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FRED BASSET /  Interessante theorie.
20o daar al eens iemand;

gedacht hebben?
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of de dingen worden &noe-
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Remarkable.... it seems
like things are
attracted by the earth.

Interesting theory....
I wonder if somebody
else has thought
about that.

From "Leidaeh Dagblad".



CONTENTS.

I. INTRODUCTION AND SUMMARY. o
a. Introduction. o
b. Summary. 1q

II. EXPERIMENTAL INFORMATION. 12
a. Introduction. 12

b. Pure palladium. 12

c. Experimental methods. 15

c.1. Specific heat. ! 15

c.2. Electrical resistivity. 17

c.3. Magnetization and susceptibility measurements. 17
c.1*. Electron paramagnetic resonance. 20
c.5. Mossbauer effect. 20
c. 6 . Determination of the transition temperature, T^. 22

c.6 .a. T^ from the specific heat in zero
external field. 22

c.6 .b. T„ from magnetization measurements. 23

c.6 .c. Tj, from the electrical resistivity. 23
c.6 .d. T_ from the Mossbauer effect. 23
c.6 .e. T„ from susceptibility measurements. 2 l*
c.6 .f. Discussion. 2l*

d. General results. 25
d. 1. Pd-Co and Pd-Fe alloys. 26
d.2. Pd-Mn alloys. 28
d.3. The concentration dependence of the

transition temperature. 29

d.1*. Investigations of the ferromagnetic phase. 30
d.5. Two remarks. 31
d. 6 . Table. 31

e. Detailed results. 38

e. 1. Specific heat of Pd-Co. 38

e.2. Electrical resistivity of Pd-Co. 1*1
e.3. Measurements of the Mossbauer effect in Pd-Co. 1*3
e.1*. Magnetization measurements on Pd-Co. 1*1*
e.5' Magnetic susceptibility of Pd-Co. 1*6



e.6. Specific heat of Pd-Fe. 1*7
e . J . Electrical resistivity of Pd-Fe. 53
e.8. Measurements of the MSsshauer effect in Pd-Fe. 56
e.9 . Magnetization of Pd-Fe. 58
e.10. Specific heat of Pd-Mn. 58
e.11. Electrical resistivity of Pd-Mn. 60
e.12. Electron paramagnetic resonance of Mn in Pd. 66
e.13. Low-field susceptibility of Pd-Mn. 66
e.11*. Magnetic susceptibility and magnetization of Pd-Mn. 68

III. THEORIES. 70

a. Introduction. 70

b. Application to dilute Pd-based alloys with Co, Fe or
Mn impurities. 70

c. Spatial extension of the induced moment. 71
d. Interaction between the moments (origin of ferromagnetism). 72

d.1. The itinerant picture. 73
d.2. The localized picture. 73
d.3. Choice between the two pictures. 73
d.1*. The model of Takahashi and Shimizu. 76
d.5. Calculation of the specific heat. 79
d.6. Incorporation of the statistical spatial distribution

of the magnetic moments. 80
d.6.a. The zero temperature case. 81

d.6.b. The non-zero temperature case. 81*

IV. MODEL CALCULATIONS. 88
a. Introduction. 88
b. Calculation of the specific heat of a ferromagnet

using the Weiss molecular-field model. 88
c. Variant involving a distribution of

molecular-field coefficients. 91
d. Variant involving a macrodistribution of g-values. 93
e. Variant involving a microdistribution of g-values. 95
f. Variant involving a microdistribution of g-values as well

as a distribution of molecular-field coefficients. 98
g. Calculation of the electrical resistivity using the W.M.F. model. +00



V. INTERPRETATIONS.
a. Magnetic quantum number.
b. Paramagnetic behaviour.

b.1. Paramagnetic behaviour of Pd-Mn.
b. 2. Paramagnetic behaviour of Pd-Co and Pd-Fe.

c. Ferromagnetism.
c. 1. Transition temperature.
c.2. Character of the transition.

d. Ferromagnetism, spin glass and transition temperature.
e. Note added in proof.

102

102

105
105
105
115
115
117
122

12U

VI. INFLUENCE OF THE ADDITION OF RH AND AG ON THE BEHAVIOUR
OF DILUTE PD-BASED ALLOYS WITH CO, FE OR MN IMPURITIES.
a. Introduction.
b. Results.
c. Discussion.

APPENDICES. ^
1. Apparatus for the measurement of

low-field susceptibility. 1 2^
2. The a.c. system for heat-capacity measurements. 1 2 6

3. Experimental set-up for the measurements of
the electrical resistivity.
Preparation of the specimens. 1 ^1

BIBLIOGRAPHY.

126
126

127
132

SAMENVATTING. 168



CHAPTER I
INTRODUCTION AND SUMMARY.

I.a. Introduction.
Elements situated in the first long period of transition metals in the

periodic system show a number of remarkable effects, when dissolved in
palladium. Obviously this should be ascribed to the peculiarly large
paramagnetic susceptibility of this host; to some extent Pd may be called
a nearly ferromagnetic metal. Dilute alloys of Cr in Pd exhibit the
so-called Rondo effect. For concentrations below 2 at.$6 Pd-Ni alloys
typically reflect the influence of local spin fluctuations.

The elements Co, Fe and Mn maintain more or less their magnetic
properties when dissolved in Pd, namely permanent magnetic moments are
associated with them. However, measurements of the magnetization of
this kind of alloys have demonstrated that the moment of dissolved
magnetic atom is quite large, about 10 Pg per Co- or Fe-atom and 7.5 u
per Mn-atom (p£ is the Bohr magneton). The last result has been established
only recently. Theory strongly indicates that atoms dissolved in a
non-magnetic matrix should obey Hund's rule. This rule, however, does
not allow the building up of such large moments as has been found.
Hence, it should be assumed that part of these moments is due to the
polarized d-band of Pd-metal. Diffuse neutron scattering experiments
succour this assumption and show that the magnetic moments associated
with Co- and Fe-atoms are spatially extended over more that 200 Pd-atoms.
Unfortunately, no neutron scattering experiments on Pd-Mn have been
published yet. Because of their largeness the moments mentioned above
are called "giant moments".

Inevitably, the question arises how large the multiplicity (or the
magnetic quantum number J) of these moments is. When the value of J has
been determined, we should wonder whether, when the saturation value of
the moment is written as V*sat= ge^„ JPg, the magnetization and the
specific heat in an external magnetic field behave in accordance with a
Brillouin function involving these values of J and g ̂ , Theory, although
able to account for the existence, the magnitude and the spatial
extension of the giant moment, returns no answers to these questions.

In general interpretations of magnetic measurements, assuming a
behaviour according to a Brillouin function, result in a large value of J
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and a small one of g^ . Calculations of the magnetic entropy based on
specific-heat investigations are in contrast with this result. This
contradiction was the main reason for our investigation.

Obviously due to the large spatial extension of the moments ferromagnetic
ordering at low temperatures occurs in this alloy system down to rather
low concentrations (c<0.1 at.?). The value of the transition temperature T
and the character of the magnetic ordering have been the subject of a
large number of investigations (experiments on more than 100 Pd-based
alloys with Co, Fe or Mn have been carried out). To give a rough sketch
we might say that T^ is proportional to c for small amounts of Co or Fe
in Pd and linear in c for large concentrations. The onset of ferromagnetism
does not occur at a sharply defined temperature, but rather more in a
wide temperature range of order of 0.5 T (dependent on concentration).
This temperature range is larger in the case of Co and in the case of Fe.
On the other hand, recent specific-heat measurements on Pd-Mn alloys
(c<2.5 at.?) reveal a remarkable sharp transition to ferromagnetism at
decreasing temperature. For this alloy system T„ seems to be proportional
to c. The question whether the behaviour of Pd-Mn is really exceptional
will be one of the subjects of this thesis.

The magnetic moments being associated with impurity atoms, the
localized model for ferromagnetism seems to be appropriate for the alloy
systems mentioned. However, since a large part of the moment originates
from the Pd d-band, one can imagine that the presence of the impurity
atoms drives Pd to be a band ferromagnet. Theories and arguments based
on one of these models or on a mixing of them can be found in the
literature. In the case of dilute alloys a choice between the theories
will be made in this thesis.

I, b ■ Summary.
A summary of the main results of the present and of directly related

investigations will be presented here in telegraphese.
- The giant moment should be accounted for by "normal" values of the
magnetic quantum number (3/2 for Co, 2 for Fe and 5/2 for Mn) and a
large value of g^^,.
- Paramagnetic alloys of Mn in Pd do, but alloys of Co or Fe in Pd do
not behave according to Brillouin functions. Hence, a number of
interpretations of magnetic measurements should be consedered as incorrect.

10



- The localized model for ferromagnetism can well account for the magnetic
ordering of dilute Pd-based alloys (certainly if c<1 at.?).
A straightforward generalization of the Weiss molecular-field model may
be applied.
- The transition temperature of Pd-Mn alloys is not proportional to the
concentration, but after scaling the behaviour is similar to what has been
found for Pd-Co and Pd-Fe alloys. The concentration dependence can be
explained from a calculation of the strength of the interaction between
two impurity atoms as a function of the distance.
- Comparison between alloys with equal concentration shows that the
magnetic ordering in Pd-Mn is not at all exceptional, but analogous
to that in Pd-Co and in Pd-Fe. It should be mentioned, however, that
Pd-Mn at c>3 at.? is a so-called spin glass.
- Addition of Ag or Rh to Pd-alloys with Co, Fe or Mn has important
influences on their proporties. Unfortunately the effects are not
completely understood.



CHAPTER II
EXPERIMENTAL INFORMATION

II.a. Introduction.
If one wants to review the experimental information known up to the

present about dilute alloys of Co, Fe or Mn in Pd, one is confronted with
a large number of papers containing experimental methods, analyses,
results and interpretations amounting to what may be called now
"the puzzling world" of dilute Pd-based alloys (1 ). In this chapter an
attempt is made at giving a guide into this world.

The experiments, carried out in the course of our investigation cannot
be described as a closed series of measurements of a special property of
dilute Pd-based alloy systems, but should be considered as a supplement
to the experimental data reported up till now. This supplement was
necessary in order to obtain a more consistent picture of Pd-based
alloys with Co, Fe or Mn. Therefore, the presentation of our experimental
results has been incorporated in the review of the literature on
experimental work.

Generally speaking, an experimental investigation consists of the
following steps: 1° measurement; 2° analysis of the data leading to
interpretable results; 3" interpretation of the results by comparing
them with theory or models.’Therefore, the presentation of the results
in this thesis has been organized as follows: in section II.b some
general facts about Pd will be given; in section II.c the experimental
methods used will be outlined together, when necessary, with the method
for analysis of the data. In section II.d general results on dilute
alloys are presented, partly in the form of a table, while section II.e
contains the detailed results of those experiments which are of special
interest in connection with the model calculations of chapter IV.
When appropriate, reference will be made for the experimental technique
to the appendices or to the literature. The interpretation of the
results and their comparison with theory or with model calculations
will be presented in chapter V.
II.b. Pure palladium.

The special interest, which dilute Pd alloys with Co, Fe and Mn
impurities have received, is due to peculiar properties of pure Pd.
A brief description of these properties is therefore necessary.
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A d e ta i l e d  acco u n t co n cern in g  p u re  Pd can be found in  r e f . 2 and in  th e
re fe re n c e s  quo ted  th e r e in .

P a lla d iu m , w ith  atom ic number 1+6, has te n  e le c t r o n s  o u ts id e  a

k ry p to n - l ik e  c o re . The ground s t a t e  c o n f ig u ra t io n  i s  (k ry p to n ) (l*d)^®,

b u t th e  (Ud)9 ( 5 s ) 1 c o n f ig u ra t io n  l i e s  o n ly  6.561*02 103 cm-1 above t h i s

s t a t e  (3 ) (6.561*02 103 cm-1 = 0.813551 eV = 0.05981*83 Ry = 1.30322 10“ l2 e r g ) .
In  m e ta l l ic  p a lla d iu m , due to  th e  changed boundary c o n d itio n s  (1*),

th e  5s—s t a t e  i s  low ered  r e l a t i v e  to  th e  l*d—s t a t e ,  and th e  b ro ad  cond u c tio n
band a r i s i n g  from  5s and from  5d—s t a t e s  o v e r la p s  th e  narrow  l*d—band.

T h is i s  schem atic  shown in  f i g . I I . 1 . C o n seq u en tly , as te n  band s t a t e s

p e r  atom a re  f i l l e d  up below  th e  Fermi en e rg y , th e r e  a re  0 .36  unoccupied
d - s t a t e s  ( h o le s ) .

E

- 1.0-

free atom band
structure

Fig. I I .  1. Change o f the energylevels due to the transition from atomic
Pd to metallic Pd.

The fo llo w in g  d i s t i n c t i o n  sh o u ld  be n o t ic e d .  The e x p re s s io n  " i t i n e r a n t

e le c t r o n s "  means th e  e l e c t ro n s  c o n ta in e d  in  th e  d-band  as w e ll a s  in  th e

s —band. The words "band e le c t r o n s "  w i l l  be used  f o r  e le c t ro n s  in  th e

d—band o n ly , th e  e l e c t r o n s  in  th e  s —band w i l l  be c a l le d  "co n d u ctio n  e l e c t r o n s "

s in c e  th e s e  e le c t r o n s  c a r ry  th e  e l e c t r i c a l  c u r r e n t  f o r  th e  main p a r t .
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Due to  th e  narrow ness o f  th e  d-band  th e  d e n s i ty  o f  s t a t e s  o f  th e

i t i n e r a n t  e le c t r o n s  a t  th e  Fermi en e rg y , n ( e ,J »  i s  much l a r g e r  th a nr
f o r  most o th e r  m e ta ls .  The q u a n t i ty  n (e )  i s  d e f in e d  as th e  number o f

s t a t e s  p e r  u n i t  o f  energy  (u s u a l ly  eV) p e r  sp in  d i r e c t io n  p e r  atom a t

th e  energy  e .  Band s t r u c tu r e  c a lc u la t io n s  by M uelle r and by Anderson (5 -7 )

r e s u l t  in  a v a lu e  o f  o rd e r  o f  1.1+ f o r  n (e_ ,). The la rg e  d e n s ity  o f  s t a t e s
r

i s  a ls o  r e f l e c t e d  by th e  la r g e  c o n t r ib u t io n  o f  th e  i t i n e r a n t  e le c t ro n s

to  th e  s p e c i f i c  h e a t and by th e  la r g e  p aram ag n e tic  s u s c e p t i b i l i t y .

The l a t t e r  q u a n t i ty  o f  i t i n e r a n t  e l e c t r o n s ,  assum ing no in te r a c t io n  between

them , i s  g iven  by th e  P a u li  s u s c e p t i b i l i t y

xp= 2 n(eF). (II.1)

T h is means t h a t  even th e  P a u li  s u s c e p t i b i l i t y  i s  much l a r g e r  th a n  fo r

o th e r  m e ta ls ,  and sh o u ld  be 0 .8  10"1* emu/mol a c co rd in g  to  band s t r u c tu r e

c a lc u la t io n s .

• J M _ S 8 7 5 0

J M -W  1774

JM  -  W 2 1 0 3

P u r«_Pd

2 5 0  K 3 0 0

Fig. I I . 2. Suscep tib ility  versus temperature fo r  three "pure" Pd samples.
Data marked (V) were taken on 16-5- ’68, while those
designated (+) were obtained on 21-l-'70 (a fter Van Dam (2) ).

