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Abstract

Magnetic phase diagrams of some solid solution alloy systems have been
studied by electrical resistivity and magnetic susceptibility measurements. The
_‘yresisfonce measurements were made using standard potentiometric techniques, and
ﬁogneﬁzaﬁon measurements by the force method using a high sensitivity Faraday
appardfﬁs. |

The systems investigated ;/vere l.’_t—Mn, (-F_’_t_-_f_’_ti)—Mn, Ru-Fe, dilute M_o-Fe,
Sc-rare earth and Y-rare earth (RE:Gd:Tb:Dy) solid solution alloys.

For the dilute Pt-Mn alloys the eléctricol resistivity due to Mn solute
displays a positive logarithmic temperature dependence. However, interactions
between the solute atoms result in a spin freezing (spin glass) which is indicated
by a minimum in the resistivity vs. temperature curve. The temperature at whiéh
the minimum appears increases linearly with the Mn concentration; for ‘alloys >
11 at% Mn the character of the resistivity undergoes further changes because of
atomic short range order in this system.

(Pt-Pd)-Mn as a ternary alloy system has been studied to examine the effect

of the |6col environment on the Mn solute by varying both (Pt-Pd) concentration as
a host and Mn concentration as a solute. Addition of Pt fo Pd seems more likely to
depress the strong exchange enhancement of the Pd.

The iso-electronic alloy system Ru-Fe has been investigated for h.c.p alloys
with Fe concentrations up to 70%. A T2 temperature dependent contribution to the
resistivity due to Fe solute has been found, the coefficient of which increases with
Fe concentration up to a critical concentration at about 50 at% Fe, after which it
falls steadily. Because of the similar}ty of this behaviour to that in the Pd-Ni, |
Rh-Co, Rh-Fe and Pt-Ni ailoy systems we ascribe this to magnetic ordering.

Low temperature resistivity measurements on dilute Mo-Fe alloys show that
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there is a gradual’trqnsiﬁon to a low temperature non-magnetic state. Application -
of l.s.f. theory toour results indicates a charccterist_ic temperature Tgg of 1.5%
0.2° K. |

The Sc-RE and Y-RE solid solution alloys are of special interest as long-
range helical magnetic ordering has been reported in these systems. The exact
behaviour is unclear at low solute concentrations. New electrical resistivity
and magnetic susceptibility measurements have'been obtained and careful
analysis of these data yields val;Jes for the critical concentrations for helical
ordering which are in agreement with values obfained from other types of
measurements, in particular with neutron diffraction data. Below these critical
concentrations helical ordering does not exist and the magnetic character is that
of a "spin-glass" as in _(_:_u-Mn'and Au-Fe alloys. For non S-state solutes the
behaviour at low coﬁcenfrctions will be complicated by ﬁrysfcl field effects.
For the dilute Gd ailloys the possibility of higher order magnetic scattering

effects has been considered.
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INTRODUCTION

The main object of this work has been to further the understanding of the
magnetic behaviour of what is called "magnetic glass or spin gl;'iss" alloys. The
approach to this problem was made by dissolving well define_d-magneﬁc atoms
in a non-magnetic host matrix. Within this limitation we have chosen the type
of alloys wheu_-e the presence of the solute element gives local moment effects
even in very low solute concentrations and with significqnt-interucﬁons between
potentially moment-bearing atoms or ions such as (o) 3d, e.g. Mn in Pt and Pd,
b) 4f,e.g. Gd, Tb, Dy in Y and Sc. By increasing the concentration of the
dissolved magnetic impurities (where there is an extended range of solubility
Qf' the impurity), the indirect and (sometimes) direct interaction between
impurifies; leads to various types of magnetic ordering; by such a study of
ordering the magnetic phase diagrams of these systems and the properties
associated with critical concentrations from one magnetic state to another may
be studied. |

Electrical resistivity measurements provide a good indicction‘of the different
‘sorts of magnetic ordering and the mechénisms invc':o!ygdwiin'_ tHé f‘i'r'ii'er‘EJ;:fion between
thesé rr.1'_09neﬁc,impuriﬁevs' both.in.the fdﬁ'ufé'dn,ci dd;;;:énfrcted limits. Magnetic
measurements also provide the detailed study of the magnetism. Both these
measurements were involved in the study éf the magnetic properties of these alloys.

ln. Chapters | and I, we summarize some of the theoretical aspects of the
problem of "the local magnetic moment formation" and the "mcgnefic‘order" in
alloys. In Chapter 1l we describe some of the experimental techniques which
have been used in the experiments and the preparation of the alloys.

In Chapter IV, we present experimental results with discussions of the

magnetic behaviour of Mn solute in the d-type hosts. In the first part we deal with
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the Pt-Mn alloy sysfer;,' which until n-ow has been the subject of few investigations.
Spin glass behaviour is characterized by a minimum ina plot of resistivity versus
temperature. In the second part we show the effect of the electronic environment
on the behaviour of this minimum by the use of a ternary (Pt=Pd)-Mn alloy.
'I_f.,is hoped that our measurements will lead to furrhér'undersfanding of this
.».minivmum wl;nere it is observed in other spin glasses.

In view of the rather confusing results of various types of measurements on
the c.p.h (isoelectric) Ru-Fe alloy system, electrical sensitivity measurements
have been made to study the magnetic ordering, since this method proved to be
a very useful probe in other isoelectric systems; this is given in the first part of
Chapter V. In contrast to the situation in the Ru-Fe system, iron dissolved in Mo
carriés a local moment although both are d-type, and therefore we have studied
the low temperature magnetic behaviour of the latter by electrical resistivity
measurements; this is given in the second part of this Chapter.

Finally, in Chapter VI, we present the magnetic properties of some solid
solutions of some heavy rare-earths (Gd:Th:Dy) in Sc and Y, where it is shown
that there is a critical concentration for the Ioﬁg range antiferromagnetic helical
ordering region. The theories developed for the rare-earth metals might apply to
them. Below this critical region, the spin glass character provided by these rare-
earth magnetic ions, in the absence of the crystal field effects, is also
understandable in terms of the promising current concept of spin glass theories.
We will also show the effects of the crystalline electric fields on the magnetic

properties of these alloy systems.



12
CHAPTER |

Formation of local magnetic moments in metals

Introduction

Considerable attention has been directed towards an understanding of the
local magnetic moment formation problem in alloys, i.n which the impurity atom
may retain its magnetic moment (1) (2). Associated with such local moments is
the well known resistance minimum phenomenon.

Kondo (10) successfully explained the peculiar behaviour observed in the
transport properties of many alloy systems. But his theory produced a divergence
in the sccffering.cmplitude of a conduction electron interacting with a localized
magnetic moment via the s-d interaction. This was subjected to more exact many
bod)} calculations which have had some success in removing it, and have been
described as a formation of a "singlet bound state" between the impurity spin and
a compensating cloud of conduction electrons {4) (5) (32) (33) (34) (37) (45).

The Kondo divergence was successfully removed by the spin fluctuation
theory (52) (53) (57) (59) (60) in which the low temperature non-magnetic
behaviour is seen as truly characteristic of the impurities, while the high
temperature paramagnetism gives a Curie-likg bevhovipufttc';{ fhe :su'scép.‘ibilify.
This theory appears to give tbrréct“e'icvg'a';resns'ion for. mosf of the observed physical
properties.

In this chapter, we will summarize some of these theoretical concepts which

were involved in the fundemental problem of localized magnetic states in clioys.

[.1. Friedel-Anderson model and Hartree-Fock approximation (H-F)

When an atom with a partially filled shell is disselved in a metallic host its
energy levels in general stay within the conducticn electren band, because the
latter is so broad, as is pointed out by Friedel (1). The impurity state is not truly

localized and it will be able to leak out into the conduction band siate having the
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same energy; this has been called the "virtual bound state" (VBS) which has an
energy width A . In many cases a localized resonance state will occur in

which the average number of d or f electrons localized at the impurity site with spin
up< N oI g>is not equivalent to that of those with spin down <ny o{: F?' Then

. a net localized moment will survive on the imp;xrify cell ,i.e the exchange and
correlation effects will split the VBS. If n is the number of electrons and AE

is the gain in energy when an electron of spin up goes to a spin down state

then a net localized moment will exist under the conditionn AE> A . Friedel
suggested that the scattering must be consistéltmf with the overall elecfricdi
neutrality of the conductor, and derived the total §creening charge Z arising from
the perturbation due to placing a 3d atom in a non-magnetic host metal , related

to the phase shift U o and the partial wave component of the free conduction

electron state, as :
Z:%Z(Zl*f')ﬂ,O(EF) 1.1,

"][O(EF) being the phase shift at the Fermi level. The residual resistivity p
Qo

for a concentration X of impurities is :
4y IS‘nZ .
- !
Ehl o p s Ty )Er

where P is the valency of the host, KF its Fermi wave vector, and (2I+1) is the
degeneracy of the state. This expression is strictly valid oniy for free electrons
in a spherical potential. Completely neglecting the contribution of the other

phase shifts except the resonance terms, then :

o= 4% (201 ) (Sinnp+ Sinny JEc

i

X ., 0 o, '~ - + .
For the transition metal impurities, | =2 (2| +1 =5)  and in terms of the

+ neglecting the crystal field splitting effect on five-fold degenerate d-electron

state
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average number of d - electrons, the residual resistivity can be written as :

' 1 '2
_4X fSipn<nl> T ngl>
p _é__._g( "{ 4)+ Smll d ,) | 1.1.2

This equation which predicts a residual re'sisﬁvify should exhibit ardoubie
peak with a minimum in the middle, the two peaks are related to the \./irfuol
states with up and down spins crossing the Fermi level as the d levels get filled.
The experimental results for alloys of 3d - impurities in Cu verify these conclusions .
quantitatively.

For non-magnetic impurities :

<Mtz = <Al > =Ny2

and

_ 4my 2N
9= B 10 sin’( ¢/10 ) 1.1.3

The residual resistivities given by equation (I.1.3) increases as cne goes
across the 3d series, and then decreases as the d level gets filled. This is observed
experimentally in alloys of 3d - impurities in Al.

To put these ideas on a more quantitative basis, Anderson {2) and Wolff (3)
described the thecretical concept of magnetic moment formation in alloys. They
both used the VBS concept fo.explcin the moment formation on Fe group ions in
non-magnetic metals. Anderson assumed that the d ~ state of the Feimpurity is
a localized d - orbital level in a sea of free elecirons representing the conduction
band of the host. The physical concept in Anderson's model is that the tendency
towards magnetism naturally arises from the electron-electron Coulomb repulsion U
between two electrons localized on the impurity atom.

Anderson used the Hamiltonian in the fom

H=Hs + Hd + Hsd I.1.4
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where Hs is the unpéf%u;bed conduction electron Hamiltonian of the host metal,
Hd is the Hamiltonian of thé isolated impurity cell, and Hsd is the s-d mixing
interaction. An‘dersvon assumed that the moment on t.he d-shell is given by the
spin of localized electrons, and the orbital angular momentum is ignored.

Within the H-F approximation, the density of state of the localized electrons

s given By
=1 a 1.5
”d(%} T fe- Ed0/2+ Y !
Where Edc :E.-f- U</7d0 > Io] n7

In the absence of crystal field effects, a factor (2] +1) arises due to
orbital degeneracy (Klein and Heeger (4) ) . 0 is the spin of the d - state

and A €) is the half width of the virtual level which is given by :

A(E/:H;Z;SD(EJ 1.1.6

where @(E) is the density of states of the conduction electrons at the Fermi

surface. The number of electrons with spin orientation o is given by :

<>z Ao (Edo - By 1.1.7
AE-)

Anderson introduces the dimensionless parameter Y =/ , the ratio of
Coulomb integrol' to the width of virtual state. If Y is large a self-consistency
argument yields a magnetic state; sma!l Y correspands to a non-magnetic state.

It i‘s clear that the condition for the virtual level to possess a moment is
determined by its position and width in comparison with the Coulomb energy. If
it lies close to the Fermi leve‘l and is narrow relative to U it will be split by the

Coulomb interaction and thus polarize, otherwise it remains unmagnetized,
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i.e. the condition for localized moment formation depends on the position and width
of the V.B. level which is proportional to the density of states. |

Wolff approaches the problem as scattering of host band electrons from the
impurity potential in which the scattering amplitude may show a resonance
corresponding to the V.B. level of the impurity. He showed that the localized
moment formation essentially arises from the electron-electron exchange potential
at the impurity site. Hence, the basic mechanism inthe Anderson and Wolff
approaches is the same, the latter being more appropriate for d-impurities in d-hosts.
(See the discussion by Rivier and Zitkova (6) of Rh-alloy data (7) ).

For large values of A , equation (l.1.7) has a solution given by < ndT >=< ndL>,
i.e. the impurity is hon-magnetic [ 4) (5)] . An Anderson model for (21 +1)
degenerate localized impurity orbitals (discussed by Anderson (2) and more fully by

Heeger (4) (5) ) gives a condition for the presence of a magnetic moment:

[y + AJ/PdO/EF/: 1 i.1.8
where %O/EF} is the added density of states per unit orbital. (U+4J) is the
parameter (for |=2) which determines whether or not the final state is magnetic. U and
J are the Coulomb and exchange integrals respectively, between two electrons
localized on impurity atoms in the metal. Hence the condition for the occurence
of magnetism is given in terms of A by
[U+4))/ma= 1 .1.9
The charge neutrality in the Anderson model has beeﬁ discussed in  (4) (5)
and is consistent with the Friedel sum rule. Hence the number of localized electrons
in the orbitally degenerate case (1=2) is found to be:
‘= SZONO 1.1.10

where N5 is the fotal occupation number common to each of the virtual levels of a

given spin 0 .
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1.2. Modification of the Hartree-Fock result by correlation

Schrieffer and Mattis (8) discussed the importance of the correlation
energy in defermining. the ground state of the metal with an impurity atom.
They showed that the hypothetical single d-orbital impurity is always magnetic
if Coulomb repulsion is sufficiently strong because fhé interacting localized
elec';frons change to an odd number of electrons having total spin of %, i.e. in
the Iirﬁif U/A =>1 , the spin up and spin down electrons become strongly
correlated to avoid simultaneous occupancy of the localized levels. On the
other hand they showed that, in the limit of a small fraction of an electron or
hole on the impurity on average, the ground state exhibits no localized moment,
because correlation effects beyond the Hartree-Fock approximation suppresses the
moment formation. In addition they found that the gro;md sfcfe exhibits localized
moments even in the low-density limit, provided that there are degenerate
orbitals to be occupied (showing the importance of orbital degeneracy in
magnetism).

In their calculation they expressed the effective Coulomb potential as :

bet =y [(1+U/mey) tan"(xzd/A)]J 1.2.1

where €, is the d-state resonance energy and A the VBS width.

Since : ] V
Uptt —» tam (Ed/A)/T_I €4 & U—eo
and ta”'](gd/ﬁ\)/rtgd < A , then it is clear that very large Ug #f
is impossible. Even if it was possible for U —< no localized moment

would occur.

A complete discussion by Schrieffer and Mattis for the suppression of moment
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fomation in the sense of the Anderson H-F approximation mc?del is given in
(9). By inciuding correlation effects, they showed that in the low density
limit the localized moment formqtionv doe.s. not exist regardless of the value
of U.

It is clear then that the H-F approximcli'ion. is good only in the non-magnetic
region, i.e. in the limit U/A< 1. In fhe opposite limit, i.e. for U/A>>1
the theory should start in an aifernaﬁve manner since the H-F_ treatment over-
estimates the tendency towards magnetism. The large Coulomb interaction
discourages the simulfaneovus occupation of tH; state by two electrons and
it tends to kéeAp, for example, the sp;'n up on the ihpurify cell while the spin
down electron is in the conduction band or vice-versa. Such on-off hopping
suggests a non-deéenerc*e ground state siﬁglel‘ whiéh is non-magnetic [see (8)
%) ] Clearly the H-F approximation hcs'limifafions in the Problem of the

formation of moments in metals.

.3 Resistance Minimum - Kondo effect

Kondo (10) was the first to show that the scattering of conduction electrons
from a well defined localized impurity spin with a negative sign of the exchange
interaction leads to a resistance minimum. This resistance minimum occurs
whenever the impurity atom is magnetic, and it has been noted that this effect
does not arise from the impurity-impurity interaction. Experimental evidence
for this is the weak concentration dependence of the temperature of the minimum.

Sarachik (11) showed a strong connection between the appearance of the
resistance minilmum and existence of the temperature dependent susceptibility
[ (12) (1 3)] . Several good experimental reviews exist I: (14) (15) (1 6)] .

Kondo used the s-d exchange model with the assumption that the

interaction of a moment of spin S with the conduction electron of spin s is
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'represented by‘c term in thg Hamiltonian :
H=-JSs 1.3.1
where J is the strength of the exchange interaction. In terms of conduction

electron creation and annihilation operators, the above equation can be written as:

H=-(1/2N)2 e [ e “Culh)

H{8Cu C +&c;(rc“)] 1.3.2
where k, k' are the initial and final momenta of the scattered electrons, S+ are
raising and lowering operators for the components S, N is the number of impurity
atoms in the crystal, and J ;. = J = constant for isotropic zero range 6 ~function
potential (4). The transition probability of scattering a conduction electron from

state k to k™ via s-d interaction, using the first Born approximation is given by:
—2m 2 5f )

|

with scattering amplitude i

= —(J/2N) 57 which leads to a

contribution to the resistivity given by [ (17) (18) ] :

— 2nNOm 2 3.2
pm - W.j S(S+7) 1.3

where N(o) is the density of states of width 2D.
By going beyond the first Born approximation in perturbation theory, Kondo

showed that the spin contribution to electrical resistivity is of the form :

Ry =68 (1+ 4/NO Log rgT/a)) 1.3.4
where c is the concentration of the impurity, By is the first Born scattering term
{equation 1.3.3). Thus if J< 0, i.e. antiferromagnetic coupling,  Pspin

represents a coniribution to the resistivity which increases legarithmically as the

temperature is decreased. By adding the lattice resistivity to the spin scattering
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term one obtains a resistance minimum as a function of the temperature.
pspin begins to diverge, as T — 0, and dominates the impurity resistivity below.

a characteristic temperature called Kondo temperature (TK ), given by

KTy =0 = NINO) 1.3.5
This is physically unacceptable because the resistivity must saturate at the

unitarity limit. For 3d-transition impurities, this term is given by (19)

o =0, Mho2hp )25 1.3.6
and for free electron gas
Q= 3'8(25) WR cm/ad), |

where S is the impurity spin, p is the host metal density, m is the electronic
mass, p is the ﬁumber of impurities and X is the electronic concentration.
This saturation behaviour was first seen in s:_u-Fe (20) and _C_;‘J-Cr (1),
Experimentally, a variety of systems shows a logarithmic increase in resistivity
with decreasing temperature.

The Kondo divergence appears in a variety of physical properties; we will
consider magnetic susceptibility and specific heat. Thermo-eleciric power is

considered in (22).

Magnetic susceptibility

Yosida and Okiji (23) have calculated the spin polarization of the conduction
electrons due to the s-d exchange interaciion and the magnitude of the localized
spin by perturbation theory up to the fourth order in J, the exchange integral. They
found that : G = Pj/2N

and

2
o HBSIS+UHT, (IR log,[KGT/p)
< § >z T A S
7 3K T [ 1=JP Log(KgT/j ]
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‘and hence the magnefiéisbscépfibility @)

X(T) = jﬁ‘%—“—&”[“ A

] 1.3.7
3KT 1-7p log(KgT/p)
where P is the host density of states per atom and G is the spin

polarization of the conduction electrons. For the ferromagnetic inferqcﬁon,'

J' >0, no singularity in the magnéﬁc susceptibility i's found in the whole

" temperature region, while for J << 0 (antiferromagnetic infercctfon) logarithmic
divergence appears as the temperature is lowered to TK . Sccl?pino (24) found
that the magnetic suscépfib“il’y determined from s-d exchange interaction follows .

a Curie low behaviour at high temperature, and is given by :

NOJJ

= H3 T+ 2077
X[T)=Xp, + /Kg[ ] - N{'O)ﬂOg/P%T/u]LB'S

where Xp is the temperature independent conduction band contribution to the
susceptibility. Equation (I.3.8) diverges ot temperatures less than the Kondo

temperature; at high temperatures, i.e. T>> TK it reduces to

2
xir) =%, + "B/x1 1.3.9
~ which is simple Curie low behaviour. As extensions to these theories Miwa (25)
used the same sort of perturbation theory and Giovannini et al (26) calculated the
susceptibility for general values of the magnetic field. They showed that the
high field magnetization at low temperature i.e. ( § HpH == K T )

is given by :

22
M/H):i“'—gﬁﬁg‘“—ﬁ—H[H1 J P )]l.s.:o

3IKT J P-one(gugH/g
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This equation becomes singular for the value of magnetic field:

H.= _ﬂ__ & 1/NOY . The singularity is similar to fhe low field
susceptibility excepf that it depends on g kg H instead of KT (i.e. the field
rather than the temperature). However for intermediate values of g My H there
is different behaviour for different values of the temperature.

We can conclude from this that a high temperature Curie-Weiss low is
consistent with the Kondo effect and .fhe non-degenerate Anderson model for
localized moments.

Specific heat

The study of the perturbation expansion of tEe free energy in zero external
magrfeﬁc field has been done by Kondo (27). For T > TK , he obtained the

entropy change due to s-d interaction as :

8/3Tt SI+1) () P)°K [.3.11
~2JP log (KBT/D) ]3

A§(T)=K!log, /2s+1/+[

where the first term, K log (2st1), is temperature independent and is the entropy

due to the (2s+1) degree of freedom of the local spin. The second term is temperature
dependent. For J < 0 it represents a dec;ease of the_e;nfrépy;'é;{én C-I'f.T >T K
has a "I.QI‘L.Je less fhankthe "Free spin' ydl;u'éfw‘h.ich"is'i'n:.quonfifofive agreement with
Franks et al (28) data, while it diverges at a te.mperafure T b sN0)s . For

J >0 the entropy is positive ai all temperatures. The excess specific heat (4) is

then given by :

4
AC”"}_-_-T\'.?S{S*-U{][‘))KB[‘]—4]/‘050%7 ] 1.3.12

which implies that AC falls off logarithmically with increasing temperature.
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‘ 1.4"}{ The grouna sfcfe offh'é‘ magnetic impurity and T<~ Tk

We have shown fvh'z':f. the Kondo divergence appears in a variety of physical
properties, so the s-d model is limited f'o the 'Iogcrifhmi.c accuracy (29) (30) (31)
A-large theoretical activity has been based on Kondo divergency, and at this point
we will refer to a few of the points that emerge.

Nagaoka (32) (33) showed that the divergence of the perfurEafion theory
b'reak‘s down -below a critical temperature near the Fermi surface. This is due to the
formation of a quasi-bound state between the conduction electron spin and the
localized moment spin, i.e. as the temperature bécomes lower a qucsi-bolund state
around the localized moment appears gradually below T g + He also showed that
at T=0 the electron scattering cross-section attains a maximum vclué of 4 TI/K‘E_
for I=0. Hamann (34) used the same approach as Nagaoka and found that the

electrical resistivity was of the form :

_1
0= 2 [1- o (3 ) a7 et e Ttk
when T=T k » the resistivity temperature curve has an inflection point. In Hamann
theory there is no place for a quasi-bound state at T<<T k+ His calculations show
that non-interacting impurities give no contribution to the specific heat, and the
effective local moment entering the magnetic susceptibility is found to be cancelled
.cf T=O for spin %.

Suhl (35) and Abrikosov (36) discussed the Kondo divergency, and the two
models have been shown to be closely related to that of Nagaoka (32) (37). Suhl and
Wong (38) showed the important role of the influence of ordinary potential scattering
from the impurity on the prﬁperfies of the quasi-bound state. It has also been shown
(26) (39) that the quasi-bound state can be broken up by applying a magnetic field
greater than HC:. KIK . The quasi-bound state is described as a polarization

Hp

cloud built up in the conduction electron gas, tending to reduce the effective

magnitude of the spin.
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Mattis (40) proved that for antiferromagnetic coupling (J < 0) and impurity
spin 3, the ground state is a singlet. Zittartz (41) (42) used ngookc's equation
to calculate the fhermodynémic properties at T <TK . They obtained the low
temperature specific heat as:

ACIT)=Kgm SIS+ 1)/ togt T Ty 1.4.2
Hence in the limit T — 0, A { goes fo zero asymptoﬁcolly.os (log T ‘). .

Yosida (43) used the exchange model in a simple variational calculation to
demonstrate that an'impurify moment with spin & plus the conduction electrons form
a ground state sfnglef; whereas Heeger and Jensen (44) investigated such a ground
state singlet by means of a many body variational calculation for(J < 0) s-d
excﬁhunge‘inferccfion. Ishii and Yosida (45) obtained a constant zero-temperature
susceptibility for a singlet bound state in the form X ~ ”'%/KTK where
is the singlet ground state energy for J << 0 in the s-d exchange interaction. Ishii
(46) showed that the behaviour of the singlet ground state energy in the applied
vmagneﬁc field (H) is of the form: /2

e=x((KTg + 1% ?)) 143
| This ¢qyai’ion represents the ground state energy for'a squ‘é o"F‘ Igov..vef.eﬁergy than the
free Fermi sea plus.local spin e'neﬁg'}); EOndo (47) ékpanded these theories tc show
that the usual susceptibility obtained at T = 0 in the singlet calculation (45) (46)
can also be a property of the non-singlet model. In discussing the possibility of a
singlet ground state Heeger (4) emphasized certain analogies with the superconducting

ground state. He suggested that one can regard the Kondo divergence as the effect of

an indirect electron-electron interaction via impurity spin, as follows. Electron1 is
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scattered by the impurity causing its spin to flip over. The scattering of electron 2,
then depends on the fact that the previous scattering had taken place, i.e. the
electrons interact indirectly. Such an excitation (indirect electron-electron
interaction via intermediate local moment) Ieads_fo the onset of a many body
;:ondensed state for the impurity-conduction electron system below T g + Heeger
argued that evidence for the existence of this condensed state as T — 0 is the
resistivity of Cu~Fe, Au-V and Cu-Cr alloys.

The relation between the Anderson model and the exchange (Kondo) model

As mentioned earlier, the H-F self-consistent field approach is limited to
arrange (//A<1 i.e. in the non-magnetic limit is a good approxihorion.

In the magnetic region, _U/A 5> 1 , Anderson and Clogston (48) argued

that the V.B. level for spin up ( 1t ) is filled and below the Fermi energy, and

for spin down ( | ) is empty and above the Fermi energy. Under these conditions,
by lowering the energy of spin down ( | ) conduction electrons, using 2rd order
perturbation i“heory, such that the spin down ( | ) has hopped on to the impurity

cell ot the same time as the spin ( 1 ), the energy shift was calculated to be:

veg=- vy - 1.5.1
This gives a negative conduction electron polarization, i.e. such mixing interaction
lead to an anti-ferromagnetic interaction bgtween the localized impurity and the
conduction electron spin.
Schrieffer and Wolff (49) used a cononical transformation of the Anderson
Hamiltonian in the limit  U/p => 1 to show that the relation between the

Anderson model and the Kondo model can be expressed as:

2
2 |Vl ¥ 1.5.2
sd(ed{.y)

Since €, < O the coupling constant is negative, i.e. antiferrcmagnetic.
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Schrieffer (50) showed that small changes in J may shift the Kondo temperature

Tk so that alloys Iike' Q—Co and Au-Co, which have been considered to be non-
magnetic on the Anderson H-F approximation characteristically have high TK and
large exchange coupling; alloys which look magnetic characteristically have low
Tk with low exchange coupling and narrow (VBS) compared to the Coulomb.
iﬁferocfion U. The appearance, and the disappearance of the local moments on
,6 frdnvsiti’on'mefol impurity in. ferna;‘y alloys [(1 3) (14) (1 5)] os the electron
concentration of the matrix is varied, may be explained by the variation of Tk
with the exchange coupl‘ing constant J - Schrieffer carried out a similar
tronsfonﬁoﬁon in the case of an impurity with se'verol d-orbitals. The relation

between the two models is then expressed by :

j=- YnVin 1o =i’y 1 5.2
ml Ep +U) 28 Em(em + U) 28

where m is the quantum number of a singly occupied orbital, given by m 1+ My
eeeemy , ond S is the spin of an isolated atom (given by Hunds rule).
In the absence of admixture, J, _,q

Schrieffer argued that a 3d-series impurity in an Al host, has very high Tk.
The Schrieffer-Wolff transformation is carried out in the limit U/nA>\/' 1 ,i.e.
the impurity spin must be well defined. Thus one has to expect an infinite Coulomb
interaction energy U (see ref. (4) page 303) which causes difficulties. A second
problem is that one still has to consider the divergence and ground state of the system,
because the above transformation is related to the many body Hamiltonian, and

log.KT/p — oo as the temperature is lowered.

