{T/6)
‘Mathon ( 78) has employed the uniform exchange enhancement model
of Schindler and Rice ( 74) to investigate the behaviour of the resistivity
fhrough the critical concentration. Using a variational principle the
author caiculated the resistivity which is found to increase with decreasing
power of T on approaching from elther side of the critical concentration.

About the critical concentration the resistivity is symmetrical and has a
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T5/3 limiting behaviour with temperature. Away from the critical région

. ' e . 2 Qo .
the resistivity varies as T¢ due to the parmagnons or spin waves.

The température dependence of the resistivity arising from spin
fluctuations or paramagnoné seems now to be explained satisfactorily by
the Lederer and Mills-Kaiser and Doniach-Rivier and Zlatid model. However,
no satisfactory investig#tioﬁ has been carried out through the critical

concentration,
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III. SPECIFIC HEAT

1. Introduction

By specific heat, sometimes called heat capacity, we shall usually

mean the specific heat at constant volume. This quantity is defined by
_ ,dE
&= G, (11.92)
where E is the energy and T is the temperature. The specific heat at
constant pressure, which is the quantity measured experimentally, is

defined in a similar manner and is denoted by C The thermodynamic

P.
formula which connects these two quantities is:
C_ -C_= RZKVT - (I1.93)
P v ’
where J is the volume coefficient of thermal expansion at constant pres-
sure, V is the volume, T is the absolute temperature and K is the iso-
thermal bulk modulus given by : K = = V Cg%)T. In solids the difference

between C, and C,, is usually very small and may often be neglected below

P
room temperature. At room temperature the specific heat of almost all

solids is approximately 3Nkg. Where N is the number of atoms in the

speciment and kg is the Boltzmann constant.

At low temperatures the specific heat drops markedly and approaches
zero as T in metals and as T3 in insulators. In ferromagnetic and in
strongly paramagnetic metals and alloys there is a large contribution to
the sﬁecific heat near the critical concentrations in paramagnets and the

ordering temperatures in ferromagnets.

Below we discuss some of the contributions to the specific heat which

are relevant to the alloy systems investigated here,
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2. The Electronic Specific Heat

In classical statistical mechanics an energy of-%kBT is associated
with a free particle. Therefore, a crystal made of N atoms each giving
one valency electron to a éas of free electrons should make a contribution
of %NkB to the electronic sﬁecific heat. But it is found experimentally
‘that at room temperature the contribution to the specific heat is less

than 1% of this value. This discrepancy which concerned the early workers

was explained later by the discovery of the Pauli exclusion principle.

- At absolute zero ali the electronic states of a free electron gas are
occupied up to a certain maximum energy Ep, the Fermi energy. When heating
the system some electrons will be thermally excited above the Fermi level.
The number of excited electrons ié-of the order of the number of states

within an energy range kgT of the Fermi level.. Hence, if the total number

kT .
of electrons is N then N EE_ fraction of these electrons are excited. Each
of these electrons has an average thermal energy of the order of kgT. Hence
' Nk 2
. . < . B : .
the total electronic energy is of the order of 7 T2, and the electronic
F
. s . ' T
specific heat is C_ ~Nk 2 =,
v B TF

This quantitative argument shows that the specific heat should be
linear in temperature in agreement with experimental results. Now a rig-
orous calculation of the electronic specific heat, vali d at temperature

T((TF, will be given.

The change in the energy of an electron gas on heating from zero

to a certain temperature T is:

0o

. Ep
E = /(EF—E) (1-£(E)) D (E)CE + I(E—EF)f(E)p(E)dE (1I1.94)
o EF
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where the first term is theenergy required to bring electrons from below
the fermi level to the Fermi 1evé1,and fhe second term is the energy needed
to take the electrons from the Fermi level to the states lying above the
Fermi energy. f(E) is the Fermi distribution function,(D(E)is the density
of states,and the factor [1 - f(E)} takes into account the fact that the

state with energy E below the Fermi level is empty.

Taking the derivative of the energy with respect to the temperature,
integrating the resulting expression and using T{ Tp the specific heat is

found to be given by

c,’ =52 152 PEp T | (11.95)

At temperatures well below the Debye temperature 6p, and very much

ibelow the Fermi temperature T_,the specific heat of non-magnetic metals

F’

1and alloys may be written as:

C, = ¥T+ B 13 _ (11.96)

where ¥ and B are constant. At room temperature the electronic term ¥T is
insignificant compared to the lattice (2nd) term, while at sufficiently low

temperatures it dominates the lattice term. The standard way of analyzing
C

. . , v
a set of experimental data onm specific heat is to plot-T— versus T2. Then

the points should lie on a straight line with slopef , and intercept ¥.

3. Paramagnon Contribution to Specific Heat in Strongly Enhanced Metals

and Alloys

In strongly enhanced paramagnetic metals the strong interaction between
the itinerant electrons increases the effective mass of electrons and,
hence, the electronic specific heat. This interaction is taken into account

by adding a term to the hamiltonian.ie:—
H=H_+ Izi_ nighg, | | (11.97)

where H, is the kinetic energy term, and the second term is the term
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representing the interaction. n., 1is the number operator for up-spin

electrons at site i,and I is the intra-atomic electron-electron repulsion

between electrons of opposite spin.

Starting from the above hamiltonian Doniach and Engelsberg (79 ) have

calculated the mass enhancement due to the interaction between the itinerant

t

d-electrons and paramagnons and found at T = O°K:

- T PI
1+3If (1 G (I1.98)

m*
- ky . .
where q ( = i_) is a cut—-off value for the wave vectors and is of the
F
. =-1 . .
order of unity,(l - I) defines the Stoner enhancement factor. This mass

enhancement leads to an enhancement in the low temperature electronic heat

cagacity.
&g..’!‘.* + 82 _i S22t & (I1.99)
cc m 5 (-71)6 0 )
v
where CJ is given by (I1.95) and
8 =% T, & ; ) ) (I1.100)

is a characteristic spin fluctuation temperature and Tp is the Fermi

temperature.

When approaching the ferromagnetic transition I approaches unity,
. . m* . : .
Therefore, 1n this case — should increase and 8 should decrease resulting
. . . . C T .
in a considerable increase in _v . The presence of the Lnéé) term 1s
Co
v

detected when plotting Ez versus T2. If such a term exists then the initially
T

straight line should show an upturn.at very low temperatures.

The above model is based on the uniform exchange enhancement model
and, therefore, is suitable for pure metals. A model for the dilute alloys
in which the enhancement due to the impurity is localized within the im-
purity cell has been proposed by Engelsberg et al (80). The hamiltonian

used 1is:
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_ S
HAlloy =H + AI‘Li njy Dy ( (11.101)
where H is the hamiltonian of the pure matrix and is given by (II.97), AI
is the increase in the strength of the interaction within an impurity cell.

The sum in the second term is over the impurity sites.

In the dilute limit they determine AT in terms of the local exchange

; 1
enhancement parameter - as follows:-

&

Xl dﬁéllny‘\] = (1_-i)—1
pd (o= 0) 1-AT Xpd(r=o »3=0) Tl

: : ., @=0) s o P .
and calculate the contribution to the specific heat from impurities. Thils

‘p(EF)AI _ 1

is given by

* AC _3c’-1 612 I- ,T.%_,T ont T (2 -3
¢ ETE |\ 5 T @ ta. - = o e & ] (1T.102)

where n, is the number of electronms per atom. Ty and © are the Fermi and
the spin fluctuation temperatures of the host. A is given in terms of the
range parameter o and T as:

oL =(1L-T) + %cr (1I1.103)

and ¢ is the impurity concentration.

This result shows that the local enhancement does not only yield
an increase in the specific heat but also introduces a new T3 term which
could add to the lattice specific heat and give an apparent concentration-

. dependent Debye temperature.

4, Molecular Field Calculation of the Specific Heat

In the Weiss molecular field approximation the calculation of the

specific heat is fairly simple.

In the presence of an applied field H the total field acting on a



.98

magnetic metal is

Hp = H + IM (II.104)

where I 1s the molecular field constant and M the magnetization. The
magnetization at temperature T is given by
M(T)
M(o)
where B is the Brillouin function, M(o) = Ngug S is the saturation

magnetization, and

X = g pg S(H + IM) /kpT

The magnetic energy in the presence of a constant applied field is:

Em = - [HT dM = - [(H + IM) dM . ‘ (11.107)
From which
- - fel!

i

"!"  In order to obtain C , M has to be calculated as a function of

temperature., For this we refer to Morrish (81 ).

The calculation leads to the following expression for the specific

heat.

m

In the absence of the applied field this formula reduces to

- _ 1 _d T2
Cp=-% Nkl == M T)

= B_(X) o - © (11.105)

(I1.106)

(I1.108)

c = -[BS(X) + Ig—(o)]di;(x) I .(0)2 (I1.109)

(I1.110)
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CHAPTER 1III

EXPERIMENTAL SITUATION

l.Introduction

During the last decade, particularly in the last few years, considerable

attention has been given to the alloys of Pd and Rh with the elements in

the middle of the 3d transition series. Sufficient interest has also
lbeen given to the alloys of Pd with some rare earth metals. Despite such

a short period of time the number of investigations has grown so rapidly

that it is not feasible to discuss all the works feported. Here we give

a review of the experimental work which is closely related to the alloys
investigated here and discuss in detail only the cases which will be used

for the interpretation of data,

In the first part of this chapter, investigations on the electrical
resistivity will be reviewed. This will be followed by those on the

susceptibility and magnetization. Finally the specific heat will be discussed.

2.ELECTRICAL RESISTIVITY

The first measurements of the electrical resistiQity of dilute Pd-Ni
alloys w;th Ni concentration between O and 1.7 at Z were made by Schindler
and Rice (74 ) in order to test their theoretical predictions. According
to their calculation, which assumes that the addition of Ni enhances the
alloy susceptibility uniformly, s electron-paramagnon scattering in

which spin flip of the s-electrons occurs should contribute a term to the

low temperature resistivity which should vary as in Eq.(II.79).For
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T<L © it may be written as:
= 2 )
P=52 3,62 T (111.1)
hereo , 6 and Jz(u0 are the same quantitiés entering EqJII.79). Such

"a T2 term was indeed observed in their alloys.

The range of this term was seen to increase with Ni concentration.
" .y o .o :
They observed that the variation of-52 with the exchange enhancement 1is
almost linear in contrast to the prediction of the theory where a quadratic

variation is predicted.

Schriempf et al (82) have measured the lectrical resistivity of Pd-Ni

alloys with concentrations ranging from O to 1.0 at .Z Ni between 2 and 20°K.

They fit their low temperature data to the following expression:—

P = A12 + BT® (II1.2)
'wheré A and B are two concentration dependent parameters. They observed
that A is large and increases with increasing Ni concentration, while B

is found to be small and decreasing.

The resistivity of the ferromagnetic Pd-Ni alloys with 2.9, 3.1 and
4.3 at .%Z Ni, has been measurgd by Leger and Muir (83) between 2 and 77K.
They fit their data to Eq(III.2) for temperatures up to 200K fér the two
dilute alloys and for témperatures up to 309K for the concentrated one.
They plof A/APd versus concentration using their data and data from
Schriempf et al (82)., They argue that the decrease of this quantity after
a maximum at the critical concentrafion (2.3 at .Z Ni) is generally slower
than the initial increase. They relate this to the removal of some Ni sites
from the exchange enhancement process as a result of the clustering of
Ni impurities, whére Ni-Ni interaction magnetises Ni atoms in a given

cluster, thus removing them from the above process. They further observe
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a large reduction in the phonon term BT® of the two more dilute alloys
and attempt without success to relate this to a similar reduction and

recovery of the lattice specific heat observed by Chouteau et al (84 ).

Fluitman et al (85 ) have measured the electrical résistivity of a

series of strongly paramagneticAand weakly ferromagnetic alloys of Ni3A1
“ P . nT . : [s) . . .
near the critical concentration (N174.6 A125.4) below 20°K. The resistivity
of all the alloys is found to be very strongly temperature dependent and

: 1.6 o 1.8 o . .
varies as T between 10 and 20K and as T around 3 K. They fit their
data around 3°K toEq.(II.79and calculate § and & . They find that ©
takes its lowest value at the critical concentration in agreement with
Schindler and Rice's theory. They further observe that as in the case of
Pd-Ni serieso{goes through a maximum at the critical concentration. In
these alloys, as in the Pd-Ni alloys, the coefficient of the T2 term

varies linearly with the exchange enhancement factorézia which is deter-

X

‘mined from the susceptibility measurements of déﬂBoer (26).

The low temperature electrical resistivity of N13A1 and NiaGa
alloys has been reported by Fluitmaﬁ et al (87 ). They discuss the
behaviour of the ailoys with temperature in the light of the existing
theories on the scattering-of conduction electrons from spin—-density
fluctuations. They anaiyze their data at temperatures below 4.2°K using

Eq.(II.79)i.e. in terms of Rice's calculation and a simple power law

P=cr™ | (II1.3)
They find that @ goes through a minimum and « through a maximum at
the critical concentration. Similar effects are obtained for C and n
when they analyze their data in terms of the‘simple power law., They
obtain a value of n =-% for alloys close to the critical concentration

which is somewhat lower than fhe value predicted (5/3) by Mathon (78).
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For the alloys close to the critical concentration the plot of-E versus
temperature gives a universal curve., They further investigate the
effect of adding iron impurities to these alloys and find that it results

in a decrease of the power n and an increase in C.