In  f i g . I I . 2 th e  m agnetic  s u s c e p t i b i l i t y  as m easured by Van Dam (2 )

on th r e e  "p u re"  Pd sam ples o f  d i f f e r e n t  l o t  number i s  shown as a fu n c tio n

o f  te m p e ra tu re . As i s  e v id e n t from t h i s  f ig u re  th e  s u s c e p t i b i l i t y  o f  Pd

i s  much l a r g e r  th a n  th e  c a lc u la te d  v a lu e . Thus from  experim en ts th e

co n c lu s io n  can be drawn t h a t  th e  m agnetic  s u s c e p t i b i l i t y  i s  enhanced

11+



with respect to Pauli's value. It is generally accepted that this
enhancement is caused by exchange interactions between band electrons.
Within Stoner's theory (8) the susceptibility in such a case is given by

Xp

wherein I is a measure for the exchange interactions and the factor
{1 - Ir)(£p,)} is called the Stoner enhancement factor.

Another experimental fact seen in fig.II.2 is the peculiar temperature
dependence of the susceptibility, which is quite unexpected for Pauli
paramagnetism. Van Dam (2) discussed this temperature dependence in
detail. In connection with the present work the temperature dependence
of the magnetic susceptibility should be taken into account when analysing
results obtained on dilute Pd-based alloys.
II.c. Experimental methods.
II.c.1, Specific heat.

Most of the specific-heat experiments to be described below have been
carried out with the equipment of the metals group in Leiden. A description
of the experimental technique can be found in refs. 9 and 10.

In order to get information about the behaviour of the solute atoms
m  dilute alloys, it will be assumed that the difference between the
specific heat of the alloy and that of the pure metal is totally due
to the magnetic properties of the impurity atoms, i.e.

AC(T) = C .. (T) - C. . (T) = C (T) (tt lilsJ-loy host' magnetic ' '
(

When investigating the specific heat of more concentrated alloys or
of alloys where the masses of the impurity atoms and those of the host
atoms differ much, one should take into account the change of the lattice
specific heat. In such cases measurements on comparable nonmagnetic
impurities are necessary (11). Apart from the influence of the impurities
on the lattice specific heat the electron-phonon interaction might be
effected by the decreased mean free path. However, since the electron-phonon
interaction is accounting only for less than 20% of the observed
enhancement of the electronic specific heat of Pd (12), the effect of
the mean free path is not likely to be important. For dilute alloys of
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Pd w ith  Mn, Fe o r  Co e q . I I .U  may assumed to  be c o r r e c t .

Once AC i s  known as a  fu n c tio n  o f  te m p e ra tu re , th e  m agnetic e n tro p y

can be c a lc u la te d  from th e  d a ta  v ia

•T
S = lim  -  dT' . (X I .5)
"  T» Jq T

In  o rd e r  to  e v a lu a te  t h i s  i n t e g r a l  AC has to  be e x t r a p o la te d  a t  th e  low

te m p e ra tu re  s id e  to  T= 0 and a t  th e  h ig h  te m p era tu re  s id e  to  T=>.
In  most ca se s  a s u f f i c i e n t l y  a c c u ra te  e x t r a p o la t io n  to  T=0 i s  p o s s ib le .

F or th e  h ig h  te m p e ra tu re  s id e  th e  assum ption  i s  made th a t  AC v a r ie s

as T-2  , as has been  found f o r  many m agnetic  sy stem s. Then Sm(T) a ls o

v a r ie s  as T"2 , making an e x t r a p o la t io n  in  a  g raph o f  Sm(T) v e rsu s  T-2

p o s s ib le  (1 3 ) .
S ince  th e  e n tro p y  in v o lv e d  i s  due t o  a m agnetic o rd e r in g  p ro c e ss

( in  ze ro  o r  f i n i t e  e x te r n a l  f i e l d )  i t  fo llo w s from s t a t i s t i c a l  therm odynamics

t h a t  th e  e n tro p y  p e r  m agnetic  moment i s  g iven  by

S ' = k„ ln ( 2 J  + 1 ) ,  ( I I . 6)m B

where 11 i s  B o ltzm ann 's  c o n s ta n t  and J  i s  th e  m agnetic  quantum number.
B

Assuming a l l  m agnetic  moments to  have th e  same m agnetic  quantum number,

th e  e n tro p y  p e r  mol o f  a l lo y  can be w r i t t e n  as

S = cR ln ( 2 J  + 1 ) ,  ( I I .T )m
where R i s  th e  g a s c o n s ta n t and c th e  c o n c e n tra t io n  o f  m agnetic  im p u r i t ie s .

When th e  ex c ess  s p e c i f i c  h e a t  has  been  de term in ed  from m easurem ents

in  e x te r n a l  m agnetic  f i e l d s , i t  may be p o s s ib le  t o  deduce th e  m agnitude

o f  th e  m agnetic  moment in v o lv e d  in  th e  o rd e r in g  p ro c e s s .  F or t h a t  purpose

use  has to  be made o f  models d e s c r ib in g  th e  m agnetic  p r o p e r t ie s  o f  th e
a l lo y s .  Com parison betw een th e  r e s u l t s  o f  th e  s p e c i f ic - h e a t  in v e s t ig a t io n s

and th o s e  o f  model c a lc u la t io n s  r e s u l t s  in  a  v a lu e  fo r  (d e f in e d
as g = y / ( j y  ) ) ,  to g e th e r  w ith  th e  v a lu e  o f  J  from th e  e n tro p y  y can

e f f  B
be e v a lu a te d .

One o f  th e  ex p e r im e n ta l d i f f i c u l t i e s  in  th e  d e te rm in a tio n  o f  th e

m agnetic  c o n t r ib u t io n  to  th e  s p e c i f i c  h e a t  i s  t h a t  th e  s p e c i f i c  h e a t

o f  th e  h o s t ,  which has t o  be s u b t r a c te d ,  i s  so la r g e .  H e a t-c a p a c ity



measurements can generally be carried out with an accuracy of 0.5%,
while the maximum contribution of the magnetic impurities is less than
5% in some cases. Therefore, when in the course of our investigation
the excess specific heat of very dilute alloys had to be determined as
a function of an external magnetic field, a different method only giving
relative values has been used. This method has been called a.c. method
and will be described in appendix 2. We will refer to the method as e.g.
used by Boerstoel et al. (10) as to the d.c. or adiabatic method.
II.c,2. Electrical resistivity.

What has been written about the problems of additivity of the specific
heat holds for the electrical resistivity as well. The contribution due
to the impurities, denoted by Ap(T), is assumed to be given by

Ap(T) * palloy(T) - phost(T)* < « - 8>

which is Matthiessen's rule. This rule implies that no changes occur
in the phonon-electron interaction on alloying and that multiple
(phonon + impurity) scattering is negligible. For most metal alloys
Matthiessen1s rule is not fulfilled; many workers have examined deviations
from it (lU). Nevertheless, in the context of the present work
Matthiessen's rule will be assumed to be obeyed. Reference will be made
to this somewhat doubtful assumption, when it is appropriate.

The resistivity measurements have been carried out by means of
the usual four-probe technique using the equipment of the metals group
as described by Star et al. (15). The character of the resistivity
versus temperature curve of the alloys under investigation made it
necessary to take many data points in a small temperature range. Therefore,
the equipment has been partly automatized (see appendix 3).
II.c.3. Magnetization and susceptibility measurements.

The essential part of a measurement of the magnetization M and of the
susceptibility x is the determination of the magnitude of the bulk
magnetic moment of a specimen as a function of temperature and of magnetic
field strength. This can be done either by measuring the voltage induced
by a moving sample in a pair of solenoids (see Foner et al. (16))
or by measuring the force on the sample excerted by an inhomogeneous
magnetic field (Faraday method, see e.g. ref.17). As the magnetization
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does n o t v a ry  w ith  tim e d u rin g  th e  m easurem ent, th e s e  m ethods may he
c a l l e d  d .c .  m ethods.

The v ib r a t in g  sam ple method i s  p a r t i c u l a r l y  u s e fu l  f o r  th e  d e te rm in a tio n
o f  M as a  fu n c tio n  o f  te m p e ra tu re  and o f  m agnetic  f i e l d ,  w h ile  th e  Faraday

method i s  commonly a p p l ie d  f o r  th e  m easurem ent o f  x ,  d e f in e d  as
lim  M/H , H b e in g  th e  e x te r n a l  f i e l d .

H +o eex

The assum ption  o f  a d d i t i v i t y ,  made in  co n n ec tio n  w ith  th e  s p e c i f ic

h e a t  and w ith  th e  e l e c t r i c a l  r e s i s t i v i t y ,  i s  g e n e ra lly  ac ce p te d  to  p e r ta in

in  th e  ca se s  o f  th e  m a g n e tiz a tio n  and o f  th e  s u s c e p t i b i l i t y  as w e ll .

In  o rd e r  to  o b ta in  th e  v a lu e  f o r  th e  c o n t r ib u t io n  o f  th e  im p u r i t ie s  to

th e  s u s c e p t i b i l i t y  Ax one has to  m easure Xh o s t  o f  a  sam ple o f  th e  pure

m e ta l in  a s e p a ra te  ex p e rim en t. In  th e  case  o f  th e  m a g n e tiz a tio n  th e
assum ption  i s  made th a t

^ a l lo y  **imp + *HF^ex’ ( I I  *9)

Xtip b e in g  d e f in e d  as  dM/dH f o r  v a lu e s  o f  H la r g e  enough to  s a tu r a te6x ex
Mimp' f o r  m ost d i l u t e  a l lo y s  xHF eq u a ls  Xh o s t , th e  advantage
o f  th e  m a g n e tiz a tio n  measurem ent i s  t h a t  a  com parison betw een th e se

q u a n t i t i e s  forms a  t e s t  f o r  th e  a d d i t i v i t y  (assum ing y to  be
h o s t

in d ependen t on th e  e x te r n a l  f i e l d ) .

The m agnetic  quantum number can o n ly  be de term ined  from th e  r e s u l t s
o f  th e  m a g n e tiz a tio n  m easurem ents by f i t t i n g  th e  e x p e rim en ta l d a ta

to  a  B r i l lo u in  f u n c t io n ,  w hich im p lie s  th e  assum ption  t h a t  a l l  m agnetic

moments have th e  same m agnetic  quantum number and t h a t  a l l  m agnetic
moments have th e  same e f f e c t iv e  g -v a lu e .

I t  i s  a ls o  p o s s ib le  to  deduce J  from th e  s a tu r a t io n  m a g n e tiz a tio n

combined w ith  th e  r e s u l t  o f  th e  s u s c e p t i b i l i t y  m easurem ents. I f  Ax obeys
th e  C urie-W eiss la w , th e  C u rie  c o n s ta n t i s  g iven  by

C N g2f f j ( J + D

( 11 . 10)

3 k B

Combined w ith  th e  v a lu e  f o r  M. . , g iv en  by cNg „ J u , , ,  a  v a lu e  f o rim p ,sa t e f f  B’
J  can  be d e r iv e d , h a rd ly  dependent on th e  assum ption  o f  eq u a l v a lu es
f o r  ge f f  ( 18) .
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At temperatures in the vicinity of the ferromagnetic transition
temperature the measured value of dM/dHex [has a large field dependence.
On the other hand it has also a large absojlute value. In order to
determine x in these cases an a.c. method (see appendix 1) using an
external magnetic field down to 0.0I+ Oe hais been applied.

Another difficulty shows up when analysing Ay of dilute Pd-based alloys
as a function of temperature. This kind oft alloys, having a localized
magnetic moment associeted with the magnetlic impurities, is expected
to obey the Curie-Weiss law:

c N vlrtAx = 3TbTt-0)

where Pef.f is the effective magnetic moment and 0 is the Curie-Weiss
temperature. However, from experiments, it was evident that eq.II.11
did not fit the data, unless the temperature dependence of the host
susceptibility was taken into account by assuming p „  to be temperature
dependent. Denoting Xhost and peff at a fixed temperature T ^ b y  X^Jjost

( p )
8X1 ̂ Peff > respectively, this can be done by writing the effective moment
as

/ it. \ (r) xhost^^Peff(T) = Peff ~ ----  <«.«)

(r)The value of ^as determined from a fit to the experimental
data. Another way of incorporating the temperature dependence of the
susceptibility of the host is to assume

Peff(T) = pi «  {1 + “ *host(T)} (ïl. 13)

where Pe^  is the bare effective moment of the magnetic impurity
(without the moment of the polarized d—band) and a is a parameter to be
deduced from the experimental results. As will be outlined in chapter III
these equations do not add an extra parameter, but have a physical
background.
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II.cA. Electron paramagnetic resonance.
The analysis of the results of electron paramagnetic resonance

experiments on dilute alloys is quite complicated. The analysis of the
data and their interpretation in the light of the existing theories are
more or less intertwined. Nevertheless, because some E.P.R. measurements
have been carried out on these alloys, results of which are important
in connection with the models used in this thesis, some aspects of these
investigations have to be elucidated.

In a dilute binary alloy of a non—magnetic metal with magnetic
impurities there are two spin systems capable of responding to the
high-frequency field applied in E.P.R.; the impurity system (denoted
by Sj) and that of the itinerant electrons (denoted by S. ). Since
the magnetic susceptibility of S is larger in most cases (see however
Monod et al.(2l)), the response will be determined by this system.
For a description of the alloy the following simple model will be used
(see fig.II.3): The system Ŝ . is energetically coupled to the lattice
via a relaxation mechanism characterized by a relaxation time Ttt.XI*
The relaxation to the S^e-system and vice versa are characterized by

TIie 811(1 Tiel’ resPectively- The strength of the interaction of the Sie-system
with the lattice is reflected by T^ When the impurity atom is in
the S-state its g-value will be nearly 2, the same value as that of the
itinerant electrons. The resonance of non S-state impurities is rather
difficult to observe. If the g-values are nearly the same and if
T^ek>> there will occur a large cross relaxation between the two
spin systems. The effective relaxation time deduced from the width
of the resonance line will then be determined for the main part by T. .leL
This is the so-called bottleneck effect (19). In this case it is trivial
that the polarization of the itinerant electrons is no able to cause a
shift Aa) of the resonance frequency of the S^-system. In fig.II. 1* curves
are shown for 1/T . and Aoo as a function of x=T_. /T. . .eff lie leL

Dynamic effects like the bottleneck effect mentioned above must be
taken into account at drawing conclusions from E.P.R. investigations
on dilute alloys.
II.c.5. Mössbauer effect.

The Mössbauer effect or the recoilless gamma emission has proved
to be a very effective tool for studying magnetism in solids. When an
excited nucleus is bound to a crystal lattice, there is a large probability
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lattice

Fig. I I .  3. Sketch, o f the spin systems and interactions in  dilu te alloys.

Fig. I I . 4. The inverse o f the relaxationtimes and the frequency s h ift
as a function o f the ratio o f the relaxationtime T , .  and
TieL‘ (af ter Hasegawa (19) ). Note that Hasegawa used

Tsd ?or Tl ie  and TsL for TieV
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for recoilless emission of a gamma photon. The energy of the gamma photon
is equal to the reaction energy involved in the decay process. Therefore,
this gamma photon can excite another nucleus. The natural width of the gamma
photon is mainly determined by the lifetime t of the excited state.
For instance for ^ F e  t= 10~7 s , leading to a width of k.6 10-9 eV, while
the gamma quantum has an energy of 1U .U keV. This very small relative
width makes it necessary for the reaction energies in the emitting and
absorbing nuclei to be exactly the same. If this is not the case, because
for instance, one of the nuclei is subjected to an external field, the
spectrum in the presence of the field can be experimentally measured
utilysing the Doppler effect by moving the emitter with respect to the
absorber or vice versa.

The MfJssbauer effect thus offers the possibility to determine internal
magnetic fields acting on the nucleus in a solid. If, to take a simple
example, the excited state of the nucleus has a nuclear spin I, a nuclear
gyromagnetic ratio g^ and the ground state has no spin and if it is
placed in an external magnetic field H, the energy levels of the decay
will be split up into 21+1 levels with a spacing of y„g^H, where is
the nuclear Bohr magneton. This splitting can be much larger than the
natural width of the gamma quantum.