1.6+ Localized spin fluctuation (I.s.f.)

Friedel-Anderson theory predicts a sharp and unphysical boundary

between the magnetic and non-magnetic ground states of the system, and is only
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useful in the local moment formation probiem when fhe system is for from the
H-F instability. Experimentally a smooth boundary between the two regions
has been observed (51). Hence one must expect that the existence of a moment
is a time dependent. This consideration (dyncm_ics) has been omitted in H-F
theory.

Rivier and Zuckemman (52) (53) pointed out that Iocélfzed spin
fluctuation concepts (l.s.f.) are important for a temperature T << T - This
overcomes the sharp and unphysical boundary between mcgn.eﬁc and non-magnetic
states. They argued that l.s.f. is o multiple scattering, of the localized electron-.
hole pairs, i.e. repeated scattering between d-electrons of spin (1 ) occupying
| Iocclized states of energy E at fhe impurity site, and corresponding holes with
energy E+U>E with a life time sf given by Ty >>(K3T) . The dynamic

suscephblhfy xd(w ) s shown to be the form

X, (w)
($3] S —_—_ Icéo ]
i Ty
where X, (w/ is the local susceptibility in the absence cf enhancementi effects,

which arise in the presence of Coulomb interaction between electrons. This exchange
enhancement of the spin susceptibility was first discussed by Sfoner' (54) and was
generollzed to obtain the theory of poromognon eFFecfs in mefols with strongly
enhanced suscephblllfy (55) (56).

Rivier {57) showed that equation (1.6.1) can be written as:

_ 1 u?
Xd(u)- e (]/,5;,‘)2+ ~ 1.6.2
where ]/C _ 1 Upg
s = Ttpd
4
and %: A (Tf (Eg £ A2> (see equation [.1.6)

It is clear that for 1/‘tsf< 1 , one gets a sharper peck in Xglw ) i-e. the
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magnetization remains for a longer time. The mean spin Flucfuaﬁonfrequency
1/1:3)r as a function of T A/U for the case of (VBI) at the Fermi energy is

shown in Fig. I.1.

Al — — — — e — - - =
A ' _
T
(st ‘Fig. 1.1
S Py | ,
, . N
A, 11-77//
1 2 3 4 5 6.
It fs clear from the curve, as 1/'1:5;‘ -0 i'e't§/ - , for U/rr.A<1
(in the H-F limit). Hence T¢s isof orderof A in the non-magnetic limit

and increases as U/A increases and deviation occurs near the H-F iﬁsfcbilify
condition. T

Rivier and Zuckermman argued that the impurity oppears‘experimentolly
to be magnetic only if the life time of the spin fluctuation, Ty , is long compared
to the thermal fluctuation time, on the other hand if ;

Ky T >\,./t5,71 |

-the alloy has non-magnetic properties leading to a spin compensated state
'(Nagaoka condensation which is based or; a difFereﬁ_f qvpvp"r‘eqéh;"dno‘lc‘)g'ous to
I.s.F..A)..-_ At high temperature ivee T :.>(KB'TJ);]?Vh;spins appear o be fong
lived and the moment wilvl be established, sinc.;e the spin fluctuations are slower

than the thermal fluctuations, and the sysfem appears to be magnetic (Kondo type)

with a Kondo temperature obtained from spin fluctuation theory as:

-
K T;’:(T.s,) 1.6.3

From this the resistivity has been obtained in the form :

!/ 2
p-=0 [1 - \T/'Df’) J l.6.4

Before this theory was postulated, Caplin and Rizzuto (58) found that



29. -

the low temperature resistivity of Al-Mn and Al-Cr could be described by

equation (I.7.8) with Tf<f ~ 530° K for Al-Mn and 'I'Slf< ~  1200°K

for Al-Cr, which are in reasonable agreement with Rivier and Zuckermcn's
theory.
Rivier and Zlatic (59) have developed a universal ¢urve for the

resistivity behaviour in l.s.f. . In the case of Al-Mn the scattering leads to

a finite resistivity at T=0; the temperature dependent resistivity initially decreases
as (1 -AT2 ),‘ then as (1-BT) and finally follows the logarithmic behaviour given by
( «c logef ). They also argued (60) that the 1.s.f. mechanism in R_h—Fe and f\_l-'
Mn alloys is the same. In Rh-Fe the l.s.f. occurs in the d-band and the scattering
of conduction electrons increases as l.s.f. excitations increase, while in Al-Mn
the .s.f. occur in a virtual bound state, but a conduction electron must first
occupy the extra d-orbital before I.s.f. scattering can toke place. In the case of
Al-Mn and related alloys the phase shift is T/2, and the effect of the l.s.f. can
only be to decrease the resistivity from its lower temperature resonance scattering
~value. The sign of the temperature dependence of the resistivity of Al-Mn is the

opposite of that of Rh-Fe. A quite different mechanism from l.s.f. or paramagnons

o ' .
- .

is introduced in the theory of nearly ferromagnetic métats and will be discussed in
the next section.

|.7. Exchange enhanced Metals

The static susceptibility of pd is anomalously large, and it has been
established it is strongly enhanced by short range intra-atomic Coulemb interaction
between d-electrons. The exchange enhanced Pauli spin susceptibility was first
discussed by Sfonér (54) (61). The H-F theory indicates that the static
susceptibility of the metal is larger than the Pauli free electron susceptibility by

=1
a factor ( i- UON{O;) » where N(o) is the density of states at the Fermi
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level and U, the intra-atomic Coulomb interaction between two electrons
in the same impurity cell. The Stoner approach was extended [ (55) (56) ]
to obtain the threshold instability of the ferromagnetic state, where the
sfrong intra-atomic Coulomb interaction in ;he d-band leads to low-frequency
fluctuations and large amplitude local fluctudtions in the spin densify of the
d-electrons.

The consequences of the local perturbation in exchange enhanced
metals has been connected with the problem of moment formation by Lederer
and Mills (62), who disc.ussed the effect of local spin fluctuations on the
electrical resistivity of .pd and pd-Ni c;lloys. They showed that the scattering
of electrons by spin fluctuation gives a contribution to the electrical
resistivity which is proportional to 12, At low tenr'\rberafures the phonon
resistivity is negligible, so one observes a very large spin fluctuation

— 2
contribution of the form AT [(63) (64):] . To describe the electrical resistivity

pf Pd-Ni and related alloys Lederer and Mills have taken into account only the
change in the strength of intra-atomic Coulomb repulsion of the impurity (Ni in

this case) and the system is described by the Hamiltonian :

H= T+Uo Z,.”n ny + 5UnoTnoL - 1.7.1
where 7, is the number operator for the creation and annihilation of electrons,

T is the kinetic energy of the electrons and Su is the change in the intra-atomic
Coulomb energy upon alloying the host with the impurity. They assumed a uniform
host exchange enhancement locally at the impurity cell which increases the '
Coulomb interaction §u. The potential scattering effects are not included so

that the model is applicable only to isoelectric systems like Pd-Ni, Pt-Ni,
Rh-Co, Rh-Fe, Ru-Fe, Os-Fe etc. The local increase of the intra-atomic

Coulomb potential enhances the susceptibility of the alloy around the impurity.
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This was found to be of fh_e"i:"orm :

| _ 86U X (w)
AX(Fw) = 2= LolW/ 1.7.2
| 1 =8UX,l0w) | |
where —)?;(w) :Zxolr,w) is the total host susceptibility and
X (r,w) - is the exchange enhanced r-dependent susceptibility function

which describes the response of the system at rto a perturbation at the origin. The
fvliu.cfuafions. of the mogneﬁzoﬁoﬁ have |oca!-|y a larger amplitude at low frequencies
*han in Pd which explains the increase in the T2 coefficient, A, in Pd-Ni alloys
and also the increase in the susceptibility of Pd upon alloying it with Ni. From

equation (I.7.2) the spectral density A(r, w ) is given by :

Afrw)= 2ImX(rw) + 2c50( I—X%—/ ) - [.7.3
_ =0U X{w

“where the 2nd term is the spectral density of localized spin fluctuations due to

impurities. Consequently Lederer and Mills found that

-1 e
X dX/MdC=56UXa 7.4

where a :(1 - 8U X >—1 and X is the static susceptibility of the host. They
showed that when the local enhoncémenf is large, i.e. a >>. 1 , x"1dX/dC

is large. In the dilute Pd-Ni alloys X_1d X/d¢ =100 from the data of
Shattiel et al (65) and for Pt-Ni alloys Xlax/ic =~ 10-12. Hence the difference
between these two systems is due to the large value of _X; produced by a strong
exchange enhcncerﬁenf of the Pd-host (66).

Extending Lederer's and Mills' calculations to high temperatures, Kaiser
and Doniach (67) obtained a universal curve for the spin fluctuation resistivity in
which the temperature dependence changes gradually from T2 to T at a temperature
of order % the spin fluctuation temperature, Tsf. At high temperature the model

predicts a significant decrease with temperature in the lecal exchange enhancement,
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leading to o reduction of the scattering below the T low. They showed that
the spin fluctuation temperature, Tsf, corresponds to the peak in the spectral

density, A(r, w ), (see Lederer and Mills). Thus the transition from the T2

to T behaviour in the resistivity produces direct measurements of KB Tsf
which is the energy of the peak in the localized spin fluctuation excifation
spectrum: Kaiser‘and Doniach obtained Tsf from resistivity data on dilute Ir-Fe
and Rh-Fe alloys.

The analogy between the exchange enhanced and the local moment
formation ﬂ.leory leads to an argument that is not one of moment formation
approach but a gradual tendency towards the ferromagnetic instability. Hence

'one expects (see ref. (56) ) that dX /d¢ decreases in magnitude when
T = Tsf.

1.8. Local moment formation in rare-earth metals and crystal field effects

l.8a Local moment formation

The discussion of local moment formation earlier is not directly applicabie
to the rare-earth ions. The unfilled 4f~shell has an average radius of roughly 0.4 °A
and lies well within the 5s and 5p shells, so that the overlap between neighbouring
4f states is negligible, and the structure of the moment in the magnetic state is we!l
defined. Thus the question of the Kondo effect for the rare-earth impurities in metals
is quite interesting.

As mentioned earlier, the condition for the VB Ievel‘ to carry a moment is.
that it should lie close to the Fermi level. Band theory calculation for rare-earth
metals have shown that the 4f state lies either well Eelow or well above the Fermi
energy, for exorﬁple for Gd T (68) the 4f state is about 11 e- v beiow Fermi énergy.
For Yb, however, there is some evidence that the full level is not far below the Fermi
level (69), thus the locai moment formation of rare-earth impurities in metals has

received little attention.
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Some experimental evidence, however, suggests that rare-earth shells
demagnetize because of the near instability of a particular valence state [ (70)
1) (72)] , and fall into the (VBS) category. Hence an antiferromagnetic s-f

exchange interaction leads to Kondo effects. The valence instabilities of 4f ions

+H+

may oppedr at the beginning (CeH+ ), in the middle (Sm , Eu L ) and

at the end (Tm-H- Yb++) of the Lanthanide series. XCe alloys show resistance
minimum anomalies (73) with ;pin fluctuations resistivity P= 8(] -(T/Tsf) 2 ).on
the non-magnetic side, T<Ty . LaCe alloys (74) show logT behaviour in the
resistivity in the magnetic region, T >Tsf' Yb shows Kondo effects when diluted
in Aié_g_ollo'ys (75) and _:_A«_E—olloys (76). In other rare-earths, the direct ferro-
magnetic s-f exchange interaction leads to an increase in the gradient of the

resistivity temperature curve (77).

1.8b  Crystal field effects

As discussed earlier, Anderson, in his treatment of the localized magnetic
state, pointed out that the orbital angular momentum of the d-state is quenched
as a result of its interaction with the band electrons, so that only the spin angular
momentum contributes to the moment. Yosida et al (78) showed that the crystal
field splitting is less than the V.B. level; and Yafet [(79) (80)] has estimated
the crystalline field splittings of various 3d-impurities in noble metals and finds
them to be quite small.

The 4f-electrons behave like free ions, the ground state being given by
Hunds rule. - Hence the spin-orbital coupling is relatively strong. This couples
the angular momenta L and S to give the total angular momentum, _j, and is iarger
than other interactions. Thus J is a good quantum number and eniy the lowest J

multiplet is normally populated at room temperature. The effect of the crysial

field is to lift the (2J+1) degeneracy of the level and it splits by typically the

order 1C0°K. The magnetic properties of the ion are given in terms of N non-
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interacting ions and for the ground state multiplet the susceptibility is given by

the Curie law :

Y= N|;29KJ/%+ 1 1.8.1

'If the next excited multiplet is of low energy; the crystal fiefd modifies
the ffee ion susceptibility, by a constant temperature independent tem at low
temperature is given by Van-Vieck (81).

The possible origin of the crystal field in the rare-earth salts is thought
to be the electrostatic field. In the metals there is the further theoretical
complication due to the screening of the electrostatic field by the conduction
electrons.

A generadl treatment of the crystal field is that the symmetry of the array

of charges around an ion produces an electrostatic field with potential energy given

by :

-r_‘ : e Z - L]

i =) F 1.8.2

for 4f-electrons where the overlap between the neighbouring ions is negligible.
Hence V(r) is a solution of Laplace's equation and in terms of spherical harmonics

it has the form :

. m=+1

m

)=y 3 A W) 1.8.3
{ m=-

. m .
For a point charge model Al can be written :

m m -m ~
A= zénc/zm) Zj//zj//+7) WYy (/;'j} 1.8.4
/
Thus it is necessary to calculate the matrix elements of the interaction,

which are in the form <4sz !,;.{f} ll,f > where the average of
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Z L;{f}_: ylm is taken over the electrostatic states. The mctri* elements
for | = 6 will be zero. Using operator equivalents computational methods, one
can evaluate the mdtrix of Ym between the states IJ, Mj> . This was
originally introduced by Stevens (82), and obtained by substituting 3 Jy . I
for X,Y,Z. Some operators and their equivalents are given by [(83) (84) (85) ] .

In terms of operator equivalent notation, the crystal field Hamiltonian has

been written :

- m { m._. m ..m
Hcf";’q[<r>0[0[ —;ngl 01 1.8.5

m .
where B[ % are related to the crystal field parameters,-.

For hexagonal crystal field symmetry :

h .
Hcf 3320 Og 4-840040 +BGO

The B2O term vanishes in the nearest neighbour point charge model, for

0 6.6
06-1-36 06 1.8.6

‘¢/a ratio equal to the ideal value for the hexagonally closed-packed (h.c.p.)

lattice.

For cubic field symmetry :

iy =8y (04 56)+a (02 2107 ) 1.8.7

The splitfings and degeneracies of the various levels and the lowest
energy level structure are related to the angular momentum J, whether it has half
integral ground states like Ce-'—H- or Full.] ground states like Pr+++ . Kramer's
theorem (86) states that, for rare earths with half integral states, their energy levels
in the aBsence of an external field will have an even-fold degeneracy, if the
Hamiltonian which characterises the system is invariant under time reversal.

The effect of the external magnetic field H on the crystal field level is
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to interact with the magnetic moments of the 4f-electrons to lift any remaining
degeneracy in the level structure. So one has to take into account the interaction
term given by g iy _;:{

Several expel;imenfcl techniques have been used to obtain information

- about crystal field effects. Inelastic neutron sc-cHering measurements of the magnon
dispersion relations give the most detailed information. Susceptibility, high field
magnetization, Mossbauer and E.P.R. measurements cc;n be understood and give
details of crystal field effects.

Williams and Hirsr (87) have me_asur'ei‘dvfhe susceptibility of the dilute
alloys of Ag and Au with heavy rare-earth impurities, and deduced that the fourth
and sixth order crystal field parameters, P?? Bg have magnitudes too large to
agree with the poi'nf chcfge model .

1.9. Effect of the crystal field on s-f exchdnge interaction Kondo effect

Elliott (88) applied spherical charge scattering to the case of one 4f-electron
or hole to calculate the form of interaction between 4f-electrons (which are tightly
bound to each atom) and the conduction electrons, using the conventional spin-spin

s-f exchange Hamiltonian

=2y, 5+ 8y . 9.1
where Jp, is the interaction constant. Cogblin and Schrieffer (89) treated the
inter-band mixing* between the conduction electrons and localized eléctrons. Th'ey
started with the Anderson Hamiltonian  for a state with total angular momentum J,
it was then written in the form :

R fe e '
H =0 €140=0 I byt Gy #(Ca o= Boa'va st} nps) 192
k’o g”/ g

a

In the case of a 4f! electron or hole like Ce T+ yp ™+
(n >1) has been treated in a different way by (90)

. The 4f" configuration
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where €4 ‘is the energy of a conduction electron of wave nuh\Ber k, Gyg are
the conduction electron creation operators in a state of one vector k and spino
and (g are the 4f electrons (holes) operator in a state of total angular momentum J
with componenf. g .

Fulde and Peschel (91) calculated the electronic self énergy of the
conduction electrons, in the préSence of crystalline field split impurities, for
the case of two singlets. They showed that in the case of a non-magneiric gréund
state singlet well isolated from higher levels, the inelastic scattering will be s'mall.

Hirst (92) calculated the resistivity due to s-f interaction in the dilute rare-

earth alloys, using the interaction Hamiltonian in the form :

Ho= - 2(-'7"])/9)(,' js 1.9.3

where V; is the spin independent Coulomb scattering term. The expression for

the resistivity is obtained in the form :

- /KT 6 e 2
p:cp‘(;&_ ]f%e //KT% 1/2[‘\I<ql/.s]:/ >|" 1.9 .4

where

- _m* 2T ! 2
= Thar 5 MNe (24, l.9.5
m* is the effective mass of the conduction electrons, N, is the atomic

. —_ =3 . .
density of the lattice in Cm ™, c is the concentration of the impurity and §j

is the energy differencé of the core states. |f KT=> 5,']‘ then:
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0 ;69(}— 1 )2 623\ V7 9.6

Murani (93) fitted the resistivity data of dilute Au-Ho, Au-Dy alloys
to the Hirst fhedretfécl calculation by usilng level schemes obtained from the
susceptibility results.

_~ Cogblin (94) pointed out that the expression - 2 (A= 1 );}" leads
to confusing results in the case of Ce alloys which are the only ones that show a
resistivity minimum. He also showed that the Cogblin-Schrieffer Hamiltonian *
(equation 1. 9.2) is the best starting point for alloys like YCewhich show the
Kondo effect with crystalline field effects.

Maranzana (95) has treated the influence of the crystal field on the Kondo
effect %or thé case of the CeA|3 compound (96). He began with the Kondo
Hamiltonain and found that the effect of the crystal field is to modify the Kondo
minimum and cause a broad resonance peak in the resistivity~temperature curve at
energies comparable to the crystal field splitting energies. Soda (97) used the
Cogblin-Schrieffer Hamiltonian within the framework of the Nagaoka theory to
calculate the effect of the crystalline field of the host on the s-f interaction. He
argued that for small splitting, the resulting integral equation shows the Konde
effect with a Kondo temperature smaller than for no splitting; for a ground state
doublet, the high levels produce a high Kondo temperature, while for ground state
singlet no Kondo anomaly could be found. Blume et al (98) showed that for a

particular case of anisotropic s-d exchange interaction, the partition function

* since it takes into account combined spin and orbital exchange scattering.
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for inelastic conduction electron scattering from a non-magnetic two level
impurity is equivalent to that of the Kondo problem. They showed that JEX =26

where J ., is the s-d exchange interaction with longitudinal exchange given

by

Nj—

2 . 1t
oy g o, /N ~and transfer exchénge given by 213)((9,0. +p 0+)/N

P is the conduction electron spin density, o is the impurity Pauli

spin matrix and 2 § is impurity excitation energy.
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~> CHAPTER II

Interaction between localized moments - onset of the-magnetic order

Introduction

The theoretical concept which had evolved for describing the F_ormcfidn of
..rmgneffc moments in very dilute magnetic alloys neglects interactions between
impﬁritiés, and it has recently been recognised that the impurity-impurity
interaction exists even for very dilute random alloys. This leads to long-range
oscillation spin polarization as the result of s-d or s—f exchange interactions
between localized impurity spins and conduction electron spins. At low enough
temperatures internal effective fields, which give rise to the interactions, lead
to a certain type of mcgnefic ordering. In the absence of the onset of long range
brder the interactions modify the single impurif;/ properties and there is considerable
evidence of competition between simple magnetic ordering and the Kondo effect.
Such a long range inferacﬁon suppresses the logarithmic divergence and can give
rise to a resistance maximum or minimum. For high concentrations a direct
interaction between neighbour impurities might be involved, to give short-range
magnetic order.

From the time of the first suggestion that indirect magnetic coupling via the
conduction elecirons might be responsible for magnetic ordering in some metals
long range ferromagnetic coupling has been cobserved in several dilute solid-solution
alloys of the ferromagnetic transition elements in Pd and Pt, There has been
considerable interest in the intrinsic magnetic properties of such systems, in which
the magnetic impu}ities are relatively far apart.

The evidence for the localization of magnetic moments and for anomalous

magnetic ordering in dilute solid solutions of Mn in Cu (117 ) focused interest on
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these and related clloyl‘s'ys'fems in concentration ranges higher than those for which
~ the idealized single impurity effect is-observed. The name “spin glass" has been
used to describe clloyﬁ having these magnetic properties (118)

1.1 Long range interaction between localized moments

Zener (99) showed that interaction between s and d electrons gives rise to a
ferromagnetic alignment of the localized d-electron moments. In Zener's s-d
interaction model, using st order perturbation theory, the exchange interaction is

- written as :
—~
H=- J S.s Ir.1.1
where S represents the |oc-a|ized d-spins, s represents spin of the conduction electrons
and J is the exchange coupling constant.
Physically, the s—f interaction model is more appropriate for rare-earth metals
and alloys where the magnetic moments are well characterized by the Af-electrons.

Zener showed that a localized magnetic moment  <S,,> induces a uniform

spin polarization <S(r)>  in the conduction electron's states, this is given by

Sle)= 1P Y < Spp> 11.1.2
where p is the density of state per atom per spin. Second order perturbation
calculations in the s-d model have been done by Kasuya (100), Yosida (101),
Ruderman and Kittel (102), who showed that the magnitude of the interaction is é
function of disfcnc;.e between localized spins and is given by

11y~ Ref) =20 P Shae

where

Hig) = 1+[4_"F2— {7/2/4Km ] toq 19+ 2Ky 5-24¢
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These are called the Linhard functions. The final form J(IRn-Rml1) = J(R) (see

ref. 27) is given by

/{R}:GTIZJZp[COSZ/fFR/Q;( 3- sinZ;r R 1]”.].3

~ | {24FR) FRI2KR)

where zN is the total number.of conduction electrons, KF is the electronic
wave vector at the Fermi surface. Thus the interaction decreases as 1/R 3 for
Iérge R, and the period is given by (2 ”F)‘I. This type of interaction has
become known 65 the RKKY - interaction.

11.2 The spatial distribution of the screening charge

We have seen that-perturbation calculations on s-d or s~f exchange
Hamiltonian lead to a spin polarization §(r) which is proportional to cos(sz_—ﬁ/R3)
around the local moment. Blandin (I 03) showed that the effective interaction

between impurities is given by

cos 2K:R 33 11.2.1
20 BF/m 08 g3 405
- where @ :nL/EPH'n -'7,1 /E[__/ . Friedel's (1) spatial distribution of the
excess charge AP(R) for large R exhibits long-range oscilquion;,in terms of

the phase shift 1, and electronic spin g, this isgiven by : -

ap =-KE /ngu’/zm/s;nnlocos(zKFmvjl oficail-2:2
Equatic;n (I1.1.2 ) has been used to explain the NMR properties in Cu-Mn alloys.
Caroli et él (104) (105) discussed the magnetic coupling between impurities |
due to spih polarization, in the case of Cu-Mn alloys{ where the VBS widthA>>
TKB> Kg Ty ). Within the effective exchcnge interaction energy E; 4 (R)=

-J/R}TS‘;.-.S:; it was found that for large values of R and degenerate d-orbitals the

above relation may be written in the form
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Eint(R) TEF/th;jQ‘M}Smn[& S/'n*ql\o\ COS(2KF£6LQ + 5(\0\);;".}; 1.2.3
where J(R) ‘ (KR
= a cos( IZKFR+“J/4KFR;3)
&9 are constants depending on the phase shift 'ql s The Caroli
“interaction provides a more effective coupling between the VBS than direct
exchange when the separation berwegn magnetic impurities is not sufficiently
close for direct coupling.

I1.3 Interactions between nearest neighbour atoms

The effect of the local influence of one impurity on another has been
discussed by Alexander and Anderson (106) who calculated the interaction
between two similar, closely situated non-degenerate magnetic impurities
in @ non-magnetic host. Within the H-F approximation, and applying
Anderson Hamiltonian as in the single impurity case described earlier (see

“section 1.1), Uis the Coulomb repulsion between two elgcfrons in a localized
state and
, = g olr) g(r)Hydr=Y
(N a1
is the transfer integral between the two d-states (i.e. direct coupling). The

indirect interaction of the d-state with the band is given by

H. = al - q 11.3.1
sd ,/;J( yﬁ C/{O O/ i V/K ! C}fo)
?
Alexander and Anderson showed that the sign of the effective interaction between
the moments depends on the VBS. If the VBS is symmetrical about the Fermi level,

then the interaction is anti-ferromagnetic, however if one of the VBS levels is

closer to the Fermi surface than the other, the interaction is ferromagnetic. They
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argued that the anfi-ferfomagnefic effect required low density of the Fermi
level because it is a kinetic exchange effect,i.e. it constitutes a gain in |
energy by virtual transfer of electrons from a full spin down level on the atom,

\I‘o an empty spin down level, or vice versa.

| Moriya (107) extended this theory to include the casé of pair of

dif.fe'renf atoms and showed that atoms with half filled d-shells always couple

with each other onfiferromogneﬁcally regardless of the magnitude of their atomic

“magnetic moments. The change of the mogne'f_i‘c moment c;nd the number of d-electrons
due to d-d admixture is large only when the moment is small, this is true for non- ‘
degenerate and degeneraté d~orbitals. In the degene}ote case, for a fixed value of
U+4J the change in moments dep‘ends on J. The J-dependence is large when the

VB levels are located osyrﬁmefrically about the Fermilsurfcxce, and the localized
moment is small. Moriya ‘also argued that the polarization of a non-magnetic atom
when dissolved in a magnetic metal is due to the covalent admixture with neighbouring
magnetic atoms.

1.4 Effective internal field-effect of the interactions on "Kondo" anomalies

For systems with interaction effects, such as dilute random clloys, Klein-
Braut-Marshall (108) assumed the existence of indirect "Ising model" type inter-
actions via the conduction electrons between the magnetic impurities. They defined
the function P(H) as the probability distribution of the effective field as seen by an
impurity atom at a given origin. With two particle correlation approximations
<. U/. > taken into account, they found the impurities to be strongly correlated
with the moments at the origin. The impurities are concentrated within a critical

radius of the origin given by

1
R =0.5¢ = d
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where d is the lattice c.Ohvs'fant and ¢ is the fractional concentration. lrﬁpurifies
located outside R . are uﬁcorrelafed and approximately randomly orientated, this
implies thot the field at the origin is the sum of two independent contributions with
different probability distributions. The calculations of K-B-M lead to the idea that
fhg solid is made up of small clusters of impurities (with an average of 3.3 impurities
p_e'r cluster for Cu-Mn including the spin at the origin) which interact with each
ofhlervyic fhe RKKY potential. At low temperatures the impurities are strongly
-correlated with the spin at the origin within the cluster, and the effective spin per
particle is less than the free ion spin. At hig‘h temperatures the cluster correlation
decreases, which decreases the susceptibility and the internal structure of the
cluster breaks up increasing the effective moment per impurity.