Electrical resistivity measurements on Pt-Fe alloys with iron
‘concentration of between 0.03 and —laf % over the temperature range from
0.4 to 50°K have been done by Loram et al (88). Tﬁe‘alloys containing
less than 1 at % Fe have an incremental resistivity whi;h increases
approximately 1ogarithmica11y with concentration. Below 8°K the impurity
reéistivity of the three most dilute alloys (containing 0.03, 0.05 and
0.1 at % Fe) scales approximately linearly with concentration. For the
alloys with less than 1 at % Fe they fit their data for temperatures
below 8°K toi.

AP =+ F fo (12 oyt . (II1.4)
where E and F are two parameters depending on concéntration approximately
linearly and © 1is a characteristic spin fluctuation témperature which
is found to be 0.4°K for the three most dilute alloys. For the other
two (0.3 and 0.6 at 7 Fe) alloys © increases approximately linearly with
concentration. Correlating the temperature dependént impur@ty résistivity
with the magnetic state of the impurities the authors give a simple phase
shift calculation assuming a free electron model for the conduction electrons.
They do not take into account the contribution to the impﬁrity resistivity
from spin-flip scattering which will affect the magnitude of the resistivity

but leave the quantitative behaviour unaffected.
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In recent years a number of investigations have been reported on

the electrical resistivity of Pd-Mn alloys.

According to the work by Shaltiel et al (89 ) both dilute Pd-Mn
and Pd-Gd alloys undergé transition té a.ferromagnétic state at low
temperatﬁres. Furthermore, their work and EPR g shifts (90 ), (91 ) in-
dicated that Fhe effective host-local moment exchange coupling is positive
fo;'dilute Pd-Mn and is negative for Pd-Gd. -Theréfofé according to a
naive application of the Kondo (72 ) theory, a resistivit&‘minimum should
be observed in the dilute Pd-Gd alloys and a logarithmic decrease in Pd-Mn.
To test these predictions and to obtain the ordering temperatures of the
alloys, Sarachik and Shaltiel (92 ) have measured the resistivity of Pd-Mn
alloys containing %, 1l and 2 at Z Mn and of Pd-Gd alloys with Gd concentration
ranging from .1 to 3 at 7 Gd. In Pd-Mn alloys a sudden change in the
resistance-temperature curve at the ordering temperature is observéd. But
no such behaviour and also no resistance minimum is found in the Pd-Gd

alloys.

However, what is really involved in Kondo's calculation is conduction

electron—-local moment interaction and this is probably positive for Pd-Gd.

Resistivity measurements of Chen et al (93 ) indicated, contrary to
the result of Sarachik and Shaltiel, that Pd-Gd dilute alloys in fact
show a magnetic ordering anomaly in the resistivity. TFor Pd-1 at Z Gd

this anomaly is at 2.4°K.

Electrical resistivity of a series of Pd-Mn alloys with 1, 2.4 and
2.9 at Z Mn has been measured'by Williams and Loram (54) between 0.4
and 300°K. In all three alloys the incremental resistivity&f} (=£L110y—ﬁ%d)

shows a sharp transition at the ordering temperatures of the alloys.
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-

Below this temperatureAAf) decreases linearly with temperature.
At temperatures well below the ordering temperaturé the incremental
resistivity shows a limiting T3(2 behaviour. These behaviours are in
agreement with the prediétion of Long and Turner (6§ ) discussed in
Chapter II One aspect of the theory which is not obeyed is the behaviour
of the coefficiént of the T3/2 term with the impurity concentration. The
" theory predicts that it should vary as.C—%, while.experiment shows that

. . . . -1
its variation 1s as C ~,

.

In Pd-Mn alloys the variation of Tc with concentration is unlike those
1
{

of Pd-Fe and Pd-Co where Tc increasés with increasing concentration. In
Pd-Mn,Tc first increases and then starts decreasing with further addition

‘of Mn., For thié behaviour Williams and Loram suggést two compéting

mechaﬁisms in these alloys, The first is the relativély long range

indirect ferromagnetic coupling between Mn impurities, Que to the polar-
‘ization they induce in the Pd d-band. The seqpnd is the direct Mn-Mn exchange
coupling which becomes increasingly important with incréasing manganese
concentration. The direct Mn-Mn coupling should, according to Moriya (95)
and Kim (11)) result in an antiferromagnetic coupling. Williams and Loram
point out that the competition between the above two méchanisms accounts

qualitatively for the behaviour of Tc with Mn,concéntration.

Niewenhuys and Boerstoel (96 ) have made careful measurements of the
resistivity of Pd-1 at % Mn in the vicinity of the ofdering température
of the alloy which is.approxiﬁately 3.4%K. The incremental resistivity
A]D is found to be linear in temperature above, as well as below, the
ordering temperature Tc. At temperatures very close to Tc they observe
a rounding off in ‘the Ap -T curve. They ascribe the rounding off to local

concentration variation which results in a distribution of local ordering

-

temperatures t, which they assumed to be a Gaussian of the formr
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z (tc-TC)2/2(F Te)? ' (111.5)
They determine F by doing a best fit calculation to their data,and show
that this procedure'is consistent with the experimental résults, i.e. the
calculation yields a mean transition temperature T, which is equal to

~

Tc,and the measured and the calculated values of the quantities

d aP) and A[X(Tc) - AP (o) (I11.6)
dT J T=»Tc '

are in very good agreement, They therefore,concludé that the definition
.of Tc, as being the temperature at which dqu) is maximuh,as is done by
Kawatra et al (97 ) for Pd-Fe ailoys, is nochorrect.

 The eleétrical resistivity of dilute Pd-Fe alloys contaiqing less
than 1 at 7 Fe has been measured between 0.5 and 77°k by Williams and
Loram (98 ). The behaviour of the resistivity is very much like that of
Pd-Mn alloys, ie. the transition to the ordered state is shafp, below
the ordering temperature the incremental resistivity is.linear with
.temperature and at the lowést teﬁperatures it <has a limiting T3/2 behaviour.
‘The authors therefore analyze their data using the theory of Long and l

Turner (69 ) and Yos ida (68 ). The coefficient of the TB/2 term 1s

=1
found to vary again as C as in Pd-Mn alloys.

Williams (99 ) has measured the resistivity of Pd-Co alloys containing
between 0.1 énd 1 at Z Co in the temperature range 0.45-300°K. In almost
all respects the behaviour of Pd-Co alloys are similar to those of Pd-Fe
alloys. In both these alloys Tc increases with impurity concentration

continuously, unlike those of Pd-~Mn.

The electrical resistivity of Pd-Co alloys, with concentrations

ranging from 2 - 7.5 at Z Co, has been measured between 1.4 and 77°k by
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Colp and Williams (100.). For all the alloys the incremental resistivity
.is found to vary, at témperatures well below the ordering temperature, as:

(111.7)
where A and B are two numerical constants. According to the authors this
T2 behaviour is due to a considerable homogend ty in thé palladiuﬁ d-band
magnetization at these concentrations. In‘this case the alloy behaves

| ;pproximétely as a uniform ferromag&et and,hence,its resistance varies as

.T2, In the incremental resistivity of Pd-Fe alloys with similaf concentrationm,

a T2‘ behaviour has also been observed by Skalski et al (101).

E
The interest in the Rh based alloys started with the observation
of an anomalous behaviour of dilute Rh-Fe alloys by Coles (102), In these
'alloys the incrementai resistivipy is a strong function of temperature
and the residual resisfivity per iron impurity is very small, even smaller
than‘that of Fe in Cu.. This peculiar behaviour has been explained by.the
scatteriﬁg of conduction electrons from magnetic impurities; taking into
account their electrostatic potemtials. This calculation shows that the
exchange interaction between conduction electrons énd the electrons of a
magnetic impurity qs—d may be written as J__, Cos 27), and predicts thét'ﬂ
may be larger than %-for iron impurities in rhodium. But this theory does
not explain the small residual resistivity of dilute Rh~Fe alloys which
is aﬁout two orders of magnitude smaller than those of Cu~Fe. The residual.
resistivity is proportional to Siﬁ;n as given by Eq(II.76). TFor Rh-Fe
1]} %-and, hencé it is expected to be larée contrary, éslﬁagasawa (103)

points out, to the experimental findings.

In order to investigate the relationship between the residual
resistivity and phase shift, Nagasawa (103) has measured the electrical

resistivity of dilute Rh-Co alloys and found a residual resistivity which
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is larger than that of Rh-Fe. However, no satisfactory explanation has

been offered by the author.

The electrical resistivity of ath—O.S at 7 Fe alloy'has been
measured down to 0.035°K gy Labord and Radakrishna (104). Théy discuss
their results in terms of the scattéring of conduction electrons from

_llocalized spin density fluctuations. . This mechanism results in a
;esistivity which, according to the theory of Kaiser and Donigch (76)
*behaves as T2 at temperatures well below the spin fluctuationléemperatureﬁ
and as T at temperaturés comparable to ® . Such a behaviour is indeed
observed in this alloy for which § is found to be 0.5°K in réasonable
.agreement with the value predicted by Kaiser and Doniach, who deduced this

from a comparison between high temperature data on Rh-~Co and Rh-Fe,

However, examination of more dilute alloys by both the Grenoble
Group and Rusby (105) show that at 0.5 at Z, © in Rh-Fe is already being
depressed by interactions. A T2 behaviour is found in the resistivity

up to approximately 2°K for concentrations of about .l % Fe.

Electrical resistivity of a series of Ni-Rh alloys in the region of
the critical concentration GvNioz—RhAS) has been measured by Houghton et
al (106) 1in phe tempefature range from 2 to 700°K. In all alloys the
variation of resistance with temperature is similar. At temperatures
where the phonon éontribution is negligible the resistivity varies as T2
up to a certain temperature which is lowér the closer the alloys is to the
critical composition. Above this temperature the variation is linear. The
authors discuss their resqlts in terﬁs of the theory of Kaiser and Doniach
(76 ) which is formulated essentially for dilute nearly magnetic impurities
in a metallic host. They argue that; although in Ni-Rh alloys there are
localized magnetic moments contained within giant pdarization clouds, it

is reasonable to expect that there are large numbers of Ni atoms whose

local environments are such that they are not yet magnetized, but are close .



108

to the ferromagnetic transition. Hence, spin fluctuations may exist in

Ni-Rh alloys but selectively on those Ni atoms which are not yet magnetized.
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3. MAGRETIZATION AND SUSCEPTIBILITY

The alloys of the exchange enhanced metals such as Pd with séme of
the.iron group metals have unusual‘magnetic properties. The magnetic
moﬁents per impd;ity atom are large. In the case of Pd the sofcalled
giant moments afé observed. ‘Although thé presencé of giant moments for
Fe and C, impuritiés were noté& in the‘éarly works, recent invésﬁigafions
have shown that Mn too produces giant moménts in Pd. Thé analysis of the
Susceptibility data of these alloys is difficult dué to the témpératuré

dépendence and the énhéncemént of the Pd suscéptibility.

{

I; one of the early measurements of the suscéptibility of thé alloys
of Pd with Fé, Co, Ni and Mn, Shaltiel et al (89 ) wéré forced to assumé
that the magnétic moment associatéd with a magnetic impurity is a 1inéar
function of the susceptibility of the pure Pd. Théy took this rélationship
to be of the following form:- |

p(D) = B[ 1 +at¥,o() | (111.8)

" where p, is the unenhanced magnetic moment, £ is thé énhancémént factor

and)(o(T) is the pure matrix susceptibility. They further assumed a

certain value for the enhancement factor. Only after these were they

C

able to fit their data to a Curie-Weiss 1aya(=)(o+ o

at temperatures above
100°K. However, they found that this procedure could not give a unique
value for the enhancement factor because little change was observed

between the slopes corresponding to very different values of the enhancement

factor.

The authors measured the susceptibility of Pd-Ni alloys containing
up to 3.5 at 7 Ni. They showed that the alloys containing up to approximately
2 at Z Ni are not magnetic. Above this concentration the alloys showed

a Curie-Weiss behaviour. For the alloy containing 3.5 at % Ni they obtained

a Curie temperature of 409K from.% versus M2 and of 459K from the intersection
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of ?X%XZT with the temperature axis. An alloy of Pd-Mn containing 3 at 7%
Mn was also studied and was found to have a Curie temperature of 8°K. For
this.alloy a value much smaller than those used for Fe, Co impurities for
the enhancement factor was found to be sufficient to get a liﬁea£ C(%(o)—l
dependence on temperature. From the slope of the curve a value of 6.3Hp

is obtained for this alloy at 80°K for the effective moments.

Shaltiel et al (89 ) also measured the susceptibility of rare earth
‘impurities in Pd. TFor these alloys it is found that the total alloy
susceptibility.can be decomposed as:- . | |

X =Xo +X ion ~ . (IIT.9)
where)(o(the background susceptibility) is obtained by measuring the
susceptibility of Pd alloys in which rare earth is replaced by Lu. This is
found to give a linear dependence.oﬁ CXSKC);I on temperature. The effective
’thr magneton per impurity, obtained from the slope of the curve (XSXO)—l
versus temperature is very close to- the free ionic value. The background
susceptibility)(o at room temperature is found to be as large as 40 to 0%
of the teotal susceptibility. Therefore, the authors give less weight to

these temperatures. .