A number of workers has proved in an experimental way that e.g. for
Pd-based alloys the field at the nucleus of the impurities is proportional
to the bulk magnetization of the sample. The great advantage of measuring
the magnetization via the Mössbauer effect is that very low concentrations
of impurities can be used and that the direction of the internal field
does not influence the response, so that a spontaneous magnetization
can easily be determined.
II.c.6, Determination of the transition temperature T-.

The transition temperature of a ferromagnetic material can be determined
in several ways. Due to the presence of "tails" of the spontaneous
magnetization and due to the width of the transition, particularly in
alloys, the results obtained can differ by an amount of 30% or more.
II.c.6.a. T^ from the specific heat in zero external field.

There are two methods for determining T^ from specific heat data
measured as a function of temperature. The simplest way is to identify
T with the temper at lore at which AC attains its maximum value as a function
of T. Another way is to compare the specific-heat results with model
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calculations. In a model AC is calculated as a function of T/T so that
Tc can he found from a fit to the experimental data.

II.c.6.h. Tc from magnetization measurements.
Here are also two methods. In the Weiss-Forrer method (22) curves at

constant magnetization of H versus T are plotted. The limit of the
values of T where these curves intersect the temperature axis is identified
as * According to the Weiss molecular—field model such curves should
approximate straight lines.

From thermodynamics it can he deduced that in the vicinity of Tc the
following relation should hold for M at a fixed temperature;

a' M + g- M3 = Hex, a' = 0 at T = Tc (n>llt)

By plotting M2 versus H /M (the so-called Arrott-plot (23) ) values
for a' can he found for each temperature. The transition temperature
can then he determined from a plot of o' versus T at the intersection
with the temperature axis.

II.C.6.C. T^ from the electrical resistivity.
The transition temperature can be derived from the resistivity hy

identifying it as the temperature at which dAp/dT attains its maximum
value as a function of temperature (2^,25). As in the case of the specific
heat it is also possible to compare the resistivity data with the results
of model calculations.

A determination of Tc directly from the Ap versus T curve has been
carried out on most cases by choosing for T̂ , the temperature at which
a knee appears in the Ap versus T plot. Of course the result of this
method and the result from the maximum of dAp/dT only coincide when the
knee is infinitely sharp (a discontinuity in dAp/dT). In the case of
broad transitions a number of authors has defined T_, as that temperature
where the Ap versus T curve starts to deviate from a straight line with
increasing temperature. This method results in nearly the same value
as derived from the maximum of dAp/dT.

II.c.6.d. T_ from the Mossbauer effect.
At temperatures above T^ (and without an external magnetic field) there

is no hyperfine field acting on the nucleus (it has been proved in an
experimental way that the hyperfine field is proportional to the
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magnetixation, see section Il.d.). The MÖssbauer spectrum will therefore
be a single line. Below the spontaneous magnetization causes a
hyperfine field, so that the spectrum will now be splitted in a number
of lines (six in the case of "Fe). The transition temperature is now
defined as that temperature at which the single line starts to broaden
with decreasing temperature.

Il.c.b.e. T^ from susceptibility measurements.
Deriving T from susceptibility measurements is done by fitting the

data to the Curie-Weiss law or to the modified one (see section II.c.3)
and identifying 0 as Tn. It should be noticed that 6 equals T- only in

V/ C
the Weiss molecular-field approximation.

II.c.6,f, Discussion.
In view of the experimental results (see e.g. table II,I) it can

roughly be said that the values of T_ are in the following order from
low to high values: maximum of dAp/dT, maximum of AC, model calculations
of dAp/dT, model calculations of AC, MÖssbauer effect, magnetization
Arrott-plot, magnetization Weiss-Forrer and at last susceptibility. Results
from model calculations concerning random dilute ferromagnetic alloys
(see chapter III and IV) are more or less in agreement with this experimentally
found order of T^-values.

It is difficult to make a choice between the values of T_, which is
rigidly based on theory. Nevertheless, based on the agreement between the
results of various experiments and based on the experience with model
calculations it may be said that the values for T„ obtained from the
maximum of AC, from model calculations of dAp/dT, from model calculations
of AC and from the MÖssbauer effect are the most reliable values.

It should be noted that the use of Hex in the equations given above
is not exactly correct. A value of the magnetic field IL , as defined

= Hg - D'M should be used, wherein D' is the demagnetization factor.
However, since M of dilute alloys is small this correction can be
neglected in most cases.
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I I . d .  G eneral r e s u l t s .

E xperim en ta l ev idence  f o r  th e  e x is te n c e  o f  th e  m agnetic  moments

a s s o c ia te d  w ith  Co, Fe o r  Mn im p u r i t ie s  in  Pd can he o b ta in e d  from

s u s c e p t i b i l i t y  m easurem ents. I t  appeared  t h a t  th e  s u s c e p t i b i l i t y  obeys

th e  C urie-W eiss law  o r  th e  m o d ifie d  one and th a t  th e  C urie  c o n s ta n t C
c

i s  p r o p o r t io n a l  t o  th e  amount o f  im p u r i t ie s  p re s e n t in  th e  a l lo y .

From th e o ry  ( e .g .  th e  A nderson model) i t  i s  known t h a t  th e  lo c a l

m agnetic moment a s s o c ia te d  w ith  th e  im p u rity  sh o u ld  be a s c r ib e d  to  an

e x t r a  d e n s ity  o f  s t a t e s  f o r  sp in  up e le c t ro n s  lo c a te d  below  th e  Fermi

l e v e l  and an e x t r a  d e n s ity  o f  s t a t e s  f o r  s p in  down e le c t ro n s  lo c a te d

above th e  Fermi en e rg y . Due to  th e  h y b r id iz a t io n  o f  th e  band s t a t e s  w ith

th e  lo c a l i z e d  s t a t e s  o f  th e  im p u rity  atom , th e s e  e x t r a  d e n s i t i e s  o f

s t a t e s  have a w id th  A on th e  energy  s c a le .  T his w id th  i s  sometimes

in te r p r e te d  in  term s o f  th e  l i f e t im e  o f  th e  m agnetic  moment; A b e in g  o f

o rd e r  o f  e l e c t r o n v o l t s , t h i s  l i f e t im e  sh o u ld  be v e ry  s h o r t  (<v10“ ll*s).

N e v e r th e le s s , i t  has p roved  p o s s ib le  to  observe th e  e l e c t r o n  p aram ag n e tic

resonance f o r  a number o f  a l lo y  system s (2 0 ) . T h e re fo re , th e  i n t e r p r e t a t i o n
,of A in  te rm s o f  a l i f e t im e  i s  n o t c o r r e c t .  In d e e d , i t  can be shown (26)

on th e o r e t i c a l  grounds t h a t  such an i n t e r p r e t a t i o n  i s  u n te n a b le ,  in
p a r t i c u l a r ,  i t  i s  n o t c o n s is te n t  w ith  th e  P a u li  p r in c i p le .

R e a l iz in g  th e s e  a rg u m en ts , we may say  t h a t  th e  m agnetic  moments
a s s o c ia te d  w ith  Co, Fe o r  Mn in  Pd a re  r a th e r  w e ll  d e f in e d . Im p o rtan t

p r o p e r t ie s  o f  th e s e  moments th e r e f o r e  a re  th e  m agnetic  quantum number J

(o r  th e  m u l t i p l i c i t y ) ,  th e  m agnitude o f  th e  moment u and th e  e f f e c t iv e

g*y& lue, b e in g  d e f in e d  as y / ( J  Ug). W hether th e  m a g n e tiz a tio n  as a fu n c tio n

o f  te m p era tu re  and e x te r n a l  f i e l d  s t r e n g th  can be d e s c r ib e d  by a B r i l lo u in
fu n c tio n  in v o lv in g  th e s e  v a lu es  o f  J  and „ i s  one o f  th e  main q u e s tio n s
experim en t has to  answ er.

The s t r e n g th  o f  th e  i n t e r a c t io n  betw een th e  m agnetic  moments in  th e
a l lo y ,  c a u s in g  ferrom agnetism  in  th e  system s under in v e s t i g a t io n ,  i s

c h a r a c te r iz e d  by th e  v a lu e  o f  th e  t r a n s i t i o n  te m p e ra tu re . These v a lu es  as

a fu n c tio n  o f  th e  c o n c e n tra tio n  o f  th e  im p u r i t ie s  c o n ta in  th e r e f o r e  in fo rm a tio n

abou t th e  s t r e n g th  o f  th e  i n t e r a c t io n  as a f u n c tio n  o f  th e  d is ta n c e  o f  th e
im p u r i t i e s .

A ta b le  c o n ta in in g  th e  r e s u l t s  from  ex p e rim en ts  f o r  th e  q u a n t i t i e s
m entioned above w i l l  be su b m itte d  w ith  t h i s  s e c t io n  (se e  I I . d . 6 ) .
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I I . d .  1. Pd-Co and Pd-Fe a l lo y s .

R egard ing  Co and Fe im p u r i t ie s  in  Pd th e r e  a re  two s t r i k i n g  f e a tu re s

o f  th e  e x p e r im e n ta l d a ta :  fe rrom agnetism  e x i s t s  in  th e s e  a l lo y s  down to

very  low  c o n c e n t r a t io n s ,  0 .01  a t .$  f o r  Fe (2 7 ,2 8 ) and 0*1 a.t.% f o r  Co

im p u r i t ie s  (2 9 ) ;  th e  m agnitude o f  th e  m agnetic  moment a s s o c ia te d  w ith

th e  im p u rity  atom i s  very  l a r g e ,  about 10y_ p e r  Co- o r  Fe-atom  (2 7 -3 2 ) .
The m agnitude o f  th e  moments d e c re a se s  w ith  in c re a s in g  c o n c e n tra tio n

o f  th e  im p u r i t i e s .

The ob se rv ed  10p_ i s  much l a r g e r  th a n  th e  maximum moment f o r  a Co- o r

Fe-atom  ac co rd in g  to  th e  P a u li  p r in c i p l e .  O b v io u sly , p a r t  o f  th e  observed

moment must be due to  a  p o la r i z a t io n  o f  th e  h o s t m e ta l . I f  t h i s  i s  c o r r e c t ,

th e  " g ia n t  moment" must be ex ten d ed  over a la rg e  number o f  P d-a tom s,

s in c e  th e  moment p e r  Pd-atom  i s  l im i te d  by th e  low number o f  d -h o le s  (0 .3 6 )

p e r  atom and p ro b ab ly  t o  a  much low er v a lu e  by energy  c o n s id e ra t io n s .

The c r u c ia l  ev id en ce  f o r  th e  e x is te n c e  o f  th e  p o la r i z a t io n  c lo u d  came

from  d i f f u s e  n e u tro n  s c a t t e r in g  ex p e rim en ts  c a r r ie d  o u t by Cable e t  a l . ( 3 3 )

and by P h i l l i p s  (3**) on Pd-Fe a l lo y s  and by Low and Holden (35-37) on
Pd-Fe and on Pd-Co a l lo y s .  Low e t  a l .  u sed  a  s p e c ia l  te c h n iq u e  o f  d i f fu s e

s c a t t e r in g  o f  lo n g  wave le n g th  n e u tro n s  (A=5 A ), which en a b le s  an

ex am ina tion  o f  th e  s p a t i a l  d i s t r i b u t io n  o f  th e  m agnetic  moment in  th e

v i c i n i t y  o f  th e  im p u rity  atom. The r e s u l t s  o f  th e  ex p erim en ts  on Pd-Fe

0 .25  a t .% and on Pd-Co 0 .3  a t .% a re  shown in  f i g .1 1 .5 ,  where th e  moment
d e n s i ty  i s  p lo t t e d  v e rsu s  th e  d is ta n c e  from th e  im p u r ity . The lo n g  range

n a tu re  o f  th e  p o la r i z a t io n  i s  c l e a r  from th e  g raph .

Pd-Fe

Pd-Co

A 10
Fig. I I .  5. Magnetic-moment density as a function o f  the distance from

the solute s i te  in  d ilu te  Pd-Fe and Pd-Co alloys (a fter
Low and Holden (36) ).
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A possible anisotropy of the moment distribution has been investigated
by Hichs et al. (37) on a Pd—Fe 0.25 at.^ single crystal. No anisotropy
has been detected.

In view of this long range the occurrence of ferromagnetism down to
very low concentrations becomes somewhat comprehensible, for even at
these very low concentrations of solute atoms a considerable overlap
of the polarization clouds will occur, causing an interaction between
the moments.

From measurements of the MSssbauer effect two important facts have
become evident: 1® the giant moment exists not only in the ferromagnetic
state but also in the paramagnetic one down to a fairly small amount
of Fe, about 30 ppm; 2° spontaneous magnetization exists in zero external
magnetic field.

The concept of ferromagnetism in Pd—based alloys was mainly due to
magnetization experiments. Values of the spontaneous magnetization are
obtained from these experiments by extrapolation of the data obtained
in an external field. In the case if dilute alloys of Co or Fe in Pd,
the result of such an extrapolation looks similar to the magnetization
versus temperature curve of a paramagnet in a constant external field.

Besides, the extrapolation procedure might be considered as doubtful
at establishing spontaneous magnetization (38). The results from the
MSssbauer effect measurements must therefore be considered as a necessary
supplement to the magnetization investigations.

Spontaneous magnetization in Pd-Co alloys has been investigated by
Dunlap and Dash (39) and that in Pd-Fe alloys by Trousdale et al. (1*0).
It should be noticed that the Co-nucleus is not a good MSssbauer probe.
Measurements on Pd-Co alloys have been carried out by using small amounts
of ^Fe (see section II.e.3).

A general feature of the magnetic ordering process in dilute alloys of
Co and Fe in Pd is the width of the transition, particularly at very
low concentrations. The spontaneous magnetization has a very long tail
at T>TC; the AC versus temperature curve has a broad wedge-shaped -vi-.»
and the electrical resistivity decreases more gradually with decreasing
temperature than should be expected in the case of a uniform ferromagnet +)

+ ) Uniform ferromagnet means a ferromagnet with a sharp transition,
such as has been observed in Ni or Fe.



This spread in the transition is revealed in table II.I by the large
discrepancy in the values for T derived from different experiments. A more
detailed discussion will be found in section II.e and in chapter V.

Concerning the results for the magnetic quantum number, there exists
a large discrepancy between the values deduced from measurements
of the magnetization and of the Mössbauer effect in an external magnetic
field on one hand and the results obtained from specific-heat experiments
on the other. It should be noticed that, as already mentioned in section
II.c, if the magnetic quantum number is derived from magnetization and
related experiments, this is done by fitting the data to a Brillouin
function (incorporating a molecular field if necessary), while the value
of J can be derived from the specific heat data via thermodynamic
relations, which are only based on the assumption of equal values of J for
all magnetic moments.

The specific heat of Pd-Co and Pd-Fe dilute alloys has also been
determined in external magnetic fields. From these experiments it could
be learnt that these alloys did not show normal behaviour (i.e. Schottky
behaviour), not even in the case of extreme dilution investigated in the
strongest external field available. This implies that it is not possible
to describe the specific heat in an external field by the temperature
derivative of the Brillouin function involving'the values of J and g g ^  as
obtained from the entropy content and magnetization measurements,
respectively. As mentioned above the magnetization as a function of
temperature and external field strength could only be described by a
Brillouin function with a value of J larger than that obtained from entropy
calculations. The impossibility of describing it with the correct value
for J is in agreement with the results of the specific-heat investigations.
These consistent observations formed the first ground for the modifications
of the Weiss molecular-field model vised in chapter V to interpret the
experimental results.