Liu (109) extended further the effective field distribution theory, the main
difference between his fhe;ary and the K-B-M theory is that in the latter case it was
concluded that the field distribution ghifts to a higher value as the temperature
increases, whereas in Liu's theory the most probable field becomes lower as the
temperature increases. Both these theories assume that the local impurity moment
obeys a Brillouin law, and ex amine the response of the bare local impurity moments
to the effective fields to find the contribution to the specific heat. Both theories
have some success in explaining experimental observations in _(_:E—Mn, Au-Fe, Ag-Mn
and Cu-Co dlloys.

Two magnetic impurities can couple at low temperatures to form a "correlated"
pair due to interacting impurity spins. Beal-Monod (110) and Matho and Beal-Monod
(111) calculated the Kondo type resistivity due to scattering of the conduction
electrons by a pair of interacting magnetic impurities. The exchange energy for this

process is given b.y
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-

- . :
where S ,°S 2 represent the impurity spins. They deduced the spin part of the

resistivity as :

‘ . 172
T+Y logT/ T + Ylog(T" + W)/ To) w>0(F)
. Ry = RU/E_[)z SZ/BW/ ' 19 |
\‘ 2 off 2 2 /2 '
1+2YMQQTfW}/B) w<< 0 (AF)

-

whére B =(K T)_] ' R.u is the Lmifcrity limit of the resistivity per scattering
wave. At low temperature for ferromagnetic (F) coupling‘ they found fhof half of

the Kondo divergence flattens off to a constc'r;f value, wheréas for antiferromagnetic
coupling(AF) 'no divergence was found at all. This is due to the shifting of the Kondo
anomaly away from the Fermi surface. The major modification to the Kondo

. , 2
expression is through the effective spin amplitude, S ¢ such that

2 n o .
- 1 W- 0 {(no coupling)
- 0 -BW o | (A.F. coupling)

The effective Kondo temperature for a pair, T, for both F and A.F.
coupling was found to be lower than Tig (Kondo temperature for isolated impurity),
also for A.F. coupling with W>KTK’;TK:O' i.e. the resistivity no longer diverges
at T=0.

Matho-Beal -Mondo extended their approach to dilute random alloys, taking
account of the coupling between pairs of interacting iméurifies. The total lresisﬁvify
of a given random dilute alloy is described as the sum of contributions due to "isolated™
and "coupled" impurity atoms. This resistivity which is found to be temperature and

concentration dependent is given by :

Olcs T/~ CR, =NCR,[1~ NsTIC/3 ] I.4.1
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where R, is fBe iso_léf_éé:l spin resistivity (Kondo resistivity) and Ns M=2w /KT
is defined as the number of sites (super~thermal or impurity sites) having mean
occupation given by n, N, (T) shows that fhe‘coupling depends on temperature and
breaks up when the remperatﬁre exceeds the coupling energy W. From the equation
(I1.4.1) it may be seen that at a given temperature the resistivity deviates from the
iaeal single impurity form log T temperature dependence, and becomes proportional
to c'-2 . |

Experimentally, the absolute slope of the log T term decredses, when the
impurity concentration increases (goes as ¢ ']‘at large ¢ ) whereas the slope of

P(T) / ¢ against log T is concentration indvependenf for isolated impurities. A
maximum appears in P (T) vs. T curve at a temperature which is proportional to
the concentration, ¢, and below this femperature the resistivity decreases linearly
with femperature[ see ref. (16) ] . Matho and Beal-Mondo were able to obtain
a reasonable fit to the experimental data for (€ << 2000 ppm) for Au=-Mn, Cu-Mn,
Ag=Mn, efc.

In alloys where no resistivity maximum appears at finite impurity concentration,
there is a suppression of the Kondo slope at a certain temperature T (interaction
temperature) wh'ich depends linearly on the impurity concentration. Star and
Nieuwenhuys (112) showed that even for c¢dT / dc<<TK, the impurity=-impurity
interactions are still reflected in the resistivity. Star (113) has given an empirical rule
that the concenfrqfion of the dilute alloys should be lower than TK/TF to be free of
interaction effects (TF is the Fermi Temperature). Suhl (114) attempted to explain
the ‘anomalous concentration dependence in the residual resistivity of Cu per unit
concentration of magnetic impurity (115) (116) in terms of interactions between

randomly distributed spins. He showed that there is a critical concentration,

€ critical’ below which the logarithmic behaviour diverges; this is given by :

- 2 :
Ci = REF M s1501) * Ty
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where A is a constant of order unity, J is the exchange coupling constant, EF is
the Fermi energy, S is the impurity spin. The Kondo temperature is replaced by

an effective temperature Te which is given by

ff

(KBTeff)2 = (*@TK')Q’r cA 12613+1))EF )2 L 1.4.2

where AJ2 S(S+1) / EF is the width of the probability distribution of the random

internal effective field.

l.5 SEin Glasses

The discovery of the unusual magnetic beha\}iour of Cu=Mn (117) O”OyS
gave rise to considerable interest in "more goncentrated" magnetic alloys where
the concentration of localized magnetic impurities is larger than the well studied
Kondo non interacting limit. The i-mpuriﬂes in this new class of magnetic materials
are randomly distributed at substitutional sites in the crystalline non-magnetic host .b
The name "spin glass" (118) is now used to describe such systems. The random
distribution of impurities means that the interactions are random and thus no long~
range order exists. The moments are Fr;zen in random orientations as a result of
the RKKY interaction between them.

Spin glasses exhibit unusual magnetic and transport properties. The initicl
static susceptibility has a broad maximum when measured at " 1KQOe after cdoliné the
sample to low temperature in zero field. On application of an external magnetic
field thermal remanent moments are induced (i.e. the magnetization increases);
this magnetization decays with time and temperature when the field is removed
(117). Recently Cannella and Mydosh (119) discovered a cusp in fow frequency a.c.

susceptibility as a function of temperature for Au-Fe and Cu-Mn alloys in zero

field at a temperature where the maximum in the static susceptibility is observed.
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Above this temperaturé_ thé susceptibility follows Curie-Weiss behaviour and
sometimes superpcramaévl-qetic contributions are observed as aresult of the strong
d-d overlaps inferaction which increases with increasing concentration, This is
because for concentrations greater than a few % of solute there will be local
regions where nearest neighbour atoms are grouped in clusters; such regions should
then be ‘treated as superparamagnetic clusters. There are however no .bosic changes
in,fhe properties of the alloy system, so that it may still be described as a spin glass
(120) (121) or a "cluster glass™.

The specific heﬁf has a broad maximum at a temperature not necessarily equal
to the maximum in the susceptibility. The low temperature specific heat is linear
and concentration independent (122). This indicates that the entropy of a s)-/sfem
with a bounded energy specf‘ru'm has been frozen in below the spin glass temperature
(123).

The electrical resistivity of sﬁin glasses increases monotonically as T3/2 (124)
(125) (126) at low temperatures and goes through an inflexion point, flattening out
to reach the spin disorder limit at high temperatures. Definite correlation is observed
between the "freezing" or ordering temperature and the temperature aof which the
maximumin dA P /dT occurs. In contrast to the behaviour of most spins
glass alloys in which the resistivity increases monotonically with temperature, a
minimum in resistivity (127) (128) has been observed in a number of spin glasses *.
The temperature of the minimum increases with increasing concentration of solute
as does the spin freezing temperature, but this temperature is not necessarily equal
to_the temperature of the maximum fn sﬁscep’ribility.

Rivier and Adkins (129) recently proposed a spin diffusion theory to describe

the elementary excitation in spin glasses. These excitations are diffusion modes and

* The magnetic properties possess spin glass characteristics.
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statistically independent and random. Any spin flip excitation on an impurity
site is unable to propagate like a magnon (spin wave) but is damped with some
diffusion constant A . The conduction electrons are scattered locally by such

. diffusion modes and this lead to a resistivity at-low temperature of the form :

p o AY2.Y2 .51

i.e. the low temperature T3/2 low follows from the nature of the elementary
spin diffusion excitations in spin glasses.

Rivier (130) gave a theoretical justification for the origin of the minimum
in spin glasses, on the same basis as the theory of Adkins and Rivier. He showed
that the condition for a resistivity minimum to occuris |yl / > 1 where
V is the electrostatic potential due to the difference in the core charge of the
host metal and the impur\ify atom; and [ is the band width of the host. The
conduction electrons are scattered by the elementary excitations of the spin gluss
and by an electrostatic potential V| . At low temperature the resistivity has

the form

n 2
p < D—Co,?sf.tT/A> :‘ 11.5.2

where ¢ is the concentration of the impurity. AsT . o< Ale)and A o< c4/"

then

P - p. o< ( 11.5.3
o min. ‘

where p isthe resistivity at T=0and p _, s the resistivityat T =T
Q

min. min.’

Adkins and Rivier (131) showed that the generalized local molecular field
theories account for the cusp in the magnetic susceptibility of a spin glass by

defining a spin distribution P(H) similar to that given by Klein-Brout~-Marshall (108)
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as discussed earlier. Other theories of the susceptibility cusp are currently o

“subject of mixed study.

11,6 Magnetic order in rare-earth metals and alloys

The magnetism in the rare-earth metals and their alloys can be described
in terms of localised tripositive ions embedqled in’a ;ea of conduction electrons,
with moments corresponding to the unfilled 4f~shell (given by Hunds rule). Thve
difference in magnetic properties arises from the diffefence in the angular momenfum
state of the 4f shell. Different forms of ordered spin structure have been observed at
both low and high temperature ranges.

The direct overlap befweén Af-orbitals (ion cores) on neighbouring ions is
negligible and the interaction between the ion cores then arises indirectly through
the polarization of the conduction electrons. Such an interaction is often oscillatory
and is long-range. This gives rise to a variety of periodic spin structure for rare~
earth metals and alloys.

The equilibrium magnetic ordering can be described through phenomenological

theory (132). The Hamiltonian for the system is the sum of exchange and anisotropy

terms )
“Hico. ex.” Han, 1.6.1

where
iso. ex. ; IR-RIS,S, 11.6.2

where S, and Si are the spins at the lattice sites i, j, and J(Ri- Ri) represent the
i

exchange coupling between spins. The second term is given by

=H +H , +H 11.6.3
an an. ex. cf. ms.
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and depends on the orlﬁf_lfal contribution to the ionic moments. Han. éx. is the
anisotropy exchange fé‘sulfing from non-sphericity of a 4f wave function at finite
. radius. Hsf is the anisotropy energy of the unstrained crystal lattice. Hms is due
to the magnef_osfricfibn effects of single ion and double ion contributions, which
arise from modulation by the strain of the crystal field and anisotropic exchdnge
: ihfgracﬁon. |
Simple helical spin ordering at T = 0 has bee‘n discussed by Nagamiya (133)

in great detail. [t was shown that for a general elliptic helical ordering of spins

written in terms of components as :

SnX=A cos (Q.Rn +a )

: ASnY=Bcos (Q.Rn+3 ) 11.6.4

SnZ =C cos (Q.Rn +vY )
where Q is the wave vector of the heiical spin structure, and (A, B, C, a,B , ¥
are arbitrary constants. Nagamiya pointed out that the magnetic periodicity is
incommensurate with the lattice periodicity since the magnitude of the wave vector
Q is determined by the exchange coefficient.

Nagamiya calculated the Neel temperature within the Weiss molecular field

theory in the form

TN-_— S(S+1)/3K 2(Q) : 11.6.5

where J(Q) is the exchange coupling between two spins, for maximum and positive

J(Q); the magnetisation M is given by

z
M=gg2u0)S” Mit II.6.¢

" where Bs is the Brillouin function.

At high temperatures (above Neel temperature) Q = 0, then
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M S+ s ] [2 mgHS + 200)]5 ™ 1.6.7

" where A is the spectroscopic splitting factor, Mg= 2% /5me is the Bohr
mdgne’ron, and H is the external field. The volume susceptibility then closely

approximates to the Curie-Weiss low :

2 i
X:(R“B) S(S+1)/3K(T_0) 11.6.8

with the paramagnetic Curie - temperature

a= 2] SU+lyac] st o 6.9

Nagamiya considered an anisotropy energy with uniaxial symmetry giving
rise to an easy axis of spin orientation. The simplest form of anisotropy energy
(W(SZ) )originates from one atom (a single ion) in the crystalline electric

field along the z-axis and has been written in the form

2
WISZ):/J[Z_1/3 s[5 +1)] 11.6.10
when o S=h, W) - 0.

Within the Weiss molecular field approximation, for the longitudinal

component, the Neel temperature for J(Q) maximum was found to be :

T 522 efW(SZ//KTN J
Tr e WISl KTy

11.6.11

KTy = 2u00)]

This equation shows the effect of the anisotropy on the ordering temperature .

The anisotropy hence may suppress or enhance the magnetic ordering temperature,



54

depending on the sign.'o%"fhe anisotropy and its strength relative to that of the

exchange term, it uls;"aepends on the total angular momentum J (whether it is

half or full integral). This work has been reviewed by Elliott (134), Kasuya (135)

and Cooper (136).

If the ién has orbital angular momentum, then the state of the rare earth

“ion is specified by its fotal angular momentum J. [t Ac.an be argued that it is the
: coﬁponenf of S along J that matters in the ;onducfion electrons core exchange

interaction (137) (138), in wEich case the spin may be repléced by :

S=(A-1)7

where A is the Lande' factor. The factor (A - 1 ) is negative for the light
series and positive for the heavy series.  Thus equation (I1.6.2) can be written in

the form :

2
H = -y (A1) I 11.6.12

iso0, ex. pY

2

The expression (A - 1) J(J + 1) occurs in many of the discussions of rare-earth

metals and alloys, and is often referred to as the de Gennes parameter.
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Il.7 Magnetic superzone energy gaps = contribution to resistivity anomalies

When a helical spin magnetic order sets in, the conduction electrons see a
new periodic exchange potential with a periodicity which is di%ferenf from that of
the crystal lattice. Consequently, the structure of the conduction band will be
chaﬁged, new boundaries of energy discontinuity in reciprocal space will be
infroduéed lwhich are known as superzone boundaries. Using a free electron model
and the molecular field approximation, Miwa (139) shm;ved. that the magnitude of
the energy gap for sinusoidal oscillation with amplitude SZ(T) along the c-axis

is given (like Er) by

Apza) = J(5=a) s,i7) F15) 1.7.1

F(G) is the structure facf!or (summed over n atomic sites in a unit cell in real space),
G is the reciprocal lattice vector. For certain values of G, F(G) = 0 and associated
gaps vanish.

The effect of the gap is to reduce the effective number of electrons for
~ conductivity in a direction perpendicular to the plane of the gap. Mackintosh (140)
and Miwa (139) have discussed the effect of such new bo‘qndaﬁes on resisfivii'y
anomalies observed for fhg rare-earth below the or&e;'inr;'.g fémpérofure. Elliott and
Wedgwood .(AM])-used dA simple theory, which includes spin disorder scattering and
the effect of the gaps on a spheroidal Fermi surface, in order to calculate the
anomalous resistivities of heavy rare-earth metals (for single crystals). They showed
that the electrical resistivity along the hexagonal z-axis will have a maximum below

the ordering temperature given by

. 2 2
p = aBTeYl-V2M-M) 11.7.2
Z T (M2, oY)

. .
where @ ,8 ,y are adjustable parameters, M M are the magnetization in
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the axial and basal plane directions respectively, and

_/3m | 1.7.3
ro=13 Jsf ]}/“-:FKFX[f . _ l
where Jsf is the effective exchange interaction between the conduction electrons

and the ion with angular momentum J, and |i represents the position of the magnetic

superzone planes and is given by
+
L=3(G - Q)
Hence the resistivity of alloys can sometimes indicate the character of the magnetic

ordering.

11.8 Spin wave gap

At low temperatures great information will be obtained from the dispersion
relations of the spin wave excitations. Niira (142) derived an expression for the
temperature dependence of the departure of the magnetization from the saturation

valve at 0°K for ferromagnetic crystals

32 -O/KT
MIT)-Mfo)=AT & 11.8.1

where A is o constant whichvdepends upon the magnetic properties of the crystal, A
is the anisotropy energy gap which represents the minimum energy required to excite
a spin wave. Experimentally the value found for the spin wave gap A /K = 20°K
for Tband Dy which is in accord with direct observation by inelastic neutron
scattering experiments.

The anisotropy gap also manifests itself at low temperatures in other properties,
such as specific heat, resistivity. Mannari (143) has calculated that a spin wave
energy proportional to ¢ 2 (9 being the spin wave vector) will lead to a
resistivity pmporﬁonal to T2 for ferromagnets and T4 for antiferromagnets. Mackintosh

(144) showed that for aliisofrdpié ferromagnets the resistivity may be written as

P =C 12 ~B/KT 11.8.2
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where C is a constant. For magnetically ordered spiral spin structures as in Ho,
Er where the resistivity is proportional to the T4 , again an activation energy will
be introduced by the anisotropy and the resistivity will be modified to

A/KT

4 -
P=CT e 11.8.3

E’x'pAerimenfally there is little evidence to support this relation.

1.9 Induced moment systems and the singlet ground state

The crystal field acts as a perturbation upon the ordered state and modifies
the magnetic behaviour of rare earth ions. For materials for which the exchange
and crystal field energies are comparable, the relaﬁve'sfren-gfh def‘emﬁnes whether
the ground state is magnetic or not. | o -

In non-interacting systems where the ground state is a singlet, the effect of the
applied field is to induce Van Vleck susceptibility. Within the molecular field
approximation Bleaney (145) pointed out that the effect of the exchange is to polarize
the ground state singlet (i.e. non-Kramers state) wave function when the lowest crystal
field level is a non-magnetic singlef and the first excited state is also a singlet. The
resulting inverse susceptibility is given by

| -1
(X} =Xy -4 11.9.1

where X c is the susceptibility of the non-interacting ion due to crystal field effects,

f
and A is the molecular field constant. ‘The effect of the exchange is to shift the
inverse susceptibility curve vertically upwards for antiferromagnetic exchange, and
downwards for ferromagnetic exchange; Bleaney showed that, at 0°K, there is a
threshold valug for A for the magnetic ordering.

The induced moment system has been treated also by collective excitation

theory by Trammell (146), Cooper (147) cnd Wang und Cooper (148). Fulde and
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Peschel (91) discussed fhe effect of the conduction electrons which mediate the

interaction between the magnetic ions.
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.~ CHAPTER 1lI

Apparatus and experimental methods

Introduction

| The electrical resisfivif)}.measuremenfs on alloys from a series of systems
reported in-fhis work were made in.a cryostat originally constructed by Bellau
K i49), but sﬁbsequently rebuilt wii‘h some modification by Tari (150). The
vmagneﬁc measurements we:;e made with high sensitivity Faraday microbalance
apparatus (* 1 ug force and maximum field of 50KG) described in detail by
" Bell (151). The magnetic measurements on a P+ 15% Mnsample have been
done with a vibrating sample magnetometer (VSM) originally built by Murani (152).

Low temperature resistivity measurements of some f_f_—Mn (0.5% and 3% Mn)
alloys and dilute Mo-Fe alloys have been done in He 3_He 4dilui’ion refrigerator
constructed by Oxford Instrument Company. Temperatures of down to 0.03°K
were obtainable. Resistivity measurements below 1.5°K on Pt 0.09% Mn,
Pt 0.3% Mn and Pt-1% Mn have been done in a He3 cryostat (153) at NPL.

No descriptions will be‘ given of the Faraday apparatus and VSM as these
have already been described in de’rdil by ref. (151) (152). |

The dilution refrigerator will be described only briefly since it does not
contribute to the n-w]or part of this work. Electrical resistivity apparatus will be
described briefly also; minor modifications have been made since the beginning of
this work.

.1 Electrical resistivity apparatus

l11.1.1 The Cryostat

The cryostat consists of a two concentric double glass tubes arrangement
(Fig. 111.1a) with an isothermal sample chamber which is capable of housing up to

four samples. The samples are positioned in a symmetrical fashion around a
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cylindrical block of crqlla.i-—f‘e which ensur.es a steady warm up due to its high
specific heat at low ter-ri'perctures. A copper can with a wall thickness of about
0.05" surrounds the samples and slides on. a tufnel disc, onto which the specimen
holder is attached. The lower end of the coppe-r can is closed with a perspex
disc with a hole to let helium gas into the specimen chamber during the warm-up.
Th;’fs arrangement is suspended from fhe‘top plate by a German silver fuBe; .
ihsuldfed coﬁsfcnton wire of 36 S.W.G.is wound uniformly along the copper case
and used as the specimen heater. _

.THe potential leads are 40 S.W.G. enamel coated copper wires, the current
leads consist of seven singlé eureka wires of 26 S:W.G. A wire wound resistor
100 © is used as a bath heater. All the leads are brought down through the main
supporting tube. A brass shield of circular form is fixed onto the supporting tube,

' which'acfs as a radidtion shield.

The samples were connected in series with an external standard manganin
resistance of 0.01 Q@  which was maintained at constant room temperature. An
external brass plate on the top of the cryostat contained insulated copper-pins at
which all the potential, current and thermometer leads were connected to the external
electric circuit. All the joins were made by low themal solder to reduce the effect
of thermal e.m.f. in these leads.

H1.1.2 Themometry

Temperatures below 4.2°K  were determined from the helium vapour
pressure(read from a mercury manometer) or from a carbon resistor (Allen Bradley). Below
2. 3°K an oil manometer was used.

A carbon resistance thermometer was used from 4.2°K to 17 °K simultaneously

with a gold 0.03% iron versus chromel thermo couple. Above these temperatures the

same themocouple and a Pi-wire thermometer were used up to room temperature.
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4

Temperatures were determined from the vapour pressure using the 1958 He
temperature scale, with an accuracy better than 10mK.

Ill.1.2a The carbon resistance thermometer

Becéuse of its high sensitivity, and its excellent reproducibility on cycling
between He 4 fémperal'ure and room .femperafure, an Allen Bradley carbon resistance
fhgl;rnomefer (nom 47 Q at 300°K) was used in I'he.femperafure range 1.5%°K to
17°K.

The circuit used to provide currents to the carbon thermometer is shown in Fig.
IHl.1b. The circuit is constructed in such a way that the range of temperature from
|.5°K to 17 c,K is divided into three to obfcin. better sensitivity. The temperature
is oEfoined from the deflection of the galvanometer calibrated in terms of resistance
by repl_acing the carbon resistor with a resistance box.

The fhermorﬁefér was calibrated against the He4 vapour pressures, by using

the resistance temperature relationship.

A, B and C are parameters determined from the calibration

HI.1.2b The thermocouple

A Au-0.03% Fe - chromel thermocouple is very stable and retains a thermoelectric
power in excess of 10 pv/°K. The reference junction of the thermocouple was
immersed in LHe4- at the bottom bf the inner dewar, and the other junction fixed to a
copper bar at a pos-ifion which was thermally equivalent to those of the samples.

The thermo-electric powers were read directly by using a Keifhlé‘y nanovoltometer
as a D.C. amplifier having a noise level less than 0.1 v  the output being displaced
on a DVM. The temperatures have been deduced using data given by Berman et al

(154).
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I11.1.2¢ Pt resistance thermometer

Pt thermometers are very stable and quite sensitive above 30°K. High purity
Pt-wire of resistance ratio ~700 was employed as a fhermomefer- to determine the
temperature range 30°K to room femperc.ﬂure. A four'fermiﬁcl potentiometric
method was used to determine the resistance of the thermometer which was connected
in series with the samples.

The resistance-temperature calibration of thevthermom;eter was made by
measuring its resistance at 4.20K and at the ice point, and using the tabulated values

of the function
Z = [RIT)-RI6.2) )/ RI273) - Rls2)

given by White (155). The agreement between the Pt thermometer and Au-Fe vs.

~ chromel thermocouple above 30°K was better than 0.2°K.

I1.1.3 Electrical circuit

The measurements were made by the standard four probe d.c. potentiometric
technique. A Tinsley photo cell galvanometer amplifier and a secondary galvanometer
with a thermal-free Tinsley potentiometer of Diesselhorst pattern were employed to

o :
measure the potential across fhe-somplies.';lThe go_lvgﬁqrﬁé}'e.fs.' were used mainly as null
indicoforg but the lowest déc'o.de.ofuf.lil.e. '.poi"enﬁorﬁefer is of 0.1 {L V steps and by
adjusting the galvo-amplifier sensitivity until the galvanometer spot could be made
to deflect.10 mm from the balance position upon turning a potentiometer dial by 0.1V,
one could then measure to 10 nV.

The current circuit consists of the Tinsley D.C. current stabilizer type 57532
and was designed to supply a sample current {constant current source) from 100 mA
to 2A, stabilized to within a few parts in ]06.

A feedback arrangement was used to stabilize the current; this was done by

connecting the potential drop across a 0.5 Q standard resistence in opposition to
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the reference voltage provided by a Mallory cell source. Different currents
wére selected by dividing the voltage of the 1.35V Mallory cell by means of
10K Q Helipot.
In order to obtain themal-free pofenﬁais across the samples, two measurements
- were made with current flowing in the forward and reverse directions. This has been
done by an oil filled type 4092 thermo-electric free Tinsley switch. The é.m.f's in.
the potentiometric circuit are eliminated by-fhe Diesselhorst design. |

I1.1.4 Experimental procedure S

~After each sample had been mounted by solderiﬁg it in its position in the
sample chamber, the electrical circuit and the thermometry were checked and
room temperature resistance measurements were done.

For high téniperatu}'e measurements (below room temperature to the nitrogén
point) the inner dewar was pumped before cooling, and an atmosphere of He gas
introduced to the dewar by connecting it to a helium return line. The temperature
was lowered by adding a small quantity of liquid nitrogen to the outer dewar.
Stabilization of the temperature was maintained by pumping on the interspace of
the inner dewar. The temperature was then reduced further by adding more liquid
nitrogen. -

For the helium run, it is necessary to flush out the interspace several times
by using a rotary pump. Following this the nitrogen dewar was topped up with
liquid nitrogen.

After cooling the cryostat to about 77 °K, the temperature could be checked
by .fhe Pt thermometer, and liquid He? was transferred then using standard syphon
technique.

Measurements at the helium boiling point were made, the return line was

isolated from the inner dewar, and the temperature was lowered by. pumping on He

using a rubber diaphragm type manostat. After the measurements were made fo the
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lowest temperature 1.5 K, the pump was shut off and the bath heater was used
to go to 4.2 K.

The bath heater was afterwards used to boil off helium until the level was
below the specimen chamber. Measurements were then taken by the warming up

procedure, using the specimen heater.

[11.2 The He3 - He4 dilution refrigerator

The dilution refrigerator was designed and constructed by thé Oxford
Instrument Company, to achieve high circulation rates cmé powerful refrigeration.
The lowest temperature reached was ~ 0.03°K, wi‘th a cooling power of ~ 128
erg/sec at 0.08°K. |

As the construction was not part of this work, it will not be described in
detail except for the sample holder and the method used to mount the specimens.

The dilution unit of this refrigerator consists of a sintered copper condenser

3

with a main impedance to develop an osmotic pressure difference to drive the He

flow. A hot tube still to distil concentrated He? from the dilute superfluid
solution, one continuous type heat exchanger connected in series with a several
step type heat exchanger to increase co9ling power of the refrigerator and finally
a mixing chamber of stainless steel type, where phase separation between dilute
and concentrated phase occurs and cooling is achieved. Scientific and technical

features of dilution refrigerations are discussed in detail by Wheatley et al (156) (157).