Crangle and Scott (107) have measured the magnetization and the
susceptibility of some of the dilute alloys of Pd and Pt with Fe, Co, Ni
and Gd in fields up to 20kG, and at temperatures between ].5°K and the
respective Curie temperatures of the alloys. They obtained the spontaneous
magnetization M(T,0) of each alloy at various temperatures from the linear
extrapolation to H=o of the high field part of [M(H,T),H] isothermals and
the saturation magnefization M(o,0) from the extrapolation of the graphs of

M(o,T) against T2 to where T=o. From M(o,0) the number of Bohr magnetons

per atoms is calculated. The Curie temperature of each alloy is determined
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from the graphs of (%) against M2 at different temperatures. In this

type of analysis the graph plotted at T=TC passes through the origin.

For the Pd-Ni alloys the Curie temperatures obtained by this method
are plotted in Chapter V , Fig.(V.18) versus concentration, using additional

data from other sources.

Crangle and Scott (107) observed the follo&ing for their alloys:-
(a) Ferromagnetism exists in somé4§he alloys even in very dilute impurity -
concentration (0.15 at % Fe in Pd still produces férromagnétism);
(B) The rise of the Curie témperature with thé impurity concéntrafion is,
in all.the alloys, very rapid;
(c) The'magnetic moment per solute‘atom‘ is always largér than thé value
;ésocigted with the bare impurity;
In some cases the moment per impurigy risés to such a high value that.it
cannot possibly be associatéd with the soluté atom, sincé in thesé éléménts
the magnetism arises from the unfilled 3d shells which can léad to a maximum
moment of Sip for a single atom. The authors explain these propértiés as
follows: A solute atom having a localized moment interacts with its
nearestvneighbour solvent atoms and polarizés primarily their d-band which
has a high density of statéS. This polarization is expécted to exténd
over a large distance from the impurity atom. The maénétic ordering of
these alloys in the dilute limit is the result of the férromagnétic inféraction
between ihese long range polarization clouds. In the.very dilute alloys
a smaller moment per atom is observed. This the authors argué occurs because
at these concentrations some of the polarization clouds aré découpléd
from the magnetization of thé whole sfécimént. In small fields, not all

the moments are polarized. This is evinced from the observation that in

most dilute alloys the magnetization-field isothermals are markedly curved
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in fields of up to 20kG. Therefore, if very high fields are used this

decrease would not occur.

On the high concentration side of impurities a reductioﬁ in the size
of the moment is observed. Crangle and Scott associate this with the
fact that each host palladium atom has only 0.36 holes. After these are
polarized the addition of impurities does not contribute to the polarization

process and, hence, the size of the moment reduced.

The authors hafe also measured the susceptibility of some of the Pd-Gd
alloys. The moment per Gd impurity obtained is found to bé less than the
free ionic value. They attribute this to a probably négativé polarization
of palladium d-élécfrons by the moménts on thé Gd impurities. In fhésé

alloys the Curie temperature changes very slowly with Gd concentration.
P :

Chouteau et al(84 ) havé méaéured the suscéptiﬁility of Pd-Ni alloys
containing up to 10 at Z Ni at témperéturés from 0.05% to 4°K in fields
of up to 35kG. Theyfound that at high fields and at temperatures below 20K
the M-H isothermals become iinear, therefore they split the magnetization
into two terms

M= M}%H,T,c) + X(c)H | ' B (III.10)

whére)((c) represents the paramagnetic suscéptibility of thé alloys which
is independent of extérnal magnetic fiéld H and temperature for T 29K. M,
is found to saturate eésily for any concentration c if H>20kG. Below
1.5 at Z Ni the saturation value of My is found to be constant corresponding
to the saturation magnetization of about 70ppm iron impurity. Above this
concentration the saturation magnetization increases rapidly with Ni con-

\

centration,thus indicating the presence of magnetic Ni atoms. The relative
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increase of the paramagnetic susceptibility (><A1ky9(gd) with Ni concentration

. pd
rises to a maximum of about 2.5 at 7 Ni then decreases. This concentration

is, of course, close to the value where the Pd-Ni alloy system makes a

transition into long range ferromagnetic ordering.

In the Pt-Ni alloy system the transition to long rangé ordéring takés
place at a very high Ni concentration (~41 at Z Ni). The magnétization
measurements on the Pt-Ni alloys with Ni concentration ranging from 25 to
50 at % Ni have been done by Besmus and Herr (108) . The alloys with more
than approximately 41 at Z Ni are ferromagnetic. Théir résPectivé Curie
temperatures are obtained by méans of M2 versus«% plots which are found.to bé
linear. The alloys with 41<c‘(37‘at % Ni are strongly enhancéd paramagnets.
Fo? these alloys the linear parts of the M2 versus % plots start at increasingly
hiéher fields. Below 37 at Z Ni the M-H isothermals are linear. The initial
susceptibility)(i, obtained from thé intercept of the straight'line with the
% axis, peaks in the vicinity of Cp~4l at Z Ni. In the lowest temperaturé
(1.4°K) for the ferromagnetic alloys a marked increase of M with field is
found. This and the fact that no curvature is observed in the M2 versus %
plots at low fields lead the authors to characterize these alloys as weak
itinerant ferromagnets. They further observe that there is a linear
relationship between the concentration and Tc2,><i_1'and the square of the-
spontaneous magnetization M?(T,o). Such relationship are derived by Mathon (78)

for spatially homogenous ferromagnets. The authors therefore conclude that in

their alloys the magnetization is spatially uniform.

ﬁagnetization and susceptibility measurements on Pd-Mn alloys containing
between 0.5 and 25 at 7 Mn have been doné by Rault and Burger (109). Thé
variation of the transition témperature and the magnétizaéion of the alloys
at 4.29 in a field of 6kG show a gradual transition from férromagnétism

to antiferromagnetism. The authors argue that above 8 at % Mn the ordering
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is antiferromagnétic. Howévér, wé found that here thé alloys are spin
glass over a considerable concentration rangé. For fgrromagneiic alloys
no remanent magnetization is observéd. The auﬁhors aétribufe tﬁis fo a
very sméll anisotropy enérgy. For thé alloys with moré than 8 at 7 Mn,
hysteresis behaviour is observed. This behaviour is,of coursé, a property
of what is lately known as "spin glass".. The alloys Wiéh High Mo content
are expected to show antiferromagnetism dué to antiférromagnétic coupling

of Mn impurities as suggested by Mofiya (95 ) and Kim (11 ).

Until recently it‘was thought that manganese doés not produce giant
moments in palladium. Recent work by Star et al (110) shoﬁéd that manganese
produces aAgiant moment of approximatély 7.5p pér Mn atom . A diffuse
neutron scattering experimént by Colés (private communication) also shows
clearly the existénce of giant moménts. Star et al.méasuréd thé magnétization
of é series of Pd-Mn alloys containing bétweén 0.05 and 2.5 at % Mn af
liquid hélium témperatures iﬁ fields of up to 210kG. 'Tﬁéy wéré aﬁlé to
saturate .the impurity moments of all thé alloys-at 1.3°K with fields of H)30kG.
However, they could not saturate the moments of the alloys with concentrations

of more than about 1 at 7 Mn at 4.2°K even in the maximum field émployed

The moment, in the dilute alloys (c 4£0.5 at % Mn) that could be
saturated at 4.2°K was found to be approximately 7.5 Bohr magneton pér
manganese atom. Choosing a spin value of S =~% which is found from the
entropy of Mn in Pd by Boersteel et al (111),‘thé authors were able to account
for the behaviour of the magnetization M(H,T) of the alloys with less than
0.23 at % Mn (inclusive) using the WdSSInolécular, field. modél which
required a g value of about 3. The Curie témperatures oBtained from the

molecular field model, were found to be consistent with the values found

experimentally.

Magnetic measurements on a series of Ni_Al and Ni3Ga have been done by



De Boer (86 ). He obtained the initital susceptibility and the Curie
temperatures éf the alloys from the plot of M2 versus %. The saturation
magnetizations were also obtainéd from thésé plots. De Boér was not able

to saturate the magnetization of thé alloys at 4.29K évén at 200kG. Imn fﬁese
alloys the plots of M2 versus% are perféctly linéar'at all températures up

to 77°K,and the inverse susceptibility has a Stomer typé béhaviour~ This and the
T2 dependence in the decréase of thé spontanéous magnétization with increasing

temperature, has lead De Boer to describe the magnetic properties of these

alloys in terms of the itinerant electron model satisfactorily.

Susceptbility méasuréménfs on diluﬁe Rﬁ-Co alloys havé'béén doné by
Walstedt et al (112), Murani (113) and by Nagasawa (103). Théy find a
wéakly temperature dependent excéss susceptibility due to cobalt
impurities. Walstedt et al (112) associate this with local excﬁéngé enhance~
ment.on the cobalt sites. Nagasawa has madé a Curié—Wéiss fif fo his data
for Rh-1 at 7 Co, and obtained an efféctive moment of 5ilp per cobalt
impurity and a Curie-Weiss température of 1200°%#100°K. Murani has measured
a Rh-Co alloy containing 11 at Z'Co, and found that the températuré depéndence
of the excess sugeptibility is similar to that of dilute alloys. He has
concluded that the threshold value for momént formafion is at a chﬁ higher

concentration.

It has become évidént from récént invéstigations that numérous propértiés
of Cu-Ni and Rh~-Ni alloys are affectgd by clustéring. Tﬁéréforé, in the
recent works this aspect of thé alloys is brought info ﬁhé procedure of
analysis and satisfactory explanation of thé experimental results has beén

possible.

The magnetic measurements on paramagnetic Cu-Ni alloys have been made
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by Kouvel and Comly-  (114). They measured the initial susceptibility
)(ii of the alloys at different temperatures and observed that away from
the critical concentration (~ 43 at % Ni))(i not only gets smallér but

becomes more nearly constant. They fit their data to:-

Xi=Xo+ ng , | | (I11.11)
where)(o is the background susceptibility and the second term is attributed
to the superparamagnetism of 1argé polarization clouds. )(0 is found to vary
slightly with copcentration in the region of the critical concentration, but
does not show any singularity. The lack of singularity.féads the authors
to cbnclude that,in these alloys,thé critical enhancement occurs while the
alloys-aré still paramagnétic. From C théy obfainéd an a&éragé magnéfic
- moment per cluster of thé order of 10-12Up, and an avéragé cioud concénﬁration,

defined as being the number of clouds divided by thé total number of atoms,
-ﬁhich increases from 0.0127 at 32 at % Ni to about 0.34% at 44 at Z Ni. The
auth&rs concluded that the formation of thé clouds occurs. in local ﬁighly
Ni rich regions and that thé>1ong range ordering is causéd by thé férro—

magnetic coupling of these clouds.’

Magnéfization measurements of Ni;Cu alloys containing befwéen 0 and 60
at Z Cu on fields of up to 60kG, and in the liquid hélium range have beén ,
made by Acker and Huguénin (115). They split the measured magnefization
into three components:— |

M.H - T
Rl - . J—- —
M(H,T) M0+XOH+§_’ N]_b{l( COth *nT —E—M.H ) . (III.].Z)

where Nj and M; are the numbers and the magnétic moments of the clusters,

M, is the ferromagnetic contribution to the magnetization, and the second
term is the paramagnetic band contribution. In high fields they approximate
(I11.12) by

M(H,T)=>(0H + (Mg ;E; NiM;) —-E%EE; Ny (I17.13)
1 1 )
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and from a least squares fit obtain the values for)(o, (Mo%z:NiMi) and
i

EE:Ni = N, the density of clusters. The result of analysis shows thaé)(o

1 .

presents a singularity at c243 at 7Z Ni which is the critical concentration

for ferromagnetism,

Magnetic measurements on Rh-Ni alloys with nickel contént'varying

between 0 and 100 at Z Ni have béén madé by Bucher et al (116). Thé initial
susceptibility is found to vary as (C--CF)—1 and to have a maximum at the
critical concent£ation Cp=63 ét Z Ni. The enhancement fn the susceptibility
is found to be approximately 70 at -this concentration. The authors explain
their experimental findings in terms of the interaction between conduction
electrons and low lying spin excitations (paramagnons) in néarly férromagnétic
metals. It has beén shown by Doniach and Engélsbérg (79) thaﬁ tﬁis intér—

. action givés rise to an effective mass which incréaseswdththé énhancémént
factbr;(l-i)—l. Hence, the susceptibility (the enhanceﬁept féctor) reaches

its maximum value when the effective mass (specific heat) is maximum.

Measureménts on three Rh-Ni alloys containing 58, 60 and 62 at % Ni have
been made byMuellner and Kouvel (117) in fields of up to 56kG and at
‘temperatures down to 4.29K, They analyzéﬂ;the tdtal suscéptibility into
a temperature independént matrix térm)(o and a Curie—Weissvcomponént. The
matrix susceptibility is found, as in the case of Cu-Ni alloys, to be in-
sensitive to the impurity concéntration. Théy theréforé concludéd fhat thé
ferromagnetism arises entirély‘from the Curie~Weiss component which is
attributed to the giant polarization clouds. Thé analysés of Kouvél and
Comley (114) and Muellner and Kouvél 117) indicafe fhat Both in Rh-Ni
and Cu-Ni there is a téndency towards an antiferromagnétic coupling (negative 8)

between the polarization clouds when the alloys'compositions become more
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rhodium or copper rich.