II.d.2. Pd-Mn alloys.
In contrast to the Pd-alloys containing Co and Fe the Pd-Mn system

has not received much attention until recently. Resistance measurements
by Sarachik and Shaltiel (U1) and by Williams and Loram (k 2) indicate
that ferromagnetism occurs in the Pd—Mn system at low temperatures,
although the transition temperatures were much lower than for alloys
with the same concentration of Co or Fe.
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Boerstoel et al.(13) have investigated the specific heat of a number
of Pd-Mn alloys with concentrations ranging from 0.08 at.% up to 2.U5 a.t.%.
The most striking feature of the results obtained in zero external field
was the sharp cusp in the AC versus T curve, indicative of a rather sharp
transition to ferromagnetism. As known up till now such a sharp transition
has not been found in any other disordered dilute alloy system.

Boerstoel et al.(13) has also measured the excess specific heat in
external magnetic fields. It appeared that for very dilute alloys the
specific-heat results obtained in strong magnetic fields could be described
by the Weiss molecular-field model. In order to make the molecular-field
coefficient consistent with the zero field data a rather large value
(of about 3) of the effective g—value had to be assumed.

This rather peculiar behaviour of Pd-Mn alloys attracted the attention
of a number of other workers. Star et al.(l8) measured the magnetization
of a number of dilute Pd-Mn alloys and found that the saturation moment
is about 7.8 uB> which value is consistent with the value of g and
the value of the magnetic quantum number as derived before from
specific-heat experiments. Star et el. (18) has also shown that the magnetic
isotherms as a function of Hgx could be accounted for by the Weiss
molecular-field model in agreement with the analyses by Boerstoel et al.
(13).

It should be emphasized that very dilute alloys of Pd-Mn do behave
according to a Brillouin function involving J as obtained from the
entropy and ge^  as obtained from the magnetization, contrary to very
dilute alloys of Pd-Co and (as will be shown in the next section) of Pd-Fe.

II.d.3. The concentration dependence of the transition temperature.
Collecting the data on T̂ , for Pd-Co and Pd-Fe alloys, it appeared that

TCis no^ proportional to the concentration, but varies as shown in
fig. II.6. Until recently T̂ > of the Pd-Mn system seemed to be proportional
to the concentration.

The comparison between Pd-Co, Pd-Fe and Pd-Mn alloys was unfortunately
somewhat confusing, because of the larger concentrations of Mn that were
needed to have the transition temperature in the range of liquid-He
temperatures. Within the context of our investigation a number of
resistance measurements have been carried out on very dilute alloys
down to a temperature of 50 mK. The results of these experiments
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Pd-Co

o c 8 at. % 10
Fig. II.6. Transition temperature of Pd-Co alloys as a function of

Co concentration (after Boerstoel (9)).

demonstrated that the transition becomes broader with decreasing
concentration as well as that as a function of c behaves in a way
similar to that of Pd-Co and of Pd-Fe.

An explanation of this behaviour for alloys with a concentration
smaller than 1 s.t.% will be given in chapter III.

Il.d.U. Investigations of the ferromagnetic phase.
Extensive investigations of the ferromagnetic phase of dilute Pd—based

alloys with Co, Fe and Mn impurities have been carried out by Williams,
Colp, Loram and Swallow (U3-U7).

In crystallographically ordered ferromagnetic systems the first
possible excitations of the ordered state with increasing temperature
are spin waves. If the ferromagnet is an electrical conductor (e.g. Fe)
these spin waves give rise to an increase of the electrical resistivity
proportional to T2 for T « T  . In alloy systems, where the magnetic
moments are distributed at random over the lattice sites, the behaviour
of the spin waves is different due to lack of translational invariance
of the spinsystem.

Calculations via a modification of the conventional spin wave theory
by Cole and Turner (U8) and by Long and Turner (UQ1 as well as calculations
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by Doniaoh and W ohlfarth  (50) in d ic a te  t h a t  th e  T2 dependence has to  be

re p la c e d  by a T3 2 one. T h is l a t t e r  te m p e ra tu re  dependence has been found

to  be in  agreem ent w ith  th e  e x p e rim en ta l r e s u l t s .  N e v e r th e le s s ,  r e s i s ta n c e
m easurem ents on more c o n c e n tra te d  a l lo y s  have r e v e a le d  a T2 dependence
f o r  Ap a t  low te m p e ra tu re s .

The dependence o f  th e  a c o u s t ic  s p in  wave s t i f f n e s s  c o n s ta n t  (D, d e f in e d
as th e  r a t i o  betw een th e  energy  o f  th e  sp in  wave and i t s  wave v e c to r

sq u ared ) on th e  c o n c e n tra t io n  and on th e  e x te r n a l  f i e l d  s t r e n g th  i s

somewhat vague from a  t h e o r e t i c a l  p o in t  o f  view . At any r a t e ,  in  a l l
ca se s  D showed up to  be p ro p o r t io n a l  t o  T (18,1*5).

C onclusions from th e  com parison betw een sp in  wave th e o ry  and th e

e x p e rim en ta l r e s u l t s  sh o u ld  be drawn w ith  some c a r e ,  because  th e o ry

does n o t in c o rp o ra te  a v a r i a t io n  in  th e  s t r e n g th  o f  th e  in te r a c t io n

betw een th e  m agnetic  moments due t o  t h e i r  random d i s t r i b u t io n  o v er th e

l a t t i c e  s i t e s .  A lso  a  p o s s ib le  d i s t r i b u t i o n  in  th e  m agnitudes o f  th e

m agnetic moments, to  be d is c u s se d  in  c h a p te r  V, may p la y  a r o le  in  th e
low te m p e ra tu re  b eh a v io u r o f  th e s e  system s.

I X .d .5. Two rem a rk s .

A g e n e ra l rem ark about th e  m a g n e tiz a tio n  m easurem ents has t o  be made.
For th e  th r e e  a l lo y  system s m en tio n ed , i t  i s  d i f f i c u l t  to  s a tu r a te

th e  m a g n e tiz a tio n  o f  th e  lo c a l i z e d  moments; f i e l d s  up t o  200 kOe a re

n e c e s sa ry . No c l e a r - c u t  e x p la n a tio n  i s  a v a i la b le  f o r  t h i s  e f f e c t .

B earing  in  mind t h a t  th e  p r o p e r t ie s  o f  d i l u t e  P d -b ased  a l lo y s  a re  due

to  th e  ex trem ely  la r g e  m agnetic  s u s c e p t i b i l i t y  o f  th e  h o s t  m e ta l ,  an

in v e s t ig a t io n  o f  th e  in f lu e n c e  o f  th e  a d d i t io n  o f  Ag o r  Rh seems in e v i t a b le .

A d d itio n  o f  Ag to  Pd d e c re a se s  th e  s u s c e p t i b i l i t y ,  w h ile  a d d i t io n  o f  Rh

in c re a s e s  i t .  E xperim ents on th e s e  a l lo y s  have been c a r r i e d  o u t w ith in

th e  c o n te x t o f  o u r in v e s t ig a t io n ,  b u t f o r  re a so n s  o f  c l a r i t y  th e  d is c u s s io n
o f  th e s e  experim en ts and t h e i r  r e s u l t s  w i l l  be postponed  to  c h a p te r  VI.

I I . d . 6 . T a b le .

D ata re p o r te d  in  th e  l i t e r a t u r e  and d a ta  o b ta in e d  from th e  p re s e n t

in v e s t ig a t io n  f o r  in  th e  t r a n s i t i o n  te m p e ra tu re  Tc , th e  s a tu r a t io n
moment y , th e  m agnetic  quantum number J  and e f f e c t iv e  g -v a lu e  g

(d e f in e d  as  u /(JU g ) ) have been ta b u la te d  in  t a b l e  I I . I  f o r  Pd-Co, Pd-Fe
and Pd-Mn a l lo y s .  The f i r s t  column c o n ta in s  th e  c o n c e n tra tio n  o f  th e

a l lo y  in  a t . * ,  th e  second column an a b b re v ia tio n  o f  th e  e x p e r im e n ta l m ethod.
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The meaning of the abbreviations are: MÖssb.: MÖssbauer effect;
s.h.: specific heat; res.: electrical resistivity; dAp/dT:
temperature derivative of the electrical resistivity; magn.: magnetization
measurement; susc.: susceptibility measurement; F.M.R.: ferromagnetic
resonance; Arrott: T determined by means of an Arrott plot;
W.F.: Tc determined applying the Weiss-Forrer method; model: Tc determined
using model calculations; infl.: Tc determined as that temperature at
which Ap starts to deviate from a straight line as a function of T with
increasing temperature; max.: Tc defined as that temperature at which
AC-or dAp/dT attains its maximum value; Knee: Tc defined as that
temperature where a knee can he found in the resistivity versus temperature
curve; W.M.F.: T determined from W.M.F. model calculations.

In the third column the number of the reference is given, p.w. stands
here for "present work". The fourth, fifth, sixth and seventh column
contains the values reported for the transition temperature in K, for the
saturation moment v in vB> for the magnetic quantum number J and for
the effective g-value &eff> respectively.

32



TABLE II.I

Main properties of Pd-Co alloys.

cone. exp. ref. transition saturation magn. eff.
(at. %) method. temperature

(K)
momentV quantum

number
g-value

0.07 MÖssb 39 1.55
0.075 s.h. 51 1.2
0.098 res. (infl) 58 0.8
0.1 magn. (Arrott) 29 7 10.8
0.16 s.h. (model) 51 1.81* 1.35 5.3
0.19 MÖssb. 39 6.5
0.2 i dAp/dT (model) 51 3.5
0.2 res. (infl) 58 2.95
0.21+ s.h. (model) 51 U. 16 1.1*1* 6.7
0.3 res. (infl) 58 6.1*5
0.35 s.h. (max.) 51 8.8 1.35
0.1+9 MÖssb. 39 18.8
0.5 magn. (Arrott) 29 25 9
0.5 res. (infl) 58 16.2
-0.7 res. (infl) 58 27.5
1.0 res. (infl) 58 1*1*. 0
1 magn. (Arrott) 29 90 8.9
1 susc. 52. 253 3.3
1.91 MÖssb. 39 90
3 SUSC• ' 52 305 3.5
1*.5 MÖssb. 39 186
5 SUSC. 52 323 3.5
5 magn. 29 6.2
7 susc • 52 353 3.1*
8 magn. 29 5.3
10 magn. (W.F.) 53 300
13 magn. 29 1*.7
16 magn. (W.F.) 53 1*00
20 magn 29 3.7
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cone •
(at • %)

exp,
method.

ref. transition
temperature

(K)

saturation
moment

(p b )

magn.
quantum
number

eff.
g-value

30 magn. (W.F.) 53 650

Uo magn. 29 2 .8

1*0 magn. (W.F.) 53 800

50 magn. (W.F.) 53 920

6o magn. 2 9 2 .2

6o magn. (W.F.) 53 1100

70 magn. (W.F.) 53 1180

80 magn. (W.F.) 53 1260

80 magn. 29 1.9

90 magn. (W.F.) 53 1350

100 magn. (W.F.) 53 1 Uoo

100 magn. 29 1.7

Main properties of Pd-Fe alloy8.

cone.
(a t . %)

exp.
method.

ref. transition
temperature

(K)

saturation
moment
V

magn.
quantum
number

eff.
g-value

0.005 susc. 5 1* 0.016

0.007 susc • 5 1* 0 .0 3 6

0.009 susc. 5U 0 .0 5 1 *
0.01 magn. (Arrott) 2 7 0.M* 1*. 5 16 2

0.01 S U S C  • 5l* 0 . 0 5 9

0.01 magn. (W.M.F.) 28 0 . 2 2

0.01 MÖssb. 3 0 1 2 .6 6 . 5 2.1*

0.013 S U S C . 51* 0 . 0 9 7

0.018 susc • 5** 0.16
0.02 susc. 5 1* 0 . 2

0.02 m a g n . (Arr o t t ) 5 >* 0 . 0 5 5

0.03 S U S C . 51* 0 . 3 9

0.03 magn. (Arrott) 5 1* 0 . 1 1 5



cone.
(at • %)

exp.
method.

ref. transition
temperature

(K)

saturation
moment
(vh )

magn.
quantum
number

eff.
g-value

0 .0 3 5 magn. (Arrott) 51* 0 .1 3
0.0l*3 magn. (Arrott) 51* 0 .2

0 .0 5 magn. (W.M.F.) 28 0 .5 5
0 .0 5 magn. (Arrott) 27 0 .6 6 8 .5 2
0 .0 6 magn. (Arrott) 51* 0.1*1
0 .0 6 8 magn. (Arrott) 51* 0.1*7

0 .0 7 magn. (Arrott) 27 0 .7 8 7 8 .5 2
0 .0 7 magn. (W.M.F.) 28 0 .6 7
0 .1 magn. (Arrott) 27 1 .0 8 8 .5 8 .5 2
0 .1 magn. (W.M.F.) 28 1.1
0 .1 Mössb. 31 11.1 3 .7 6 2 .9 5
0 .1 dAp/dT (max.) 55 0 .7
0 .1 5 magn. (Arrott) 56 1*.3
0 .1 5 dAp/dT (max.) 57 2

0 .1 5 magn. (Arrott) 27 2 .1 2 10 8 .5 2
0 .1 5 magn. (W.M.F.) 28 2 .2
0 .1 6 s.h. (model) 51 2 .2 1 .6 6 .3
0 .1 6 res. (knee) 58 2 .8

0 ;1 9 s.h. (max.) 59 2
0 .2 2 MÖssb. 1*0 3 .5
0 .2 2 dAp/dT (model) 51 3
0 .2 3 s.h. (max.) p.w. 3 .7 2
0 .2 3 res. (knee) 58 5.1*
0 .2 5 dAp/dT (max.) 55 1*.2
0 .2 8 magn. (Arrott) 56 9 .5
0 .2 9 dAp/dT (max.) 57 7 .5
0 .3 5 s.h. (max.) p.w. 6 .7 2 .1
0.1* M össb. 1*0 17
0.1*1 res. (knee) 58 1 3 .0

0 .5 F.M.R. (W.F.) 60 29
0 .5 dAp/dT (max.) 61 7
0 .5 3 dAp/dT (max.) 57 20

0 .5 3 magn. (Arrott) 56
" 23
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cone, .
(at. %)

exp.
method•

ref. transition
temperature

(K)

saturation
moment
(uB )

magn.
quantum
number

eff.
g-value

0.5** res. (knee) 58 2 0 .1

0 .7 8 res. (knee) 58 3 2 .6

1 dAp/dT (max.) 61 28

1 susc. 32 55 1 1 .3

1 susc • 52 238 1*. 1

1 magn. (Arrott) 32 39 9 .7

1 F.M.R. (W.F.) 60 60

1 .0 3 dAp/dT (max.) 57 1*0

1 .2 5 magn. (W.F.) 62 66

1 .2 6 MÖssb, 63 90 1

1 .5 s.c. F.M.R. (W.F.) 60 69

1 .7 s.c. F.M.R. (W.F.) 60 112

2 .8 MÖssb. 61* 95

3 dAp/dT (max.) 65 97

3 SUSC. 52 253 U.l*

3 .1 6 magn. (W.F.) 62 122

1*.0 MÖssb. 61* 106

1* F.M.R. (W.F.) 60 11*0

U MÖssb. 1*0 85

5 SUSC. 52 273 U.l*

5.11 magn. (W.F.) 62 162

5 .8 MÖssb. 61* 11*6

6 dAp/dT (max.) 65 162

6.1* MÖssb. 61* 11*7

7 susc. 52 288 1*. 3

7 .2 MÖssb. 61* 168

7 .5 MÖssb. 1*0 170

9 .7 8 magn. (W.F.) 62 236

9 dAp/dT (max.) 65 212

9 .5 MÖssb. 61* 220

1 0 .3 MÖssb. 61* 21*6

1 2 .3 MÖssb. 61* 282

13 MÖssb. 1*0 300

1 5 .7 5 magn. (W.F.) 62 377
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Main properties o f  Pd-Mn a llo ys .