11.2.1 Sample holder and specimen mounting

The sample holder is made of a high conductivity copper plate of R300 /R4~300,
after it was machined to a regular rectangular plate (Fig. 1il.2a). The top of the
copper plate is hard soldered to the OFHC Cu female, the whole arrangement is
then secured to a high conductivity copper screw heated at the bottom of the

mixing chamber. Apiezon "N" grease is used to increase the thermal contact.
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Holes are dnlled into the sample holder to accommodate cylindrical
type resistance fhern.qzomefers; Apiezon "N" grease is used to increase the
thermal contact between the thermometers and the sample holder, 8BA holes
‘are drilled for nyldn type screws and thin isolated copper sheets are used to -

_ préss the samples against the sample holder to increase the thermal contacf.

Isolated copper pins were fixed-on the top of both sides of the sample
holder for the potential current and thermometer leads.

R.f. filters (Fig. |l|.2bj are fixed on the sampler holder and along the
whole dilution unit, in order to ground r.f. which becomes a serious heat
source at low temperature . Manganin wire of 1 K resistance wound
outside a Cu capsule and hard soldered to the sample holder serve as specimen
hec;ter.

Electrical leads of copper are admitted to the working space by tubes
and are vacuum sealed at room temperature. On entering the low temperature
enclosure, the wires are bound at the 1.2°K pot by winding them around this
pot. A copper pin board was used as electrical connector for these leads.

Thin superconducting Niomax wires (0.05mm) are used to join the
potential,, current and thermometry leads to the pin board. All wires were
covered by P.T.F.E. sleeving in order that the heat conducted to the mixing
-cha?n'ber should not be excessive. The thermal cnchoriné of the wires is completed
by binding and varnishing them on different heat exchangers and interconnecting
tubes, before connections are made to the thermometers or the samples.

A coil of‘40 S.W.G. copper wire with 2800 turns wound on the tail of a
1.29K pot shielder(which is a brass isothermal shield consisting of a can screwed

to the 1.2°K pot} has been used as a primary coil for mutual inductance
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measurement of stércondquing‘Sdmpl es.

A solenoid to supply 740 Oe/Amp was made by winding @ solenoid of
12000 turns to the fofl of the inner vacuum chamber (IVC) which is a
brass vacuum can and is bolted to the flange Wifh an Indium "O" ring seal;
the interior is pumped by a leak detector model 8A to a p.r'essure less than
10 -6 torr to isol;ﬂe the dilﬁfion unit from the LHe4 dewar. The whole
enclosure is immersed in a reservoir of liquid helium, which in turn is
separated from the outer vacuum chcmper__(OVC) by ruuitrogen shielding,
the LN 2 jacket sitting above the whole arrangement.

| The thermal gradient in the sample holder (the temperature difference
between the tpp‘ond the bottom of the copper plate) was found to be less than
1 ,_mK at 0.03°K. The vfhermql resistance (contact resistance) at the screwed-
joint to the mixing chamber was determined to be léss‘fhan 2x10 =5 K sec/erg
at 100 mK.

Resistance thermometers (Speer ccrbon‘resisfors of 2262 , ImW ) were
used to measure the temperature. These thermometers were located on the still,
heat exchangers, mixing chambers,.cnd there were two thermometers also, one
at the top and the other at the bottom of the sample holder. One of the latter
thermometers was calibrated by Oxford Instrument Company. The resistances of
these thermometers were measured by an a.c. resistance bridge (Oxford lnsfrumenf
Company) with very low power dissipation 10_]2W. The resistance measurements
were made by standard four terminal d.c. potentiometric methods, by passing a
standard current through the sample, which is in series connection with a
standard resistance. In all cases long wires from the specimens were used.
Current leads of 40 S.W.G. copper were soldered at both ends of the sample;

these wires were coated by ordinary solder after stripping the insulation. This
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procedure reduces the heating effect upon becoming superconducting leads at low
temperatures. 0.15 mm Pt wires were spot-welded to provide potential |eads.

To ensure good themmal contact with the thermometry, the samples were
pressed against the sample holder by insulcfed-fhin sheets of Cu with Apiezon "N"
grease after electrical insulation had been made with the sample holder using
cigarette paper and G.E. varnish. After allowing the G.E. varnish to dry (nomally
24 hours) the earthing between the samples and somple holder was checked.

Supefconducfing transition temperature measurements were also mcde, by
measuring the mutual inductance as a function of temperature. Cylindrical form
samples were used, and a coil of 40 S.W.G. copper wire with ~~3000 turns was
wound on each sample, which formed a secondary coil connected to one arm of the
mutual inductcncle bridge; the second amm is connected to the primary coil which is
wound on the tail of the 1.2°K pot shielder. Thermal contact was ensured by
pressing each end of the sample between the small piecés of pure Cu and in turn
fixing to the sample holder by G.E. varnish and Apiezon "N" grease.

The mutual inductance was measured by an a.c. mutual inductance
bridge at 70HZ, built by Oxford Instrument Company. The induced eddy currents
effect in the sample holder and the mixiry chamber were found to be serious below
~0.3 °k. This was overcome by reducing the sensitivity of the bridge by an
external series resistor to the bridge. The effect of the vertical component of the
earth's field was eliminated by measuring the critical field of the samples for normal
and reverse directions of the solenoid current. No compensation of the horizontal

component was made.

[11.2.2 Operation of the dilution refrigerator

After cooling the cryostat to liquid helium temperature (this takes
about 24 hours) and pumping away the exchange gas from (IVC) to a pressure less

than 10 =% torr, the measurements of resistance and mutual inductence may be made.
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The 1.2°K pot is -fi;l-'l.ed with liquid helium by opening.a needle value
under the partial vacuu.ll'n‘space with the needle valve closed, the temperature
of the 1.2°K pot is reduced by pumping on the liq.uid helium to 1.2°K and
so the temperature of the 1.2°K Shilder is also reduced to 1.2°K.

| The heliu.m mixture was then condensed at 1 .ZOK and slowly passed through

th.é main impédence constriction to cool the dilution unit below 4.2°K. During
ins broces; l;he thermometers were watched and the effect of cooling is observed.
" When the condensation of the mixture was completed, further cooling was achieved

3

by turning on the still power to obtain the desired He ° circulation rate.
The dilution unit was then cooled down steadily to its final low temperature

"~ 0.03 °Kat which the phase boundary was forced in to the mixing chamber.

This procedure takes about eight hours. The cooling power of the refrigerator was
found to be repréducible upon changing the heat iﬁpuf to the sample holder-v‘:‘ No
further cooling was obtained when the inlet valve to the condenser was closed and
the valve to the storage volume opened (i.e. on single cycle operation).

The measurements of the resistance were made by warm up procedure; this has
been done by furni'ng on sample power and waiting for equilibrium to be established
for short thermal transients.

The measurements of the mutual inductance were made during the cooling down
process as this was sufficiently slow for these measurements.

The calibration of the thermometers was also checked against the critical fields
of well-annealed specimens of high purity Zn, Pb and Cd. No appreciable difference
was observed between the thermometers, the spec?m;en'qnd that of the mixing chamber
upon increasing or decreasing the heat input to the sample holder. Al though the
temperature resolution was better than 1 mk, the calibration was only accurate to 10 mk.

" The Joule heating effect was checked by changing the current through the samples,

until no variation was found in the resistivity of the sample , due to this effect.
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Raw materials were as follows: -

Materials Supplier Esfirr;ofed
Purity %

Pt J.M, 99.99
Pd J.M. 99.99
Mn K.L. 99.995
Ru J.M, 99.99
Fe K.L. 99.999
Y R.E.P. 99.9
Sc R.E.P. 99.99
Gd K.E.P. 99.9
Dy R.E.P. 99.9
Th R.E.P. 99.9

J.M, = Johnson Matthey Ltd.
K.L. =Koch-Light Ltd.
R.E.P. =Rare earth Products Ltd.

All the samples in this work were prépared in an argon arc furnace,
as described by Stone (158). The procedure as follows: after careful weighing
the required quantities of the pure materials were grouped together on the wéfer
cooled copper hearth (ctgre was taken with handling). In an atmosphere of argon
at pressure of 30 mmHg, the materials were then arc melted to button form and
were turned and re-melted several times to ensure Homogeneity.

Most of the alloys (except Pt-Mn and fﬂi‘-Mn alloys) were sucked down
intoa uniform cylindr.icol shape using a mould with a cylindrical cavity, ranging

in diameter between 1.6 to 2.3 mmand 2 to 3 cm long *. In the case of Pt-Mn

* The geometrical factor for the conversion from the resistance to specific resistivity

was measured to better than one per cent; a micrometer and travelling microscope
were employed for the diameter and length measurements respectively..
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- and Pt=Pd-Mn alloys, ‘the melted ingots were then drawn into wires using
non ~ferrous tools, uniform samples of 1mm in diameter and 3-4 cm long.
Thinner wires 20-30 cm long were drawn for the dilution refrigerator and
3 .
He  resistance measurements,
Different heat treatments have been given for the different systems,

_as follows:

- @) Pt-Mn and (Pt-Pd)-Mn alloys

A short anneal (about half an hour) in a vacuum of 10-5 Torr at
750°C was given for each sample, except for those with high concentration of
Mn in Pt; other heat treatments wete also given for the latter type of alloys (see
the discussion on Pt-Mn alloy). This short anneal was intended to reduce the risk
of Mn depletion from the surface of the wires.
b) Ru-Fe alloys

For alloys containing 10-45% Fe no heat treatment was given for the cast
samples; alloys with 50-70% Fe were homogenised in vacuum at 1100°C for 24 hours
and water quenched.

¢) Y-RE and Sc-RE alloys

For all alloys (dilute and concenfrdted), no heat treatments were given to

the cast samples, in order to avoid possible reaction with quartz envelopes.
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CHAPTER IV
Experimental results and discussion of Pt=Mn and (Pt=Pd)-Mn alloy systems

IV.1 Pt-Mn alloy system

Introduction

Considerable interest has been shown in the magnetic properties of Mn solute
in Pd metal, where the addition of Mn to Pd leads to a rather  complicated magnetic
phase diagram (159) (160). The initial ferromagnetic behaviour gives way on raising
the Mn concentration to spin glass behaviour, as Mn-Mn nearest neighbour anti-
ferromagnetic coupling becomes important, Plofiﬁum alloys are expected to have
similar magnetic properties. In o;'der to study  the magnetic properties of the P~
Mﬁ'clloy system, the electrical resistivity of solid solution Pt-Mn alloys both in the
dilute Iimﬁ (down to 0.09% Mn) and more concentrated limit (to 21% Mn) have been
measured , |

Previous investigations include the specific heat study of Nieuwenhuys et af
(161), who concluded that there was a we“—defined moment on the Mn atoms at fairly
Jow concentration (<< 1% Mn ) and that the ordering may be spin glass like.
Specific heat measurements by Sacli et <:x|~ (162) on clloysg' l 35% Mn showed
anom.dli'gs similar to Nieuwenhuys et.al "s;pe;:i'fic; I'h_éd; dcx’rﬁ with an increase fn
transition temperature as 6 function of Mn con‘cenfrcrion. Early thermo-electric
power measurements by MacDonald et al (143) ondilute Pi=Mn alloys, showed a negative
gain in fhe thermoelectric power due to Mn solute. No other measurements beyond
these have been reported.

In the following we present electrical resistivity measurements which clearly
suggest that Pt-Mn alloys form Coles fype“alloys*, and in contrast to Pd~Mn alloys
no ferromagnetism has been observed; instead they show spin glass behaviour down

to the lowest concentration. studied. This is indicated by the impurity resistivity

which decreases with temperature and is followed by a kroad resistance minimum.

* aterm used by Rivier and Zlatic for systems like Pd-Ni and Rh-Fe



- 74.

Above about 11% Mn, the magnetic state is modified by short range atomic order
and the character of the resistivity is quite sensitive to annealing temperature.
Magnetization data for the alloy 15% Mn will also be reported.

IV.] o] ResU“'S *

Fig. (IV.1) shows a plot of the resistivity at 4.2 K as a function of
concentration of Mn, Fig. (IV.1a) shows our lower concentration< 0.5% Mn alloys;

the linearity of the curve (up to 11% Mn) is confirmed by the nominal and analysed

concentration of Mn. 8,2 reaches a maximum of =~ 40 p Q cm. at about
12% Mn. As C is further increased %2' levels off and is sensitive to annealing
temperature as discussed later . -

(a) Alloys with concentration < 0.5% Mn

- Plots of incremental resistivity per a.fomic per cent (A p/C:IQHOy - %t(]'/]/c )
against temperature for alloys << 0.5% Mn are shown in Fig. (IV.2). Datec in
the ferﬁperafure range 1.5°K = 10°K has been taken using « He4 cryostat, for
0.09% Mn and 0.3% Mn alloys, the low temperature measurements (0.60 K-1.5 OK)

have been done in a He3 cryostat (153). Measurements on the 0.5% Mn alloys were

~

performed down to about 30 mK (dotted line) using a He 3. He 4 dilution refrigerator.

A plot of incremental resistivity ( AP = ) against temperature

alloy ~ %t/T/
for the 0.5% Mn alloy is shown in Fig. (IV.7c). Data below 1.2° K is that taken
using the dilution refrigerator, a clear minimum at 0.45 * 0.1°K is observed with
positive temperature coefficient above T..\ +

The incremental resistivity per atomic per cent against log T plots for the
same <. 0.5% Mn alloys are shown in Fig. (IV.3 ). [t is clear that the logarithmic

behaviour is not obeyed over the wholz temperature range. Values for the coefficient

of loge T are listed in the Table (IV.1).

* All compositions are given in atomic per cent.
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(b) Alloys with concentration 1 <‘C < 12% Mn

The incr,ernenf‘(ﬂ- resisﬂvi’}y (Ap = Bllay - ;%t{ ) ) against temperature
for alloys in the concentration range 1 <X C < 12% Mn are shown in Fig (IV.4).
Data for the 1% Mn dlloy between 1.5 °K - 0.6 °K having been taken in He3
cryostat. The mo§t notable feature is the resistance minimumvwifh T min » increasing

»Ygl,ifh increasing the concentration. The highest curve (12% Mn) shoWs data for the

‘-'allo'y annealed at 107Q°C for 4 hr and quenched (see the discussion).

Plotsof AP  against T13/2 for the alloys 5.4 << 11% Mn are shown in

Fig. (1V.5), where near 3T . The resistivity falls approximately as (1 - T 3/2).

min.
Values of (T2 - Tm/'n) for iﬁcreasing c,,oncerﬁraﬁons of the alloys listed in table (I1V.2)
are plotted in Fig. (IV.6). ' .

| The incremental resistivity of the sample Pt - 3% Mn measured down to 40 m° K
in the dilution refrig’érator is shov:/n in Fig. (IV.74). Th;e -high temperature data

(1.5 °k -12° K) from the He4 cryostat, in Fig. (IV.7b) shows the same data plotted

. 2 I . .
against T % . The bars indicate the error in the measured resistance.

© Alloys with concentration 12 < C < 21% Mn

Plots of incremental resistivity ( Ap=p ) against temperature

allay ~ O T/
for alloys of 12%, 15% and 18% Mn for different annealing temperatures are shown in
Fig. (lV. 8). The curves, a, b, c represent the alloy 12% Mn annealed at 600° C for
24 hr and cooled in air, (b) annealed at 750 °C for % hr and quenched in water, (c)
annealed at 1070° C for 4 hr and quenched in water. Curves (d), (e) are those of
15% Mn alloys annealed at 750 C for 3 hr and 1070 C for 4hr respectively and then
water quenched. Curves (f), (g) represent the 18% Mn alloys annealed at 750°C for
% hr and 1070°C for 4hr respectively and queﬁched. The arrows indicate the maximum

in the s|0pé givenby dAp/4T “and the dashed line for the alloy 15% Mn

indicates the maximum in the magnetization vs. temperature curve.
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Fig. (IV.9) shbwg thé fncreménfal Vresisﬁvify ‘AP agaihsf:T 32 for the |
alloys 15% and 18% Mn annealed at different temperatures. .The.besi' fit to the
data was obtained with the simple expression Ap = o] + AT 3/2 , the
range of this T 3/2 fit to the data being different for differepf annealing temperatures.

3/2

The deviation from straight line behaviour.indicates a slower than T variation,

tending towards a linear dependence at higher temperatures.

Fig. (IV.10q) shows the isothermal magnetization of' Pt-15% Mn alloy
(arbitrary units) as a function of the field H ot 4.2 K after cooling in zero
external field. The alloy was quenched from 1070° C after annealing for 4 hr.
Note the increase of the magnefiza:ion upo‘n reversing the external field H and
c:.lso the isothermal remanent magnetization (OA) after complete cycling.

THe magnetization (in arbitrary units) measured in a field of 0.5kG vs.
temperature, for the same sample is s};own in Fig. (IV.10b) after cooling the
sample to 4.2°K in zero field. A broad max imum at about 17 °K was observed,
which is characteristic of the behaviour 'in spin glass systems.

Fig. (IV.11a) shows the magnetization (in arbitrary units) vs« the applied
field at 4.2°K for the same 15% Mn ol'loy. The ‘s,cvxrr;lvp_).llé‘iwd‘é f‘}'_nén--'c‘:‘o'oled ina
fieid of SkQ((OA) represents the ’ne"sﬁl.ii.-né 'rt'.sm"ohér;f mo-gnefizc:fion (field cooling
effect). (OB) represents the isothermal remanent magnetization plus the
magnetization due to (OA).

The temperature variation of remanent magnetization for the same sample
in stage OB is shown in Fig. (IV.11b);note that the remanent magnetization

disappears at about 24 °K, this behaviour is similar to that of spin glass materials.

Fig. (IV.12) shows the incremental resistivity ( AP = % %t{” )

lloy ~

vs. temperature plot for the alloys 18% and 21% Mn. Both alloys were annealed

o .. .
at 600 C and cooled in air. At low temperatures curvature towards a higher
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power in T (stronger than T3/2 ) is found. The best fit to this data was found
tobe Ap o< T2 (see Fig.. IV.13). This dependence is attributed to ferromagnetic

contributions from short range atomic order in disorder Pt3 Mn. '

IV.1.2 Discussion

- (o) Alloys<C 0.5% Mn
o The electrical resisﬁvii‘;l of systems with local m;:menfs can have a

temperature dependent contribution. We have already discussed the problem of local
moment formation and its effect oft electrical resistivity in Chapter 1. Examination of
Figa IV.2, where the incn"em.enfcl resistivity A P (T) decreases rapidly with decreasing
temperature sﬁggesfs a logarithmic varidfion . Consequenfl.y, the incremental
resistivity A P (T) plotted against log, Tin Fig. IV.3, Qhere there exists a ;Nell-
defined logarithmic region in the 0.09% alloy, and to a progressively lesser extent

in the other alloys confcining. up to 0.5%’Mn, the region of logarithmic character is
shifted to higher temperature as the concentration of the Mn solute is increased. Above
about 8°K deviation from log behaviour presuma’olx drivs‘t'aé from déyid'tions from
Maffhiégsens rule, although these ,de;Vi_dfiphé'se'e'm'rb;.'fﬁér"low in view of the fairly high
Debye femperﬁ.fure of pur-e Pt ( ~ 230°K). However, we note that similar effects in

dilute ﬂ-Fe alloys (164) have also been observed at ~8°K and atiributed to

déviaﬁons from Matthiessens rule. Because of this deviation the analysis of the data
is limited to temperatures below 8°°K.

Values for the coefficient (A) of log T with increasing concentration are
ésrimaied and iisfed in table (IV.1). These indicate a non-linearity in the

concentration dependence of the spin resistivity as a result of correlation
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C%Mn ACuLq em/at%°K
0.09 | 3.12 £ 0.005
0.2 240+ 0.005
0.3 2.12 £ 0.005
0.5 1.45+ 0.005
Table IV.1 |

between Mn solﬁfe atoms. This is consistent with the decrease of the log T range
| with increqs;ing concentration as shown in Fig. (IV.2).

It is clear that the Pt-Mn system forms Coles type alloys since a positive
‘tem.pemfure coefficient has been c;b;érved (59) (60). In view of searching for a
T2 behaviour as observed for several Coles alloys e.g. Rh=Fe (126), and to study

the ground state of the 0.09% Mn alloy, measurements have been performed on

0.09% and 0.3% Mn alloys in the He 3 temperature range. No T2 or linear T
behaviour, as charqcferisﬁcally seen in localized spin fluctuation systems, has
been observed. The Pt-0.09% Mn sample shows no deviation from a logarithmic
behaviour down to the lowest temperature studied . For the 0.2%, 0.3% and 0.5%
Mn alloys at low temperatures the experivme_n"ral Poiri__t:side;i:d’r; {i'ro.m a l-ogari’rhmic
femperafure dependence béc;:u;e 6{:'?%.‘l.cljng-rdr;g""o..e'c;séiHafory type

RKKY interactions. Consequently the 0.5% Mn sample was measured in the He 3.

4

He dilution refrigerator down to 30 mK Fig. IV.2 dotted line, see also Fig.
- o .

(IV.7¢c) . A clear resistance minimum at 0.45% 0.1 K has been observed which

substantiates the earlier measurements of Hansen and de Pater (private communication,

see also Nieuwenhuys et a! who found a resistance minimum in a nominal Pt-0.1% Mn

)
alloy at 0.36 K.
From the above analysis of the measurements interesting features emerge; there

is clear evidence of a resistance minimum in the low concentration alloys at the lowest
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temperatures, and above the temperature of this minimum there exists a well-
defined logarithmic region. Magnetic susceptibility measurements made in this
laboratory by Hou, on the alloy it_—0.0?% Mn, who concluded that there exists
a well-defined moment on the Mn atom, and that the ‘p‘aromognefic Curie
temperature is almost zero, are consistent with specific’heat data by Nieuwenhuys
et al (161) and Sacli et al (1 62). The thermoelectric poWer of dilute Pt-Mn alloy -
measured by MacDonald et al (163) exhibits a negative peak of ‘cpproxim(‘ﬂ'ely 0.31W/K
which suggests that Mn possesses a mogneti:;ed virtual bound state in Pt.
Unfortunately no direct theoretical i'réctmenf exists which might cécouni‘
quantitatively for the electrical-resistivity of dilute Pt-Mn alloys which have been
investigated. We nbfe_however that no electrical resistivity or other microscopic
measurements have been done on more dilute Pt-Mn alloys and it wouldAbe interesting
to see the discppecrcnce of the Mn solute interaction effects (which are responsible
for the resistivity minirﬁum) and possibly to observe single impurity effects.
As we mentioned, the electrical resistivity due to Mn solute in 0.09% alloy

displays a logarithmic temperature dependence down to 0.6°K and from the non-

linearity in the slope of log T with the concentration in more concentrated alloys

indicates that the characteristic femperature is very low. This is presumably

comparable to Au- Fe (165) or Au-Mn (166) alloys, where the Kondo temperature

is very low and the effect of correlations between Fe solute or Mn solute atoms

are observable down to very dilute concentrations. and very low temperature (1 67.').
Thé origin of the positive temperature coefficient in the electrical resistivity

of Rh-Fe and related alloys has been discussed by several authors (10) (59) (60) (67)

(168) and we have discussed the possibly related theoretical concept in Chapter I.

Perhaps the most satisfactory model which accounts for the T 2 dependence and the

positive logarithmic temperature dependence is the localized spin fluctuation theory



93.
{59) '(60) 67).

Loram et al (1 64) have suggested a simple phenomenological theory to calculate
the positive logarithmic temperature dependence in Pt-Fe alloys in which the
scattering takes placé from a system of fluctuating moments which are related to
the electron éhase shifts by the Friedel sum rule. On this model a positive
.i"emperarur;e coefficient is predicted for  |Z] <C 5/2 in agreement with the
ex;')er'imen’ral data Fo.r Pd and Pt containing Ni, Co, Fe and a negative temperature
coefficiénf for Cr and Mn which is not in agreement with the present investigation.

Comparison of the most dilute (0.09%) alloy with fhé Rivier and Zlatic (RZ)
theory (59) (60) which it will be_seen is far from dilute in this context, since no T2
behaviour nor a linear in T behaviour has been observed, except for a log T region,.
which is the predicted behaviour above the spin fluctuation temperature (TSF ). The

‘difficulfy in attaining unif'c:rity limit may be ascribed to the breakdown of Matthiessens
rule. Hence RZ theory might be valid in very low concentration where one expects
single impurity effects to be seen.

From the parallelism between "Kondo" alloys cmd“Coles”cxlloys (59) (60), it is
of interest to compare the dilute Et_—Mn alloy with dilute Au-Mn (146) or Au-Fe (167)
alloys in which, as the temperature increases, the effect of the superposition of a
rising resistivitybdu'e to spin glass (spin freezing) behaviour on the falling Kondo
resistivity leads to a maximum, by contrast to the decreasing resistivities like Pt-Mn
in which competition against the spin freezing leads to a resistance minimum .

An attempt was made to explain the present resistivity data by the Beal-Monod
and Matho model {see Chapter Hi, section 11.4) for coupled pairs of impurity spins
under the influence of their RKKY interaction, resulting in a deviation from the ideal
single impuﬁfy resistivity, which progressively becomes larger and passes through a

maximum. However, regarding extensions to this internal field distribution

approx ima tion, one is unable to ex plain the resistance minimum for more concentrated
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Pt-Mn alloys, where clear evidence of "spin glass" character is confirmed by
susceptibility, resistivity and specific heat measurement.

(b) Alloys with concentration 1 < C < 12% Mn

We have seen that even in the dilute limit the resistivity contribution per Mn
concentration shows concentration dependent effecfs'. It follows that there is a
tendency towards the onset of magnetic order due to the stabilization of the moment
on the Mn atoms. This is indicated by a resistance :mihifhum in 6.5% alloy and by
a maximum inspecific heat at about 0.4 K for 0.26% ailoy (162). This suggests
that as the concentration is further increased the temperature of the minimum in
‘resisfivify shou‘ld increase bécause the strength of the interaction energy increases

Tee .

between the Mn solute atoms. The strong resistance minimum observed for the 2%

alioy in He 4 temp erature range and minimum fér.fhe 1% alloy in He3 temperature
r;Jnge, is shown in Fig. (IV.4).

Fig. 1V.4 shows a plot of incremental resistivity for alloys 1 << C<< 12% Mn
and the most notable feature of these plots is the strong resistance minimum, the
the temperature of which increases linearly as a function of concentration. Murani
and Coles (127) reported that Rh-Fe alloy systems in the concentration range 3-15%
Fe lsbow resistance minima which are similar to thosfa fom:;d ln_P_f_—Mn ‘cllqy systems.
They attributed this to spih'gldss fype r;;ignefic'é;';Jéring similar to that in Cu-Mn
and Au-Fe alloys in which the suscepfibil_ify shows a round maximum and other
characteristics of the "spin glass" materials (see Chapter 11, section 1.5 ).
Similar resistivity minima have been reported in Pt-Co alloys (128).

The behaviour of fhé resistivity as a function of temperature below the temperature
of the minima for 5, 4, 11% Mn alloys is shown in Fig. (IV.5) (see also Fig. (IV.7a, b)
for the alloy 3% where the low temperature data performed in the dilution refrigerator)

below about § T_-  the resistivity falls approximately as (1 - T3</2‘ ) showing a

min
temperature dependence related to that of the canonical spin glasses such as Cu~Mn

andfs_g:Fe.
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- Magnetic susceptibility measurements made by Hou (private communfcotion)
on alloys containing 5.4, 8, 11, 12% Mn in Pt (on the same samples as used for
resistivity data) show broad susceptibility maxima at 7, 12, 18, 20°K respectively
and all of these show a frozen component of the magnetization when the alloys are
cpoled in an applied field. The temperature of .these maxima agree fairly well with
the characteristic temperatures obtained from the resistivity which is consistent with
the moénetizoﬁon measurements of Star on Pt - 1.64% Mn alloy (see réf. (161) ) who
observed a magnetic order similar to Au-Fe and Cu~Mn alloys. In view oF. these
measurements we are led to the conclusion _fhc:i" both the minimum (os‘ in R_h-Fe)
and maximum in dAP/dT (124) (‘l 25) signify spin glass ordering in these alloys,
and that T /2 behaviour arises from *he dynamics of spin glass materials. It will
also be of interest to see whether Pt=Mn alloys manifest the sharp cusps in differential
zero field sugceptibiIity-tempémfure curves as is observed in well established spin glass
materials.