The class of alloys, of which Cu-Mn is a typical examplé, havé
some unusual magnetic behaviours. At vér& low températurés thé spin
orientations are frozén out without any wéll défin;d long rangé ordérings.
If a specimén is cooled well heléw certain ﬁémpératurés Tm in a zero appliéd
field, and measureménts are made at incréasing fémpérafﬁrés in a constant
field, thé magnetization shows a maxima at Tm. In constrast; if tﬁé
measurements are made in a constant fiél& from~abové Tn, thé,magnétization
first increases toward a maxima around Tm then stays approximately constant

there. In some alloys it may increase further. The increase is usually

steeper if the alloy is cooled in a higher field.

In récént yéars a large numbér of alloyé showing theSé éffécts havé
been discovered. They were first found in Cu-Mn and Ag-Mn alloys by Owen
et al (118). Théy were able to fit their high températufé suscéptbility
data éo a,Curie—Wéiss LnaA>(= ng and found that the paramagnetic Curie
temperatures 8 of the alioys were close to their respective susceptibility
maxima temperatures, and were always positivé. Tm ( and héncé 8 ) was found
to increase with Mn concentration.- The Curié.constant C was found to corr-
espond to a spin value which lies betwéen S =2 and S= %-. They éooled
from 77°K two alloys containing 1.4 and 5.6 at 7 Mn in a field of 5kG to
helium temperature and obtained a remﬁant magnetization which decayed expon-
entially as the temperatures were inpfeased, vanishing at the réspectivé
Tm of the alloys. When cooling the ailoys in a zero fiéld down to 4.2°K and,
subsequently incréasing the field to SkC tﬁé ﬁagnétization was found to be

proportional to the field. When the field was then reduced to zero, there

remained a very small magnetization, i.e. the alloys showed hysteretic
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behaviour. In spite of these observations Owen et al (118) concluded that
in the Cu-Mn é}loys they studied there is a gradual transition to antiferro-

magnetism.

Magnétization méasuréments on Cu—ﬂn alloys containing less fhan 2 at %
Mp.have been carried out by Schmitt and Jacobs(119). The analysis of the
high temperature data of these authors agreés well with thosé of Owén et
al. Alllthe samples containing 0.4 atZlhrormoré wéré séén to exhibit
hysterésis.at 1i§uid helium temperaturés. They cooled a Cu:?n alloy
containing 1.8 at Z Mn (Tm~15°K) in different fields from abéve 77°K, and
found tgat a saturation value for the remanence could be achieved in fields
larger than 5kG. Subsequént work by Kouvel (126) on Cu-Mn and Ag-Mn

~alloys of Mn concéntration ‘about 25 at 7 showed furthér that whén thé
‘Specimens are cooled-in a zero field the magnetization is proportibnal to the
field for negative as well asvpositive fields. However, if théy aré
cooled in a field then hysteresis curves are obtained which are displacéd
from their symmetrical position. In thé latter casé it was found that thé
M-H line was parallel tolthe line obtained from the M-H plots after cooling
the specimens in zero field. These and the previous observations by Schmitt
and Ja€.obs and by Owen et al lead Kouvel to explain the observed
effects in terms of a microscopic exchaﬁgé anisotropy. According to this
model the ferro-and antiférromagnétic interactions betwéen Mn atoms of
different separation’ gives rise to a mixed magnetic state in thésé alloyé.
Magnetization and suscéptibility measuréménts have beén done on Rh—Fé
alloys by Murani and Coles (121). Alloys containing 3 at % and more Fe
show magnetic properties similar in many reSpécts to thosé of Cu-Mn and

Ag-Mn, Here too a maximum was found in the plot of the susceptibility versus
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temperature which broadened with increasing impurity concentration. The
tempefature of the susceptibility maximum,Tm, was seen to increase with
increasingviron_concentration. When alloys with high Tm were cooled to
helium températuré in a zero fiéld a linear M-H plot was obtainéd. Howévér,
when the same alloys weré codiéd in a field thé M~H plots wéré found fo Be
displaced from the origin (i.e. a remanence is obtained at H=o0) and a

hysteresis loop enclosing a very small area was observed.

-

Thelrémanént magnetization was found to décréase with ipcréasing
témpergtures, disappearing complétely around the températuré of the
suscepfibility maximum. Whén cooling an alloy in a field thé suscéptibility
rose to a maximum at Tm of the alloy, but did not rémain constant there.

| A further increase was observed with décréasing'témperaturé, the rise

. being sharp.er for higher fields.

Magnetization measurements of Bancroft (122) on Au-Co alloys containing
S and 7 at Z Co, show that in these alloys too, susCéptibility maxima,
hysteretic magnétization'curves, time and témperafure dependénf rémanénce
are present. Dilute alloys of cobalt with gold form a weak moment in the
sense that in thése alloys there is a wéak-témperature dependént momént,
indicated by a largé négativé © obtained from the fit to a Curié—Wéiss law
Tge of high temperature data. If Tm 1is taken to be a measure of the strength
of interaction between moments, its variation with_Co concentration is found
_to be slower than those of good @oment systems such aé Au—Fé. This further

confirms that cobalt in gold cannot be included into the class of strong

moments such as iron or manganese in gold.

It has been shown by Chakravorty et al (123) that the alloys of Pd-Cr
containing Cr ranging from 25 to 35 at Z and V-Ma containing 50 to 76
. at % Mn demonstrate some of the effects common to the alloys reviewed

in this section. In these and other alloys mentioned above the authors consider
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the possibility that magnetic clusters with giant moments might be present.

A brief review of>investigations on this subject is given by Beck (124).
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4 . SPECIFIC HEAT

lThe first specific heat measurement to be done in ofder to observe
the electron-paramagnon mass enhancement effect was by Bucher et al (116).
They investigated Rh-Ni alloys which are ‘paramagnetic between pure Rh and
Rh-63 at % Ni. The alloys with'more than 63 at 7 Ni are~ferromaénetic.
The paramagnetié alloys are excﬂange enhanced, and the enhancement is
greater in alloys containing more Ni. " The alloys containing between
60 and 63 at % Ni are strongly enhanced paramagnets The suscegtibility'
and the coefficient of the linear term in the speéific heatK;peéks about
Rh—6é at 7% Ni. Although both 1‘and>( are enhanced considerably, the

authors point out that the enhancement of X at the critical concentration is

70 while that of ¥ is 2.

More significant, however, was that the specific heat showed an upturn

7

below 8°K when plotted in the usu al way, i.e. when % is plotted versus
T2. This effect was found to decrease on either side of the critical con-
centration. Such an upturn is predicted by Engelsberg and Doniach (79)

as has been discussed in Chapter IT, section III.

However, there is now evidence that in the Rh-Ni alloys, near
the critical concentration, giant magnetization clusters are present
which can provide an alternative explanation for the effect observed in the

low temperature specific heat.

A more suitable system for the observation of the effect of the
electron—ﬁaramqgnon interaction on the s?ecific heat is Pd-Ni alloys. 1In
this system the alloys containing between O and 2.3 at % Ni are paramagnetic
with susceptibilities that increase faﬁidly with increasing Ni cpncentration,

and no giant magnetization clusters are present in these alloys. The
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specific heat measurements of Schindler and Macliet (125) and Chouteau

“et al (84) show no upturn in plpts of-% versus T2, i.e. no T3ln T term

was observed in these alloys. This fact has been explained by Schindler (126)
aé follows: The coefficient of the T3ln T term (Chapter II, Eq.II1.102) in

dilute alloys is approximately that of pure Pd times a factor of El This

is about 2.6 for the alloy: »Pd-2 at 7 Ni. The author therefore concludes

that, since a T3{nT tem isnctobserved in pure palladium, it is unlikely that

it would be observed in paramagnetic Pd-Ni alloys.

-

However, the data of Chouteau et al (84) and Schindler and Macliet
(125) shows that specific heat peaks on the ferromagnetic side of the
critical concentration. Chouteau et al (84) have further observed that
'Fhe Debye temperature GD first increases and then decreases with nickel

i

concentration. In Pd-10 at % Ni, SD
<

reduces to that of pure palladium.
Speéific heat measurements on Pt-Ni alloys containing between 1 and

12;8 at Z Ni have been made by Macliet et al (127) at temperatures between

1.2 and 4.2°K. The data fit well to a relation of the form c =§T + P13

. where the coefficient ¥ increases linearly with nickel concentration. The

coefficient 8 of the T3 term is found to decrease significantly with in-

creasing nickel concentration.

We conclude that clear evidence for the presence of a 3{n T term,
expected from electron-paramagnon interaction in the low temperature
specific heat of the exchange enhanced metals and alloys has not yet been

obtained.

The low temperature specific heat measurements on five Pd-Mn alloys
containing between 0.08 to 2.45 at 7 Mn has been made by Boerstoel (128).
Except for the most dilute alloy a sharp peak is observed when measurements

are done in zero applied .field. This system is quoted by Boerstoel, to
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be the only dilute magnetic system to show such a sharp peak. Such a
sharp peak, of course, implies that the interaction between the manganese
" impurities is uniform. Boerstoel analyzes his data using molecular field
mgdel of the specific heat, and showsthat the theory gives a very good
description of the alloys when they are placed in large magnetic fields

which can suppress the influence of short range ordering.



CHAPTER IV

>APPAﬁATUS AND EXPERIFENTAL MNETHODS

I. ELECTRICAL RESISTIVITY

1. Introductionst

The electrical resistivity measurements were made by the
standard four probe dc potentiometric technique in the teﬁperature
range from 1,6 to 40°K. In some cases measurements were made at g
temperatures lying outside thisz range. |

A Tinsley potentiometer of Diesselhorst pattern, together with
a Tinsley photocell galvanometer amplifier is employed. The power
sﬁpply ig a hank of lead-acid accumulators. A high dissipation
resistance box ié used in the current circuit to obtain a steady
current. |

~ The nmagnetisation and sﬁsceptibility measurements were made
with a vibrating sample magnetometer in magnetic fields wp to 7.5 Kilo

Gauss and at temperatures between 1.6 and 300°K.

2. The Degign of Crvostat and the Dewar System

The previoﬁs "two concentric cens arrangement"+ is modified here
Fig. (IV,1). The $ufnel disc, onto which the specimen holders are
positioned in a symeirical fashion,'is suspended from the main top
plataby a3 diameter tube made of German silver which has an 0.006"
wall thickness. A Copper can with a wall thickness of approximately

0.05" slides onto the tufnel disc from above. The block of araldiie,

+: R.V, Bellau. Thesis. University of London 1963

i25.
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cast with 4BA studding in the centre, and machined into a perfect
cylidrical form for reasons of symmeiry, is screwed onto the centre
of the disc'from below. The lower end of the can is closed with.a :
perspex disc which is also screwed onio the studding, thus forming
the specimen chamber which can accomodate five holders.

Holes are drilled in the perspex disc to let helium gas into
the specimen chamber during warm-upe.

An opening of approximately 3 mm between the,déwar and the
copper can ensures.the free flow of helium gas. A brass shield of
circular form fixed onto the main tube approximately 10 cm above tﬁé
00pﬁer.can, acts as a shield against the radiation.

A length of 1nsn1ated constantan wire of 36 S.W.G. is wound
‘ unlformly along the full length of the copper can using G.E. varnish.
| This is used as a specimen heater, The bath heater, a wire wound
resistor of 100 , is at the bottom of the inner dewar. The block
of araldite ensures steady warm-up due to its high specific heat at
low temperatures. The potential leads are 40 S5.W.G. enamel coated
copper wires, which are brought down through the main supporting tube,

and whére they emerge from the top are brought out through a short

length of small bore brass tubing and sealed with araldite. At regular

intervals holes are drilled in the main tube to prevent thermal
oscillations when the system is immersed in helium.

Each current lead consists of seven single eureka wires of
26 SJW.G. They and leads for the heaters are brought into the imer
dewar via a lead-through soldered onto the main top plate.

The dewar system consists of a conventional glass double dewar.
The top of the cxryostat forms an "0 ring seal with the immer dewar,
Nitrogen is used in the outer dewar to reduce the flow of heat into

the helium dewar.
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3. Thermometry

At the start of this project we intended to find among other things,
the critigal concentration of the Pd-Ni and Rh~Co alloy systems. Hence
great importance was attached to the very low temperature region. For
this reason a carbon resistor and an Au + 0,03% Pe versus Chromel

_ (Ni90 Cu10) thermocouple were employed for the thermometry.

(a) The Thermocouple

| He chose from among the three usefﬁll low temperature thermocouples
the Au + 0.03% Fe~Chromel thermocouple for it is very stable, and retains
a theTmoelectric power in excess of 10 LL?/bK at all temperatures greater
than %GK. The other two; Au + 2.1% Co—Cu, and the copper constantan are
sufficiently sensitive only at feﬁperatures 2’20°K. The reference
ﬁunction of the thermocouple was at helium temperature for the temperature
range from 4.2 to 77°K. ,Thg other junction was fixed at a position which
was thermally eqﬁivalent to those of the specimens.

Using a D.C. amplifier, with a large input impedence (approximately

10 K ), having a noise level less than 1 LlV’and a DVII, the thermo-

couple e.m.f's were directly read in micro-volts, the corresponding

>temperatures were obtained from a calibration curve plotted using data given

by Berman et a1(129). Using the nitrogen boiling point as the reference
temperature the entire temperature range from 77°K up to room temperature

could be covered.