cone. exp. re f . tra n s it io n satu ra tion magn. e f f .
(a t . % ) method. temperature

(K)
moment

< v

quantum
number

g-value

0.05 magn. susc. 18 0 .1 8 7.1* 1.5 3.15
0.051* magn. susc* 18 0 . 2 l* 7.3 2 . 1* 3 .18
0 .08 magn. susc* 18 0.39 7.8 2 . 1* 3.18
0.08 s .h . (W.M.F.) 13 2 .2 2 .6
0.15 re s .  (knee) p.w. 0.22
0 .19 s .h . (W.M.F.) 13 2.9 2 .8
0 .2 re s . (knee) p.w. 0.39
0.23 magn* susc. 18 1.33 8 .0 2,5 2.97
0.31 re s .  (knee) p.w. 0 .7 6
0 . 1* re s .  (knee) p.w. 1.03
0.U5 , magn. 66 1. 1*1
0.1*9 magn* susc* 18 2 .66 6 .6 1.9 2.91
0.1*9 magn. (A rro tt) 18 1.55
0.5 re s . (knee) 1*1 1 .6
0.5 re s . (knee) p.w. 1. 1*1*
0.51* s.h* 13 1.98 2.31 3.0
0.7 re s .  (knee) p.w. 2 . 1*8
O.96 magn. susc. 18 1*. 56 6.9 2 . 1* 2.81*
O.96 magn. (A rro tt) 18 3.1*5
1 re s .  (knee) 1*1 3.6
1 re s . (knee) 67 3.1*1
1.05 re s .  (knee) 1*2 3.9
1.2 magn. 66 1*.95
1.33 magn* susc* 18 7.1*8 6 .8 2.1 2 .8 6
1.33 magn. (A rro tt) 18 l*.5l*
1.35 s .h . 13 1*.1*8 2.37 3.2
1.8 magn* 66 7.5
2 . 1* re s .  (knee) 1*2 7.35
2.1*5 s .h . 13 5.78 2.33
2.1*5 magn. susc. 18 7.12 5.7 2 .2 2.65
2.1*5 magn. (A rro tt) 18 6 . 11*
2.7 s .h . (max.) 69 , 1*.75
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cone,
(at.1)

exp.
method.

ref. transition
temperature

(K)

saturation
moment
(vB)

magn.
quantum
number

eff.
g-value

2.91 res. (knee) k2 7.71
3 susc • 52 60 2
3.0 s.h. (max.) 69 1».5
3.3 s.h. (max.) 69 h.Q

3.78 magn. 66 6
h.0 s.h. (max.) 69 7.5
U.95 magn. 66 3.9
5 susc • 52 63 2.1
5.5 s.h. (max.) 69 10. U
6.75 magn. 66 1.17
9.5 s.h. (max.) 69 16.2
10 magn. 66 2
15 magn. 66 6.5
25 magn. 66 25

II.e. Detailed results.

II.e.1. Specific heat of Pd-Co.
The magnetic contribution to the specific heat of dilute Pd-Co alloys

has been the subject of investigations of the metals group in Leiden
for a.number of years. The measurements of the specific heat in zero
as well as in finite external magnetic fields by Boerstoel and coworkers
(9,51) have provided the starting point of our investigation. In fig.II.7
the excess specific heat of four Pd—Co alloys are shown as a function
of temperature and external field. From the entropy content Boerstoel
deduced a magnetic quantum number of 1.U, so that a value 3/2 has to
be adopted.
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Fig. I I .  7; AC versus T fo r  Pd-Co alloys containing 0.075 at.% Co (------ ),
0.16 at.% Co (---------), 0.24 at.% Co and
0.55 at.% Co (-------- ) .  at b, a and d re fer to measurements a t
Sex=0* 19 an^  97 respectively. Figures a t the top
o f  the graph indicate the specific  heat o f  pure Pd in
mJ/mol K a t the marked temperatures.

As m entioned in  s e c t io n  I I . d .1  th e  s p e c i f i c  h e a t  o f  v e ry  d i lu t e  a l lo y s

m easured a t  th e  l a r g e s t  e x te r n a l  f i e l d  s t r e n g th  a v a i la b le  d id  n o t show

a  b eh a v io u r a c co rd in g  to  a  B r i l l o u in  fu n c tio n  w ith  J= 3 /2 . The e x p e r im e n ta lly

o b ta in e d  cu rv es a re  b ro a d e r  and have a sm a lle r  maximum v a lu e . S ince  such

a  b roadened  S ch o ttk y "  s p e c i f i c  h e a t  can p o s s ib ly  be caused  by an a n is o t r o p ic
g -v a lu e , m easurem ents on s in g le  c r y s t a l s  had to  be c a r r ie d  o u t.  A lso an

exam ina tion  o f  th e  s p e c i f ic  h e a t as  a  fu n c tio n  o f  e x te r n a l  f i e l d  seems
w o rth w h ile .
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In the course of our experiments a Pd-Co 0.5 e.t.% single crystal (70)
has been investigated. The results of this experiment are shown in fig.II.8.
No anisotropic behaviour with respect to the direction of the external
field has been detected.

In order to get some additional information on the behaviour of very
dilute alloys in strong magnetic fields, we measured the heat capacity
as a function of magnetic field at a temperature of 3.h6 K (see appendix 2)
of a Pd-Co 0.05 at. 55 alloy (KOL 73087 ) ) and the heat capacity of Pd-Co
0.1 a.t.% single crystal (KOL 73015) as a function of temperature in an
external field of 20 kOe. The results of these measurements are shown
in fig.II.9 and fig.II.10, respectively. Also the results of these
experiments deviate from the Brillouin function behaviour.
The specific heat of the Pd-Co 0.1 at.55 single crystal has also been

investigated as a function of the direction of the external field by means
of the a.c. method (see appendix 2). No magnetic anisitropy has been found.

mol K

H - 0
H * 20 kOe (001)

K 20
Fig. II.8. AC versus T for Pd-Co 0.5 at.% s.c. Data points for the other

directions of the magnetic field have been omitted, since

they coincide with the data drawn for the (001) direction.

+ ) These numbers refer to numbering of the specimens by the metallurgical
department of the Kamerlingh Onnes Laboratory. The same numbers will be
used in table A.U.I.
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Fig. II. 9. AC/C^ versus for Pd-Co 0.05 at.% at 3.46 K. C is
approximately 36 mJ/mol K.

mol K

t) T
Fig. II. 10. AC versus T for Pd-Co 0.1 at.% s.a.

II.e.2. Electrical resistivity of Pd-Co.
Measurements of the electrical resistance of Pd-Co alloys have been

carried out by Williams (68). He found that the transition to
ferromagnetism occurred in a much wider temperature range than in the
cases of Pd-Fe and of Pd-Mn. Therefore, he used for Tc that temperature
at which the resistivity versus temperature curve starts to deviate
from a straight line with increasing temperature. This criterion is
similar to that of the maximum of dAp/dT. In view of this difficulty
of the determination of TQ the results of Williams are in fair agreement
with those of Boerstoel (9,51) obtained from the maximum of the excess
specific heat.
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In  o rd e r  t o  compare th e  w id th  o f  th e  t r a n s i t i o n  o f  a  Pd-Co, Pd-Fe

and Pd-Mn a l lo y  w ith  th e  same t r a n s i t i o n  te m p e ra tu re s  we have m easured

th e  r e s i s t i v i t y  o f  th r e e  a l l o y s ,  Pd—Co 0 .2  a.t.% (KOL 7071 )> Pd-Fe 0 .22  a t . ^

(KOL 7070) and Pd-Mn 1 .0  a.t.% (K0L 7035). The r e s u l t s  o f  th e s e  m easurem ents
a re  shown in  f i g . I I . 1 1 ,  from  w hich g raph  th e  d e c re a se  in  w id th  from Pd-Co

to  Pd-Mn i s  e v id e n t .

—  H=OkOe
— H=1k0e

—  HsOkOe
—  H=1k0e

PdMn
—  HsOkOe
—  H=1k0e

Fig. I I . 11. d to /d l versus T o f Pd-Co 0.2 at.% (upper graph), Pd-Fe 0.22 at.%
(middle graph) and Pd-Mn 1.0 at.% (lower graph). Data obtained
a t zero external f ie ld  are represented by a so lid  line , resu lts
obtained in  a magnetic f ie ld  o f  1 kOe are shown by dashed lines.
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Grassie et al. (71) have carried out a measurement of the magnetoresistance
of a very dilute Pd-Co alloy. An analysis of his data in terms of the
Weiss molecular-field model, combined with the calculations of Yosida (72),
results in J-V.7 and g=2.98. Since It.7 is not a half integer, this analysis
should be considered with criticism. In chapter V a reanalysis will be
given.

II.e.3. Measurements of the Mossbauer effect in Pd-Co.
Because the Co-nucleus is not a good MSssbauer probe, measurements as

reported on Pd-Fe alloys are impossible in the case of Pd-Co. However,
accepting the assumption that the behaviour of Fe in Pd-Co is the same
as that of Co in Pd-Co (due to the similarity of the properties of
Pd-Co and Pd-Fe), results of Mossbauer-effect measurements on ^Fe
contained to a small amount in Pd-Co can be interpreted as measurements
on Co in Pd-Co. Nevertheless, it should be noted that the magnetic
quantum number of Co in Pd is 3/2 and that of Fe in Pd is 2. This should
be taken into account at analysing these Mossbauer-effect data. In the
Brillouin function describing the magnetization a value of 2 for J
should be involved. On the other hand, the accuracy of the experiment
is probably too poor to distinguish between a Brillouin function with. 2
and one with 3/2.

The Mossbauer effect of ^Fe in Pd-Co has been investigated by Nagle
et al. (73) and by Dunlap and Dash (39). Nagle et al. studied the
MSssbauer spectrum in zero external field of alloys containing 3 at.?
up to almost 100 at.% Co. At temperatures between 0.7 T and T they
found an anamalous spectrum, obviously a convolution of resolved and
unresolved six-line patterns. At temperatures below 0.5 Tc a resolved
six-line spectrum was found. These measurements show the existence of
long-range magnetic order in Pd-Co alloys and indicate the onset of
this ordering at Tc characteristic for random alloys.

In order to investigate the onset of magnetic order more extensively,
Dunlap and Dash (39) carried out zero external field experiments on a
number of alloys with Co contents ranging from 0.07 a.t.% to It,5 a.t.%
by means of a thermal scan technique. They analysed their data in terms
of the Weiss molecular-field model incorporating a gaussian distribution
of molecular-field coefficients (see also chapter IV). With respect to
the experimental accuracy (the authors could not decide between a
magnetic quantum number of 1 or 6.5) they obtained a fair agreement.



The values for T„ obtained from these experiments have been quoted in
table IX.I and are in agreement with the results of Boerstoel (9»5l).

From the interpretation of their data Dunlap and Dash found that the width
of the transition to ferromagnetism is proportional to ĉ  within the
experimental error. From their model they also derived such a concentration
dependence, but unfortunately this derivation is based on a simple error
in the calculations. Consequently, no attention should be paid to this
result.

II.e.U. Magnetization measurements on Pd-Co.
For many years magnetization measurements on Pd-Co alloys have been

reported. These measurements were important in establishing the magnitude
of the magnetic moment per Co-atom, and gave a fair evidence for the
existence of the ferromagnetic ordering down to very low concentrations.

For the interpretation of the present experimental results, for the
test of the models used and in view of the specific heat results on
very dilute alloys in strong external magnetic fields, some special
magnetization measurements seemed expedient. Star ) determined the
magnetization of a Pd-Co 0.2U at.? alloy, a part of the specimen Boerstoel
(9,51) used, in external fields in which also the specific heat has been
investigated. He also measured the magnetization of a Pd-Co 0.1 at.>
alloy (the sample was kindly supplied by Narath, Stanford , U.S.A.)
in order to investigate the paramagnetic (see also chapter V) behaviour
of Co in Pd. The results of these experiments are shown in fig. 11.12
and fig. 11.13, respectively.

The peculiar behaviour of the weak field magnetization should be
noted. These curves as a function of temperature differ much from similar
curves for a uniform ferromagnet (e.g. Ni). Obviously, this kind of
curve is caused by the width of the transition. During the measurements
on this Pd-Co sample a hysteresis of the magnetization was observed, a
hysteresis loop with a width of about hundred Oe could be detected.
This observation is in agreement with our measurements of the low field
susceptibility, see section II.e.13. Remarkably, even at a temperature
of 20 K a small hysteresis loop was found.

+ ) Thanks are due to Dr. W.M. Star for carrying out these measurements during
his stay at the Francis Bitter Nat. Magnet Laboratory, M.I.T., Cambridge,
U.S.A.
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K 20
Hg. II. 12. Magnetization of Pd-Co 0.24 at. % as a function of temperature.

Co at

T. 1.35 K
T = 4.25 K

KOe 40
Fig. II.IS. Excess magnetization of Pd-Co 0.1 at.% at T=1.3S K and T=4.2S K

aa a function of temperature. The susceptibility of Pd has been

assumed to be 7.42 10~ ** emu/mol. No saturation of M. has been

achieved, since d M ^ d H ^  is 8.2 1CT+ emu/mol at sTkOe and

1.35 K.
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Regarding the measurement on the Pd-Co 0.1 at.? alloy the slow
saturation relative to a Brillouin function with J=3/2 can be seen in
the graph.

II.e.5. Magnetic susceptibility of Pd-Co.
Dilute alloys of Ni in Pd are known to exhibit the effect of local

spin fluctuations (see e.g. ref. 2). The effect of these fluctuations
can be observed in this alloy due to the fact that the formation of
local moments only occurs at concentrations larger than about 2.2 at.?.
If spin fluctuations are also effective in dilute Pd-Co alloys, this
should be reflected by the behaviour of the magnetic susceptibility as
a function of temperature; deviations not caused by interactions between
the moments from the Curie-Weiss law should be observed. Also from the
electrical resistivity evidence for the presence of spin fluctuations
might be obtained.

In the course of our investigation the magnetic susceptibility of two
alloys containing 50 ppm and 250 ppm have been measured using the
equipment described by Van Dam et al. (17). However, we used a glass
suspension wire instead of a copper one, in order to diminish the thermal
conductance from room temperature to the sample.

Due to the largeness of the magnetic moment associated with Co in Pd
and to the low temperature at which the experiments had to be carried
out, only weak magnetic fields could be used, leading to a poor experimental
accuracy. In view of this experimental limitation no deviation from the
Curie-Weiss law could be determined at temperatures down to 1.8 K.
A further investigation at lower temperatures by means of a SQUID
may be worthwhile.

Loram, Williams and Swallow (7*0 measured the electrical resistance
of three Pd-Co alloys with a Co content of 0.05 at.?, 0.1 at.? and
0.2 at.? at temperatures higher than the transition temperature. They
claim to have found a resistivity linear in ln(T/T'), which they ascribe
to spin fluctuation effects with a characteristic temperature of order
of T'. Such a kind of temperature dependence at temperatures higher than
T has also been found in our experiments. However, in view of the poor
quality of the fits of Loram et al. (71*) and bearing in mind that a decreasing
resistivity with decreasing temperature (T>TC) may also be caused by
short range order of the magnetic moments, we consider this resistance
measurements as an unsufficient evidence for the presence' of spin
1*6
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f lu c tu a t io n s .  N e v e r th e le s s ,  we do n o t exc lude th e  p o s s i b i l i t y  o f  in f lu e n c e s
o f  s p in  f lu c tu a t io n s  in  Pd-Co a l lo y s .