We have seen that the temperature dependence of the electrical resistivity of

the spin glass moferiols‘is simply T Y2 , but one might also geta T /2 behaviour in

ferromagnetic alloys (169) (170). A possible origin of the T?’/2 dependence in
spin glasses has been proposed on spin diffusion theory by Rivier and Adkins (see
Chapter I, section 11.5) and the condition for spin glass resistivity minimum hds
recently been given by Rivier (130). A comparison of our results with theory may now
be made. A tendency towards the T3/2dependence is apparent in the incremental
resistivities of alloy 3 < C< 11% Mn down to about %Tmin' For the 3% alloy
where low temperature measurements were mcae using the dilution refrigerator, we
see that within the limits of experimental error, fhe T 3/2 behaviour is seen to extend

to ~ 0.8°K. To examine the relation given by
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(see equation 11.5.3), d't_lf_'(?. for the resistivity increment ( p2 - F,)m.n )

has been deduced for all__bys 2 < C < 11% Mn, these values which are listed

in table (V.2)

C% Mn %— %ian cm

2 0.5

3 3.25

5.4 19

8 4 Table IV.2
0 | 465

no|

12 26

have been plotted in Fig. IV.6 against the Mn concentration, and show a linear
behaviour up to 10% Mn. The reduction in the resistivity ( p2 = R ) from this
behaviour for the alloys 11%, 12% Mn is a real effect and is connected to the change
in character of the resistivity at ~ 11% Mn which is due to the importance of atomic
short range order in this system. This will be further discussed in the next section.- So
the evidence for the equation (1. 5.3) to be obeyed is restricted to up to 10% Mn.
This comparison suggests that the general form of the calculated resistivity is correct
and the present investigation is consistent with Rivier and Adkins theory. For the 12%
alloy we found that the character of the resistivity undergoes a further change, instead
of a resistance minimum it changes to a behaviour similar to that of spin glasses and is
quite sensitive to the annealing temperature. Probable causes of this effect wiil be
discussed later in connection with the more concentrated alloys.

(c) Alloys with concentration 12 < C < 21% Mn

The magnetic state of a certain type of alloy depends very sensitively on the

degree of atomic order, and it is known that the gtomic order-disorder effect
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manifests itself in associar'e;a;lecrrical and magnetic properties of these.'rpaferials.

Atomic ordering takes placé in Pt-Mn alloys near the composition Pt 3 Mn which is

ferromagnéfic (171) with a Curie temperature above room temperature. This enabled

us to recognize clearly fHe change in the resistan;e character at ~ 11% Mn, and the

influence of the heat treatment on the behaviour of the resistivity. |
-Fig. (i.V.8) shows alloys of 12%, 15%, 18% Mn annealed at different

ferr‘xperqfures. The 12% alloy, when annealed at 1070°C for 4 hr and very rapidly

quenched, gave a resistance minimum, but with the temperature of the minimum

shifted to lower temperature (by ~. 8 K) then would be suggested for a 12% alloy

(see Fig. 1V.4) and also Fig.(IV.8) 3 "Fig. 1V.8b shows a 12% alloy annealed at

75d°C for 3 hr and quenched; con;iderable changes in the character of the resistivity

are seen, from a minimum to a resistivity which increases monotonically with femperatﬁre,
having a maximum in the slope dAP /4T at about 18 K. Fig. (IV.8c) shows the

same alloy annealed at 600 C for 24 hr and then cooled in air, the maximum in the

slope of the resistivity is found to be at about 23 K. The difference between curve

b and c is that the low temperature resistivity for curve ¢ has a larger slope than that

of b, which indicates that the tendency towards a minimum is still relevant. These
variations in the character of the resisﬁvify and the freezing temperature with

decreasing annealing temperature seem to point strongly to a progressive increase of
short-range atomic order in the alloy. Short fange atomic order would also explain the
reductions in the residual resistivities (at T = 0) for concentrated ( >11% Mn) alloys,
since in the randomly alignéd systems an additional confributi-on to the residual resistivity
comes from the high proportion of the moments which are frozen into a spin glass state.

For more concentrated alloys, 15%, 18%Mn, the resistivity vs. temperatures for
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different annealing temperatures are shown in Fig. (IV.8, d, e, f, g). No
considerable differences have been observed in the character of the resistivity or

in the maximum in fheAslope dap/d T , except that the low temperature data

( ~ 5°K) for 15% dlloy annealed at 1070 OC for 4 hr and quenched have smaller

' slopes than that of the same alloys when annealed at 750 °C for % hr. T.his is
attributed to the same reason mentionea earlier. From the above description it
follo.ws, that even with high temperature treatment we are unable to produce a
resistance minimum in 15% alloy and that the competition between well randomized
spin glass and short-range atomic order éffeéfé leads to a resistivity which increases
monotonically with the temperature fo produce a spin glass state. The behaviour of
the resistivity as a function of the fémperature is found to be simply. T3/2 as shown
in Fig. (IV.9). It follows that tHe alloys are still in the spin glass state and this is
confirme& by the mogﬁetizdtic;n data perforhed on 15% Mn alloy in V.S.M.
apparatus for the alloy annealed at 1070 °C for 4 hr and then quenched. The
magnetization vs. fempercﬁulre curve Fig. (IV.10b) shows a broad susceptibility
maximum at about 17 K, which is a feature of spin glass behaviour, and an induced
remanent magnetization ( Fig. (IV.11b) and also (IV.]0a)> which disappears
around 24 °K, similar to that found in many spin glasses.

The character of the magnetization isotherm at a temperature (4.2°K) below
the onset of spin glass freezing temperature in 15% alloy is shown in Fig. (IV.10q)
after cooling the sample in zero field. This strongly resembles that behaviour
observed in normal spin glasses with induced isothermal remanence and with slow
saturation at high fields. However, there is a very important fact in that the
'mognetizotion in the reversed sections of the cycle at first increases before coming
down;} the effect is also observable when the sample is cooled in an applied field
(8KG) Fig. (IV.11q).

This effect can probably be attributed to what is called an "Exchange -
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-

aﬁisofropy effect" (1 72),:;‘Qifiich is an exc.;hange coupling between antiferromagnetic
Mn-Mn nearest neighboﬁrﬁ asserting themselves against the ferromagnetic coupling
of Mn-Pt atom neighbours (short range atomic order); this causes a parallel alignment
for some of the atomic rﬁomenfs, thus increasing the net magnetization of the sample.
The maximum in the magnetization vs. temperature curve for the 15%Aa||oy is
at 1 7°‘K which is lower than expecféd from the low concentration trend. This mighfi be
rélafea again to the effect of competition between different types of interaction
prevénfing the occurrence of the susceptibility maximum at fhe expected temperature.
Incremental resistivity data for the 18%,. 21% Mn alloy is shown in Fig. (1V.12).
Both alloys were annealed at 600° C*for 24 hr and cooled in air. The important respect
in which the resistivity of 18% alloy differs from those discussed above is that the
 temperature dependence of the electrical resistivity seems to be T2 rather than T 32
(as shown in Fig. 1V.13) ‘with a maximum in the slope much higher in temperature
( ~ 70°K). Similar temperature dependence for the electrical resistivity is found for
the 21% alloy with a maximum in the slope at a temperature ~ 180 °K. These alloys
(presumably) can be called inhomogeneous ferromagnetic (as one expects, low temperature
annealing gives rise to ferromagnetism with the growth of atomically ordered ‘regions);
however, this ferromagnetism can be eliminated by high temperature annealing, when
the destruction of short range order restores Mn-Mn nearest neighbour couplings which
oppose ferromagnetism (for Ft;ller discussion see (159) ). It is indeed a complicated
regime which depends strongly on the heat treatment which gives rise to widely varying
short range atomic order, and the magnetic ordering becomes more and more complicated.
For these alloys of more than ~ 11% Mn the competing interactions and short
range atomic ordering make detailed interpretations difficult without other types of

measurement.
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Conclusion

In the course of the present investigation, Mn dissolved in Pt falls into the
"good moment" category, with very low spin fluctuation temperatures, comparable
(presumably) Wii;h Au-Fe or Au~Mn alloys. The Pt-Mn system forms Coles type alloys
and the resistivity in the extremeiy dilute limit might be described by the Rivier and
Zlatic theory.

The Pt-Mn alloy system behaves quite differently from its Pd or Rh based
counterparts . The alloys show neither a T2 regioﬁ nor. linear in T ’reg_ime ¢ NOT
a region of ferromagnetism. Instead they sEow behavio_ur,I even at the lowest
concentration studied, oﬂribufobleh‘tso. ;pin glass behaviour, apart from some
modification resulting from short range atomic ordering,r Which progressively increases
with increasing Mn concentration and decreasing temperature of annealing.

The magnetic phase diagram for the Ef_—Mn alloy system is shown in Fig. (IV.14)
where we bave sumrﬁarized all the transition temperatures (Tmin ,dApP/dT T ax ).
Data for specific heat maxima reported by Nieuwenhuys et al (151) and Sacli et al
(162) is also included.

It is perhaps important here to mention that below the spin fluctuation temperature,
the temperature of the resistance minimum (or specific heat'mcximum) for more dilute
alloys probably will be lower than would be expected by extrapolation from higher

concentration data because of the weakening correlation between Mn - solute atoms

which are responsible for the resistance minimum.

IV.2 (Pt-Pd) -~ Mn ternary alloy system

Introduction
The unexpected magnetic character of Mn as solute in Pt, as compared toin its

counterpart Pd, has focussed our interest on the study of the effect of varying the local
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environment around -fhe Mn soluvte By varying the (_F_’_f_-_-_Pi) composition Cne might thus get
a better understanding of the.spin glass resistivity minimum as noted in fan alloys.
.The‘sofid solution of Mn in palladium has been the subject of considerable interest.
Resistivity measurements by Williams and Loram (169) and Sarachick and Shattiel (173),
susceptibility measurements by Rault and Burger (174) and specific; heat measurements

by Boerstoel (175) indicate ferromagnetism for low Mn concentrations

(C << 3% Mn) due to a long-range host polarization. Specific heat measurements on more
concentrated Pd-Mn alloys are given by Zweers et al (160). Neutron diFFQse scattering -
measurements by Ahmed and Hicks (176) on 10% Mn cllqy indicate fhcf- the Mn moments
are frozen to a sort of spin glass chdx:c;cfer- Coles et al (159) discussed the details of
different types of interaction between Mn solute in Pd at large Min concentration, where
the initial ferromagnetism gives way to spin glass behaviour at around 5% Mn.

In this section we report the electrical resistivity measurements on some (Pt-Pd)-Mn

alloys a ternary system made by varying the relative (Pt-Pd) composition ond the Mn solute
concentration. Unfortunately no detailed conclusions can be drawn from these resistivity
measurements. However the addition of Pt to Pd seems to depress the strong exchange

“enhancement of the Pd metal. B

IV.2.1 Results

The resistivity of each alloy was measured with and without Mn, and the temperature
dependent part of resistivity — AP(T) {incremental resistivity) due to Mn solute has been

determined and according to Matthiessen's rule :

APITI= goyT) - 10y

where g[}oy(T) refers to resistivities of an alloy with Mn, Py loy/T:} to

resistivities of an ailoy without Mn of the same Pd/Pt ratio.
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Fig. (IV.15) shows the incremental resistivity of 2% and 8% Mn solute in
(Pt75-Pd25) * alloys. There is clear evidence of the resistivity minimum for these
alloys at 6°K for 2% Mn alloy and at 189K for 8% Mn alloy. Comparison of these

data with Pt- Mn alloys of the same Mn concentration indicates an increase in the

temperature of the resistivity minimum, gs jt was observed at 3° K and 12°K for 2%.

and 8% Mn alloys respectively in the absence of Pd-.

The incremental resistivity at 4% and 8% Mn in (P-t75-P.f25) alloys is shown
in Fig. (IV.16). No spin glass resistivity minimum is observed; however, the
character of the resistivity is similar to that of Cu-Mn or ./iL_l-Fe alloys and also
similar to the behaviour of the Mn resistivity in Pd-Mn and Pt-Mn alloys for
concentration == 5% Mn and 12% Mn respectively.

Fig. (IV.17) shows the incremental resistivity of 2% and 8% Mn in (Pt50-
Pd50) alloys. A spin glass resistivity minimum is also observed at 6°K for 2% Mn
alloy and 18 °K for 8% Mn alloy.

The temperature dependence of the resistivity of alloys which show spin glass
resistivity minima ‘is plotted against T 3/2 m Fig. (IV.18). It seems that the range
of this T3./2 temperature dependence increases with increasing Mn concentration.
For Pd-rich alloys where the incremental resistivity increases monotonically, the
resistiﬁfy increosés initially faster than T and slower than the T2 behaviour -
probably a T3/2 dependeh’ée, Fig. (IV.19); however it is difficult from the data
~ alone to distinguish whether this T2 pehaviour is of physical significance, or
whether a ‘more complicated dependence may be used to infe‘rprer these data.
IV.2.2 Discussion

The addition of Pd to Pt increases the temperai'ure' of the minirﬁurr; in the

resistivity due to the Mn solute (Fig. 1V.2) and(Fig.I1V.15). If the temperature

* All the compositions are given in atomic per cent.



 of the resistivity minimum is a measure of the interaction energy between the Mn-

solute moments, then addition of Pd to Pt increases this inf_eracﬁqn energy, possibly
increasing the conduction band - polarization of the host.

The suppression of the ferromagnetism in the alloy wifh 4% Mn in a (Pd75-
Pt25) alloy (where inhomogeneous ferromagnetism is observed for the same concentration
of Mn in Pd (150) (159), suggests a lessening in the long-range Pd d-band polarization
which yields the ferromagnefism; This seems consistent with Williams workl (177) on
Pd-Pt alloy, where he observed a strong depression in the room temperature
susceptibility upon addition of 1% Pt to Pd. The character of the resistivity of 4% Mn
and 8% Mn in (Pd75 - P125) alloy.;_?s' different from that of Pd-Mn alloys in fhe spin
glas§ region, where no well defined Te'/2 behaviour is observed. This is possibly.
“attributed to the effect of Pt atoms which surround the Mn solute, and contribute to
a spin glass minimum; hencé one would expect modified solute resistivity. However,
the monotonic increase in the solute resistivity is the general feature of these alloys.

For alloys where Pt/Pd =1, the résisﬁvity of the Mn gives a minimum of
spin glass ch.aracfer, but the temperature of the minimum in the resistivity which is
due to Mn is not greatly enhanced over that of Mn in Pf—_rl".chq al ';6)‘*5 as one would expect.
[t should be remembered however that the ;piﬁ g]éss olloys of the Pd-Mn system do not
show a resistivity minimuml. A more detailed &l;scussion is not justified since the
moment distribution of Mn solute and the polarization cloud around these atoms are
not obtainable from these resistivity measurements.

Study of neutron scattering experiments will give direct information on the
distribution of the polarization cloud around fhe Mn atoms, and the role of the local

environment effect on the Mn moments. However, the details of the magnetic scattering
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) e'xpe’c-fed for magneﬁcal-l;-f;;ozen '(dist_arde'red) Sysfe.ms. are hard to estimate.

The variation in fhez magnitude of the moment with the relative composition of
(Pt-Pd) by magnetizaﬁon measurements will dlso_be. of interest. Whatever the d;atails
of such measurements héy be, the Pt seems likely  to depress strongly the well
known exchange enhancement of the Pd, and Hence suppress the long-range
feffc;magnefism-

| The failure to observe ESR resor;aance in (Pt ]0 - Pd 90) 2% Mn dlloy (S. Male,
private communicafion) is,proba'bly rel.afed to the depression of the exchange
enhancement of the Pd upo;'a alloying with Pt. This mc‘ly be also connected with (a) a
general failure to observe ESR resr;a;m;ulrice in a Pt 2% Mn alloy (R<H. Taylor, private
communication) and (b) observation of a resonance in Pd where enfiancement is strong (159).

A varying type of interaction would exist for Mn atoms, depending upon the
“local environment. Our measurements, which show .a minimum and monotonic increase
(with absence of any sharp change in the slope) in the resistivity depending on the
relative concentration of (Pt-Pd), suggest that Mn moments are frozen into "spin
glass" magnetic behaviour. The T3/2 low temperature dependence and resistivity
minimum are probably understandable in terms of Rivier and Adkins theory (129) (130),
who have proposed a spin diffusion theory (see Chapter II, section ll.5 and also the
discussion given on Pt-Mn alloys). The residual resistivity at  4.2°K is larger in
Pt-rich alloys than in Pd-rich alloys; the Iaf’fer is smaller than that in clloys where
(Pt-Pd) contents are‘ equal; thes;e values for 8% Mn are approximately 21.75, 19.52,
18.25uQ cm respectively. This is probably due to a higher proportion of frozen
moments which contribute extra residual resistivity as compared to Pd-rich alloys, or else
it may be . due to the extra scattering from the electrostatic potential from.fhe
difference in the core charge qf the host (Pt-Pd) and the Mn, which is the condition

for the spin glass resistivity minimum , see ref. (130).
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From the discussion given above, and also the discussion given on Pt-Mn dlloys,
the point which we can make is that the temperature of the résisfonée minimum is not
always a measure of the "s-pin freezing" temperature of a magnetically frozen system;
since it is the result of competition between more than onlwé type of interaction.

\‘ Perhaps it is worth mentioning at this stage fvhe possible reason for the absence of
the ferromagnetism in solid solutions of Mn in Pt. We believe it is connected with the
- absence of the polcrizuﬁoﬁ cloud * c.Jround Mn atoms (where ferromagnetism arises from
the long -range host polarization upon adding 3d-solute to Pd and Pt) where the RKKY
type oscillations between Mn solute ofoms,leodzvfo spin glass (spin freezing) ground
state; on the other hand, with increasing Mn_concenvtrofion, antiferromagnetic Mn-Mn
nearest neighbour interaction becomes significant.

Ovur undersfon&ing of>fhese results is still insufficient to provide any detailed

explanations, in view of the absence of any other measurements; however, we have

suggested some tentative explanation of our results.

* No significant enhancement in the effective moment of Mn (free ion) was found
(Hou, private communication).
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~"CHAPTER V

Results and discussions of c.p.h. Ru-Fe solid solutions and dilute Mo-Fe alloys

V.1 C.p.h. Ru-Fe alloys

Introduction

Extensive w§rk on fhe magnetic properties of isog[ecfric Pd-Ni alloys hds been
done, where ferromagnetism sets in rdpidly with increasing nickel concentration.
But little attention has been paid to the Ru-Fe isoelectric system, although this
should be of particular interest since the close-packed hexagonal solid solution
extends (178) to more than 70% Fe, and its investigation should provide some
information about the magnetic character of Fe in a c.p.h. structure to be
compared with ferromagnetism of b.c.c Fe and the antiferromagnetism of f.c.c Fe.

From the magnetic susceptibility data (179) (180), electrical resistivity
measurements (181) (182) qnd- superconducting behaviour in the dilute Fe in Ru
alloys revealed the solute as non-magnetic but with local enhancement effects as
in the dilute alloy problem. Kao and Williams (182) estimate a local spin fluctuation
(I.s.f) temperature of ~ 700°K from the observed Tz behaviour in the electrical
resistivity.

Claus (183) found a large peak in the coefficient of the linear term in the
specific heat measurements in the Ru-Fe alloys in the c.p.h. phase at ~ 59% Fe.
This is reminiscent of the peak near the critical composition for ferromagnetism in
b.c.c V-Fe, but as the author points out no marked change in the nearly temperature
independent susceptibility is found anywhere in the c.p.h. Ru-Fe phase. The only
exlfensive investigations of iron-rich but ¢.p.h. Ru-Fe alloys are those of Ohno (184).
He came to the conclusion that such alloys are antiferromagnetic but the susceptibility,
Mossbouer effecf, thermoelectric power, and neutron scattering data could not confirm
the magnetic order and were not straightforward in their character and interpretation.

We have therefore examined the system by resistivity measurements using an analysis

of the data that has proved helpful for Pd-Ni (185), Rh-Co (186) and Rh-Fe (128)
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"systems in indicating the composition at which magnetic ordering sets in with
increasing 3d-solute concentration.

V.1.1 Results and discussion

The resistivity at 4.2 K is shown for our alloys as a function of composition in
Fig. (V.1). The more rapid increase above ~ 50% Fe is rather surprising, although
such effects ho\}e been observed in other transition metal alloys; their occurrence in an
isoelectric system is suggestive in itself of some changes in magnetic choroc.fer.

The electrical resistivity as a function of temperature for the alloys concentration
range 10, C< 70% Fe is shown in Fig. (V.2). The low-temperature behaviour Fo;'
the alloys is shqwn in Fig. (V.3) dﬁa Fig. (V.4), where we show P wvs T2 . The
besf.Fif to the data was obtained with the expression

P=R+4 72
The range of this T2 fit decreases with increasing concentration, while its coefficient
increases reaching a maximum at critical composition for ordering and then decreases.

According to locolizgd spin fluctuation theory by Rivier and Zlatic (59) (60),
the observed T2 behaviour is a sort of enhanced electron-electron scattering. For
more concentrated alloys of this type this is a matter on wh.j;_c.h."rhére‘ |s less agreement.
At one e.g’freme the T ¢f value can be. 't_réd'fea'os_ élepé‘ﬁ;;lir;é on the average exchange
enhancement in the alloy and falling to zero at the composition where (in a CPA-type
of analysis (187) ) long range magnetic order to be expected; at another the criterion
for solufe.mogne’rizo’rion is expressed in terms of a required number of solute atom
nearest neighbours (cf Perrier and Tholence (188) ).

However, there will exist at low temperature a solute concentration above which
some type of magnetic order is fo be found and above which spin fluctuation (or spin
waves) are progressively more difficult to excite as the temperature characteristic of

the ordering increases. Thus the temperature-dependent spin fluctuation scattering
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Fig V. 1
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Resistivity at 4.2° K of c.p. hex. solid solutions of Fe in
Ru. The broken vertical line indicates the approximate
limit of this phase.




115.




116,

~9.01

P S cm

8.22F

5.84
5.64

469




- 117.

Ru-Fe




118.

term in electrical resis.fc.iiﬁc—:.:e will, as a function of solute concentration increases
at first linearly then mofe rapidly, reach a moximum at critical concentration for
the magnetic ordering and then décreases.- This behaviour has been observed in a
number of alloy sysferﬁs like Pd-Ni (185), Rh Co (1 86) and Rh-Fe (126).

In the Pd-Ni and Rh-Co systems the spin-fluctuation scattering in the low
férﬁperafure'range was found to deviate from a simple AT? form near the critical
composition fc:;r magnetic order. Hence a piof of p - »p was a more honest
presentation of the data than of A, with Ty and T not greater than 4.2 °K where
the phonon scattering term ( N](—)]O ohm cm for Rh and Ru) is negligible and
the resistivity is mainly due to the magnetic origin. This was essential for Rh-Fe

. where Rusby (126) showed that a T Z behaviour only gxisl’ed, even for very dilute
'u"oys, below 2°K. In the Ru-Fe system because of the large value of T ¢ (126)

in the dilute limit o T2 regime can be clearly identified for most of the alloys,

Fig. (V.3) and Fig. (V.4). We have therefore plotted the coefficient of this term

and the valueof p - o as a function of composition in Fig.V.5. (Values
2
of the coefficient A and that of p  _ p are listed in Table (V.1).
4 - 2 .

The peaks are extremely pronounced and of a transition to a magnetically
or&ered (or frozen) state at 50 + 2% Fe, in agreement with the work of Ohno (184).
The maximum magnitude of the spin fluctuation resistivity at 4.2 °K is about 20x1 0~?
ohm cm which may be compared to ~~ 10 x 10-9ohm cm for Pd-Ni (185), f\/70x10-9
ohm cm for Rh=Co (186), ~ 200 x 10 ™7 ohm cm for Rh-Fe (126) and ~-300x 10 =7
for Ni3 Gd (189).

However, the difficulty in interpreting the character of the magnetically ordered
state in these iron-rich c.p.h Ru~Fe alloys comes from our magnetic susceptibility

measurements on the 55% Fe alloy; the susceptibility has almost temperature independent

behaviour with perhaps a slight decrease (~ 4%) below about 20°K, Fig. IV.6, and
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C%Fe ,2_%,)({099 Ax10-4|,LQch—2v
10 0.5 0.7
20 1.4 1.0
30 ‘ 2.5 2.1
35 7.2 3.8
40 10.5 8.2
45 12.3 14.3
50 15.5 12.3
55 ~13.3 11.7
60 6.2 | 6.2
70 5 5.6
Table V.1

the magnetization of this alloy increases linearly with the applied field, Fig. (V.7).
These observations rule out ferromagnetism. But the absence of any sharp maximum
in X (T), and any magnetic superzone boundaries effects in the resistivity, that
we find in Y-Gd alloys (see the results in Chapter VI ) and are well-known in Cr
metal , suggesfs that the type of the magnetic order is unlikely to be an incommensurate
antiferromagnetic. |

In principle, we are probably left with a choice between a spin-glass type of
épin freezing or an itinerant antiferromagnetism with a large concentration of non-
magnetic Ru atoms substituted at random on both (all) sublattices. The first would
correspond ;o what happens in R_h—Fe alloys with 3-15% Fe (126) (127), the latter to
say Mo-Cr alloys with ~ 10-20% Mo. The Mo-Cr system should provide a better
basis of comparison since the specific heat behaviour found in Ru-Fe by Claus (183)
is in fact very like that seen in Mo-Cr (190) alloys near the critical concentration

(~~ 75% Cr) for the onset of itinerant (but commensurate) antiferromagnetism. No
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detailed resistivity data of the sort we need seem to be available for Mo-Cr alloy.
- Therefore an itinerant antiferromagnetic ordering is what we believe happeﬁs in
h.c.p. Ru-Fe alloys since, at the concentration of Fe involved, a simple spin glass
of good local moments seems unlikely.
Comparison of our results with those from measurements (1 84) of Mossbauer
effect and neutron scattering in Ru-Fe is not easy although we seem to be in reasonabl.e
agreement about the critical concentration. At present we feel that our resistivity data

are the strongest evidence for the onset of some type of magnetic order in this system.

V.2 Dilute Mo-Fe alloys

Introduction

The iron solute resistivity fn AAi—Fé was- found by Coles (181) to have a resistance
minim;:m (Kondo effect) character in the dilute limit (C << 0.02% Fe) and then the
onset of long range interactions between impurities suppress this contribution giving
rise to a maximum for a concentration ~ 0.65% Fe. Maley and Taylor (191) fit
" the low temperature Mossbauer effect data to localized spin fluctuation theory and
estimated Tsf ~ 1°K. Claus (192) showed from the susceptibility and specific heat
measurements that the iron atom carries a magnetic moment r'af 3 kg and from low
temperature Curie-Weiss fit to the susceptibility data estimated the Kondo temperature

~ 1.39%K, in good agreement with the value estimated by Maley and Taylor.

Effects.of Fe impurities on the superconducting transition temperature Tc of
Mo have been studied by Takayanagi et al (193) where it is' shown that the addition
of Fe strongly depresses the Tc temperature. Sugawara et al (194) resistance
measurements in the dilute Mo-Fe alloys indicated that the iron impurity displays a

logarithmic variation in the He4 temperature range.

It is interesting, then, to study the magnetic character of Mo-Fe alloys at low
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temperature by resisfonce:.rr.lecnsuremenfs- In this secﬁon. we present the resistivity of
the two dilute samples with concentration ~ 100 ppm (at) Fe and ~ 250 ppm (at)
Fe. These measurements have been made in the dilution refrigerator down to about
40 m K. Non-magnetic behaviour is seen to characterize the impurity resistivity
at low temperature based upon the localized spin fluctuation theory predicted by
Ri‘viér.and'zlaﬁc (59) (60).

V.2.1 Results and discussion

The two samples were obtained from KOCH-LIGHT aqd JOHNSON MATTHEY.
The first was in the fonn.éf a thin wire.of diameter (0.25 mm) and of length 20 cm,
and the second was a strip of ~ 0.5 mm width cut from a sheet of thickness 0.1 mm.
The spectroscopic analyses accompanying the samples gave the concentration as
250 ppm (at) Fe and 100 ppm (at) Fe respécﬁveiy (with less than 5 ppm Mn). This
was confirmed by independent spectroscopic analyses and by the Kondo slope compared
with data from ref (194). |

The effect of heating in the samples was checked by chungin\g the current fhrouglj
the samples and no variation was found in the resistivity of the samples due to this
effect. The measurements and mounfing of the samples are deﬁcribed in Chapter lil.
A constant magnetic field of 110 Oekept the 100 ppm sample normal, however no
superconducting transition was observed in 250 ppm sample down to 40 mK. The high
residual resistivities of these samples attributed to the non-magnetic impurities

and also to the non;anneuled samples.