() The Carbon Thermometer
An Allen-Bradley resistor of nominal value 470 , (1/4) watt is
used as the primary thermometer. This is wound by its lead—out wires

and then G.E. varnished onto a short, thick, insulated copper wire in



the specimen circuit. These resistors are very sensitive in the
o . .
temperature range from 2 to 25°K. Their resistance~temperature

relationship is assumed to be of the form:—
Log,R+A/logR=B+C/T _ - (Iv.1)

as originally suggested by Clement and Quinell (130 ). A, B and C are
three parameters to be determined by calibration for a given resistor.
Fof this the Values of the resistor at temperatures below 4.2°K and
above 25°K, usually nitrogen boiling point, must be knowﬁ accurately.

The nitrogen temperature value of the resistor is obtained simply
by dipping it into a can of fresh nitrogen. To obtain its values in the
liquid helium range the circuit shown in Fig. (IV.2) is used,

The circuit is constructed in such a way that the range_of
temperatures from 1.6 to 25°K is divided into three to obtain better
éensitivity. For each temperature range, the galvanometer deflection
was calibrated in terms of resistance.by replacing the carbon resistor
with a resistance box. |

The calibration of the carbon thermometer is fairly simple. The
values of the resistors at known temperatures below 4.2°K were obtained
sﬁfficiently accurately from the deflections of the galvanometer, Then
~ the quantities Log R + A/iog r Wwere plotted agaiﬁsf%-at each temperature
assuming a bertain initial value for A which is usually close to 2.5.
This procedure was repeaﬁed for different values of A until the graph was
straight and passed through the points corresponding to the nitrogen and
room temperatures, The value of A éprresponding to'this is the best,
From the gradient and the intercept of the straight line with the % axis
the other two parameters, B and C, were obtained. These three parameters
complete;y define the resistance-temperature calibration. For accuracy
the calibration was also checked on a computor., This procedure was

repeated fairly often, though it was found that the same resistance
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temperature calibration was reproducible over a long period of time.

4. Temperature Control

In the liquid He range the temperature is controlled by
maintaining a consctant pressure in the inner dewar using a rubber

[§

diaphragm type momostat . }

Between 4.2 and T7°K the temperature is controlled in the
following manner. PFirst using tﬁe bath héater, the helium level is
lowered to below the specimen chamber. It then remaih$ there for a
very 1o;étime. Following this a suitable rate of warm-up is selected
by dissipating an gpprobr%ate amount of power in the specimen heater.
Return to a lower temperature could be made by boiling some helium from
the fesidual helium pool. In this range the temperature indicated by

- the cérbon‘thermometer is compared with that of the thermocouple. For
a warm-up rate of 10°X/hour the two agreed to within * 01°K upto 20°K.
In a very slow warm-up procedure the agreement was even better,

Above 20°K we relied on the thermocouple though the carbon thermo-
meter was still used as a check on the former. Above 77°K the
measurements had to be made while 6ooling down very slowly. This was
achieved by pumpiné very\hard on the helium interspace with a rotary
pump. Some nitrogen was then pﬁt into the nitrogen dewar and its level
‘raised gradually. Helium was used in the inner dewar as the gxchange
gas,

However it ﬁust be noted that the resistance measured in this way

t

is approximate.

5. The Resistance Measuring BEquipment

The resistance measured by the standard four probe technique is

that of the part of the specimen lying between the two points where the

13
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potential leads make contact with it. The contact and lead resistances
of the potential leads are not part of the resistance to be measured
because in the null potentiometric method used here the leads carry
(no) negligible current in the (perfect) balance position. Thus in
this wéy the potentiél developed across a specimen is measured in the
open circuit mcde. All four leads of pure platinum wires: of
approximately 0.,006" diameter, were spot welded onto the specimen.
These were then attached to a specimen hélder using a low melting point
tin-lead eutectic solder (50 wt% of each metal melted together in a
crucible and then quenched in water).

The measurements were made on a five decade Tinéley potentiometer
of Diesselhorst pattern, together with a Tinsley type 5214 galvanoneter
amplifier and a secondary galvanometer., The latter was used ag nuil
indicator. The lowest decade of the potentiometer is of O.1LL V steps, .
and by adjustihg the sensitivity of the galvo-amplifier a total potential
of up to 10 mV could be measured to 10'”8 volts. All specimens, together
with a'very high precision four terminal standard resistor'and a high
dissipation resistance box, were commected invseries to a battery. The
Tresistance box was used to set current and also act as a buffer resistance.
The battery provided a current stable to better than 2 parts in 105 for
-10 to 15 minutes which was much longer than the time required to maie a
- set of measurements., The potential leads were brought out to a Tinsley
'selector switch which was immersed in oil to minimise swifching thermals.
The specimen resistance is obtained by comparing the potential drop across
it with that across the standard résistor. Thermal E.lLF's in the
'pofential leads are eliminated by simultaneous reversal of fhe potentiometer
and the specimen currents with an 0il filled type 4092 thermo-electric
free Tinsley reversing switch. The E.M.F's in the potentiometer circuit

are eliminated by the Diesselhorst design.
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6. Experimental Procedure

Having given a description of the cryostat and the measuring
equipment, we now.go on to describe the experimental procedure which
was followed during the course of a typical run.

| After mounting the specimens, a check was made to ensure that
they were not touching the copper can., The electrical circuit was
also examined for contimuity. Following this the system was lowered
into the dewar which was then sealed off.

For helium work it was necessary to précool the cryostat to the

nitrogen temperature, This is done in the following wayg—

Usng a rotary pump, the interspace of the inmer dewar was pumped
and flushed out three or more times with pure nitrogen. After the final
flushing the interspace was pumped on until the pressure was down to
" about 1 m.m. This procedure of flushing the interspace was repeated during
‘each run because most glasses are permeable to helium,

Helium gas which diffuses through the glass into the interspace will
conduct heat from the nifrogen dewar into the immer dewar resulting in a
very quick boil-off of the helium in the inner dewar,

The helium dewar was nextlpumped out. After this approximately
oﬁé atmospheric pressure of helium gas was let into the inner dewar which
was then isolated from the helium storage vessel. Following this tke
nitrogen devar was topped up with-nitrogen.

After the cryostat was cooled to 77°K liquid helium was {ransfered
into the inner dewar using a siphon.

Measurements in the helium temperature range were made while pumping

on helium at various pressures down to the lowest temperature. After
shutting off the pump the bath heater was used to return o 4.2°K.
Following this some helium was boiled until its level was below the

specimen chamber, This was followed by the warm—up procedure for which
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the specimen heater was used.

II, MAGNETIC SUSCEBTIBILITY

Vibrating Sample Magnetometer

1. Description
Magnetic measurements were made with a vibrating sample magnetometer,

‘originally built in this laboratory by Murani (113 ). The principle of
the magnetometer is quite simple. The sample is vibrated in a pick-up
coil, placed in a magnetic field, by means of a piezo-electric bimorph
tﬁning fork driven by an a.c voltage from an oscilator. The vibration
of th;:sample induces a signal in the pick-up coil. This signal is
amplified and detected in a suitabie ménner.
‘ The.basic arrangement of the apparatus is shown in fig. (1v.3).
The nulling coil consist of two layers of 48 SWG enamel coated copper
wiré, wound on a thin walled pyrextube., The specimen machiﬁed into a
cylinder of (-05" diameter and 0-6" length, fits inside the pyrextube
and held there firmly by dabbing some G.E. varnish to the open end, |
A lip made at the other end of the tube preventis thé specimen from
slipping out of the nmulling coil when it is vibrated.

| The coil housing and vibrators are enclosed in a glass tube closed
.at the lower end, with a quick fit ground glass joint at thévoﬁhers

thus forming a specimen chamber. The vhole system is enclosed within

a standard glass double dewar system. The dewar tails are positioned
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between the poles of a Newpost type D water cooled electro-magnet
used inconjuction with a 15 Amper Wareham power supply. The field is
measured with a Hall effect Bell-lModel 620 gauss meter which was

calibrated against an NMR probe.

2. Operation
The block diagrém of the magngiometer is shown in Fig. (IV,4).

The signal from the oséillator is divided into two channels. -One out~
' put goes via a.phase shifter to the double beam cathode ray oscilloscope,
while the other is connected directly to one of the bimorphs. When the
bimorphs are loaded equally it.is sufficient to.drive only one of them,
the éecond follows in antiphase. The specimen is vibrated axially in
the pick-up coil. A second identical coil situated just above the main
:pickhup coil and connected in opposition, minimises the synchronous
noise which is due to the pick—uﬁ coils vibrating at the same frequéncy
as the specimen. The induced voltage in the pick-up coil is amplified
by a low.noiseBrook Deal type 450 amplifier and fed into a Brook Deal
type 411 phase sensitive detector.. The output from the latter is read
on a digital voltmeter (DVif).

For weakly magnetic specimens a null method of measurement is used.
The magnetisation of thé specimen is compensated by passing a current |
through the nulling coil so as to produce a moment of the same magnitude
in the opposite directiqn; The nulling coil is calibrated in terms of
magnetic moment per unit current by measuring the susceptibility of a
pure Pd sample. To avoid heating effects in the nmulling coil the maximum
current used is 120 mA vhen the "specimen chamber' is immersed in helium

bath and 12 mA when the helium level drops below it.
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For strongly magnetic specimen the measurements are done in the
following'way. First the indﬁced voltage in the pick-up coil, obtained
as a .dc output from the phase sensitive detector, is read on a DVH,
Then 10 and 25 mA stabilised currents are passed through the nulling
coil énd the change in the output signal is recorded for each current.
By a simple extrapolation the cﬁrrent required to compensate the total
‘signal is calculated and thus the voltage induced in the pick-up coil
by the sample is exp;essed interms of an equivalent nulling current.
When employing this procedure care is takeﬁ 4o keep within the linearity

limit of the amplifier and the phase sensitive detéctor.

3. _Thermomet;z

Two thermometers, é copper and .a carbon resistancé thermometer,
(’ére employed for two different témperature ranges. The carbon resistor
iq an Allen-Bradley (%} ﬁatt resistor 6f 47Q nominal value at room
femperature. It is mounted on the pick-up coil and used for temperatures
‘below 20°K,

© The calibration procedure is the same as that described in the
section on the resiséivity measﬁrements. Its resistance is measured
by two terminai methods (as the leads ?esistanceAis negligible compared
to that of the carbon resistor) using a standard resistor and a
- lead-acid cell.

Above 20°K the nulling coil itself is used as the Copper resistance
thermometer. A’four terminal method is employed to determine the
resistance of the coil. The pontential drop across the coil is read
directly from a DVII and the current through it is determined by reading
the voltage drop produced across a 1R .standard resistor connected in

gseries in the circuit.,



The resistance~temperature éalibration of the coil was made by
measﬁring its‘resistance as 4.2°K and at ice point and using the
tabulated value of the function;-

R(T) - R(4.2)

7 = (iv.z)
R(273) - R (4.2)

giveﬁ by White (131). For the samples measured a small field.value,.
 usually much less thanlkG-, was chosen for which the correction to
the reéistance of the coii due to magnetoresistivity was found to be
negligible above 20°k.- This was checked by switching off the field,
measuring the resistance of the coil then comparing it with the vél;;
’obtained in the field.

4. Temnerafure Control

Below 4.2°K the temperature is controlled by pumping on helium
bath through a manostat . After‘the helium level has dropped below the
giass tgbe enclosing the system, theapparatus begins warming-up at a
- rate of approximately 1O°KA per hour.

The rate of warm-up can be controlled reasonably well by the two
heaters while there is a residual helium pool ip the tail of the helium
dewar. One of the heaters is in the tail of the helium dewar, the other
is positioned below the pyrex tubé enclosing the coil housing and the
~ bimorphs.

Between 776 and 300°K the measurements were taken while cooling
down slowly. This is achieved by pumping hard with a rotary pump on
the helium interspace after flushing it with fresh nitrogén. The
specimen chamber and the helium dewar were also flushed wifh nitrogen,
This procedure ensures that dny oxygen inside the specimen chamber is

pumped out. After this is done, nitrogen is poured into ithe outer dewar
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and its 1evei»is raised gradually.

The experimental prooedﬁre is described in detail by Murani,
After mounting the specimen the magnet is wheeled into position and
the signal from the sample is checked on a cathoderay osciloscope.
For a freely ;iﬁrating sample the signal is a smooth sine wave.

.If the vibration of the sémple is ngt free, which is indicated by
a distorted sine wave on the oscilloscope,the Aluminium foil by which
the bimorphs are suspended from the coil housing can be twisted slightly
until.:the free vibration of the sample is ensured. After this the
dewars are replaced around the apparatus. The apparatus is now ready

for measurements.
)
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.fREPARATION OF SPECIIMENS
(2) PA-Ni alloy system

Ni in Pd form a continuous serieé of solid solutions (132 ),
therefore the preparation of specimens was fairly simple, The
éfarting materials were palladium ex Johson Mdttey specpure" grade
(The upperllimit of Fe content is given as 3pp), and nickel from
Koch-Light Laboratories (nominally 99.998 wt® Ni). Nine different
alloys with concentration of Ni between 2.25 and 6 at % were made by
careful érc melting of their comﬁonents on a water cooled copper
hearth(+) under % atmospheric pressure of pure argon gas. They were
melted aﬁd remelted. several times fto ensure bet%er homogeﬁeity. -The
buttons, usually about 1,3 gms, weré;%trged with non-—ferrous implemanis
then hbmogenised at 1200°C for 2 days. They were then rod rolled
between_protectife plastic sheets (melinex), and.subsecuently drawm to
éires of about 0.8mm diameter., At the first stage'of drawing, the
- surfaces of the wires were cleaned s;veral times using fine sand paver
to prevent iron contamination from the steel dies.