I I . e . 6 .  S p e c i f i c  h e a t  o f  P d -F e .

S p e c i f ic - h e a t  in v e s t ig a t io n s  on d i lu t e  Pd-Fe a l lo y s  have been  c a r r ie d
ou t by V eal and Rayne ( 75 ) in  th e  te m p e ra tu re  range from 1.1* K up to

100 K on a l lo y s  w ith  c o n c e n tra tio n s  ra n g in g  from 0 .09  a t . *  t o  1 .52 a t . * ,  by

C oles e t  a l .  (59) on a 0 .19  a t . *  a l lo y ,  and by B o e rs to e l on a 0 .1 6  a t . *  I l l o y  ( 9 ) .
V eal and Rayne (75) have c a lc u la te d  a m agnetic  quantum number o f

1 .1 ±  0 .3  from  an e s t im a te  o f  th e  e n tro p y  c o n te n t o f  th e  ex cess  s p e c i f i c
h e a t .  I f  on ly  th e  th r e e  a l lo y s  w ith  th e  lo w es t c o n c e n tra tio n  a re

c o n s id e re d , a v a lu e  o f  1 .5±  0 .3  can be deduced from t h e i r  p a p e r .

Coles e t  a l .  (59) a l s o  found a  m agnetic  quantum number o f  1 .5.  V eal

and Rayne d e f in e d  th e  te m p e ra tu re  a t  w hich AC becomes ze ro  w ith  in c re a s in g
te m p era tu re  as T? .c T his d e f in i t i o n  i s  n o t a t  a l l  a c c u r a te .  M oreover,
i t  i s  n o t s u s ta in e d  toy any th e o ry .

B o e rs to e l  (9 ) has in v e s t ig a te d  Pd-Fe 0 .1 6  a t . *  in  ze ro  e x te r n a l  f i e l d
as w e ll  as in  e x te r n a l  m agnetic  f i e l d s  up to  27 kOe. He deduced a  v a lu e

o f  1 .6  ± 0 .2  f o r  J .  His r e s u l t s  f o r  th e  ex cess  s p e c i f i c  h e a t  a re  shown
in  f i g .  I I .  tU.

An ex am ina tion  o f  Pd-Fe a l lo y s  in  th e  l im i t  o f  extrem e d i lu t io n  has

been c a r r i e d  o u t by Chouteau e t  a l .  (5U .76 ). They found t h a t  th e  excess

s p e c i f i c  h e a t a t  te m p e ra tu re s  much low er th a n  Tm&x i s  h a rd ly  depending

on th e  c o n c e n tra t io n ,  and t h a t  AC v a r ie s  as a /T  -  b /T 2 a t  te m p e ra tu re s

h ig h e r  th a n  T ^ .  They d e r iv e d  a  v a lu e  o f  7 /2  f o r  th e  m agnetic  quantum

number f o r  Fe in  Pd. From m a g n e tiz a tio n  and from  s u s c e p t i b i l i t y  m easurem ents
th e y  found Tc to  be p ro p o r t io n a l  to  c2 f o r  low c o n c e n tra tio n s  and a ls o

M to  vary  l e s s  r a p id ly  th a n  a c co rd in g  to  a B r i l l o u in  fu n c tio n  w ith  J= 5 .

From th e s e  o b se rv a tio n s  th e  a u th o rs  conclude th e  m agnetic  o rd e r in g  to

become o f  a sp in  g la s s  c h a r a c te r  f o r  c o n c e n tra tio n s  s m a lle r  th a n  0 .1  a t . * .

In  s p i t e  o f  th e  q u a l i ty  o f  t h e i r  ex p e rim en ts  we d is a g re e  w ith  th e
draw ing o f  th e  c o n c lu s io n s , s in c e  :

-  A n e a r ly  c o n c e n tra tio n  independen t s p e c i f i c  h e a t  a t  th e  lo w es t

te m p e ra tu re s  may a l s o  be due to  an in c re a s e  o f  th e  w id th  o f  th e  d i s t r i b u t io n
in  th e  s tr e n g th  o f  th e  i n t e r a c t io n  betw een th e  lo c a l  moments, even when

th e  in te r a c t io n  i s  fe rro m a g n e tic . A ccording to  s t a t i s t i c a l  th e o iy

t h i s  in c re a s e  in  th e  w id th  can sim ply  be a s c r ib e d  to  th e  c o n c e n tra tio n
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dependence o f  th e  s p a t i a l  d i s t r i b u t i o n  o f  th e  im p u r i t ie s  and th e  d is ta n c e

dependence o f  th e  i n te r a c t io n  s t r e n g th  (s e e  c h a p te r  I I I ) .

-  A d e v ia t io n  o f  M from  a B r i l lo u in  fu n c tio n  i s  n o t u n ex p ec tab le  s in c e  to

ou r o p in io n  i t  i s  n o t p o s s ib le  t o  d e s c r ib e  th e  m a g n e tiz a tio n  o f  Pd-Fe

a l lo y s  in  a c o n s is te n t  way w ith  t h i s  fu n c tio n  (s e e  c h a p te r  V ). A ccording

to  th e  r e s u l t s  f o r  th e  s a tu r a t io n  m a g n e tiz a tio n  and f o r  th e  C urie  c o n s ta n t

deduced from th e  same measurem ent by Chouteau e t  a l .  (5*0 th e  m agnetic

quantum number sh o u ld  be 1 .5  in s te a d  o f  5 ( 18) .
-  The c2 dependence o f  th e  t r a n s i t i o n  te m p e ra tu re  can a l s o  be a s c r ib e d

to  a fe rro m a g n e tic  i n t e r a c t io n  w ith  a  dependence on th e  d is ta n c e  as

r -6  (se e  c h a p te r  V).
-  In  o rd e r  to  o b ta in  agreem ent betw een t h e i r  s p e c i f i c - h e a t  d a ta  and

c a lc u la t io n s  b ased  on th e  R.K.K.Y. i n t e r a c t i o n ,  th e  a u th o rs  assumed th e

m agnetic  quantum number to  be 5 in s te a d  o f  7 /2  which th e y  o b ta in e d  from

th e  e n tro p y  c o n te n t o r  1.5 w hich co u ld  be deduced from t h e i r  m a g n e tiza tio n

m easurem ents.
N e v e r th e le s s ,  we do n o t ex c lu d e  th e  p o s s i b i l i t y  o f  a  d i f f e r e n t  m agnetic

o rd e r in g  in  th e  l im i t  o f  extrem e d i lu t io n .
In  o rd e r  to  o b ta in  more com plete ze ro  f i e l d  r e s u l t s ,  a l lo y s  w ith  a

l a r g e r  c o n c e n tra tio n  th a n  0 .16  a t . ?  have been m easured in  th e  co u rse  o f

ou r in v e s t ig a t io n .  In  f i g . I I . 15 th e  r e s u l t s  a re  shown f o r  Pd-Fe 0 .2 3  a t . ?

(KOL 727 3 ), in  f i g  I I . l 6  th o s e  f o r  Pd-Fe 0 .35  at.?_ (K 0L  730UU). In  o rd e r

t o  o b ta in  d a ta  f o r  AC th e  s p e c i f i c  h e a t  o f  pu re  Pd as determ ined  by

B o e rs to e l e t  a l .  (9 ,7 7 )  has been s u b tr a c te d .
As was t o  be e x p e c te d , th e  g e n e ra l b eh a v io u r o f  th e  ex c ess  s p e c i f ic

h e a t  as a  fu n c tio n  o f  te m p e ra tu re  and e x te r n a l  f i e l d  s t r e n g th  i s  th e  same

as has been found in  th e  case  o f  Pd-Co d i lu t e  a l lo y s  by B o e rs to e l  (9 ) .

However, a c lo s e r  a n a ly s i s  shows t h a t  in  th e  ca se  o f  Pd-Fe th e  ex cess

s p e c i f i c  h e a t as a  fu n c tio n  o f  T d e c re a se s  more r a p id ly  f o r  T>Tmgy

th a n  in  th e  case  o f  Pd-Co (T i s  th e  te m p e ra tu re  a t  which AC a t t a i n s

i t s  maximum v a lu e  as a fu n c tio n  o f  T ). A lso th e  v a lu e  o f  AC a t  th e

maximum i s  s l i g h t l y  l a r g e r  th a n  th o s e  o f  Pd—Co a l lo y s  w ith  com parib le

c o n c e n tra t io n .
E n tropy  e s tim a te s  w ith  s u f f i c i e n t  accu racy  co u ld  be made in  th e  cases

o f  Pd-Fe 0 .2 3  a t . ?  f o r  H =0 and H =20 kOe and in  th e  ca se  o f
SX  6X

Pd-Fe 0 .35  a t . ?  f o r  Hg =0. The v a lu e s  f o r  th e  m agnetic  quantum number

deduced from  th e  e n tro p y  were 1 .9±P•2 , 2 .1 ± 0 .2  and 2 .1 ± 0 .2 ,  r e s p e c t iv e ly .
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P d -F e  0 .16  a t . %mol K

8 12 K 16
I 0 .5%  to ta l  heat capacity

Fig. 11.14. AC versus T fo r  Pd-Fe 0.16 at.% . OH =0. A H =9 kOe,
ex * ex *

A H =18 kOe and •  H =27 kOe ( a f te r  B oerstoe l (9) ) .
QCC

mol K

o H = 0  kOe
□ H = 5  kOe
» H m lO kO e

K 12

Fig. 11,15. AC versus T fo r  Pd-Fe 0.23 at.% .
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These values are not in "exact" agreement with the literature, hut it
should be noticed that a difference between 1.5 and 2 means a change in
the entropy of only 20%. In our analysis we will assume that 2 is the
correct value for the magnetic quantum number, in agreement with our
experimental results.

The specific-heat results obtained in external magnetic fields on this
alloys already shows a deviation from the Schottky behaviour, for at
increasing magnetic field strength the value of the maximum of AC should
approximate of the Schottky specific heat. In the case of
Pd-Fe 0.16 at.? AC of the Schottky specific heat is 10 mJ/mol K,max
the experimentally obtained maximums do not exceed 8.5 mJ/mol K. Therefore,
an investigation in external magnetic fields of alloys with very small
concentration of Fe and an investigation on single crystals of Pd-Fe is
expedient.

We have measured the heat capacity of a Pd-Fe 0.5 at.? single crystal
(kindly put available to us by the University of Geneva, see also section
II.e.1). The results are shown in fig.II.17. Unfortunately, it was not
possible to trace accurately the maximum of the excess specific heat
as a function of temperature. Nevertheless, the results of these
measurements have shown that Pd-Fe at this concentration is magnetically
isotropic (within 0.5 ? of the total specific heat of the alloy).

We also investigated the specific heat of a Pd-Fe 0.05 at.? alloy
as a function of external field by means of the a.c. method (see appendix 2).

In fig II. 18 the result of this measurement is shown. The vertical
scale gives AC/C , where C is the value of the specific heat at zero
external field, estimated in this case to be 36 mJ/mol K. The excess
specific heat of a single crystal of Pd—Fe 0.1 at? (KOL 7301U) has been
determined as a function of temperature and also as a function of the
strength and the direction of an external magnetic field. In fig.II. 19
the excess specific heat of this sample as measured by the adiabatic
method is shown. The excess specific heat at constant temperature of
the same specimen, determined using the a.c.method, is shown as a function
of the external field strength in fig. 11.20. The large advantage, being
the small random error, of the a.c.method is evident from the graphs;
the disadvantage cannot be seen, it is the quite large uncertainty
in the absolute value (5 ?)•
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K 16
Fig. 11.16. AC versus T for Pd-Fe 0.35 at.%.

mol K

o H = 0
A H = 20 kOe (001)

K 20
Fig. 11.17. AC versus T for Pd-Fe 0.5 at.% s.o. Data points for the other

directions of the magnetic field have been omitted, since

they coincide with the data drawn for the (001) direction.

u H ^ 20 40 kOe
AC/C Versus H for Pd-Fe 0.05 at.% at T=3.46 K.

o ex J
C is approximately 36 mJ/mol K.

Fig. 11.18.



F ig. I I . 19.

H . 0  kOe
H .  2 0  kOe

0  T

AC versus T fo r  PcL—Fe 0.1 at.%  8. a.

20  kOe

Fig. 11 .20. AC versu s Hgx fo r  Pd-Fe 0.1 at.%  8 .a . a t  3.16 K.
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Within the experimental accuracy the maximum values of AC as shown in
fig.II.19 and fig. 11.20 are in agreement. As in the case of Pd-Co alloys
these values are much lower than those obtained from Schottky's calculations.

A possible anisotropy of the specific heat has been searched for by
measuring the heat capacity as a function of the direction of the
external field using the a.c. method. The relative accuracy of such a
measurement is 0.2?, nevertheless no anisotropy has been observed.
II.e.T. Electrical resistivity of Pd-Fe.

Measurements of the electrical resistivity of Pd-Fe alloys have been
carried out by a number of workers. Williams and Loram (58) have measured
the resistance in zero external field of Pd-Fe alloys with Fe contents
ranging from 0.1 at.? to 0,78 at.?. Their aim was to determine the
transition temperature and to study the behaviour of the resistivity
at temperatures below Tc. Their data for Tc can be found in table II.I.
These authors have found a sharp knee in the Ap versus T curve. This,
however, should be seen in view of the rather large temperature intervals
between the observations. In fig.II.11 our results for the temperature
derivative of the incremental resistivity of Pd-Fe 0.22 at.? have been
shown. It is evident from this graph that the sharpness of the curve is less
than in the case of Pd-Mn 1.0 at.?.

Wilding (57) also used resistance measurements to determine T , his
data are also mentioned in table II.I. As a criterium for T he used the
maximum of* dAp/dT versus. T.

Kawatra et al. (55,61,61+) have carried out more extensive measurements,
taking data at small temperature intervals, in order to illuminate
the behaviour of the resistivity in the vicinity of T in a plot of
dAp/dT versus T. The aim of their research was to examine the critical
behaviour of the resistivity in the light of the modem theories (78),
expressed e.g. in critical exponents. Arguments for such an analysis
can be found in a review article by Kawatra and Budnick (2U) and in
references quoted therein. We do not completely agree with such a method
of analysis, particularly not in the case of very dilute alloys.

An analysis of dAp/dT data using critical exponents is based for the
main part on a theory by Fisher and Langer (25), which predicts that in
the vicinity of Tc the behaviour of dAp/dT should be the same as that of
the specific heat. It should be noted that this theory does not take
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into account the potential scattering of the conduction electrons.
Therefore, the application to alloys should be done with care. In order
to be able to test the validity of the theory of Fisher and Langer, we
measured the electrical resistance of the Pd-Fe o.23 at.!? alloy of which
the specific heat has been shown in fig. 11.15. The result of this
measurement together with the zero-field specific-heat curve is shown
in fig.II.21. From this figure it is clear that the behaviour of dAp/dT
and that of AC are different and that the assumption that T of themax
excess specific,heat equals the temperature at which dAp/dT attains its
maximum value is not correct. We also found that at T<T (of dAp/dT)max
the behaviour of dAp/dT depends on the thermal history of the sample.

Nevertheless, the results of the measurements by Kawatra et al. (55,61,64)
reflect clearly the width of the transition. Therefore, we summarized
their results in fig. 11.22, where dAp/dT is plotted versus (T-Tc)/Tc>
wherein T has been chosen to be the temperature at which dAp/dT attains
its maximum value. As is evident from the graph the (relative) width
of the transition decreases with increasing concentration.

Magnetoresistance measurements carried out in the ferromagnetic
phase of Pd-Fe alloys have already mentioned in section II.d.5. Grassie
et al. (71) have carried out measurements of the magnetoresistance
of Pd-Fe 0.1 at.!? in the paramagnetic phase. Adopting the model of Long
and Turner (49) for the resistivity as a function of temperature and
external magnetic field, (see also chapter IV), a value for the magnetic
quantum number and for geff can be determined from such an experiment.
In the case of Pd-Fe Grassie et al. (71) found J= 4.5 and g ff= 2.9.