The dilution refrigerator data < 1.2°K are connected with the results in the
helium vapour pressure range (taken in He 4 resistivity cryostate). These are plotted
against log T in Fig. (V.8); deviations from the logarithmic behaviour are evident in
both alloys at 1 °K for fhe.] 00 ppm sample and 0.4°KAfor 250 ppm sample. The results

below these temperatures are plotted against T and T 2;, Fig. (V.9) and Fig. (V.10).
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From the latter it may be seen a T~ law is obeyed below about 0.2°K for the

100 ppm sample and 0.14 K for the 250 ppm sample. This temperature
behaviour may be convincingly suggested by observing also a linear plot of the
data. It is evident also that there is a change from the T2 to a linear region,

which appears as an inflection in the region 0.2°K to 1°K for 100 ppm sample
and 0.14°K to 0.4°K for 250 ppm sample. The vorioﬁor; in the results from
one sample to the other indicates the effect of the interactions between impurities ;
this is also indicative by variation of T,¢ temperature withﬁ Fe concentration.

- It is clear from Fig. .(V.8) that the observed logarithmic regions of these
alloys are only extended in relatively short range and evidently reducc-;*d in *he
moré concentrated sample by the effect of interaction. In this temperature range,
however, the resistivity of pure Mo makes a significant contribution in such dilute
alloys, and should be subfrécted from the alloy resistivity. Unfortunately, the
resistivity of pure Mo could not be measured because no high purity Mo is available
now, and no data extending below 20°K have been reported in the literature.
Therefore from the present data the range of the logarithmic region is difficult to
identify. However, a well defined logarithmic variation in this system is confirmed
from the data of ref (194), where the logarithmic region extends down to ~10°K.

The most satisfactory explanation for the data presented on Mo-Fe alloys is

the localized spin fluctuation theory predicted by Rivier and Zlatic described in
Chapter I, section I.7. A stringent comparison of the theory with experiment can be
made from the resistivity as a function of the temperature. At the lowest temperature

2
12 behaviour (1-AT ) is found, although the range of this behaviour is relatively
short range 0.04 - 0.2 K. At higher temperatures a linear region is predicted by
the theory, and this appears fo be observed for Mo-Fe alloys, followed by an inflection

region towards the logarithmic variation. This region is observable at a lower temper-

ature for the 250 ppm alloy than that for the 100 ppm sample and the range of this
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beha;/iour is extended mhlgh ltemperafure for the latter. This fact is attributed to
the interaction effecfs. between iron impurities. However, conclusive results may
possibly be obtained if different cor;cenfrafioné were to-be measured.

According to Rivier and Zlatic's theory, Ty determines the temperature
at which the low temperature logarithmic law gives way to the linear law; the

val"ue_'s of T ¢ for the present alloys were roughly estimated to be below 1°K for
the 100 ppm alloy and 0.5°K for the 250 ppm alloy. However, because of the

interaction effects, these values cannot be taken as the characteristic temperature
of these alloys. The equation |.6'.4

o=t - T/ 1?2 )
is valid for T < T ¢ . We have fitted the data to the region which displays T2
behaviour to the above equation; fi*ne spin fluctuation fempe.rafures obtained were
Ty =1.5 £ 0.2°K for 100 ppm sample and 1.1 = 0.2°K for 250 ppm sample.
These values are in agreement with the previous estimate of Maley and Taylor (191),
and in better agreement with the Tsf obtained from susceptibility measurements by
Claus (192).

The present resistivity data on Mo-Fe alloys Eave shown that there is a gradual
transition to a |§W temperature non-magnetic state. This has been interpreted as low-
temperature deviation from the logarithmic behaviour observed in the high temperature
region. Application of |.s.f. theory to ouf results indicates a characteristic temperature
Tr=1.5%0. X, prévided that the alloy is sufficiently dilute. In practice it is

necessary to reduce the concentration, to observe the interaction-free resistivity.
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CHAPTER VI

Results and discussions :  Sc-RE and Y-RE solid solutions (RE:Gd:Th:Dy) *

Introduction

A number of solid solution alloys of heavy rare-e¢arth metals in Yttrium and
Scandium are known to give long range magnetic ordering. Paramagnetic-helical
antiferromagnetic transitions have been reported for Y-Tb (195), Y-Gd (196) (197)
and Y~Dy (198) alloys. For Y-Tb alloys Nagasawa and Sugv;/oro (199 repén‘ed an
effgcfive momén’r per Tb atom larger than the magnetic moment (9.72 Hg ) of the .
Tb+++ ion, and the Néel temperature vqnishes‘ot low concentration ( ~ 1% Tb).
Max ima in susceptibility have beén reported for alloys Y 1% Gd and Y 1% Dy (197)
at ébout 3.4 Kand1.34 K respectively.

’ Neufron diffraction measurements on Gd-Sc by Child and Ccble (1 ?6) and
Tb-Sc (200) by Child and Koehler show that the helical phase does not ex ist for less
than about 25% Gd or Tb.  The Neel temperature for Sc-Gd alloys vanishes at a -
concentration of ~ 15% Gd down to 4.2' K (201).

Spedding ei al (202 have measured the magnetic susceptibility of dilute Sc-Gd
alloys; a negative paramagnetic Curie ferﬁpercfure Hgsheén)r‘épérfea;/vifh effective
mome.hfs-.'grecl'lyenhcnced over the free 'i'o'n“\'/cly'e,' 's;ch ;nﬁancements to the effective
moments hcvevc'lso been r;eporfed by Wohllebeﬁ (203).

The data of Sugawara and Soga (204) on 0.5% Tb in Y suggests small crystal
field spmﬁng, such that several sublevels of ground state of the Tb ion are populated
at helivm temperature.

Resistivity measurements on dilute Lo,‘ Y, and Sc-RE alloys have been made by
Sugawara and collaborators (74); their results show the occurence of many common

features in these systems, with differences associated with the character of the

* Part of this work was reported at the 1975 Solid State Physics Conference at Manchester.
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4f-solute including the moments, crystal field effects, the instability of the 4f
electrons etc. Specific heat measurements on a series of Y-éd {205) alloys have
shown that there is @ maximum associated with the magnetic orderfng; a statistical
model was used to explain many. aspects of'fheir results.

Thus it seems that although helical ordering is found down to quite low
concentrations of magnetic element in some of these alloys (neutron results are
available down to 5%Tb in Y-Tb) there is strong evidence for a critical concentration
bvelow which a helix is not formed in the Sc - alloys and the exact behaviour is unclear
at low solute concenf;-cfions for the Y alloys. However even if helical ordering is not
found in dilute alloys solute-solute interactions via conduction electrons must still
existe Measurements have therefore been ccfried out of the electrical and magnetic
properties in the hope of elucidating the character of the magnetic phase diagrams.
Wherle the coupling is weak (at low concentrations) the behaviour will be complicated
for non S-state solutes by crystal field effects. These have been considered in detail
by Hog and Touborg (206) (207) for very dilute single crystals. For Gd alloys it will
be seen that the possibility of higher order magnetic scattering effects must be
considered.

The object of our studies in these systems (Sc-RE, Y~RE) is determining whether
one can use the electrical resistivity (or combination of electrical resistivity and |
magnetic susceptibility) to distinguish helical ordering from other types of low
temperature spin freezing such as the spin glass. It t.urned out that this was possible
since (as in the resistivity of Dy cldng c-axis or in the resistivity of pc.J‘I'y‘crysrclline
Cr) the onset of long range spin density wave type antiferromagnetism is accompanied
by the magnetic-superzones-induced resistivity hump, with a minimum in resistivity
at Néel 'rempercrur‘ev. It has therefore been possible to map out tentative magnetic

phase diagrams that show the temperature and type of spin freezing in the various
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systems. In the spin gla;ss‘ —re.gions the "glass" temperature is‘defi ned more easily by
the susceptibility than by the resisfivify. |

In the following sections we will vpreseli'lf the results and discussions in -fhg
following pattern:-

" VI.1 Experimental results

" VI.1.1 The concentrated alloys

(a) .Si-Gd alloys
() Y-Gd alloys
(c) Sc-Tb alloys
@ Y-Tb alloys
() Sc-Dy and Y-Dy alloys

VI.1.2 The dilute alloys

(a) 5—sfafe‘impurifies (GdH+) in Sc

(b) Non S-state impurities (TbH"" , DyH+) in.Sc

(c) S-state impurities (Gd'H—") inY

(d) Non S-state impurities (Tb ™™, Dy ™) in Y
V1.2 Discussion

‘V1.2.1 The concentrated alloys

(@) Sc-Gd and Y-Gd alloy systems
b) Sc-Tb and Y-Tb alloy systems
(c) Sc-Dy and Y-Dy alloy systems

VI.2.2 The dilute alloys

(@) Non S-state impurities (TbH+ , DyH+) inY and S¢
() S-state impurities (Gd™ ) in Y and Sc

VI.3 Summary
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VI.1 Experimental résulfs

In this work, w:e_A :b;:ve measured the resistivity of our Sc and Y as a function of
the temperature; the resfsfivify ratio, ec'j val to the resisﬁAvify at room temperature
divided by the resistivity at 4.2 K, for Sc and Y was found to be ~ 20 and ~ 25
.respecfively, whereas Colvin and Arajs (208) quote 5 for Sc, Alstad et al (209) and
Arajs et al (210) quote 25 for Y. |

. The resistivity of Sc and Y below ~7 K was found to be almost temperature

independent and at low temperature the subtraction of pure Sc and Y from the alloy
resistivity gives the magnetic or spin resistivity. However, above 8 K, where phonon
" scattering becohes sig_rlificonf and because Matthiessen's rule is not well obeyed, for
the dilute alloys such a way of obtaining the magnetic resistivity becomes increasingly
uncertain. In more concentrated alloys, however, the essential features of the
resistivity Behaviour are maintained, particularly below the magnetic ordering temperature
when the resistivity of the host is subtracted from that of the alloy. The residual
resistivity of these alloys was found to increase linearly with concenfrcn‘ion at the low
concentration region, and slower than linear on the high concentration side for Y-RE
alloys, Fig. VI.1 . A sharp increase seems to occur for Sc~-RE alloys at a concentration
comparable to critical concentration for helical magnetic ordering, Fig. V1.2 (see below).
However, the residual resistivities data are rather scattered in some alloys. This is partly
accounted for by thé effect of dislocations or de.Fecfs in the unannealed samples; possible
gaseous contamination during the preparation might also account .For the latter. |

The magnetic measurements were made on cylindrical samples (the same samples
were used for the resistivity measurements) 4-5 mm long and 2-2.3 mm in diameter
using the Faraday microbalance (151). No demagnetization correction to the effective
field within the sample has been made, since no low field measurements have been
made. (The demagnetization correction is not negligible for samples with large

magnetization in very low field meosurements). The general features of the curves

will not be affected by ignoring this effect.

All the concentrations are nominal and given in atomic per cent.
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Vi.1.1 The concentrated alloys

(@) §2-Gd alloys

Figure VI.3 shows the full temperature dependence of the incrementél resistivity
A P(‘?[{Jy)- %C:T}} for 5%, 10%, 15%, 20% and 25% Gd alloys. In alloys with << 20% C?d
the behaviour is quite different from that of 25% Gd alloy and similar to normal spin glass
muferialks. The low fempercﬁuré behaviour for 25% Gd alloy is de&uced from the log-log
plot of AQIT) - A P(1.5)] vs- frhe temperature (Fig. Vl. 4a ). The effect of the magnetic
ordering in this alloy is clearly indicated by fhé anomalous resistivity hump. The low
temperature initial resi>stivify behaviour for < 20% Gd alloys is shown in Fig. VI.5
- where we showAp vr, T3/2 down to the lowest temperatures; the bes_f fit to our data was

/2

3
obtained with the expression Ap =A gt BT . It is clear that the range of this 13/2

fit increases with increasing concentration, the deviation of data points from this behaviour
indicates a slower than T /2 variation (presumably) tending fowards a T dependence, which
can be seen more clearly from Fig. VI.3 , given by a maximum in the slope of AP(T).

The coefficient B of the T 32 dependence was found to decrease slowly with concentration,

and a plot of log B vs. log ¢ for alloys < 20% Gd is shown in Fig. V1.6, where a straight

line can be drawn indicative of a linear proportionality; a power low such as

-\ i‘ .
c 0.7x0 ]would be the best fit to the observed data.

The behaviour of the magnetic susceptibility vs. temperature curve is given in
Fige VI. 7 , where we show the susceptibility (Xa(

loy
field of (~ 0.5 KG). A Curie-Weiss plot (Xalloy - Xgp ) vs. Tis typical of many

- XSc ) against T measured in a

such alloys (Fig. VI. 8 ); a large enhancement in effective moments per Gd atom has

been observed i.n these with paramagnetic Curie temperature as listed in table VI. 1
Magnetization-field isothermals for these alloys are shown in Fig. VI. 9 and 10

which are the plots of reduced magnetization M/Mg  vs. H/T, where the full line is the

Brillouin curve for J =7/2. High temperature (40.5 K) magnetization-field isothermals

for the alloys 10% and 15% Gd are also shown in Fig. Vi. 11. The tempe rature variation
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of remanent magnetization for alloys < 20% Gd is shown in Fig. VI.12. This
magnetization is induced after reducing the ex ternal field to zero, from its original
value, 'cnd disappears at about the spin freezing f-emperol'.ures and decays roughly
exponentially. The dashed line indicates the decay in this magnetization with the
time for a fixed temperature. - |

For alloys<< 20% Gd we observed that A p at high temperatures is increasing'
much more slowly. In an attempt to fit this behaviour to a power low, a best fit to
the‘dofa was obfainéd wifh' the exrpression Ap=8p+ A 105} T , (see Fig. Vl.i 3)
with a positive coefficient of the logarithmic term which varies non-linearly with fhé
Gd conc.enfral'ion (table VI.1).

(b) Y-Gdalloys | . : '

In Y-Gd alloys; the incremental resistivity AP (glloy - f ) has been plotted
in Fig. VI.14, for the alloys 1%, 2%, 3%, 5%, and 9.2% Gd. Alloys with
concentration < 2% Gd have similar features to Sc~Gd alloys in the range
e 20% Gd, the resistivity behavio _r at low temperature for the alloy 2% might be
T3/2 while for the 1% alloy T3/2 behaviour is not observable, because of the low
ordén'ng temperature (<< l.5°K).‘ The,.high temperature behaviour for AP(T) can
again be ex pressed by

AP AR+ Alog T
and is shown in Fig. VI.15, where the 0.5% Gd alloy is also included for comparison.
The magnetic susceptibility measurements for olléys 1%, 2%, 3% is shown in Fig. VI.16,
where no magnetic order in 1% Gd in the measured temperature range is observed; a

broad maximum in 2% alloy was noted which is quite different from the sharp
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susceptibility maximum_." ;Bserved in the 3% Gd alloy, where it undergoes
_ antiferromagnetic helical ordering fransition. This is confirmed with the
magnetic superzone‘ effect observed in the resistivity measurement at the same
temperature sim.ilar anomalies in the resistivity are observed for 5% and 9.2% Gd
alloys (see Fig. VI.14). The low temperature behaviour for the alloys 5% and
9.2% Gd deduced from the log—log.’ plot (AP(T) - APfs) ) vs. the temperature is |
' sho‘;vn in Fig. VI. 4b. |
Paramagnetic Curie temperatures and effective moment per Cd are

deduced and listed in Table V1.2 . The Curie-Weiss plots for these alloys
are shown in Fig. VI.17. Reduced magnetization (M/M; ) as a function of
. ;lpplied field divided by temperature for the 1% Gd alloy up to ( ~ 30 KG) and
below 4.2°K is shown in Fig. VI.18, corresponding plots for 2% Gd alloy (up
to ~ -SOKG) and 3% Gd alloy (up to 30 KG) are shown in Fig.VI.19. A
Brillouin curve for J = 7/2 is shown by the fall line. At low and high fields,

significant deviations are apparent in both glass and helical regions.

(c) Sc-Tb alloys

Results for the incremental res’isﬁvifyAp{g’(my/T/_ @C{‘H)v.s. the temperature
T for alloys containing 5%, 10%, 15%, 20%, 25% and 30% Tb are shown in
Fig. VI.20. Careful examination of the present results enable the following
comments to be made :
(1) At lower temperatures alloys with =>15% Tb have a clear resistance minimum.
The temperature of this minimum T .. increases linearly with Tb concentiration
(Fig. Vi.2D). A tendency towards a minimum in 5% and 10% alloys is also

observable in the low temperature resistivity.

(2) Alloys with concentration << 20% Th, the character of the resistivity above
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the resistance minimum is spin glass like with spin freezing temperature given by

the maximum in the slope, i.e. by dAP/¢ T* . This is also confirmed by our
magnetic susceptibility measurements (Fig. VI1.22), where we show the
 susceptibility of 2.5%, 5%, 10%, 15%, 20% and 25% Tb alloys plotted against
‘fhe temperature, the maximum in the susceptibility being in agreement with

that given by the maximum in ihe slope of the resistivity (dAP /4T ).

(3) Alloys with concentration 25% and 30% Tb. The helical antiferromagnetic
ordering is clearly indicated by magnetic superzone effects.

(4) A strong -anisotropy effect was observéd in the susceptibility of these alloys
'(\./vhich is more clearly indicated in the Curie-Weiss plot, Fig. VI.23) which
increases with increasing Tb concentration; this might be related to the observed
resistance minimum.

(5) At high temperature the susceptibility approaches a Cu.rie-Weiss low behaviour,
with an effective moment larger than the free To ™ ion value (Table VI.3). At
temperatures above the susceptibility maximum (minimum in Curie-Weiss plot), some
dilute alloys show marked deviations from the Curie-Weiss law. This effect could
be attributed to the crystal field splittings. For more concentrated alloys this effect
is not observable, where the exchange interaction becomes much larger than the
crystal field effects. The straight line drawn through the Curie-Weiss plot.fhrough
the higher temperature points gives a negéﬁve intercept for the low Tb concentration
side and a positive intercept for the high Tb concentration. These and other
parameters are listed in- Table VI.3.

(6) Magnetization vs. field isotherms of these alloys are shown in Fig. VI.24, where
clear evidence of both magnetic order effects and "mixiné" induced by the application

of the ma gnetic field are observed; the associated effects of this can clearly be seen

at higher fields. Fig. VI.25 and 26 show the temperature variation of reduced

* See Chapter Il section Ii. 5.
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remanent magnetization ( Moy (T// MppptS)) for alloys in the range ¢ <<
20% Tb. This magnetization was induced as described before.

(@ Y-To alloys

Incremental resistivity AP(R Py ) vss temperature for 1%, 2%,

llay ~
3%, 4%, 5%, 7% and 9.2% Tb o||qys are shown in Fig. V|.27. Alloys with
concentration =25% Tb show the magnetic superzone effects. For alloys with
lower concentration of Tb, the- dependence A P(T) is similar to spin glass
materiol.s and qu}fe different from the more concentrated alloys. However., the
behaviour of the spin resiﬁfivify is different from the sifnple type of spin élosSes
because of the effects of the crystalline electric field. No resistance minimum

at low tehperafure.wos observed in this case.

The magnetic susceptibility vs. temperature plot is sHown in VFig. vi.28,
where a broad maximum ir'1 suscépfibilify af freezing temperature is observed. At
high temperatures the alloys obey a Curie-Weiss law with/ Xallay—XY )';1 {inear in the
femper’oture T (Fig. Vl-29)'; thg pardmagnetic Curie temperature is positive

“for all Tb concentrations and increases with Tb concentration. The effective
_ moment per Tb ion as determined from paramagnetic Cu‘ri_e.—c..o‘r!sfghf:_is_ Ioréer than
the free (Tb+H Jion volue.. These' w.i;fh_.._other po_r_qr"raéfé"r’s are listed in Table VI4 .

'Moghéﬁzoi.'i‘on vs 'fiel.d' i;o;hénﬁ;'in hi.gh. magnetic fields are shown in
Fig. V1.30, where the effects of magnetic ordering and level crossing are clearly
qbservable. The temperature dependence of the remanent magnetization for alloys
£ 5% Tb is shown in Fig. VI. 31.

() Sc-Dy and Y-Dy alloys

Experimental results for incremental resistivity AP (Eua/{])-g (7) ) for
: c

Sc-Dy alloys are shown in Fig. VI.32 for the alloys 5%, 15%, 25% and 30% Dy,

A well defined onset of magnetic order is observed similar to that in other Sc-RE

and Y-RE alloys in the 25% and 30% Dy alloys indicating a helical state.
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For the alloys 5% and 15% Dy quite different behaviour in A D (T) is noted, the

- behaviour being similar fo spin glass materials. The corresponding plots fo:; Y-Dy
“alloys are shown in Fig. VI. 33- for the 1%, 3% and 5% Dy alloys. In alloys 3%
and 5% Dy ogoiﬁ effects of magnetic superzone are observable; _fhe alloy 1% Dy
sEows behaviour similar to Sc-Dy alloys in the concentration range ¢ £ 25% Dy.

_ The ipifiol susceptibility measurements on 5% D>—l alloy show a maximum at
about 3°K with the characteristics of spin glass materials (Fig. VI.34). At high
temperatures the susceptibility becomes Curie-Weiss like (Fig. VI.33 ). As the
fempéroture is lowered deviations fror.n this behaviour are indicated by a hump which
is related to crystal ﬁ'e»ld splitting effects, followed by a minimum in the Curie-Weiss
plot (maximum in susceptibility) due to magnetic ordering. The high field isofhe&nol
magn'eﬁzclﬁo'n curves for this alloy are shown in Fig. VI.36q; Fig. VI.36b shows the

temperature variation of the induced remanent magnetization for the same alloy.
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Vi.1.2. The dilute alloys

(@) S-state impurities (GdTT) in Sc

Ex cess resistivity per atomic per cent AP/C[%“ay”-/_ EC(]'/_ ‘3110}“-5K A

plotted against the temperature T in Fig. (VI.37. Below about 10°K the temperature
dependence is démianed by Gd impurity scattering and varies logarithmically with
temperature, Fig. VI.38. The impurity resisfivifyvbelow~ 10 Kcon bé represented
by the function

DP/c=Ap+A/ LogT
with the slope of the log T term increasing with Gd concentration (Table VI.7),
~ the result demonstrating conclusively that the temperature dependence is partly .a result
of interaction between magnetic Gd impurities - the alloys are too concentrated for

the isolated impurity effect to be observed in its simplest form.

() Non S-state (Tb %, Dy ) in Sc

Fig. V1. 39shows the low temperature excess resisﬁvif)’[@lmy(f/‘ ?CN/“%/(U)'HBKU/C

plotted against temperature for the alloys 0.2%, 0.5% and 1% Tb and corresponding
curves for Dy impurity ‘is shown in Fig.-VI.40 for concentrations 0.2%, 0.5% and
1% Dy.

For the case of Tb alloys, a striking decrease in the resistivity with
decreasing temperature is observed; a similar low temperature resistance anomaly .
for the case of Dy alloys has been observed. Such behaviour can not be described
by a logarithmic function, consequently an attempt has been made to fit the
observed behaviour of the resistivity to the crystal field splitting of the degenerate
ground state for the rare-earth ion. | am very grateful to Dr. B. Southern for
making the theoretical calculations of the resistivity, and also of-'fhe crystal

field energy levels using the parameters of Hog and Touborg.
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Crystal field (hexcgonal) pa-ameters B2O’ 8o - 860 and 866 obteined
by Hog and Touborg (206) from the magnetizotion measurements on the dilute
single crystals and are, for Th: 30.7 x 10 2K, 18.9x 10 4 K, -6.2 x 10 ~%K,
and 125 x 10 =8, and for Dy: 8.6 x 10 “2K, -19.6x 10 4K, 28.6 x 10 ~®K and

-266x 107%

K. A calculation of the resistivity due to s-f interactions in dilute alloys
of the rare-earths has been given by Hirst (92) (see Chapter |, section |. 9) " Using
these parameters and Hirst's expression for the resistivity (equation 1.9.4). a computer
program has been written to diogonoliz'e the (2J + l')' (2J + 1) crystadl '
field matrix for a given constant (single) J, (J= 6 for Tb + and J =7/2 for Dy o
manifold and the temperature dependent magnetic resisl‘ivﬁy cclqucxféd. It is found to be in
reasonably good agreement with the observed results (Fig. VI.4} and 42) which show
the plot of magnetic resistivity divided by the magnetic resistivity at T—oo  (spin
disorder resistivity (18) vs. the temperature.

The fits of the measured electrical resistivity défa to the theoretical curve

have been made as follows.

a) For the case of Tb ™ jon

By comparing the relation

( ﬁVT:2K}-g)[:( PraglT=2K) )2 Pmag.(T=2K) ) C VLI
Ap[T—o0)- g = xp pmag,{T—'m} Exp pmag_(T—-roo) Theo.
where AD/T:2K)=8on(T'-‘2K/'§0/T: 2K) g is the residual resistivity and

APIT—eo) = B0, (T=300K)- B (T=300K

Hence p  has been found and subtracted from each data point.
o

b) For the case of the Dy ™ jon

The resistivity of the alloy is expressed as:

- o2
p(T) B/)./T}+ §r+ er + %/T} | \|
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where %/;/T} is the phonon resistivity, Fl)r ~ are the atomic disorder

h .
resistivity and the impurity resistivity respectively, Fr)n (T ) is the magnetic
resistivity.
AtT=0,
PIT+0)=(g.+ 0) + £ (T~0) - VL3

and at T o oo

- -

- P(Tow)=(§ + B) v BfToeo) VI.4
where- o Pl T-®)z 5’1{5}72 300)- %/)(T} ‘

Using the relation:

. ( pp{T—»O /-/pan. P,f/) | ~( pm'g,g

L/l VI.5
/T"_"’OO}—/%)'+ .O”.) Exp %{T—’w})]’heo

where Pmgs is the ground state magnetic resistivity, ‘and ( Py(To0 ) )
is the magnetic resistivity for full J value. From the extrapolations of the P-T
curve to T =0, /(T 0)is found, and by comparison of thesz relations, {gr+ er/

Pp(T=0) and %/T: o) have been deduced. Hence

P(T/-Pphl T)~(Par +Py) - PnlT) o
Pp/ T==) Pa(T— ook o

plotted as a function of the temperature. For the case of Tb the deviation from

the fhe:oreficdlA line above '7°|._< n.1‘o:)'t be attributed to the break down of Matthiessen's
rule, and also to the difficulty in finding the spin disorder resistivity ( Py (T—o) )
For Dy alloys the high temperature deviation of the data points, might also be
attributed to these facts.

The energy levels for Tb and Dy ions are shown in Fig.Vl.43 (see also ref.
(206) . lq the case of Tb T+ , the ground state is a non-magnetic singlet
‘with o doublet only about 3.86 K higher; a third singlet is 7.5 K above the ground
state, the next energy levels are a doublet and another doublet separated by ~ 12 K
and then a singlet separated by ~ 15 K. Other energy levels are more than 40 K

higher.
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The crystal field split energ).' levels scheme for Dy shows a ground state
doublet to be l ;]/2> with small admixture of I ¥3/2> and | t1 ]/2>wifh .
energy 67.943 °K separated by another doublet with energy 28.6°K above it, and

a second doublet with energy ~ 42 °K higher. . Other energy levels are also doublets.

\

(c) S-state impurities (G )inY

Fig. VI.44 shows the excess resistivity pe;r atomic per cent(g”a{y]’/-p}){{]/_ﬁwg]_s}%
vs. the temperature T. The low temperature _d,ecreose in the resistance below about
6 K for 0.2% alloy is similar to fh;e Sc-Gd alloys but the temperature dependent
behaviour strongly deviates from |ogqrifhm.ic funcfion; as is shown in Fig. VI.45.