After the total length of each of thé specimens was carefully
measured, they were bent into hairpin shapes and given a heavy pickle

using Aqua~regia (3 parts HC1: 1 part Hio They were then sealed

. 3). .

into quartz tubes under a vacuum of 1Oh5'torr and- annealed again. for

two days at 1200°C. Following the annealing procedure they were quenched
in brine and were given a light etch. Then spot welding was done and

the distances from the potential leads to the nearest ends were measured,

thus obtaining the length of the specimens.,

(+) . H,E,N, Stone: J. Sci Instr. (J. Phys. E) 1971 (DEC),



142.

- (b) Pd-Mn Alloy system
The solubility limit of Ma in Pd is 26 at% at room temperature
(132)‘(133) and the alloys made here have Mn concentrations of
"bétween 3 and 8.4 at?. Therefore the preparation of alloys was again
simple. The alloys, of mass usually around 1.5 gms., were prepared in
the same way as the Pd-Ni alloyérby arc melting of the component metals.
Pd wae spec-pure sponge ex Johnson Mattey and Mn was 99.995%
pure supplied by Koch~Light Laboratories. Care was taken that Ih was.
not blown away by the initial strike of the arc. The alloye were melted
and remelted five times. After final melting they were éast into a.copper
mould 2,3 mm in diameter. They were etched with aqua-regia and sealed
under a pressure of ‘IO—5 torrs. After being homogenised for a day at 750°C
they were brine duenched. Following this the Mn depleted layer was taken
'off using a "Servomet" spark maching'manufactured by lMetal Research Litd.
'fﬁhich uses the technique of spark erosion. They were then drawn to wires
of about 1 mm in diameter using tungstenlcapbide dies. After this they
were bent into hairpin shapes and were given a final annealing at‘400°C
for about 20 minutes. After the leads were sﬁot welded the dimensions

were measured in the same way as those of the Pd-Ni alloys,.

(¢) Rh~Co Alloys
The alloys,.usually weighing about 1.5 grms., were prepared in the
same way as alloys of the previous two systems, by arc melting of component
metals., Rh was 99.99% pure sponge from Engelhard Industries and Co was
99.995% pure sponge from Koch~Light Laboratories. The meltiing procedure
was repeated several times and after the {inal melting they Qere cast
into a copper mould of 1.6mm .in diametef.‘ They were then etched with

aqua~regia, homogenised for two days under s vacuum of 10-5 torr. Following



this the élloys were spark machined to the required dimensions. The
[1eads were attéched‘using a spot welder, and the length of samples
measured.,

Samples of all three alloy systems were analysed to determine
tﬁeir homogenity and conc%%ration by an electron microprgbe analyser.
The samples were homogenous and their concentrations were very close

to their nominal values.
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CHAPTER 'V

RESULTS AND DISCUSSIONS

 In this chapter, results of the electrical resistivity measurements
on Pd-Ni, Rh-Co and Pd-Mn alloy éystems are given. Also'magnetization
and susceptibility measurements on the Pd-Ni and RhTCd alloys are reported

and a discussion of the results is presented.

1. | Pd-Ni Alloy Systeﬁ

4 . ~
.

The Pd-Ni system has been investigated extensively (107),‘(134)etc.
as an example of a system in which the local exchange enhancement on Ni
atoms increases as their concentration is increased, leading to a iong
range ferromagnetic ordering at a certain nickel concentration Cp- This
_concentration is suggested fy Bozorth et al (135), by'Crangle and Scott (107)
and Chouteau et al (84 ) to be ¢ 2 at %Z. However, the present investigation
shows clearly that it is at a value which is‘considerably larger than

2.0, and indicates 2.327 as the critical composition.

This conpentration is easily obtained from the electrical resistivity

measurements. At low temperatures where the phonen term is negligible

the resistivity of alloys of Pd-Ni type is mainly due to the scattering

of conduction electrons from localized spin fluctuations ©r paramagnons.
The sﬁin fluctuation temperature @ of the alloys is proportional to the
inverse of the enhancement factor. At a certain temperature T the number
~ of paramagnons excited is of the order of é:. For the alloys near the
critical concentration the enhancement factor is large and, hence, € is
"small. Therefore, the number of paramagnons excited at temperature T in~

creases reaching a maximum value at the critical concentration where the
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enhancement factor is largest (infinite in theory) and, hence, ® has
its lowest value. Thus at the critical concentration the temperature

dependent resistivity reaches its maximum value.

- Electrical resistivity and magnetic measurements show that the

magnetic alloys of this system-are like Ni,Al and Ni,Ga (136) and
24 y 3 3

ZrZn, (137), weak itinerant ferromagnets.

Below we discuss the behaviour of the alloys as a function of Ni

concentration after consdering each alloy individually.

Pd-2.25 at % Ni

The‘résistivity of the alloy as a function of temperature is
plotted in Fig. (V.1), where the dotted line represents the experimental
poiﬁts. The solid line is the curve of the form ATR fitted to the
experimental points below 4.29K. Up to 10°K the resistivity varies as
>T1'4 Fig. (V.2). Above 10°K deviation from T!:# law occurs Fig. (V.3).

The resistiﬁity in this region appears to be linear Fig. (V.1).

This alloy is paramagnetic and is just below the critical concentration
(CF=2.32%Z).. Hence it i; very strongly enhanced and its spin fluctuatioﬁ
temperature 6 is very, low. We recall that (Chapter II)

8~ (1-1)

. For this sample I-~1.

According to the theories of Kaiser and Doniach (76 ) and Rivier
and Zlatil (77 ), at T&@ the resistivity due to LSF varies as T2 and
-af T-0 as T. The variation of the resistivity of the alloy with temperature
confirms the predictions of the above theories which, although they are

formulated for dilute alloys, seem to have a more general validity.
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Mathon (78 ) has calculated the resistivity about the critical
concentration. According to him it should vary as /3 very close to
the critical concentration, and the experimental points should fall below
the initial power law at higher temperatures.

As we have shown above, the resistivity varies as Tl.4 and the

I

experimental points fall above the initial 1l:4 10w,

Pd-2.35 at 7 Ni
| .
! This sample is just ferromagnetic. No anomaly in the resistance-

temperature curve is found down to the lowest temperature.

Below 4.29K the resistivity varies as 7149 Fig. (V.4). Between

7° and 14°K it appears to be linear Fig. (V.5). Above 69K the experimental
1.5 '

points (dots) fall below the initial T power law Figs. (V.5) and (V.6).
This behaviour is consistent with the theory of Mathon (78 ) which will

be discussed later after studying all the alloys closely.

Magnetization measurements have been made in the helium temperature
"range in fields of up to 7.5kG. The data have been analyzed in the
conventional way é;versusoz) Fig. (V.7). To demonstrate the behaviour

of the alloy only a few plots are shown.

It is clear that this type of analysis does not apply here. This
is not surprising as lC-CF|~O for this alloy, and hence the Landau theory
breaks down as shown by Mathon (78 ) and Hargitai et al (138).(Here C

is the Ni concentration and Cp is its critical value).

The plots of magnetization versus field are shown in Fig. (V.8)
for 779K, 4.29°K and 2.1°K. From the plots the alloy seems to be almost

ferromagnetic at 2.1°K. At 4.29K there is an atypical anomaly in the
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curve. Only in fields above approximately 0.5kG does the magnetization

start increasing rapidly with the applied field.

Pd-2.42 at % Ni -

The plot of the resistivit& versus temperature is shown in Fig. (V.9).
At low temperatures the resistivity varies as T1.76, 1t is clear that
the deviation occurs from the initial T1-76 1aw at about 4.5°K. Above
this temperature the power of T falls beiow 1.76. Just above 5°K the res-
_ istivity appears to be linear over a limited temperature range. At the
1ow?st temperatures, a tendency towards a higher power of T can be

seen from Fig. (V.10). The qualitative behaviour of the alloy is similar

to that of the Pd-2.35 at Z Ni.

Pd-2.5 at % Ni

The variation of the resistivity with temperaturé is shown in Fig.
(V.11) on a log-log scale. The resistivity varies as 1175 pelow 4°K.
Above this temperature the experimental points gradually fall below the

initial power law.

The fall-off of the experimental points below the initial 1175

law is again observed here Fig. (V.12).

The maénetization of the alloy as a function of field up to
7.5kG has been measured at 5.1°, 4.29K, and at sevéral other points in
the helium temperature range. The data obtained are analyzed in terms
.ofa 2 versus g;some of which are plotted in Fig. (V.7) where the numbers
indicate the temperature at which the magnetizations versus field are
measured. There is a clear curvature in the plots; the curvatures in-

creasing at the lower fields. From the figure it is clear that the alloy

is ferromagnetic at low temperatures, but the curvature makes firm conclusion
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from the data impossible.

The plots of magnetization versus field at tmperatures 5.1° and
4,2%K are shown in Fig. (V.13). These curves are typical of alloys near

critical temperature.

The susceptibility (ratio of the magnetization to the field) of the
sample hés been measured in-ZkG over the temperature.fange from 1.6° to
300°K. The portion lying between 4° and 196°K is plotted in Fig. (V.14).
Due to the strong temperature dependence of the pufe Pd no Curie-Weiss
‘ fit is attempted. However, the reciprocal of the total susceptibility
versus temperature is found to be almost linear, which indicates that

the matrix susceptibility is small compared to that of the alloys.:

Pd-3 at Z Ni

Resistivity data for this alloy are plotted against temperature
in Fig. (V.15); The resemblance of the plot to those of previous alloys
_is clear. Above about 5°K the experimental points again fall below the
initial'Tl'9 law thch is obtained from the best fit to the temperature
below 4.2°K. Hoﬁever, the deviation seems to be less and there 1is a.

linear region which is at comparatively higher temperatures.

Magnetization measureménté have been done at different temperatures
in fields of up to 7.5kG. The'data, aﬁalyzed in terms ofc 2 versus
'giplots which are shown in Fig. (V.16),indicate a Curie temperature of
10.8°K. This temperature is given as 21°K by Crangle and Scott (107). The
plots have a slight curvature, in the way which has been predicﬁed by
Strickman and Wohlfarth (139). Namely in the low fields the curves turn

upward in the paramagnetic region and downward in the ferromagnetic region.

The magnetization has been measured in 100 Gauss between 4,2° and 300°K.-
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The data between 4.2° and 80°K are plotted on Fig. (V.16a). Up to 89K
the magnetization varies as T2 Fig. (V.17). Such a T? law is expected
from singie particle excitations in weakly ferromagnetic alloys

on the basis of the Stoner-Wohlfarth theory (140).

Pd-3.5 at 7 Ni

This alloy ﬁas a Curie temperature of 40°K as given by Shaitiel et
al ( 89) Fig. (V.18).‘.At the lowest temperatures the resistivity varies
at T2'05; Above 4°K the resistivity falls below the initial power law.
However, around 10°K, the phonon term dominates and resistivity becomes
more strongly temperature dependent. The variation of the resistivity

with temperature is shown in Fig. (V.19) on a log-log plot which sum—

mar i ses the behaviour of the alloy.

Alloys conﬁaining 4, 4.5, 5.83 at Z Ni

- The behaviour ;f these alloys is similar as shown in Fig. (v.20)
where the numbers indicate ﬁickel concentrations in at Z. At low temp—
‘eratures the resistivity of the alloys varies as T2'04, T2.06 and T2'2,
in order of increasing nickel concentration. Deviations from these

(o}

initial power laws occur at 100, 9° and 8°K respectively. These deviations

are due to phonons as the following argument shows:i-

The Curie temperatures of the samples are approximately 500, 60°
and 90°K respegtively Fig. (V.18). Therefore, in the température range
in which measurements are done, the number of spin wavés excited are
fewer for 5.83 at % alloy than for the alloy contaiﬁing 4.5 at Z Ni.
Hence, the effect of phonons comes in for the former alloy at a lower
temperature. The same reasoning appliés to the alloys containing 4.5 and

4 at 7 Ni.
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"DISCUSSION

From the previous section it is clear that the temperature dependence
of the resistivity is described by a low power of T when approaching the
critical concentration (2.32 at 7 Ni). The power of T clearly falls well
below 2, a power expected from electron—electron or from electron-magnon

scattering.

The participation of d-electrons in the conductivity phenomena is
corroborated by the clear relation of the temperature dependence of the

resistivity to the magnetic state of the alloys.