Koon et al. (79) also performed magnetoresistance measurements on Pd-Fe
alloys with 0.15 at.)? and 0.23 at.!?. They analyzed their experimental
data in view of model calculations incorporating a distribution in
molecular field coefficients. From this analysis they obtained J=5
and g _ =3.3 in the case of the 0.15 a.t.% alloy and J=5 and g -p=3.6err
in that of the 0.23 at.!? alloy. Of course this result for J is in
disagreement with our results from specific-heat investigations. Moreover,
the product J times g exceeds the value of the magnetic moment
expressed in units of therefore, we consider the result of Koon et al.
unreliable.



n il cm
mol K

O T 12 K

Fig. 11,21. dtp/dT and AC as functions o f  temperature fo r  Pd-Fe 0.23 at.%.

-0.8 -0.4 Oe' 0.4 0.8

Fig, 11.22, dtp/dT as a fu nc tion  o f  t=(T -  T^)/T„. Curve a re fe rs  to
Pd-Fe 0.25 a t. %, b to Pd-Fe 0.5 a t . % and c to Pd-Fe 3 a t . %.
Data sources: r e fs  55,61 and 65.
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II.e.8. Measurements of the MÖssbauer effect in Pd-Fe.
57 •As Fe is a convenient MÖssbauer isotope and Pd-Fe is an interesting

magnetic system, numerous Mössbauer-effect experiments have been carried
out on this alloy system. Most of their results have been listed in
table II.I.

As already quoted in section II.d.1 the most important results are:
1° the giant moment exists down to very low concentrations and at temperatures
much higher than the transition temperature; 2 there is a spontaneous
magnetization in zero external field. Only the results of some of these
measurements will be used in chapter V for the interpretation, and will
therefore be described here in more detail.

Craig et al. (30) and Maley, Taylor and Thompson (31) have carried out
measurements on very dilute allous (c<0.1 a.t.%). From the measurements
of Craig et al. the conclusion can be drawn that Fe has a giant moment
of about 12.6 y in an alloy containing ± 30 ppm Fe. Maley et al. (31)B
have extended the measurements to higher external fields using an alloy
with 0.1 a.t.% Fe; they deduced a saturation moment of 11.1 y_. The analysis
of the experiments was carried out in both cases by fitting a Brillouin
function (incorporating a molecular field, if necessary) to the experimental
data. This is the only way to obtain values for J and y from the
Mössbauer-effect data, since the ratio between the magnetization and
the hyperfine field is unknown. The best fit, assuming geff=2, was
obtained by Craig et al. using J=6.5, while Maley et al. found J=3.8
and ge££=2.9. Of course, an interpretation of the experimental data
in terms of a Brillouin function should be suspected in view of the
specific-heat results mentioned in section II.e.6. Moreover, the obtained
value for J, being 3.8, is not a half integer and therefore not in
agreement with the theoretical origin of the Brillouin function. The
difference in the results for the magnetic moment, 12.6 and 11.1, can
be explained from the different choice for J .

Nevertheless, these experiments proof existence of the giant
moment at low concentrations and at temperatures higher than T„.

Craig, Perisho, Segnan and Steyert (6l) have measured the hyperfine
field and the magnetization of Pd-Fe 2.65 bX.% as a function of temperature
and magnetic field strength. They proved that within the experimental
error the hyperfine field is proportional to the bulk magnetization.

56



They also measured the hyperfine field at zero external field; the result
of this measurement was in fair agreement with the Weiss molecular-field
model using J=1. No agreement was found between the W.M.F. model and
the experimental data obtained in external magnetic fields, probably due
to the fact that.g „  was assumed to be 2.

The fourth Mtfssbauer investigation on Pd-Fe dilute alloys, which has
to be mentioned, is the one by Trousdale, Kitchens and-Longworth (Uo).
These authors determined the hyperfine field in zero external field of
Pd-Fe alloys with Fe contents ranging from 0.22 at.? to 13 at.?. Their
results demonstrate the occurrence of spontaneous magnetization down to
0.22 at.? Fe in Pd as well as the concentration dependence of the width
of the transition to magnetic ordering. The authors have plotted the
relative spectrumwidth at half maximum as a function of T/T for three
alloys containing 0.22 at.?, 0.1* at.? and 7.5 at.?. This plot is shown
m  fig.11.23. As can be seen from this graph, the onset of the spontaneous
magnetization, exhibited by the broadening of the spectrum, occurs at
a relatively well defined temperature. The slope of A versus T/T curve
is indicative for the width of the transition, evidently this width
depends strongly on the concentration. This result supports our conclusions
from the resistance measurements by Kawatra et al. (55,61,6U). Trousdale
et al. (1*0) have analysed their results in terms of a model similar to
the one to be presented tn the last section of chapter III.

P d-F e
O.40 at.*/. o t °/*0.21 at.’/.

Fig. 11.23. The broadening of the MBssbauer absorption spectrum at

temperatures near T„ for three Pd-Fe alloys (after

Trousdale et al. (40) ).
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Results of MÖssbauer-effect experiments by Woodhams et al. (80) are in
fair agreement with those of Trousdale et al. (1*0). Woodhams et al.
carried out measurements on Pd-Fe alloys with 0.5 at.% Fe up to U.7 at.% Fe.
They were able to describe the zero external field data for the hyperfine
field with the Weiss molecular-field model, assuming J to be 2 + 1.
This value is not contradicted by our specific-heat results.

Remarkably, results for the spontaneous magnetization can be described
by the W.M.F. model using a low value for J, while a fit to the data
obtained as a function of an external field requires a large value for J .

II.e.9. Magnetization of Pd-Fe.
Magnetization measurements have been carried out on Pd-Fe alloys for

a long time. As a matter of fact these were the first measurements
from which the assumption of the giant moment has been established. The
moét important results of the magnetization experiments have been tabulated
in table II.I.

Special attention should be paid to the measurements by McDougald and
Manuel (27,28), because of their extensive research on very dilute alloys.
From an analysis of the data in terms of the Weiss molecular-field model
these authors have deduced rather large values (between 5 and 10) for the
magnetic quantum number. These results disagree with our values for J
obtained from the entropy. However, McDougald and Manuel used inconsistent
values for g as in a number of other cases the produkt J times g __6II exI
exceeds the observed value for the magnetic moment.

Results of the magnetization measurements by Guertin and Foner (81)
are important in view of the assumptions to be made about the giant
moment in chapter III. These authors measured the saturation moment of
alloys with 1 at.? Fe as a function of the susceptibility of the host
metal, obtained from the magnetization measurements in strong fields.
The host "metals" were in this case Pd, Pd-Ag, Pd-Pt alloys. From the
results it can be learnt that the magnetic moment per Fe impurity is not
proportional to the bulk high-field host susceptibility as it should be
according to a linear response approximation.

II.e.10. Specific heat of Pd-Mn.
As mentioned in section II.d*2 little attention has been paid to the

Pd-Mn system until recently. Particularly, specific-heat measurements
have been carried out so far only by Boerstoel et al. (9,13) on alloys
with a Mn content up to 2.1*5 at.? and by Zweers (69) for alloys with
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concentrations ranging from 3 to 9 at.#.
The excess specific heat in zero external field of alloys with less

than 3 at.# showed a remarkable sharp cusp when plotted as a function
of temperature. Typical examples of these curves as obtained by Boerstoel
et al. (9,13) are shown in fig. 11.21*. The temperature at which the cusp
occurs agrees with the Tc values as deduced by Sarachik and Shaltiel (1*1)
and by Williams and Loram (1*2) from resistance measurements. It is generally
accepted that this sharp cusp indicates a more uniform (or Ni-like) onset
to ferromagnetism than found in Pd-Co and in Pd-Fe alloys. Probably, this
effect is due to the larger concentration of Mn impurities involved.

Pd- Mn(q at) K

O T K 10
Fig. 11.24. AC versus T of Pd-Mn alloys containing 0.19 at.% (a),

0.54 at.% (b)t 1.35 at.% (o) and 2.45 at.% (d) at H =0.
ex

Curves e and d' represent measurements after 220 hours

homogenization at 1000 °C subsequent to the usual

homogenization (24 hours a t '950 °C) (after Boerstoel et al. (13)),

In the case of concentrations ranging from 3 to 9 at.# the sharpness
of the curve disappears caused by the presence of the (spin glass like)
coexistence of ferromagnetic and antiferromagnetic ordering (82). This
assumption is supported by magnetization measurements by Rault and Burger (66)
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and by Star et al. (18) and toy specific-heat and resistivity investigations
toy Zweers (69). In the course of our investigation we will restrict
ourselves to the dilute Pd-Mn alloys.

Boerstoel and coworkers (9 >13) also measured the heat capacity in
external magnetic fields. It was possible to fit the data for the most
dilute alloys to a Weiss molecular-field calculation. It is not possible
te describe the zero field results toy means of this rather simple model.
The value for the magnetic quantum number Boerstoel et al. used was 5/2,
near to the average value of 2.3 they deduced from the entropy content
of the specific heat. Although it is not explicitely quoted in their
paper, the authors used a value for g of about 2.9. This value can
toe deduced from the discrepance they found between the value of the
molecular-field coefficient as obtained from the fits to the data in external
field and the value they calculated from the value of T_ obtained from
measurements in zero external fields. The values for the molecular-field
coefficients agree when Se^  is assumed to be 2.9 instead of 2 Boerstoel
et al. assumed. In principle the analysis of the specific heat forms a
prediction for the value of the magnetic moment. Later Star et al. (18)
determined a value of 7-5 V>B in agreement with J is 5/2 and geff is 2.9.

It should toe noticed once more that the results of Schottky's
calculations and the results from the W.M.F. model when H is larger
than H .(T=0) are not in agreement with those experimentally obtainedmol
in the cases of Pd-Co and of Pd-Fe. Concerning its behaviour in external
magnetic fields Pd-Mn is an exception to the three alloy systems under
invest igat ion.

II.e.11. Electrical resistivity of Pd-Mn.
Sarachik and Shaltiel (1*1) and Williams and Loram (1*2) have reported

results of measurements of the electrical resistance of Pd-Mn alloys.
A great similarity, except for the value of the transition temperature,
between Pd-Mn and Pd-Fe alloys was established from these measurements.
As mentioned above our results on Pd-Fe alloys indicate that the transition
in Pd-Mn is much sharper than in Pd-Fe alloys with the same T^.

In order to investigate the sharpness of the transition in Pd-Mn
the resistance of an alloy containing 1.0 B.t.% Mn (KOL 7035) has been
measured, taking data at temperature intervals of 1.2 mK in the vicinity
of T„ (67). An analysis of the results was made by comparison of the
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e x p e rim en ta l d a ta  w ith  v a lu e s  c a lc u la te d  assum ing an i n f i n i t e l y  sh a rp  knee
in  th e  r e s i s t i v i t y  v e rsu s  te m p e ra tu re  a t  Tc f o r  an i d e a l l y  homogeneous

a l lo y  and in c o rp o ra t in g  a  g a u ss ia n  o f  Tc v a lu es  to  accoun t f o r  th e

inhom ogeneity  o f  th e  r e a l  a l lo y .  The r e l a t i v e  w id th  o f  th e  d i s t r i b u t io n

n e c e s sa ry  f o r  th e  agreem ent w ith  th e  ex p e rim e n ta l r e s u l t s  was about 2%,
t h i s  v a lu e  i s  in  agreem ent w ith  th e  a n a ly se s  o f  th e  s p e c i f i c  h e a t  by

B o e rs to e l e t  a l . ( l 3 ) .  The r e s u l t  o f  ou r a n a ly s i s  i s  shown in  f i g . I I . 25.
From t h i s  a n a ly s i s  Tc ap peared  to  be 3,4lU  K and Ap(Tc ) -  Ap(o) t o  be
0.0919 pfi cm. in  agreem ent w ith  v a lu e s  qu o ted  in  l i t e r a t u r e .

3.5 K

Pd-Mn 10t.%

— experimental curve
• calculated points

Fig. 11.25. The increm ental r e s i s t i v i t y  o f  Pd-Mn 1 .0  at.%  versu s T.

The meaning o f  th e  in s e r ts  heme been explcmed in  the  te x t .
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P re v io u s  in v e s t ig a t io n s  o f  th e  t r a n s i t i o n  to  ferrom agnetism  in

Pd-Mn a l lo y s  have heen c a r r i e d  o u t m ain ly  on a l lo y s  c o n ta in in g  more th a n

0 .5  a t .#  Mn, so t h a t  th e  t r a n s i t i o n  te m p era tu re  i s  w ith in  th e  liq u id -H e

ra n g e . To ex ten d  t h i s  in v e s t ig a t io n ,  we have c a r r ie d  o u t r e s i s t a n c e

m easurem ents on a l lo y s  c o n ta in in g  0 .15  a t .#  up t o  0.U a t .#  Mn
(KOL 7182, KOL 7228, KOL 7229 and KOL 7230) down to  te m p e ra tu re s  o f  50 mK,

o b ta in e d  by means o f  an a d i a b a t ic  d em ag n e tiz a tio n  equipm ent (8 3 ).

R e s u lts  o f  th e s e  m easurem ents a re  shown in  f i g . 11.26 and f i g . I I . 27.
V alues f o r  Ap w ere o b ta in e d  by s u b t r a c t in g  th e  r e s i s t i v i t y  o f  p u re  Pd as

determ in ed  by S ta r  e t  a l .  (8U).
As i s  c l e a r  from th e  g ra p h s , p a r t i c u l a r l y  from f i g . I I . 2 7 , th e  t r a n s i t i o n

becomes much b ro a d e r  w ith  d e c re a s in g  c o n c e n tra t io n ,  as a l s o  h as been

ob se rv ed  in  th e  ca se  o f  Pd-Fe a l lo y s .  T h is  e f f e c t  i s  o f  im portance

lift cm

0.15 at.»/.

0.555

Pd-Mn

Fig. 11.26. The incremental re s is tiv ity  o f Pd-Mn 0.15 at.%, 0.2 at.%,
0.31 at.% and 0.4 at.% as functions o f temperature.
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Fig. 11.27. The incremental r e s is t iv i ty  o f  Pd-Mn 0.15 at.% and 0.31 at.%
as functions o f  e=(T -  T )/T  .C C

Fig. 11.28. The transition  temperature o f  Pd-Mn as a function o f  the Mn
concentration.
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for the interpretation to be presented in chapter V. Plotting T„ versus c
as has been done in fig.II.28, it is evident that T is not proportional
to c, but behaves in the same way as T of Pd-Fe and of Pd-Co alloys.
The value of T^ has been determined from the knee in the resistivity
versus temperature curve.

The magnetoresistance of Pd-Mn 0.15 at.? has been measured too in
order to determine the magnitude of the spin disorder resistivity. As
mentioned above Grassie et al. (71) have carried out similar experiments
on Pd-Fe and on Pd-Co. Apart from the analysis of their experimental data
in terms of the calculation by Long and Turner (1*9), they have compared
the resistivity difference between the disordered and ordered state,
Ap(T-*»,H =o) - Ap(T-*0,H -*»), with the resistivity step Ap(T=T_,H =0) -ex ex C ex
Ap(T*0,Hex=0) as obtained from zero external field measurements. These
authors assume that if the resistivity difference, or stepheight, in zero
field is smaller than that obtained by application of an external field,
the magnetic ordering at zero external field is not entirely ferromagnetic.
The expression "ferromagnetic" should be considered here with respect
to a distance scale determined by the mean free path for spin dependent
scattering of the conduction electrons.