The 0.5% Gd alloy is also ploffed' on the logarithmic scale.

The fiéld dependences of the magnefi}.aﬁon of the 0.2% and 0.5% Gd
alloys at different temperatures < 4.2 K are shown in Fig. VI.46 with maximum
fields of 30 KG and 12KG for 0.2% and 0.5% Gd alloys respectively, the full
curve is the Brillouin curve for J = 7/2. A plot of the initial susceptibility (;:t 1KG
field) AX (Xalloy- Xy ) against T is shown in Fig. VI.16 for the alloys with 0.2% and
0.5% Gd. The Curie-Weiss plot for the.se alloys is given in Fig. VI.17, which shows
a positive paramagnetic Curie temperature and effective moments larger than the free

(Gd T) ion value (Table VI.8 .

(d) Non S-state impurities ( T Dy'H_*' YinY

Fig. VI.47 shows excess resistivity per atomic per cent (Qmay - py - 3@95)}/5
vs. temperature for 0.2% and 0.5% Tb alloys. Fig. VI1.48 shows the same plot for
0.2% and 0.5% Dy alloys. The low temperature decrease in resistivity with
decreasing temperature is also fitted to the theoretical curve calculated from the

crystal field parameters of Hog and Touborg (207), as described earlier (Fig. VI. 49
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and 50)with crystal fiel'cj -é‘dramei‘ers given, for Tb: 0.945K, 0.589 x 10-3K,
~0.145 x 1074 K, and 0.100 x 10™2 K, and for Dy: 0.321K, -0.293 x 102K,
0.418 x 107K, and -0.333 x 10™°K. Low temperature deviation for Tb and

Dy alloys from the theoretical curve is indicative of interaction effects; the high
temperature deviation is again attributed to the breokdpwn of Matthiessen's rt)ie.
The energy levels of Tb and Dy ions dissolved in Y are shown in Fig. VI.51. Thé
Qrouﬁd sfa*e of Tb is highly dégenerare and is not sihéle‘r (accidentally); the state

| 1 > predominates with small admixture 6{" fhé | £5> state. The first excited

state is a singlet wirh l 0 > and lies about 0.1 K higher, the fhird ;fcfe is
| dominated by I F2> doublef with energy ~ 2 K higher than the ground state;
the fourth and fifth states are singlets and separcféd by ~ 10 Kand ~ ]5. K from
the ground state. Other states are double'f‘s and lie at higher energies. |

In Dy the ground state is a Kramers doublet, fhel‘-}'-l/Zg predominates wifE

small admixture of J +13/2 > and I i:]]/2.>. The first excited state is again
a doublet with energy of ~ 40 K higher than the ground state and by I Fy2>
predomination; the third level is a doublet separated by ~ 95 K from the lowest

state. Other states are at high energy separation from the ground state.
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VI.2 Discussion

To elucidate the magnetic phase diagrams of these alloy systems, we start the
cﬁscussion with the conceﬁfrated alloys. In alloys in wh'ich the spins freeze in
spin glass like manner, a maximum in the temperature derivative of the electrical
resistivity at the spin f;reezing temperature generally will appear, and usually
fg.h.ds to be rather broad. We have referred to this by the expression, "maxi;nurﬁ
in dAP/dT" (see also Chapter ll, section I1.5).

VI.2.1 The concentrated alloys

(a) Sc-Gd and Y-Gd alloy systems

Our results show some rather general ;imilcrifies between these two systems, so
we will discuss them together. From the behaviqur of the incremental resistivity of
these dlloys (Fig. V1.3 and 14) we can simply distinguish the type of the magnetic
ordering; a progressive change in the character of the resistivities is observable as
the concentration of Gd increases. We have called the state of alloys with c<20% Gd
inSc and < 2% Gd in Y by the generic term "magnetic glass or spin glass”, using
our interpretation of the term originated by Coles (11 8).

‘Starting with the lower concentration spin glass region, the initial temperature
. dependence of A P(T) for Sc-alloys may be fitted to a simple T3/2power low
(Fig. VI.5). However, in Y-alloys the 2%_ Gd alloy but not a 1% alloy or 0.5%
alloy shows a T 3/2.behaviour, and this is due to their low ordering temperatures
(< 1.5° K). As the temperature is increased, A p(T) deviates directly towards o
Iiﬁear dependence. The temperature range of the fit to this T3/2 dependence slowly
increases with Gd concentration, the coefficient of this behaviour, § , decreasing

¢=07E0T e VIL6. These initial

with concentration, and varying as
dependences of the resistivity on temperature can be related to the scattering of

conduction electrons by localized damped spin wave excitation proposed by Rivier

and Adkins for spin glass theory, who showed the initial temperature
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dependence of the resistivity increases as T 3/2. Howev;er_, the theory does
have difficulty in accounting for the coefficient of this T3/2 beFoviour,
wherea c-o2 power low is predicted by the theory (129).

The spin glass magnetic behaviour of fhese_§y;fems is also evident in
the initial susceptibility measurements, Fig. VI.7 for Sc-Gd, Fig. Vl;lé; for
Y 2% Gd where we observed broad max ima characteristic of the spin gloss.
systems. Results for Sc-Gd are in strong disagreement with Nigh et al (201)
magnetic measurements where no maximum in the susceptibility is observed
for less than 25% Gd alloy. The gpin freezing' temperatures are taken to be
the.’remperotures of the susceptibility maxima (T ) where T . is slightly higher
than the temperature given by the maximum in dAP/d T (Fig. VI.3 and 14,
the arrows indicate the temperatires of the susceptibility maxima).

The susceptitility of these alloys obeyed a Curie-Weiss law at high
- temperature, and above the temperatures o.f the susceptibility maximum there
are deviations from the Curie-Weiss law, which start at well above the temperature
of the maximum in susceptibility, we believe they drg dué‘.fg;'fh-é eff%éé‘fg of short
ronge'.mdgneﬁc order. This.effe';:f}'is: .def’égtéfslg }n' ff;'e.hi;;h temperature (40.5 °K)
mognefizofionb—’ﬁeld isotherm (Fig. V1.11) for the Sc-Gd alloy (10% Gd and 15% Gd)
where the low temperature and the high temperature curvature observed are due to
strong exéhonge interactions between Gd atoms above the spin glass ordering. S. Male
(private communications) has observed the presence of short range magnetic order at

high temperature in the ESR spectra of Sc~15% Gd and Y-2% Gd alloys*. The

* The ESR measurements performed on the same samples were used for the resistivity

and magnetization measurements.
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effective magnetic moments per Gd atom are always larger than the free ion value
(table VI. 1 and 2) in these systems and increase towards the high Gd concénfraﬁon
side; this also might be indicative of the effects of short range magnetic orclér above
‘f'heir spin freezing fémperafure.

Additional confirmation for this view comes from our resistivity medsuremenfs,
where we observed that AP(T) above the glass temperature isincreasiné much more
slowiy than before. A best fit to these data was obtained with the expression

Ap/c :AE t4/clog T (Fig. YI.13 and Fig. VI.15), but apparently the
coefficient of this logarithmic behaviour A is not linear with Gd concentration

(see Table VI.1 and Table VI.2), . . we attribute this effect to the scattering
of conduction electrons by interacting Gd impurities, indirecfly via the RKKY at
larger distances, so that the interacting Gd moments (possibly) start to form pairs,
triplets . . . (short range magnetic ordering).

The character of the magnetization isotherm at a temperature below the spin
glass on set temperatures in these alloy systems (Fig. VI. 9 and 10 for Sc-Gd and
Fig. VI. 18 and 19for Y-Gd alloys) strongly resembles the behaviour observed in
normal spin glasses. In Sc-Gd alloys 0’ strong time dependence in the response to a
magnetic field, and a remanent magnetization (which decays with time and disappears
a little above the spin glass temperature) have béen found (Fig. VI.12). No
appn;écicble isothermal remanent magnetization was found for << 1% Y-Gd alloys -
down to fhe. lowest temperatures. This is attributed to very low spin freezing
temperatures (< 1.5°K) as may be expected from the extrapolation from the high
concentrated alloys. However, the Y-2% Gd alloy shows such an effect where the
spin freezing temperature is about 4.7 °K.

As the content of Gd in the Sc and Y increased above about 20% and 2%

respectively, large changes in AP (T) were observed for 25% Gd in Sc and 3%,
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% AcuQem/at %°K TK pnRem/K¥Y2 T K U o B
_ o ‘ m eff J K.

5 1.54 2.5 78.0
10 09 40 545 46 9.688 1.6 0.347
15 0.63 '5-.Q  38.3 8.0 11.328 +2.8 0.350
20 0.67 7.0 7.2 13 1.827 +5.8 0.4

25 o 40¢

chle Vi. 1 (Res_ults for §£—Gd alloys)
To = spin freezing temperature from the maximum in the slope of resistivity vs. temperature
curve.
* = The Neel temperature from the sharp increase in the resistivity with decreasing
temperature.
Tm = spin freezing temperature from the maximum in the susceptibility vs. temperature
curve.

T* = Magnetic transition temperature (T, or Neel temperature).

% Acufem/at %°K T °K T X Tm°K Ugg %K lﬁ[/*
1 0.31 <1.5 8.162 +2.5

2 0.255 3 . 4.7 | 8.656 +7.6 1.617
3 10 9.0 9.755 +.2 0.133
5 21

9.15 ' 47

Table V1.2 (Results for Y-Gd alloys)
To= spin freezing temperature from the maximum in the slope of the resistivity vs.
temperature curve.
TN= Neel temperature from the sharp increase in the resistivity with decreasing temperature.
Tm= Magnetic transition fen?'peraf'ure from the maximum in the susceptibility vs. temperature

curvee.

T* = Magnetic transition tempercture (Tpy or T\ )
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5% and 9.15% Gdin YA,.",_‘represenfing'a strong magnetic scattering. There is a
drop in AP /c with c which we attribute to the ordering becoming more and
more ’long-range helical antiferromagnetic. This is apparent in Fig. VI. 3 and
14’ where there are well defined magnetic ordering temperatures below which the
resilsﬁvity increase develops a "hump" in the resistivity vs. temperature curve; this -
isva mdﬁifesféﬁon of the maéneﬁc superzones boundaries creéfed by an
anﬁferrbmagnefic super lattice (see Chapter Il section I1.7.)

The initial temperature dependence of the resistivity (below about 5°K) for
these alloys was found to.be proportional to T3 with an accuracy of about 5%
in the exponent, Fig. VI. 4 a and 4b , which is quite different from the T3/2
behaviour found in low concentration-spin glasses, suggesting a contribution other
than rhﬁf dl;e to damped spin waves mentioned earlier. This rapidly changing
resistivity at low temperatures comes from electron magnon scattering, which is néi’
extended to wide temperature intervals, but below the Neel (T ) temperature
indicates that the magnetic ordering is of an incommensurate helical antiferromagnetic
type modified by magnetic superzones.

The sharp maximum in the initial susceptibility of the Y-3% Gd alloy at 99K
is quite different from those with broad maximum in the spin glass region; this is a
good indication of helical maognetic order end  consistent with the magnetic
superzone effect observed in the resistivity of the same sample. The magnetization
vs. field isotherm for this alloy is also different from those normal to spin glass
materials, since no time dependent response to the field or isothermal remanent
magnetization is observed.

It is clear that the initial susceptibility of Y-Gd alloys below Ty, or Tglass
appears to be incréd;ed, suggesting that there may be some uncoupled Gd-moments
which follow Curfe-Weiss law with decreasing temperature. Alternatively, there

may be present some oxide impurities, such as Gd 5 O, which has a Neel temperature
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~of 1.5K. Such oxides are known to have a strong effect on the specific healf of Gd(211).

Our results are confirmed by neutron diffraction measurements by Child and
Cable (196) who found no helical magnetic ordering for alloys wi..th < 25% Gd
in Sc, while 10% Gd in' Y gave helical ordering with transition temperature about
59°K. Ouwr results are also in agreément with specific heat measurements on Y-Gd
alloys by Bonnerot et al (205 ) who found the ordering temperature given by the
maximum in specific heat varies linearly with Gd conéenl‘rati_on.

The magnetic phase diagrams for Sc~Gd and Y—Gd alloys are shown in-
Fig. V1.52 and 53, which in'clu;:ie data from our own resistivity and magnetization -
. measurements énd' the neutron diffraction results of Child and Cable (196) as well
as fh’é specific heat maxima observed by Bonnerot et al (205 ).

Special ir;teresf can be attached to the fairly sharp changes in character above

-about 3% Gd in Y and 20% Gdin Sc. The dashed line |s an extrapolation drawn
so as to give the critical concentration for long range helical order within experimental
error. We thus expect that 22% Gd in Sc and 2.8% Gd in Y should exhibit long range
helical order. The last value is consistent with recent theoretical calculations by
Southern and Sherrington (212 ) who used a spin-wave sfqbilify condition to determine

N .
a critical concentration for the onset of helical order:in Y~Gd alloys.

(b) Sc-Tb and Y-Tb alloy.systém; -

Because of crystal field splitting the results of these systems can not simply be
d e to spin effects only( and one wou |d expect complicated and varied behaviour.
The initial susceptibility of these alloys is shown in Fig. V1.22 and28; the max imum
in the susceptibility is interpreted as being due to the magnetically ordered alloys and
does seem to be a sign of magnetic ordering down‘fo the lowest concentrations. A
Sc~2.5% Tb alloy orders at 3°K, and preliminary magnetization measurements made

in Y-1.25% Tb alloy recently showed susceptibility peck due to magnetic order at
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about 3 K, the latter in contrast to Nagasawa and Sugawara's (199) su;:scepfibilify
measurements where no maximum was observed for about ]% Tb alloy. The most

~ notable characteristic of the magnetic behaviour in Sc-Tb clloys below the ordering
temperature is that ff;ere appears to be large anisotropy, and the maximum in the
susceptibility is sharper than for the normal spin glass materials (compare it with
Sc~Gd alloys). We believe these are related to the crystalline electric field
effects. In Y-Tb alloys, the susceptibility shows a rounded mcximurﬁ, cna below
the maximum appears fo increase with decreasing temperature analogous to Y-Gd
alloys, and tEus we cﬂ'ribu!:e to the same reason discussed earlier.

However , many of the essential features of the spin glass behaviour
are manifest in these systems in the concentration range < 20% for Se~Tb alloys
and < 5% for Y-Tb alloys, bglow Tglcss the effect of an applied field is to
produce large remanent magnetization, time dependent response to the applied
field, and large in;iuced isothermal remanent magnetization upon cycling the
samplé in magnetic field (Fig. VI. 25,26, 31).

At high temperatures the alloys obey a Curie=Weiss law. Above the spin
glass temperatures, there are deviations from this bghayi’qgr,ﬁwhic.ﬁ‘s'fcrf at
temperatures wlgll above this temperature (m'osf 'obsé.'rv:al':;ie in diiufe Tb side in
Sc-Tb clloy)-c-nd fEey cl:é due to the crystal field effects. The paramagnetic
Curie temperature 3 (table VI.3) is negative for low Tb concentrations in
Se-Tb ciloys and becomes positive as the magnetic glass type ordering becomes
opposed by the long range helical ordering with the positive & nature required.
In Y-Tb alloys & is always positive (table VI.4) and increases with increasing
Tb concentration. Since, however, crystal field effects may give a pseudo-
paramagnetic Curie temperature of several degrees, we attributed this fluctuation

in 9 to this effect.
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%o TX TIK TOK  Ug(ug) 9%k YT 1

N m min K
2.5 3.5 11.846 - -0.6  0.17
5.0 7.0 6.5 57 32 0.49
100 n.o 10,6 13411 -3.4 0.32
15.0 15.0 14.0  13.411  -4.4 0.3 3.7
20.0 18.0 18.0  13.354 -2.0 0.1 5.5
25.0 262 21.5 12.350 2.0 0.09 7
30.0 4242 o 8.2
| Table V1.3 (Results for _S_ci-;l'bv alloy)
c%Th ToK | TN°k ToK  Uef ) ¥ N |§>| /T*
E 1.5 |
1.25 3
2 3 7 10.623  +1.0 0.09
3 . 4 12 10.828  +3.6 0.33
4 4.5 17 10.950  +4.0 0.36
5 23+1 22 "11.960  +4.0 0.18
7 3411 |
9.2 461
Table VI. 4 (Results for Y-Tb alloys)
T_ = spin freezing temperature from the maximum in the slope of resistivity

vs. temperature curve.

TN= Neel temperature from the sharp increase in the resistivity with decreasing
I'emperofure.

T_= magnetic fra‘nsiﬁon temperature (Tglass TN from the maximum in the
susceptibility vs. temperature curve.

T* = magnetic transition temperature (T, , Ty ).
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The paramagnetic moments of these alloys are greatef than the free ion values.
This enhanced effective moment can be attributed to the polarization of the conduction
- electrons parallel to the Tb impurities.

Magnetization vs. field isothermals for these oiloys are shown in Fig.VI.24 and
30, where clear evidence of both magnetic order and "mixing" by the application of
a magnetic field are observed; the associated .effecfs of this can clearly b_e seen at
higher fields. The effects of the magnetic order are larger 'af low fields indicated
by the low field‘curvofure, and the upward curvature at high fields is attributed to
the crossing of the excited states through the ground state.

Further evidence for the magnetic character of these alloys is provided by
thé behaviour of the incremental resistivity vs. the temperature. In alloys 225% Tb
inScand 25% Tb in Y, it is clear that a well-defined magnetic state of the
helical antiferromagnetic order is observable by the magnetic superzone effects.
These effects do not séem to be present ip the lower Tb concentration side, where
AP(T) behaviour is similar to the resistivity of spin glass materials. However,
is affected by the crystal field splitting effect. In Y-Tb alloys fhe spin disorder
resistivity should be that characterized by its |owes:’r ,l_ll;e-'\}el"',' cn in";e'ldsh'c scattering
to a level 1/2°K may be expected fb; be s;o!l .;aBo‘v:e LHe * temperature, as is
indicated by the resistivity data in the dilute limit.

However, in Sc-Tb alloys the situation is more complicated as is indicated
by the resistance minimum at low temperature, which increases with Tb concentration.
It is clear that this minimum is not the mognetic ordering temperature, neither in the
spin glass region << 20% Tb or in the helical region. The spin freezing temperature
is given by both maxima in the slope of the resistivity vs. temperature curve (well
above the temperature gf the minimum) and by the maximum in the susceptibility vs.

temperature. The Neel temperature also lies well above the temperature of this
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resistance minimum. Thts ;ufher complicated effect may be related to the crystal
field mixing the excifedvsfqtes levels into the ground state. Below the

. ordering temperature the sifuuti§n is- more complicafed' as the ex?:hcmge field
(increasing with Tb concentration) will mix a temperature dependent amount qf

the several excited states into the ground state level (see Fig. VI.43):

Thfs is possible in this case since the energy separation between these states is

not large . Then the Tb ions appear to line up with respect to some sort of local
molecular field to give a state with the full Tb moment randomly oriented and
freeze out upon decreasing the temperature; and give rise to an additional scattering
to the conduction electrons which led to the observed resistance minimum, probably
analogous to the resistance minimum in Pt-Mn, Rh-Fe ér Pt-Co alloys discussed
earlier.

These results can not be related to any existing theories of elementary
excitations of ordered states; in the glass regime possibly there will be a combination
of ordinary spin waves (induced moment) and Rivier and Adkins damped spin waves
excitations. The simple molecular field theory of helical ordering is clearly
inadequate to describe these effects.

It should be emphasized that the magnitude of the ordering temperature in the
spin glass region may not be deduced from the maximum in the slope of incremental
resistivity as no simple spin glass behaviour is observed. However, these temperatures
are consistent with the temperatures which were determined from the maximum in the
susceptibility.

The Y-5% Tb alloy shows the characteristic spin glass effect in the magnetization
measurements, a round maximum in susceptibility, response fo cooling in field,

thermoremdnent magnetization etc. However, the resistivity exhibits the character
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of the Feliccl cntiferroﬁldgnetic order, although bofh the resistivity and magnetic
‘measurements have been done on the same sample. However, we attributed this
discrepancy to the concentration fluctuation along the sample, hence one would
.expecf a sharp phcnge in the character from spin glass to helical order in Y-Tb
alloys at about 5% Tb.
~In the S$¢c-25% b alloy both resistivity and sus.ceptibility measurements

confirm fHe long range helical order. However, there is a difference in the Neel
temperature deduced from both measurements; this is attributed pro.bcbly to the
deviations from Matthiessen's rule, and the latter reason also prevented analysis
of the data above the Neel temperature in helical ordered alloys. Effects of the
breakdown of Matthiessen's rule are also observable in the Y=~Tb alloys above the
spin freezing temperatures.

In Fig. VI.54 ond 55, we hc.:ve plotted the magnetic phase diagram for
Sc-Tb and Y-Tb alloy systems respectively. The figures include data from our
own resisfivify and magnetization measurements, the neutron diffraction data (201)
(195) and Nagasawa and Sugawara's (199) susceptibility data. |t can be seen that
the critical concentration for long range helical antiferromagnetic order is given
by about 22.5% and about 5% for Sc~Tb and Y-Tb alloy systems respectively.

From a comparison nf the phase diagrams of these systems with those for the
Sc-Gd and Y-Gd dlloys, the following conclusions can be drawn:
1. Ty for Sc~Gd and Sc;Tb scales with a simple de Gennes factor (A —1)2 J(J+1)
and also with the effective spin factor ¢ (A -1 )2 J(J+1) in the long range helical
antiferromagnetic region, and the same is true for Y-Gd and Y-Tb alloys.
2. The spin glass "spin freezing" temperatures for Sc-Gd and Sc-Tb alloys do not
scale with the simple de Gennes or the effective spin factor with which this might

be expected to be consistent if the crystal field effects were negligible; that is



208.

T(K)

90

/0

50

30

10

° éthis work}
» ref(200)

Fig V1. 54

C(a‘to/oTb)



209.

5Ho

el

35

T(K)

23

15¢

. AQ-X

o P
-+ ref.(199)

 ref,(195)

this work}

|
8

Fig V1. 55



210.

TTI:J > 1 Cd . The same is true for Y-Gd and Y-Tb alloys.
glass glass : *

The strength of the magnetic interactions, as judged by the characteristic
temperatures (ordering temperatures), is weaker in the spin glass region for the
Gd alloys than in the Tb alloys, suggesting a contribution ofher than the ex change
interaction responsible for this high temperature ordering in non-S-state ion systems.
We have seen in Chapter Il section I1.6 that crystal field effects are a perturbation
upon the exchange ordered states and so produce anisotropy terms which are functions
of ( ‘JX> ’ [JY>’ IJAZ>). For a positive anisotropy energy less than the
ex change energy, the ordering femperotoré yvould be greater than that expected
from the exchange energy (see for exomp;le ref. 134). However, due to the opposite
beHoviour observed in helical long range ordering, and also because the anisotropy
eneirgy could be .lorger than the exchange energy for low Tb concentrations (as one
would expect) this argument is rejected.

We may speculate on a different approach; we have seen that bofE the
electrical resistivity and magnetic behaviour for Sc-Gd and Y-Gd alloys are
indicative of short range ordering at temperatures well above the spin glass temperature.
~ The temperature dependeﬁce of A p(T) above the spin glass temperatures is bigger for
Gd alloys (in Sc and Y) than their Tb analogs (despite the effects of Matthiessen's
rule above these temperatures), and the deviations from linearity in plots of 1/X vs. T
are more pronounced for Gd (in Sc and Y) than their Tb analogs (where the deviations
in the Tb case are attributed mostly to the crystal field effects). The significance of
the short range magnetic ordering is also indicated by ESR measurements mentioned
earlier. We follow the discussion given by Taylor and Coles ( 213) for a variety of
intermetallic compounds of the S-state ion for the ESR results. The nature of the
interactions in the present alloys is of the RKKY type, and we may expect that

coupling of (all) nearest neighbours spin down relative to spin up at the origin can not

be repeated over long distances before it conflicts with the periodicity of the lattice.
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It ;nay be possible to say that this would extend the fer.nperafure range where the
free energy would be minimized by the effects of shor.f range order, and hence
reduce the ordering temperature. But in the non-S-state ions such effects are
reduced by the crystal field effects. The range of shdrf range order relates to
the I%VT* ratio (if 3 isArelafed to the interactions 'which produce the magnetic
' orde'ring)- From the tables VI, 1,2, 3, 4, the ratio IOI/T* is sma.ll (<A 1) and
progressively changes from negative to positive sign for §£—éd and Sc-Tb dlloys,
is also small (< 1) and positive for Y-Tb allo?s, positive and approaches to unity
in Y-Cd alloys. Thesé features seem to suggest that the paramagnetic Curie
temperature ¥ is rather lower than that suggested by their magnetic ordering
temperatures (spin freezing or helical ordering); this would not be expected from
the signiﬁ;:anf amount c;f short range order between [%l and T* . However,
because of the crystal field effects (to give large pseudoparamagnetic ¥4 ) and
the change in the sign of I from spin glass to helical region, it might be difficul.i'
to consider the validity of the above argument. Thus, the discrepancy is still open
‘fo question.

It is clear from the magnetic phase diagroms‘forj_'lfvl?.,"it,h:af".tﬁe moments
on the Tb ion »bqfh in Y-Tb and_fS_c-Tb"clzlvl'by; 'v'on'is'E 'c;f a i-’inife concentration given
by (from exfrapolafion);0.65% Tb and about 0.75% Tb respectively. This is consistent
with the ground state singlet of Tb in Sc, but in contrast to the case of Tb in Y where
the groun.d state is (accidentally) degenerate; however, such a ground state is not a
well defined magnetic state, and therefore one might expect such anomalies.

VI.8 Sc-Dy and Y-Dy alloy systems

In these two alloy systems, the electrical resistivity measurements are also a
good indication of the type of magnetic ordering. From figures VI. 32 and 33, the

effect of the magnetic superzone is clearly indicated in alloys with composition
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¢ =25% Dy inSc ond_:ciu_‘ill-oys ¢ > 3% Dy in Y by the hump in the AP(T) curve.’
It is also clear that no sva:chi effects is apparent in the fesisfivify of alloys with
concentration 15%, 5% Dy in Sc and the 1% Dy in Y alloy. So the magnetic
behaviour is expected ‘fo be analogous to that of Gd (or Tb) in Sc and Y hosts.
However, becuuse of the crystal field splitting the temperature dependence of
the spin resistivity would ‘be expected to be also complicated as in the Tb case.

No pure power law extending over an extended reasonable temperature
interval has been observed. Because of the inelastic scattering setting in at a
level higher than qb.ouf 60 K and about 50 K for Y and Sc alloys respectively,
- from the ground state doublet, one would perhop’; expect the spin disorder
resistivity to be characterized not only by the lowest J level. The inelastic
. scattering is not small at temperatures compared to the magnetic ordering temperature
.,und will cause a contribution to the resistivity above these temperatures, hence the
observed complicated temperature dependence' behaviour for AP (T) well below and
above the magnetic ordering temperatures is attributed to this fact. The magnitude
of the ordering temperatures in the spin glass region may not be deduced from the
~ maximum in the slope of resistivity éurve, because of this complex behaviour.

In the Sc-Dy alloys (25% and 30%), ot low temperatures there appears to be a
resistance minir.r'xum, possibly similar to that of Sc-Tb alloys.