The common feature of the resistivity temperature curves is that
in all alloys (except thé alléy containing 2.25 at 7 Ni) the experimental
points fall below the initial power law. The effects mentioned above,
i.e. lower power of T, negative deviatidn of the resistiyity from the
initial temperature dependence, etc., are predicted by the theoriés of
Mathon, Kaiser and Doniach-Rivier and Zlatid. Mathon (78 ) has carried
out the calculation of the resistivity through the critical concentration.
Using the hamiltonian employed by Mills and Lederer (64 ), and uﬁiform
enhancement model of Schindler and Rice (74 ), he has calculated the
resistivity using a variational method (141). The resulting expressions

are:-—

. 3 —+
q°dq Im X  (w,q)
p=cJ2 fdw-w( . : (V.1)

@V iym1) -2y m)

in the paramagnetic region and

+oo ZRF — ) . -
: P=¢, J? fdwmf q*dq [Imx W,q)+Tm¥* (w,q)J (V.2)

in the ferromagnetic region where C1 and C2 are two constants involving
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physical parameters of the alloy, and J is the coupling constant between

s— and d-electrons. The above formulae show immediately the depedence ofF)

on the imaginary part of the susceptibility, Im X—+(q,w). This function

has -been calculated by Doniach (52 ) and is shown in Fig. (V.21).

0 hWE, 2
Fig.(V.21) Effect of electron-electron interaction on Im X (3;») for
a fixed §. . v

] -+
The peak in the ImX (H,u) moves to a lower value of w as the en-

hancement increases, reaching a maximum at the critical concentration,

LY

i.e. when I~1. Thus at this concentration the resistivity has its maximum

value.

Employing a modellfunction for In1X—+(33u» Mathon has calculated these

integrals. Away from the critical concentration he obtains for the resistivity
the following:—

) = AJZN (Ep) k! B, 1 )2
para D \F/ ®p *F —57

T
KO‘I'/2

(v.3)
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where kF’ EF and T, are the d~electrons Fermi wave vector, energy and

F
. . -2 - =1,
temperature respectively, and A is a constant Ko = (1-I) 1is the Stoner

enhancement factor.

At the critical concentration the expression obtained is:-—

R

5/3 1/5
erro= (I))araﬁ B.JZND(EF)k}L; %(3“%17) [3 — (3n %F) :l (V.4)
I

where B is a constant.
.

The expression for the resistivity at the critical concentration shows
that at the lowest temperatures the resistivity varies as T5/3, however,
at higher temperatures the second term in the square bracket will cause a

negative deviation as 1s observed.

Apart from the predicted T5/3 law for the alloy with the critical
concentration, the experimental results are in overall qualitative agree-

ment with the prediction of Mathon.

The values of A together with those of n aﬁd(}o, obtained by fitting
the data below 4.2°K to the expression ﬁ)= FL + AT, are listed in Table 1,
and those of A are plotted in Fig. (V.22) together with coefficient of the
T2 terms extracted for more dilute alloys by Schindler (126).

Table 1: The values of the parameters in the expressions F)= ﬁ% + AT" at
temperatures below 4.20K.

+

Composit%on A _é n*
(at % Ni) (10~ R em) © (107 Rem/KD)
2.25 0.676 : 2500 1.40
2.35 ' 0.893 2800 1.49
2.42 - 0.803 1580 1.76
2.50 0.988 1420 1.75
3.00 i.139 607 1.90
3.50 ©1.284 320 | 2.00

4 .00 2.048 | 138 _ 2.04
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4.50 2.477 120 - 2.06

5.83 3.065 80 ‘ 2.20

+ . . . . . . .
The uncertainties in these values arise mainly frem inaccuracies in
determining the dimensions; it is rather larger for 2.427 alloy.

The uncertainties are *0.05 for alloys near the critical concentration
rising to *0.1 at 5.837 Ni.

The peak in A is extremély ﬁronounced giving CF as 2.32%0.03 at 7.
The curve for A clearly approaches the symmetry required by Mathon's theory.
Fig. (V.ZZ) summarises the variation of the ideél (temperature
dependent part) of the resisﬁivity with concentration. When approaching
the critical concentration from the paramagnetic side the local exchange
enhancement increa;es and the spin fluctuation temperéture decreases. Hence,
more and more paramagnons are excited below 4.29K until the spin fluctuation
temperature is zero (critical cpncentrétion) in which case all the para-
magnons are excited at any fihite temperature. Theréfo£e, the resistivity

reaches a maximum at this concentration.

) - (o) .
In the ferromagnetic region below 4.2°K fewer and fewer spin waves
are excited with increasing nickel concentration as the Curie temperature
increases with increasing concentration, consequently the resistivity

decreases.,

The variation of Tc with nickel concentration is shown in Fig. (V.18).
The lower points are obtained by us using low field data in Arrott plots.
The higher points are those of Crangle and Scott (107) and Shaltiel et al (89)

obtained from the Arrott plots using high field data.

The magnetization measurement of Pd-3 at 7Z Ni in 100 Gauss Fig (V.1Ga)

shows clearly the justification of the use of the low field Arrott plots.

McDougald and Manuel (142) have shown that in dilute Pd-Te alloys too,
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"the transition temperatures are consistent with those obtained from
resistivity and specific heat measurements when using low field Arrott

plots.
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2. Pd-Mn Alloys

Introduction

The dilute Pd-Mn alloys show a ferromagnetic ordering, while

at éufficiently high concentration some type of random antiferromagnetic
ordering sets in. There is thus a concentration range where a gradual
transition from ferromagnetism to anﬁiferromagnetism occurs. Although
the dilute alloys have been investigated extensively, no satisfactory
research has been carried out in the intermediate region.

%

' The present work is part of a general research done in conjunction
with Mr R.H.Taylor who performed electron sPin resonance (ESR) experiments
and Dr H, Jamieson who made the susceptibility and magnetization measurements

to investigate the behaviour of Pd-Mn alloy system at intermediate

concentrations.

Pd-3.75 at 7 Mn

The incremental resistivity @p= p

A1loy” PPd) of this alloy is

shown in Fig. (V.23) as a function of temperature. The alloy has an
ordering temperature of T=6.3°K which is well defined as is clear
from the figure. Below this the incremental resistivity is linear in

temperature. At the lowest temperatures it varies as 115 Fig. (V.24).

The run on the magnets resistance is shown in Fig..(V.ZS) where the
resistance in zero field and in a field of 7.65kG are plotted as a
function of temperature. It is clear that the application of an external
field results in a decrease in the resistance and an increase in Tec.

Measurements on Pd~2.9 at 7 Mn made by Williams (143 ) show the same effect.



178

56

55

54

AP=P-P

Ao
]J.Qcm%

Y I

Fig. (V.23)

Ry-375at’/Mn

A




179

_ -/
055 ‘_ -/

550

- 545

0 5 10 15 20



180

'%] =37 5at°/oMn

Fig.(V.25)



-

181

Such a negative magneto resistance is in agreement with the prediction
of Yosida (68 ). The increase in Tc and the rounding-off of the resistance-

temperature curve at Tc is, of course, expected.

Pd-4.1 at 7 Mn

The behaviour of this alloy is very similar to Pd-3.75 at % Mn
as F;g. (V.26) shows. However, the ordering temperature Tc which is
at 4.5%K is iess well defined. Below Tc the incremental resistivity is
lineér in temperature. At temperatures up to approximately 0.5 Tc the
incremental resistivity varies as_,Tl'5 Fig. (v.27). Above the ordering
-temperature this alloy is more strongly temperature dependent than the

previous one.

Alloys of Higher Concentrations

The incremental resistivities of Pd containing 4.5, 5.3 and 8.4 at
7Z Mn are plotted in Fig. (V.28) as a function of temperature. None of
these alloys show a clear ordering temperature. The incremental resistivity
of the allofs cbntéiniﬁg 8.4 and 4.5 at 7 Mn behaves as T1'5vat temperatures
well into the helium témperature range Figs. (V.29) and (V.30). Pd-5.3 at

% Mn, however, varies as 1.5 up to about 19K Fig. (V.30).

If the range of.the 71:5 behaviour of the resistivity is a measure
LN
of the magnitude of the ordering temperature, then among the alloys invest-
igated here Pd-5.3 at 7 Mn appears to have the lowest ordering temperature.

.. is o . . .
This is consteat with the Tc-concentration curve shown in Fig. (V.31).
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DISCUSSION ‘

A tentative phase diagram of the Pd-Mﬁ alloy system is shown in
Fig. (v.31). At low concentrations the Curie temperature varies as
Te~3.6c (c in at Z) unlike Pd-Fe and Pd-Co where Tc~40c. This implies
that the strength of interaction between Mn atoms is an order of magnitude
~smaller than those of Fe or Co in palladium. At low concentrations the
incremental resistivity-temperature graphs show a rather sharpltransition
from ferromagnetism to'paramagnetism which indicates a more ﬁniform range

. of interactions between manganese atoms. Measurements by Boerstoel (128)

1

on dilute (c$2.45 at %) alloys show fairly sharp peaks in specific heat

which support the above statement.

In alloys containing up fo 4.1 at Z Mn, the prominent features of

' the incremental resistivity are the following:-
(1) ‘ Beléw Tc,lkp decreases linearly with decreasiné temperatures.
(ii) At temperatures sufficiently.lower than Tc,l&pvaries as T3,

These behaviours have been predicted by Long and Turner (ChapterII, Section

6) for the ferromagnetic aiioys of Pd with Fe, Co and Mn.

‘The fesistivity measurements of Williams and Lofamv(94 ) of
'Nieuwenhuys and Boérstoel (96 ) and this work show that the transition
temperature becomes progressively less well defined and decreases with
increasing manganese concentration. Above 4.3 at % Mn the resistivity
becomes a smooth function of temperature, and it is no longer possible
to detect the ordering temperatures. At sufficiently low temperatures
again a.Tl'S‘behaviour is observed in the incremental resistivity. The
magnetization and susceptibility measurements of Roult and Burger (109)
and Jamieson' show that the Curie temperature decreases further with in-
creasing.Mn concentration., Jamieson has obtained an ordering temperature

of 1.259% for Pd-4.6 at Z Mn from the conventionalo 2 versus g;(Arrott
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plots). Above about 4.8 at % Mn the ordering tempefature starts increasing

(approximately linearly) with increasing manganese concentration. The

variation of Tc with Mn conéentration, Fig. (V.31), suggests a progressive
- transition from ferro to antiferromagnetic ordering. This can be inter-

preted. as follows:-

At low concentrations Mn atoms interact through the‘polar—
ization clouds they induce in Pd d-band. Recent works by Star at al (110)
and Coles (pr.comm) show that these are giant clouds (Star eg al observed a
magnétic moment of L= 7-8Up per atom) similar to those found in Pd-Fe
and ;d—Co. The interaction between these giant polarizatioﬁ clouds, which
extend over a large distance due to the enhanceﬁent gf the host matrix,
is ferrémagnetic.v However, with increasing Mn coﬁcentration the direct
Mn-Mn interaction which is shown by Moriya (95 ) and Kim (11 ) to be

-~ .
antiferromagnetic, competes with and, eventually suppresses, this ferro-

magnetic interaction.

The incremental resistivity of Pd-8.4 at Z Mn varies, as we have

3/2 at temperatures up to 4°K. The magnetization and suscept-

seen, as T
ibility measurements by Jamieson show that the alloys containing more

.than about 6.5 at Z Mn display the characgeristic Behaﬁiours seen in spin
glass systems,-namely susceptibility maxima, time and temperature dependent
remanence, etc. A T3/2 behéviour is also observed by Mydosh an& Ford (l44)

in the incremental resistivity of Au-Fe alloys with low Fe concentrations,

where the alloys are well established as being spin glass systems.
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3. Rh-Co'Alloy System

Introduction

This alloy systém is like Pd-Ni, isoelectronic and the susceptibility
of the host metal is exchaﬁge enhanced. However, the enhapcemgnt in
rhodium is much smaller than that‘in palladium and the local exchange
enhancement on a cobalt atom in rhodium is very small compared to that
of a nickel atom in palladium. Therefore the localized spin fluctuation
effects on the electrical resistivity (103) and magnetic suscept-
bility (113), (112) of dilute Rh~Co alloys are small, and the appearance
of localized moment behaviour is to be expected at a much higher cobalt
concentration. The investigation of a Rh-11 at % Co by Mﬁrani (113) has
shown. that even at this concentration the cobalt atoms are well away

-~

from the magnetic state.

We report below the resistivity and magnetization measurements of

rhodium’' containing between 11 and 44 at % Co.
(a) Resistivity | o

The resistivity-temperature plots of the alloyé{ghown in Figs;
tV.32),(V.33) and(V.34) where the numbers on the curves indicate cobalt
concentration in at %. The most notable features of the alloys displayed
by the graphs are the following:-

(1) The alloys with cobalt concentration well away from 20 at 7 have
only very weakly temperature dependent resistivities at low temperatures.
The dependence becomes stronger on approaching this concentration from
either side.

(ii) The resistivity of alloys around 20 at % Co is very strongly

\ .
temperature dependent and is linear in temperature over a considerable

range. Away from this concentration the power of T increases. At lland
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36.7 at % Co the power T reaches to 2 as shown in Fig. (V.35). However,
the scattering mechanisms in these two alloys are different in nature

as will be explained later.:

A noticeable anomaly occurs in the resistivity of the alloy with

38 at Z Co at about 39K as. can be seen in Fig. (V.34).

1

The resistivities.of the alloys containing 16,20 at 28 at Z Co were
measured in the He3 temperature range by Rusby at. the National Physipal
Laboratories. Those of the first two are displayed in Fig. (V.36).

The resistivity cf the alloy 16 at Z Co is linear in temperéture down to
0.5°K, but that of 20 at Z Co is linear only.down to éboﬁt 1.2°K. Below

this temperature, deviation towards a higher power of temperature occurs.

fhe resistiviéies of alloys containing between 20 and 33.5 at Z Co
are plotted in Fig. (V.37) as a function of T1;5. It is clear:that
there is é gradual iﬁcrease in power of T. Only alloys with more ;han
about 28 at % Co behave as Tl-3 aﬁ low temperatures. In these alloys
hysteretic behaviour starts aépearing in low témperature mégnétization-'

field plots.

The resistivities of alloys containing between 33.5 and 42 at 7 Co
are plotted in.Fig. (v.38) as a function of T2. The two concentrated
alloys behave as T2 over a larger temperature range than other alléys.
The alloy containing 33.5 at Z Co varies, of course, as T1.5 as we have

1

pointed out above.
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(b) Magnefization and Susceptibility ¢

Magnétization and susceptibility measurements have been made, with
the help of Dr.H.Jamieson, on seven different alloys containing between
28 aﬁd 42 at 7 Co. The susceptibility of the alloys (measured in 0.5kG)
is shown in Fig. (V.39) és a function of temperature up to 295°%K. All
the alloys display a susceptibility maximum. The temperature Tm of this

maximum moves to higher values with increasing cobalt concentration.

This type oflbroad maximum in the éusceptibility has been found in
many alloy systems such as Cu-Mn (118), Rh~Fe (121), Au-Co (122), etc.
One aspect of the Rh—Co alloys susceptibility is different ffoﬁ that of
the above alloy systems. In Rh-Co the magnitude of the susceptibility
at the cofreSponding Tm increases, and. the peék stays sharp, with increas-
ing cobalt concentration.  On the other hand, in the above alloy systéms
it decreases (after an initial increase), and the peaks broaden with
increasing impurity concentration. Thus Rh-Co is more like Au~Fe where
susceptibility maximum stays fairly sharp, and X (Tm) increases witn con-
centration, alfhough this is found at very much lower solute concentration

in Au-Fe.

The magnetization field plots at 1.6°K of Rh-36.7 at 7 Co, Rh-38
at ZFCo and Rh~40 at % Co are shown in Fig. (V.40) where small concentration
difference between the first two alloys has prodﬁced a drastic change
in the character of the hysteresis loop. We also draw attention to the

similarity of hysteresis loops of the two more concentrated alloys.
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DISCUSSION

The resistivity change between 1.7° and 4.2°K for all the alloys
studied is shown in Fig. (V.41). We believe this is a more appropriate
procedure than plotting the quantity: Ap;;)q% in which case uncertain-

. . o . . X
ties due to the extrapolation to T = O K are inevitably involved.

The resistivity of the most dilute alloys is found.to vary as T2 over
a considerable teﬁperature range, and the coefficient of T2 term is foupd
to be small. Rusby (private communication) has reported that Rh-1 at 7 Co
alloy &arieg as T2 up to about 80°K. The coefficient of T2>being
17.3 xvlo—lzﬂcm/Kz, which is less than even that of pure pallédium.. This,
on the basis of the Kaisef—Doniach and Rivier—Zl;tiE theory implies that

the cobalt atoms in the dilute limit have a very high spin fluctuation
!

" temperature, i.e. are far from being magnetic.

As the concentration is increased the range of T2 decreases while its
coefficient increases. The temperature dependent resistivity starts in-
creasing much faster than linearly with concentration as is clear from
Fig. (V.41), and becomes linear in temperature at progressively lower
te;peratureq with increasing cobalt concentration. The figure reveals a
critical concentration of about 20 at I Co. However, the non-linear low
temperature behaviour shown in Fig. (V.36) suggests that at this concentration
stable moments already exist which are probably few, and occur in the

locality of cobalt atoms with relatively larger number of nearest neighbour

cobalt atoms.

In this alloy system it seems appropriate to think of a range of
spin fluctuation temperatures, the lower limit having reached zero at about
20 at 7 Co where the temperature dependent ‘resistivity peaks, indicating

a transition into a magnetic state, but this state is not ferromagnetic as
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‘was the case with Pd-Ni alloy system. The transition at this concentration
is, like Rh-Fe, into a spin glass phase as suggested by the broad suscept-

ibility maxima.

Between 20 and 36.7 at 7 Co, alloys present all the characteristics
seen in spin glass systems,namely susceptibility maxima, time and temperature

dependent remanence and field cooling effects.-

At about 37 at 7 Co the low temperature temperature-dependent term
" in resistivity drops abruptly Fig. (V.41). We associaté this with a
transition into a dominantly fefromagnetic phage where the ofdering temperature
rises, rapidly with increasing cobalt concentration. The drastic change in
- the character of the hysteresis loop about this concentration is also
striéing as shown in Fig. (V.40). ‘ '

The combined results of the resistivity and magnetization measurements
are employed to produce a phase diagram whicﬁ is shown in Fig. (V.42),
where the crosses are ébtained from the resistance anomaly and the dots
correspond to the temﬁerature of the susceptibility maximae. The gr;ph
suggests that by 44 at % Co the Curie temperature is well above 20°K in
agreement with higher temperature investigation>of Vogt et al <1&5). Our
‘own magﬁetic measurements on a 44 7Z alloy suggest that it may undergo

transition to hcp structure.

The temperature dependent resistivities of Pd-Ni and Rh~Co alloys
with critical concéntrations are shown in Fig. (V.43) together with those of
tﬁd alloys which have strong temperature dependence. The resistivity of
Rh~Co is ve}y strongly temperature.dependent as is clear from the figure.
At low temperatures the phonon terms are negligible for both Pd-Ni and Rh-Co
alloys, therefore the low temperature resistivity in these alloys is of

magnetic origin, ie. is due principally to spin dependent scattering.
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The resistivities of Pd-Mn and Rh-Co alloys in the spin glass region
have iﬁ general a Tl'5 behaviour. Siﬁilar temperature dependence has
been found in the Au-Fe alloy system by Mydosh and Ford (l44). Such a
'Tl'5 dependence is moét probably a universal feature of spin glass systems,

and is possibly due to scattering by spin wave excitations localized within

various clusters or regions.

To the author's knowledge, at present no fheory exists which is
applicable to spin glass resistivity. We hope that the data obtained here

will prove useful for future attempts to clarify this problem.

/From this work it is clear that the electrical resistivity measurements
lead to less ambiguous conglusions especially near the critical points such
as Curie temperature or critical concentration. However, the most appropriate
pfoéedure is clearly the study of the same sample by the resistance and

susceptibility measurements.
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Electrical resistivity and the transition to ferromagnetism in the
palladium-nickel alloys

Abstract: The resistivity (p) at temperatures below 4-2 K of palladlum alloys with 2 to
6 at% nickel has been measured and fitted to the expression p — po = AT". The
behaviour of A clearly indicates the critical concentration for the para- to ferro-
magnetlc transition at 2-32 £ 0-03 at9; nickel. Well away from this composmon n
is close to 2-0, but decreases on approachmg it from either side.

The alloy system PdNi has been widely studied as an example of a system where strong
local exchange enhancement on solute atoms leads, as their concentration increases, to
long range ferromagnetic ordering, although it is, in a way, atypical in the_ significant
enhancement effects present in the pure solvent, which lead to along range response and
rather small critical concentration.

Some of the early information on electrical resistivity (Schindler and Rice 1967, Schindler
and Coles 1968) provided some information on such effects, but more recently measurements
have been made of the specific heat (Schindler and Mackliet 1968, Chouteau et al. 1968),
magnetic diffuse scattering of neutrons (Aldred et al. 1970) the electron transport properties ~
(Schriempf et al. 1970), and magnetoresistance (Schindler and La Roy 1971). An excellent
survey of theory and experiment is given by Schindler (1970).

The theory of the electrical resistivity in the dilute limit has been discussed by Lederer
and Mills (1968) and by Kaiser and Doniach (1971). The physically more realistic approach
of a local enhancement on the nickel atoms used by these workers leads to a 72 behaviour
of the resistivity of the paramagnetic alloys at low temperatures, but has not been extended

_through the critical concentration. Mathon (1968), however, has used the earlier model
(Schindler and Rice 1967) of a general exchange enhancement increasing with nickel
concentration, to explore the behaviour through the critical concentration. The peak in
the imaginary part of the wavevector and frequency dependent susceptibility (x(g, »)) moves
to lower w as the enhancement increases, causing the scattering by spin fluctuations to
increase, reaching a maximum at the critical concentration. (On both sides of it the magnetic
scattering can be considered as given by spin fluctuations; in the strong ferromagnetic limit
at low temperatures these are straightforward spinwaves, and 72 behaviour is again
observed). Near the critical concentration we may write the spin fluctuation scattering as
AT®, but the value of n is predicted by Mathon to fall to 5/3. Fluitman (1970) has examined
this scattering in, near-critical NigGa and NisAl finding very large A4 values, and » values
falling to 1-5. Schindler and Gillespie (1971) have observed a sharp peak in A4 at the critical
concentration in PtNi alloys (ﬁttmg their data to 472) but the curve is asymmetric and Amax
comparatively small.

In this letter we report results which define rather closely the critical concentration in
PdNi, and reveal the character of the temperature dependence.

Specimens containing 2-25, 2-35, 2-42, 2-50, 3-0, 4-0 and 5-8 at%, nickel were prepared
'by careful arc melting of the component metals (the upper limits of the iron contents being
3 ppm), forging with nonferrous implements and homogenization at 1200° C. They (and
two other alloyst containing 3-5 and 4-5 at 9/ nickel) were then rod-rolled between protective
plastic sheets, drawn to wire of about 0-8 mm diameter, etched to remove surface con-
tamination and annealed again at 1200° C for 2 days. In view of the similarity of the com-
ponents the amounts of them used to prepare the alloys are at least as good a guide to the
final compositions as would be provided by most methods of quantitative analysis.

The resistances were measured by conventional potentiometric techniques and the

+ These had been used in the neutron scattering experiments of Aldred et al (1970)
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temperatures by monitoring the helium bath pressure or by a carbon resistance thermometer
callbrated durmg the run.
As with other ‘itinerant electron ferromagnets’ (cf Zang, see Olsen 1961 and Ni3Al, see
Fluitman 1970) and uanlike the ‘good moments’ systems (eg PdFe, see Williams and Loram
. 1969) the Curie point is not easy to detect in the p—7 curve, although values of 5-8 K for the
alloy with 2-50% nickel and 20-8 K for that with 3-09 are suggested by the data. The
critical concentration is very easily detected, however, by examining the value of 4 given
by fitting the data below 4-2 K (where p and T are known most accurately) to the expression

p = po+ AT

We consider this a more appropriate procedure than the assumption of a 72 spin fluctuation
term and a 7' lattice scattering term for these alloys in which p — po at 42K is always
greater than 100 times the lattice scattering term for pure palladlum The values of pg, A

and n are shown in the table 1 and those of A4 are plotted in figure 1 together with the

Table 1. The values of the parémeters in the expression for the electrical resistivity
at temperatures below 4-2 K.

Composition : pot A nt
(at %, Ni) (10-8 Q cm) ‘ (10-12Q cm K-#)

2:25 0-676 2500 1-40
235 0-89% ' 2790 1-50
2:42 0-803 ' 1580 ) 176
2-50 0-988 - : 1420 174
3-00 1-13* - 607 19
3:50 - : 1-284 320 2:0
400 2:048 , 138 . 2:04
4-50 2-477 ) 1120 2:08
5-83 3-06° . - 80 21

+ The uncertainties in these values (~=+2%) arise mainly from inaccuracies in determining the
dimension; they are rather larger for the 2-429; alloy.

1 The uncertainties are 3-0- 05 for alloys near the critical concentration, rising to :l:Ol at
5-8 % Ni.

coefiicient of the T2 term extracted for more dilute alloys by Schindler (1970). The peak in
A is extremely pronounced and yields Cerit as 2-32 4+ 0:03'at % nickel, compared with values
of rather less than 2-0 suggested by Crangle and Scott (1965) and Chouteau et al. (1968)
on the basis of magnetic measurements which, by their nature, cannot give as sharp an
indication as zero field measurements. This value is in good agreement with the results given
by fitting a coherent potential approximation (Harris and Zuckermann 1971) to suscepti-
bility data for paramagnetic alloys

Rather general arguments lead one to expect 1 to be 2-0 for either paramagnon or magnon
scattering at very low temperatures, but they cease to be valid close to critical temperatures
and concentrations. Mathon (1968) derives a hrmtmg value of 5/3 but, our experimental
values clearly become less than this. Iron impurity (to the extent of 400 ppm) has been shown
to produce a lowering of n from 1-65 to 1-4 for a nearly ferromagnetic Ni3Ga alloy (Fluitman
1970) but we think it unhkely that significant amounts of any ‘local moment impurity
exists in our samples. ‘

The curve for A closely approaches the symmetry required by Mathon’s theory, under-
standably more so than the NiGa and NiAl systems where the component elements have
very different electronic structures. The very much smaller values of 4 for PANi suggest
however that the magnetization of the palladium matrix remains rather small in the vicinity
of the ‘critical composmon
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Figure 1. Plot of the coefficient 4 against Ni concentration. Data points for alloys
with up to 2% nickel are from Schindler (1970) who took n = 2-0. The value of A for
the 2% alloy would rise if this restriction were lifted.
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