The susceptibility of the Sc~5% Dy alloy has a maximum at about 3°K and
decreases to a finite value as the temperature approaches zero (Fig. V1.34). This
is interpreted as indicating a transition to a spin glass ordering state, although the
maximum is not broad as in simple spin glasses. However the other characteristic
spin glass effects are observed in magnetization vs. field isothermal, such as induced
isothermal remanent magnetization which deccys with temperature and time; and also

resistivity vs. temperature curves (in the latter the magnetic superzone boundaries



213
———l
iy
N
S~

Sc-Dy

o X, .
OpIhISWOI’k
P

~ o P this work | T
s ref(197) /
151 _
_ , N i
o) it
oL / Y-Dy _
]
///Ji‘// Ig \ l’ l i | l
' 0 1 2 3 4 5 G
| C @t% Dy )Flg 156




214.

effect does not Gppecr)'._“"l'“

| In this alloy, devfdtions from the Curie Weiss law occur at high temperature
(45-50°K). The inve.rse susceptibility Hcs a Hump (dashed line) in the region of
(10-25)° K where it is attributed to the crystal field and magnetic ordering effects.
The straight Iiné drcwr-: through fhe higher tempercfure_gives a positive pseudo‘-
p_cr'cmﬁgnefic Curie temperature of 2 K.. The effective pdramcgneﬁc momen ts

per Dy ion were found to be greater than the free ion value 10.440 Hp s and

this is consistent with lsaacs et al (214 ') measurements, who again found énhcnced
momeﬁfs in dilute Sc-Dy (<< 1%) alloys and attributed these to the polarization of
the conduction electrons parallel to the Dy moment in their RKKY type interactions.
However, the same worker did not report any effect of crystalline field on any of

his measurements. Mcgnéfichion vs. field isotherm, shown in Fig. Vl.éé'q _if‘clecr
évidénce Fof the magnetic ordering at low fields cmc-l level crossing at higher fields
observed.

Tentative phase diagrams of Sc-Dy and Y-Dy alloys are shown in Fig. VI, 6.
No vanishing in the Dy momerts for either case would be expected since the ground
state is a Kramers doublet. Dcf.c for Y=1% Dy from ref (197) is also included. From
the extrapolations we find the critical concentration for helical order for Y-Dy and
Sc-Dy alloys are 23% and 2.8 % reSpecﬁ'ver.

In the preceeding sections we have considered the magnetic properties of some
alloy systems and attempted to trace a conceptual path to reduce these propzrties to
a semblance of order. We will now consider a few general points in connection with
these systems. |In short, there seems to be a source of information from the behaviour
of the residual resistivities (%o ) with the RE contentis of these systems (Sc-RE and
Y-RE). In Fig. VI.1 and 2, where initially Ry fises linearly while the

concentration remains below the critical concentration and slower than linear for high

RE constants, with a sharp change in the character of the curves in the Sc-RE alloy at



215.

concentrations comparq'bv_ll'eh to the critical concentration for the onset of helical
ordering; this itself suggests a change in the magnetic character of these systems.

It is also clear that iﬁ Y-RE alloys, in the case of Tb alloys the residual resistivities
are higher and »Floffen off at higher concentrations ( about 5%) than with the Gd or
Dy analogues (;Jbout 3%). This might be an indiéofion of a higher proporfionv of
rand<>'m frozen moments which contribute to higher residual resistivity and that the
‘onset of |ong-r6nge helical ordering occurs at higher Tb content.

As mentioned earlier, the recent theoretical calculation by Southern and
Sherrfngton (212 ) for the criﬁc?:l concentration of the helical (periodic) long~
range ordering in Y-RE alloys, is based on the stabilization of the spin wave
excitations. The theory as it stands does not allow for the effect of the anisotropy
on the criricoll concentration for the helix, and also does not consider the magnetic
state below this concentration. However, the theory shows the promise of being a
successful treatment since it yields an excellent agreementwith -our experimental
results for the critical concentration of Y;-Gd alloys.

Eorli‘er, Overhauser ( 215) had employed spin density wave like theory-in
treating the magnetic behaviour of the spin glass in Cu-Mn alloys. This theory is
based on the wave like order in the conduction polarization electron band where
the modified Fermi surface (new zone boundaries) will stabilize self-consistently
by the interelectronic exchange interaction within the conduction band. Although
this interpretation was not satisfactory to account for the magnetic behaviour in Cu-
Mn alloys, however, it has been subsequently shown that when rare-earth ions are
present as a localized moment, this will help the new zone boundaries to be stabilized,
similar to the method which has been used by Elliott and Wedgwood (141 ) to account

for the transport properties of rare~earth metals. The analogies with o ur measurements

seem to hold qualitatively, since the addition of little quantities of rare~earth as
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localized moments to the conduction band of a non-magnetic Y (or Sc), stabilize

the onset of the long-range spin density wave type antiferromagnetism within the
;:onducﬁon band* due to the strong response of wave vector dependence of the.

spin susceptibility X/g) ata por’ricglor valve of ¢

| We have demonstrated that there is strong evidence fora critical concentration
in Sc-RE and Y-RE alloys below which long range magnetic order is not foun'd but
there exists a spin glass state (cf. Cu-Mn, Au-Fe). For non S-state solutes the
behaviour is complicated by the crysfol. field effects. These properties have been
confirmed by the electrical resisﬁvify medwrémenf; which have distinguished the two
different types of magnetic ordering. It is also shown that by a proper ono‘lysis of the
mégneﬁzoﬂon data, §ne can distinguish the two different types of the magnetic
qrdering and obtain values for the cr.ifical concentrations in agreement with those

_obtained from the resistivity and some other physical properties reported in the
literature.

Finally, the most interesting feature that emerges from our data is that

qualitatively it is similar to that reported for La-RE alloys (216). These were ‘

the first observations in rore—eor‘th 'dlloy.s of the occurrence of a "magnetic glass”,
and the onset of long-range magnetic ordering occurs with increasing RE

concentrations.

* Y and Sc may be considered as rare-earth metals without 4f electrons. The addition
of a little rare-earth solute does not perturb the band structure to any marked extent.
As in the pure rare-earth metals with local 4f moments , a helical type of magnetic

order is established.
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V1.2.2 The dilute alloys

As our understanding of .fhe present resistivity data for the dilute S-state

_ (Gd+++) impurities in Y and Sc is not 'yet adequate and the application of Kondo
»e’flfect wﬁh (true) exchénge coupling (becauseAD:g+ Ale log T) is‘quesfioncble,- '
.\&e éonsider the non S-state impu:;ifies data first.

(0) Non S-state impurities (Tb+H, DyH+ ) inY and Sc

From results presented on the dilute Sc-Th, Sc-Dy, Y-Tb and Y-Dy alloys,
the low temperature resistance is attributed to the scattering of the conduction
electrons from th»e crystalline field energy levels. Both elastic and inelastic channels
of scof.tering are taken into account-in the calculated theoretical resistivity vs.
temperature curve (see ref. (92) ).

The drop in the resistance at T~ 8°%K (T ~ 0.2 § , where & is the level
splitting from the ground state) in Sc-Th alloys results from the onset of inelastic
écoffering, the fall in the resistivity as the temperature approaches zero being
attributed to the singlet ground state where no elastic or inelastic scattering
contributes to the resistivity. For Y-Tb alloys where the ground state is accidentally
degenerate, and with several states crossing the ground state, both elastic and
inelastic contributions will contribute to the resistivity down to very low temperature.

In Sc-Dy where the ground state is a Kramers doublet, the elastic scattering
has contributions to the resistivity corresponding to ] +1/2 > (with admixture
of l‘.;_. 3/2 > and I ¥11/2> ). For both Sc-Dy and Y-Dy alloys, the difference
in the curves for the two cases corresponds to different rations of inelastic to elastic

scattering.
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In Sc-RE alloys the theoretical curves fit the experimental data reasonably
well; minor deviations at low temperature are expected and attributed to the
exchange interactions which have been neglected in the fheore;ical calculations.
The effect of interaction is also clearly observable from AP/c vs T plots (Fig. VI.39
and 40) where we see’ a concentration dependence in the resistivity. We have
discussea the influence of the crystal field on the Kondo effect with a negative
s-f exchange interaction (Kbndo minimum) in Chapter | sect‘ion 1.9 . Sucha
theory does not seem to exist for the (true) positive s-f echange interaction.
Because of the splitting of f.he full J value of the rare earth ion, the exchange
scattering due to s-f infgractfon t.o 2nd Born approximation might not be so
siéhifi&anf as when compared to their Gd dnalogues (see next section). It would
be rather fnteresfing, indeed, to consider this problem theoretically.

lin Y-RE alloys exchange interaction effects are expected to be significant,
and low temperature deviations from the theoretical curves in Tb and Dy alloys
are attributed to these effects (see also rei.:. (207) ).

From the spin disorder resistivities of these alloys ( P, ) we are able to deduce

“a value for the exchange coupling consfc;nt Jex si.r_'lc;e.'”i:ff{sqf.?sf'i.és e'q'Ucfion t.9.6
‘and dﬁsﬁming m*/m =3, ‘yqlues_ of‘.J;.ék ""deaijcea as iisfed in table V!.5 for Sc-RE
alloys and fable VI.6 Fo.r Y-RE alloys. Thesé figures do not seem to follow simply
a( M- ])2J(J + 1) law based on the Gd; We attributed this to the influence of the
crysfqlliﬁe electric field on the spin disorder resistivity of some of the other rare~

earth impurities below (or above) the (A - ])2 J(J +1) law. 1t should also be
pointed out that inaccuracy in determining ( Pm ) is due to the breakdown of
Matthiessen's rule which yields an approximate value for the deduced Jex but
the magnitude of the cha'r)ge is expected to be small. However, these data seem

‘consistent with Isaacs et al (214) NMR and magnetization measuraments who pointed
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c% Tb %/c uQcm/af% Jex e.v c% Dy %/c 1L cm/at% Jex ev
0.2 0.349 0.071 0.2 0417 0.189
0.5 C0.217 0.05 0.5 0.756 0.255
1 0.207 0.04 - 1.980 0.41

Table VI.5 (Dilutess 1% Sc-Tb & Dy alloys)

c%Tb - %/cl-lﬁcm/at o Jew c% Dy B n Qemfat | Joyx €V
0.2 6.895 0.183 0.2  2.50 0.134
0.5 1.323  0.08 0.5 1.20 0.093

. Table VI. 5 (Dilute< 0.5% Y-Tb and Dy alloys)

D 4 ' ,
out that Je-:' should be more than twice that of Gd, since the enhancement of the
effective moment in the case of Dy is more than Gd, and since/A - 1)/ ) for Gd' is
twice as big as that of Dy (U off proportional to J o, (A - 1 YA ).

(b) S-state impurities (Gd-H—i-) inY and Sc

From the results presented on dilute Sc-Gd alloys (< 1% Gd), Fig. VI.37
and 38, below ~ 10°K the impurity resistivity is described by
AP/c=A0 +A/c log T .
| and the coefficients estimated from the slope of Flg Vl 38 are llsfed in Table VI.7.
The non-lineari ty of A/c and fhe concentration dependence of the resistivity (Fig. VI.37)
suggest that there are interactions between the Gd impurities.
We have discussed the possible origins of the positive logarithmic temperature

dependence in Chapter I. Because of the well-defined moment on the Gd ions (since

the 4f7 configuration for the Gd atom is extremely stable)
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and because the ejffective exchange coupling (J 'ex) between the conduction
electrons of the Sc host and the magnetic 4f local electrons is expected to be
small, we attribute this positive logarithmic temperature dependence to the
| Kondo effect with (true) ferromagnetic s-f exchange coupling | Jex' The spin
resistivity in zero applied magnetic field is gi;/eln by equation (l. 3.4):

Roin =€P, (1+ 4 J, N(O) Lo gKBT/D

where P is the spin disorder resistivity, using the estimated4/values obtained
38

from graph VI and comparing them with the above equation, the J o has been

~ calculated for different concentrations and listed in table VI.7  (assuming

m*/m = 3 and N(0)* = 0.6l (e.v.)-1 ) The spin disorder resistivity Ll)n has

then been calculated.

c%Gd .- AlcpQem/at %OK .. = Jlexe-v' D rpQempat,
0.22 0.084 0.052 0.286
0.5 0.126 0.06 0.380
] 0.155 0. 064 0.433

Table VI.7 (Dilute<] %_S_E—Gd alloys)

These values for J o, (and for the spin disorder resistivity) are expected to be
larger in order to account for this positive temperature coefficient; because of
interaction effects between impurities there is some doubt on the significance of the
values. However these values are in good agreement with the J o, value of 0.06 e.v
given by Fradin et al (217) from NMR measurements, who concluded that the
enhanced polarization of the conduction electrons is oscillatory (RKKY) form beyond

the near neighbours to the impurity.

In dilute Y-Gd (< 0.5%) alloys the exchange interaction is found to be much

Using free electron value.
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more important than for Sc-Gd alloys in the same concentration range. The positive
temperature coefficient for 0.2% ollox is also attributed to the Kondo effect with
strong correlation between impurities which modified the shape o.f the logarithmic
curve. Evidence of strong_inférocﬁon effects is also given by M/Msvs H/T plots
(Fig. V1.46), whereirhe culrvature at high field arises from Brillouin saturations,

but that ot low fields can only arise from interactions. This alloy obeys a ‘Curie-Weiss
law (Fig.VI.lé\ cmd_17~) with a paramagnetic Curie remperot.ure 3 where it is

positive and approximates to 0.8°K. The effective moment per Gd ion M ofr s

determined from the paramagnetic Curie constant is larger from the free ion value
(Tqble VI.8). This is in agreemént with other reported values (197).

An attempt has nevertheless been made to estimate the exchcmge; coupling
~ constant fr.om the Kondo logarithmic slope usfng the equation (1.3.4) again

assuming m*/m = 3 N(0) = 0. 61 (e.v)_] » J oy Was estimated to be 0.093 ev and

hence the spin disorder resistivity was determined. These are listed in table V1.2

together with other parameters.

<% Gd  A/qQem/ot %K Jgcev  pLRQemkY, yeug - K

0.2 1.40 0.09  -2.667 - 8.429 0.8

0.5 e 8.276 1.6

Table VI.8 ’(Dilureg 0.5%, Y-Gd alloys)

In many ways the susceptibility and the magnetization field dependence
of a 0.5% Gd alloy is similar to @ 0.2% alloy, the paramagnetic Curie temperature
3 and effective moment per Gd atom having been found to be 1.6°K and 8.276 18
respectively. The behaviour of the resistivity is strikingly different from that of the
0.2% alloy, the incremental resistivity AP/c can be represented by a logarithmic
function (Fig. VI.15 and 45); b‘utvit can not be derived from conduction electron

scattering from single impurities. Since the magnetic measurements confirm strong
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interactions, we would_ :'tl'e;(pect magnetic ordering temperature to be below about
0.5 K (from the exfrapc;lafion vs. concentration curve from more concentrated
alloys). We believe the observed behaviour can be attributed to the (expected)
short=range ordering effects above the ordering temperature which yield a
temperature-dependent contribution to  AP(T); similqr to the more concenfrclted
alloys discussed earlier.

In conclusion, then, it would appear that in the extreme dilute limit of
Sc~-Gd and Y-Gd alloys, the Kondo effect with (true) exchange coupling might
exist. However in the present measurements the traditional Kondo anomalies have
been modified from its simplest form by the effect of RKKY type interactions as
indicated by the concentration dependence of the resistivity. Such interactions
stabilize the moments and lead to spin glass type spin freezing with increasing
Gd concentration, hence lowering the Kondo temperature. The influence of these
interactions is also indicated by measurements of susceptibility, where Curie-Weiss
behaviour is observed, and by magnetization vs. field measurements which show low

field Brillouin curvature.
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Summary
We have found that all of the Sc-RE and Y-RE alloys examined, ordér
magnetically to give long-range helical antiferromagnetism above some well
defined critical concentrations. In the low concentration range a spin glass
:character was found. These properties have been confirmed bf the electrical
resistivity measurements which have distinguished the long range helical ordering
by the associated magnetic superzone effects; these effects are absent in. low
concentration spin glass alloys which however show some spin glass characteristics
(cf.. Cu-Mn, Au-Fe).
lWhen crystal field effects are not present, we find a T3 behaviour in the
resistivity well below TN for the more concentrated alloys, while for the sp?n
glass alloys a T3/2 low was found, suggesting a diF;‘erer.r type of elementary
excitation at low tempercfrures i;m different magnetic ordered si"cfes- The case of
non-S-state ions is considerably more complicated; both elastic and inelastic
scattering of the conduction electrons from the crystal field split levels of the
“solute become important at temperatures comparable to the magnetic ordering
temperatures. .
The alloys which show a clear sign of spin glass behaviour in their
resistivity, exhibit typical spin glass features in-their magnetization measurements.
The anomalous behaviour in the resistivity and the inverse susceptibility in
5¢-Gd and Y-Gd alloys above the spin glass temperatures may be an indication of
the presence of short range magnetic order at these temperatures; in non-S-state
ion solutes this anomalous behaviour is mostly attributed to the crystal field effects.
We find that the transition tempelrcfures of the helical antiferromagnetic’

states obey the simple de Gennes iow whereas the spin glass temperature does not

follow this behaviour. At present it is not clear why this should be the case.
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We have attempted to derive estimates of J__~ from the spin disorder
resistivity (involving J:Z ) and the Kondo-like log T term (involving J3 ).
The values are rather low and complications due to solute~solute interactions

and Matthiessen's rule effects may be present.
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Electrical resistivity of Pt—Mn alloys
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Abstract. The electrical resistivity of Pt~-Mn alloys containing from 0-09 to 18 % Mn
has been measured. In the most dilute alloys, a clear logarithmic region of positive slope
has been observed in plots of resistivity against temperature, indicating that these Pt-Mn
alloys show Coles-like behaviour. In all alloys up to about 11 at% Mn a resistance
minimum has been observed which we attribute to spin glass ordering, below the mini-
mum the resistivity follows the general 7%/2 law associated with spin glasses at low
temperatures. Above this concentration there is no minimum and the resistivity is found
to increase monotonically with temperature,

The magnetic properties of 3d transition metals dissolved in 4d and 5d hosts provide an
interesting class of materials which can, as a function of impurity concentration, show a
wide variety of magnetic property.

In the strongly exchange-enhanced metal Pd, for example, addition of Fe and Co
impurities leads even at quite low concentrations (see for example, Nieuwenhuys 1974)
to long-range ferromagnetism due to the strong exchange-enhancement of the host and
the consequent positive polarization of the conduction band; however, addition of Mn
to Pd leads to a far more complicated magnetic phase diagram (Coles et al 1975, Zweers
and Van den Berg 1975)where the initial ferromagnetic behaviour gives way on raising
the Mn concentration to spin glass behaviour, as Mn—Mn nearest-neighbour antiferro-
magnetic couplings become more important.

In the less strongly enhanced host, Rh, low concentrations of Fe and Mn (<05 at %)
produce localized spin fluctuations at the impurity. In Rh-Fe (Rusby 1974) the be-
haviour in the dilute limit may be well understood in terms of the model of Rivier and
Zlatic (1973b) with a spin fluctuation temperature, Trgr ~ 15 K. In Rh-Mn, sy is
lower (following the usual trend in the reduction of Trgr for an impurity closer to the
centre of the transition series in a given host—see for example Rizzuto (1974). At higher
concentrations in both of these systems, the moments are stabilized and behaviour
characteristic of a spin glass is observed (Murani and Coles 1972, 1973 and particularly
Rusby 1974 figure 7) without any evidence of a region where ferromagnetism is stabilized.
Pt-Fe alloys appear to show similar behaviour (Loram er al 1972), with a value of
T1.s¥ ~ 04 K in this case for the dilute limit. Spin glass behaviour is then stabilized over
a fairly narrow concentration regime before the onset of long-range ferromagnetism.
The Pt-Mn alloy system has until now received scant attention apart from the specific
heat study of Nieuwenhuys et al (1973), who concluded that there was a well-defined
moment on the Mn atoms at fairly low concentrations (<1 %) and that the ordering
may be spin glass-like,
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In this letter we report electrical resistivity measurements on Pt-Mn alloys both in
the dilute limit (to 0-09 %) and for concentrated alloys (to 18 %). Resistivity, of course,
provides particularly clear evidence of the magnetic character of an alloy. The presence
of spin fluctuations in alloys where both the impurity and host are taken from nearby
columns of the 3d, 4d and 5d transition series (Coles alloys) is manifested (Rivier and
Zlatic 1972b) by an electrical resistance which increases, as the temperature is raised, as
T2 at low temperatures, then linearly with temperature, and finally, well above Tus¥,
logarithmically approaches the unitarity limit. The behaviour of alloys where the poten-
tial is strongly modified by the difference in character between the electronic structure of
the host and impurity (Kondo alloys) gives rise again to 72, T'and Ig T behaviour (Rivier
and Zlatic 1972a)but this time the resistance falls as a function of increasing temperature.
When well-formed moments are present on the impurity sites, ferromagnetic ordering
(as in Pd-Fe, Co and Mn) is manifested by a sharp discontinuity of slope close to the
Curie temperature, whilst spin glass ordering is usually manifested (as in Cu-Mn,
Au-Fe and Pd-Mn) by a smooth maximum in the slope of the resistivity close to the spin
freezing temperature obtained from magnetic susceptibility measurements. At low tem-
peratures the electrical resistivity of a spin glass is expected to increase as 7%/2 but with
a weak concentration dependence of the coefficient of this term (Rivier and Adkins
1975).

The alloys used in the present measurements were prepared from high-purity Mn
(better than 99:99 9/) and spectroscopically pure Pt, by arc-melting on a water-cooled
copper hearth, turning and re-melting several times. On the initial melt, care was taken
that the Pt should flow over the Mn in order to reduce Mn loss. The ingots were then
drawn into wires using non-ferrous tools and given a short anneal (about half an hour)
in a vacuum of 10-5 Torr at 750 °C. This short anneal was intended to reduce the risk of
Mn depletion from the surface of the wires. Weight losses after melting were always low
and electron microprobe analysis confirmed approximately the nominal concentrations.
Our confidence in the composition of our alloys is also borne out by the linearity of the
resistivity at 4:2 K as a function of concentration (see figure 4). The measurements were
performed by a standard four terminal potentiometric technique at temperatures down to
pumped 4He and 3He and in one case down to about 30 mK using a dilution refrigerator.

Plots of incremental resistivity against temperature are shown in figure 1 for the dilute
alloys (<<0-5 at %) and two particularly interesting features emerge from these data:

(i) There is clear evidence of a resistance minimuminthelow concentrationalloysatthe
lowest temperatures. Our data for the 0-5 at % alloy in figure 1 shows a clear minimum at
0-45 K -+ 0-1 (broken curve) and this substantiates the earlier measurements of Hansen
and de Pater (private communication, see also Nieuwenhuys et a/ 1973) who found a
resistance minimum in a nominal Pt 0-1 at % Mn alloy at 0-36 K.

(ii) Above the temperature oftheminimum thereexists awell-defined logarithmic region
in the 0-09 9 alloy and to a progressively lesser extent in the other alloys containing up
to 0-5 % Mn. This behaviour is shown in figure 2. The positive slope of the log region
shows unequivocally that the alloys are Coles-like rather than Kondo-like. It is clear
from figure 2 that the region of logarithmic character is shifted to higher temperature as
the concentration is increased and the temperature of the resistance minimum rises; at
higher temperatures deviations from log behaviour presumably arise as a result of devia-
tions from Matthiessen’s rule, although a temperature of 6-8 K for these deviations does
seem rather low in view of the fairly high Debye temperature of pure Pt(~230 K). How-
ever we note that similar effects in dilute Pt-Fe alloys (Loram et a/ 1972) have also been
observed at about 8 K and attributed to deviations from Matthiessen’s rule. Plots of
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Figure 1. Excess resistivity per atomic percent, Ap/e, plotted against temperature. The
very low temperature (dilution refrigerator range) data for the 0-5 at %/ alloy are shown
by the broken curve.
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Figure 2. Excess resistivity per atomic percent, Ap/c, plotted against 1g T; the vertical
scale is the same (with a shifted zero) for all the alloys.
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incremental resistivity against temperature for concentrations between 1 and 12 at9%, are
shown in figure 3. The most notable feature of these plots is now the strong resistance
minimum, the temperature of which increases linearly as a function of concentration (as
shown in figure 4). Below about %7min the resistivity falls approximately as 73/2
showing a temperature dependence related to that of the canonical spin glasses
Cu~Mn (Ford and Mydosh 1974) and Au-Fe (Mydosh and Ford 1974 to be published).
At higher concentrations still, however, we have found that the character of the resistivity
undergoes a further change. In 12, 15 and 18 at % alloys, behaviour similar to that of spin
glasses such as Cu-Mn and Au-Fe is observed with a monotonic increase in resistivity
as a function of temperature, but with a maximum in the slope of the resistance at

Ap(uQ cm)
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Figure 3. Excess resistivity, Ap, plotted against temperature for alloys in the concentra-
tion range 1 < ¢ < 129, The highest curve (12 at %) shows data for the alloy annealed
at 1070 °C for 4 hours (see text). The vertical scale is the same (with a shifted zero) for
all the alloys.
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Figure 4. Solid line, temperature of the resistivity minimum plotted as a function of
concentration; broken line, resistivity at 4-2 X plotted as a function of concentration.
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temperatures falling on an extrapolation of the plot for the concentration dependence of
the temperature of the minima in the more dilute alloys.

Preliminary magnetic susceptibility measurements made in this laboratory by Mr
Pon Wei Hou on alloys containing 5-4, 8, 11 and 12 at%; Mn in Pt show broad suscepti-
bility maxima at 7, 12, 18 and 20 K respectively and all of them show a frozen-in compo-
nent of the magnetization when the alloys were cooled in an applied field. The tempera-
tures of these maxima agree fairly well with the characteristic temperatures obtained from
the resistivity, and we are led to the conclusion that both the minima (as in Rh-Fe,
Murani and Coles 1970) and maxima in dp/d7, signify spin glass ordering in the alloys.
A theoretical justification for the origin of the minimum and the 7%/2 behaviour will be
given by Rivier (1974). We note however that no Ac susceptibility measurements have been
performed yet and it would be interesting to see if a sharp cusp is observed as in the well-
established spin glass materials.

Close to the concentration at which the resistance character changes (~11 at]) we
were able to influence the behaviour of the resistivity by a suitable anneal. The 12 at%;
alloy, when annealed at 1070 °C for 4 hours and very rapidly quenched, gave a resistance
minimum, but with the temperature of the minimum shifted to lower temperatures than
would be suggested for a 12 at%; alloy in figure 4 (by about 8 K). Analysis, in this case,
did not suggest that Mn had been lost from the alloy during the anneal. We were unable,
however, to produce any change in character in the 15at9% alloy. Whilst an under-
standing of the details of these changes in character of the resistivity at or around a critical
concentration of 11 at%, require a great deal more experimental investigation, the experi-
ments that we have performed do seem to point strongly to the importance of atomic
short-range order in these materials (see Coles et al 1975 for a fuller discussion). It is
worth remarking that no similar changes have been observed in either Rh-Fe or Pd-Mn
alloys at these compositions, although the critical concentration is close to the composi-
tion at which Au-Fe alloys show a change in magnetic character (Murani 1974).

Our measurements suggest that the Pt~Mn alloy system behaves quite differently
from its Pd or Rh based counterparts; the alloys neither show regions of 72 nor linear
in T behaviour, characteristic of localized spin fluctuations in the dilute limit, nor a
region of ferromagnetism. Instead they show behaviour, even at the lowest concentrations
which we have studied, which we attribute to spin glass behaviour. Above the minimum
in the most dilute alloys we have identified a clear logarithmic region and the positive
slope of this indicates that, despite the fact that Pt and Mn are separated by three columns
in the periodic table, Pt~-Mn forms Coles alloys (unlike Mo-Co, Rh-Cr, Pt-Cr and
Pd—-Cr which are all Kondo-like.) The identification of the log region (which we believe
is the first unequivocal identification of this behaviour in a Coles alloy) relies upon the
conjunction of a low-spin fluctuation temperature and the fact that ordering effects in the
relevant concentration range occur at rather low temperatures. (In Rh-Fe the inability
of Rusby (1974) to identify with any certainty a logarithmic term is due here to the higher
value of Tisy and the consequent problems involved in separating out the effects due to
deviations from Matthiessen’s rule. In Pd-Mn the strong interaction between the im-
purities via the polarized Pd 4d band lead to higher ordering temperatures for low con-
centrations.) The combination of the logarithmic regime with the resistance minimum
in these alloys leads to the interesting result that in Pt-Mn, the resistance behaviour is
essentially an upside-down version of the data for low concentration Au-Mn alloys at
low temperatures (Ford and Mydosh 1974) where, as the temperature is increased, the
effect of the superposition of a rising resistivity due to spin glass behaviour on the falling
Kondo resistivity leads to a maximum.
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