In the case of Pd-Mn 1.0 at.? we found a stepheight in zero external
field of 91.9 nSlcm which means, assuming the stepheight to be proportional
to the number of magnetic impurities per unit of volume, that a 0.15 at.?
alloy should have a stepheight of 13.8 nSlcm.

We corrected our magnetoresistance data for the normal magnetoresistance
by assuming this contribution to be temperature independent, since the
total resistivity of the alloy does not change much with temperature.
The magnetoresistance data obtained at fixed values of the external
field were shifted along the resistivity axis in such a way that a
universal curve as a function of {H + H n(T)}/T was obtained.ex mol
The value for H „(T) was calculated using the Weiss molecular-fieldmol
model. As can be seen in fig.11.29 we obtained a value for the stepheight
of 12.8 nftcm.

Bearing in mind that the inaccuracy in the analysis of the concentration
is involved, the two stepheight (in zero and in large external fields)
are in fair agreement. From this it may follow that the ordering in
Pd-Mn dilute alloys is of a long-range ferromagnetic character.

In the cases of Pd—Fe and of Pd—Co Grassie et al. (71) found that
the zero field stepheights were much smaller (30 - 50 ?) than those
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|i ft cm

20 kOe

Fig. II. 29. Magnetore8i8tcm.ce of Pd-Mn 0.15 at.% as a function of

+ H .)/T. The molecular field has been determined by means

of the W.M.F. model.

obtained in an external field. They conclude that the ordering in these
alloys is not ferromagnetic. However, it should be noticed that, as
mentioned above, a determination of the transition temperature is rather
difficult because of the width of the transition present in these alloys.
The temperature Grassie et al. (71) used for Tr was that of the point
of inflection (almost the same value as obtained from the maximum of dip/dT).
Probably, this choice of T̂ , in order to determine spin disorder
resistivity is incorrect, since T̂ , is underestimated and part of the
magnetic ordering is already present at this temperature. This difficulty
does not play a role in the case of Pd—Mn because of the sharpness of
the transition.

An analysis of the data for the magnetoresistance of Pd-Mn 0.15 at./S
in terms of the calculations by Long and Turner (1*9, and also, chapter IV)
using the W.M.F. model shows a fair agreement between the experimental
and calculated results when J=5/2 and g »3 are chosen as parameters.
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I I . e . 1 2 ,  E le c tro n  param agne tic  resonance o f  Mn in  P d .

E le c tro n  p aram ag n e tic  resonance  ex perim en ts  on Pd-Mn a l lo y s  have been

c a r r ie d  o u t by S h a l t i e l  and Wernick ( 85) on a  2 a t .#  a l l o y ,  by C o tte t  (86)

on more d i lu t e  a l lo y s  and by D evine (87) on a s in g le  c r y s t a l  o f  Pd-Mn.

A lthough th e s e  ex p erim en ts  a re  ex p e c ted  to  be i l lu m in a t in g  f o r  th e

u n d e rs ta n d in g  o f  th e  m ic ro sco p ic  p r o p e r t ie s  o f  Mn in  P d , th e  r e s u l t s  a re

n o t s t r i k i n g .  The E .P .R . l i n e  o f  Mn in  Pd i s  r a th e r  b ro ad  (AH * 1500 Gauss

a t  20 K) and th e  g -v a lu e  i s  about 2 .2 .  T h is  g -v a lu e  i s  n o t in  agreem ent

w ith  as o b ta in e d  from s p e c i f i c - h e a t  in v e s t ig a t io n s  and from

m a g n e tiz a tio n  m easurem ents. T h is  ap p a re n t d isc re p a n c y  betw een th e  two

e x p e rim en ta l r e s u l t s  sh o u ld  be c o n s id e re d  in  th e  l i g h t  o f  what has  been

w r i t te n  in  s e c t io n  I I . c A  about th e  i n t e r p r e t a t i o n  o f  E .P .R . experim en ts

on d i lu t e  a l lo y s .  P ro b ab ly  dynamic e f f e c t s  p la y  a r o le  in  Pd-Mn.

The ex p erim en ts  by Devine ( 87) on th e  Pd-Mn s in g le  c r y s t a l  d id  n o t

show a n iso tro p y  in  th e  g -v a lu e  o r  in  th e  lin e w id th  w ith in  ex p e rim en ta l

e r r o r .

I I . e . 1 3 .  L o w -fie ld  s u s c e p t i b i l i t y  o f  Pd-Mn.

We have m easured th e  s u s c e p t i b i l i t y  x * t  te m p e ra tu re s  in  th e  v i c i n i t y

o f  T o f  an a l lo y  w ith  1 .0  a t .#  Mn (KOL 7035) ap p ly in g  weak m agnetic
f i e l d s  by means o f  th e  a . c .  method (d e s c r ib e d  in  appendix  1 ). M agnetic

f i e l d s  down to  O.Ol* 0e have been u sed . The r e s u l t  o f  t h i s  measurement

i s  shown in  f i g .  1 1 .3 0 . At te m p e ra tu re s  v e ry  n e a r  to  T„: i t  was n e c essa ry

to  e x t r a p o la te  x o b ta in e d  a t  v a r io u s  v a lu e s  o f  th e  m agnetic  f i e l d  to  a

ze ro  f i e l d  v a lu e ,  because  even below  0 .25  0e a  c o n s id e ra b le  f i e l d  dependence

was ob se rv ed .
We n o te  t h a t  th e  v a lu e s  p re s e n te d  in  f i g .  11 .30 have n o t been c o r re c te d

f o r  th e  d em ag n e tiz a tio n  f a c to r .  The m easured v a lu e  o f  x i s  r e l a t e d  to

what may be c a l l e d  th e  i n t e r n a l  one as

A n t 1 -  D 'x
( X I .15)

where D' i s  th e  d em ag n e tiz a tio n  f a c to r  o f  th e  specim en. In  ou r experim en t

th e  sam ples were t h in  s la b s  w ith  th e  su r fa c e  p a r a l l e l  to  th e  m agnetic
f i e l d ,  so D' w i l l  be sm a ll. T h e re fo re , we d id  n o t ta k e  in to  accoun t

t h i s  c o r r e c t io n .
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F ig .I I . 30. The low -fie ld , magnetic s u s c e p t ib i l i t y  o f  Pd-Mn 1 .0  at.%  as
a fu n c tio n  o f  tem perature.

A nother d i f f i c u l t y  in  t h i s  k in d  o f  m easurem ents i s  th e  p o s s ib le

o ccu rren ce  o f  m agnetic  h y s te r e s i s .  I f  t h a t  i s  th e  ca se  th e  a .c .m e th o d

does n o t p rohe th e  i n i t i a l  s u s c e p t i b i l i t y  (dM/dHex a t  Hex=0) b u t a  mean v a lu e

o f  dM/dHex ov er sm a ll h y s te r e s i s  lo o p s  (8 8 ) . (The l a t t e r  q u a n t i ty  i s

o f  te c h n ic a l  im portance in  th e  ca se  o f  t r a n s fo rm e r -c o re  m a t e r i a l . ) By

a p p l ic a t io n  o f  a  weak d .c .  m agnetic  f i e l d  we co u ld  d e te c t  w hether

h y s te r e s i s  was p re s e n t  o r  n o t .  I f  h y s te r e s i s  i s  p re s e n t  th e  maximum o f

th e  m easured v a lu e  o f  dM/dH i s  n o t o b ta in e d  a t  ze ro  e x te r n a l  f i e l dex
b u t a t  a f i n i t e  v a lu e  f o r  a  f i e l d  (a  p o s i t iv e  as w e ll a s  a n e g a tiv e  o n e ) .

No h y s te r e s i s  has  been d e te c te d  in  th e  ca se  o f  Pd-Mn. However, a sample

o f  Pd-Co 0 .2  e.t.% showed a h y s te r e s i s  loop  w ith  a  w id th  o f  abou t 150 Oe.

T h e re fo re , we have n o t r e p o r te d  on low f i e l d  s u s c e p t i b i l i t y  m easurem ents

o f  th e s e  a l lo y s .
The r e s u l t  shown in  f i g .  11 .30  f o r  Pd-Mn 1.0 s.t.% i s  c h a r a c t e r i s t i c

f o r  a  un iform  ferrom agnet (8 9 )-
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II.e. lit. Magnetic susceptibility and magnetization of Pd-Mn.
Measurements of the magnetic susceptibility and of the magnetization

of Pd-Mn have been reported several times (U1,66). From an analysis of
the susceptibility in terms of eq.II.12 and eq.II.13 an effective moment
slightly larger than should be expected from J=5/2 and g=2 has been found.
On the other hand magnetization measurements by Rault and Burger (66)
reveal a saturation moment of 5Un>B

Because of the apparently peculiar behaviour of the specific heat
in zero external field as well as in finite fields, the Pd-Mn system
attracted the attention of a number of workers. During his stay at the
Francis Bitter National Magnet Laboratory, Star carried out a large
number of magnatization experiments in these alloys. The results of this
investigation have been extensivily described and discussed in a paper
by Star, Foner and McNiff,Jr (18); we will mention here only the most
important facts.
- The magnetic susceptibility of very dilute alloys obeys the Curie-Weiss
law in the temperature range where the susceptibility of pure Pd may be
assumed to be temperature independent within the experimental error.
The values for the Curie temperature 0 are positive and in fair agreement
with the T„ values obtained from our resistance measurements.
- The saturation moment is about 7• 5 vu per Mn impurity, thus larger than
the free atom value and in agreement with the analysis of the specific-
heat results.
- When the value of the Curie constant C and the value for the bulkc
saturation magnetization M ^ , given by

ce=cN g|ff hg J (J+1) and (II.16)

^sat ®eff ^ ^B , respectively, (II.17)

are combined it appears that J=2.5 and g =3.2,
- The dependence of the magnetization of very dilute alloys on temperature
and external magnetic field is in agreement with the calculations based
on the Weiss molecular-field model. Parameters used for this comparison
were J=5/2 and ge^=3.2 obtained from eq.II.16 and eq.II.17 and
H , (T=O)=3k_0/(J+1 )g , where 0 was obtained from the Curie-Weissmol B eli B
fit to the susceptibility.
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- Star succeeded in measurung the spontaneous magnetization of a number
of Pd-Mn alloys. The zero temperature value of the spontaneous magnetization
was lower than the saturation magnetization in an external field,
presumably due to the fact that part of the localized moments are coupled
antiferromagnetically (see also Zweers (69) ). This observation is not in
agreement with our conclusions from the magnetoresistance measurements.
However, Star et al.(l8) estimated the interaction energy between these
antiferromagnetically coupled moments to be of order of 50 K in units of k_.B
Such a large energy can not be influenced by the magnetic fields we used
(27 kOe at maximum), so that these antiferromagnetically coupled moments
do not influence the results for the spin disorder resistivity obtained
without or with an external magnetic field in our case.

From the temperature dependence of the spontaneous magnetization at the
lowest temperatures a value for the spin wave stiffness constant could
be deduced. The result was in agreement with those obtained from resistivity
measurements.

A review of the literature on experiments and a presentation of our
experimental investigation has been given in this chapter. However, it
should be emphasized that the reviewing part should not be considered
to be complete. Only the results important for a consistent interpretation
of the behaviour of Co, Fe and Mn in Pd (to be presented in chapter V)
have been mentioned in detail.
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CHAPTER III
THEORIES

III.a. Introduction.
A theoretical treatment of the properties of a dilute alloy requires

essentially doing atomic physics in a metallic environment (90). The
virtual bound state put forth by Friedel (91) has provided a sound basis
for understanding the various properties of dilute alloys. Anderson (92),
Wolff (93) and Clogston et al. (32) have embodied this picture into
simple tractable mathematical models.

A consistent review of the theory of dilute alloys should start with
a treatment of these models. However, since the fifth volume of Magnetism
(9̂ »95) contains such excellent reviews, we feel extempted from the duty
to describe the models here again. Nevertheless, a few words should be
devoted to the Hirst model (26,96). The calculations of Anderson, Wolff
and Clogston tend to overemphasize the itinerant character of the localized
moments. As a matter of fact, they do not give the correct limit (the
ionic picture ) when the hybridization of the localized levels with the
band state is neglected (26). In the Hirst model the ionic many-electron
states are zero order ingredients. These states are thought to be perturbed
but not wiped out by the hybridization with the conduction-electron states.
Therefore, the central feature of the model is the integral occupation
of the magnetic shell as a consequence of intraatomic correlations.

Since, following Hirst, Co, Fe and Mn are known to be magnetic when
dissolved in Pd, the spin quantum number should be 3/2, 2 and 5/2,
respectively. Whether the orbital angular momentum contributes to the
total angular momentum of the localized moment depends on the symmetry
of the crystalline electric field in the host metal. Unfortunately,
calculations of the crystalline electric field in metallic hosts are
almost prohibitively complicated.

Ill.b. Application to dilute Pd-based alloys with Co, Fe or Mn impurities.
The giant magnetic moments of Co, Fe and Mn in Pd are certainly

related to the large susceptibility of the host metal. This large
susceptibility in turn is caused by the intraatomic exchange interaction
in Pd. Therefore, in order to get an appropriate description of the'Se
dilute alloys, this interaction should be incorporated in the Anderson
model, the Wolff-Clogston model or in the Hirst model. The first two
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models have been treated by Moriya (97), the Hirst model unfortunately
has not been extended to exchange-enhanced hosts.

As a result of his calculations, Moriya found that the sign and the
magnitude of the extra magnetic moment induced on the Pd matrix is
determined by the competition between two large contributions. The first
one, due to the shift of the energy of the ionic levels, gives an
antiparallel polarization; the second one, caused by the admixture between
the ionic levels and the band states, gives a positive polarization.
The result does not depend on the choice of the model.

From his calculations Moriya was able to account for the giant moments
associated with Co and Fe in Pd, observed at that time. Concerning the
moment associated with Mn in Pd he could predict a small but positive
polarization of the band, which turned out to be in agreement with
the experimental results described in the preceding chapter. Similar
calculations have been performed by Campbell (98).

The results of the calculation by Moriya are rather complicated;
wherf interpreting experimental results in chapter V a rather more
phenomenological expression (based on the linear response approximation)
will be used.

III.c. Spatial extension of the induced moment.
It has been shown by Moriya (97) that when the exchange enhancement

of the susceptibility of the band is large (as it is in Pd) the spatial
extension of the i'hduced polarization hardly depends on the original
one (without exchange interactions between the bare moment and the band),
but is determined for the main part by the spatial dependence of the
zero frequency generalized susceptibility of the host metal.

Following Schrieffer (99) the susceptibility of exchange enhanced
metal can be written within the random-phase approximation as

( 0 ) ,  \x Ut«>)
x(q,<*>) ■■ = -------------- (111.1)

1 - Y X ^ U . w )
where X^^Q.tm) is the magnetic susceptibility without exchange
enhancement and y is a measure for the intraatomic interactions, the
quantity S = {1 - YX^^(OtO))”"1 is the Stoner enhancement factor.
For a parabolic band the generalized susceptibility x (̂q.i<»>) is given
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by Xpu(q.,ü)) wherein u(q,w) is the Lindhard function (100) with u(0,0) = 1,
so that x ^ ( 0 , 0 )  = xp .

For values of q smaller than 2kp (kp, is the Fermi wave vector) u(q,0)
can be approximated by

u(q,0) =
1

1 + 1
3

(III.2)

so that for these values of q, which are important in our case since we
are interested in the long range nature of the susceptibility, x(<l,0)
can be written as

xU.o) = ______________
1 -  yx + — (—3— )2T*P 3 2k_'F

(III.3)

Taking the Fourier transform of eq. III.3, x ( r , 0 ) becomes

x(r,0) = 15
P̂ nr (III.!*)

where a equals (S/3)*/2k_,.
If a spherical band model for Pd is accepted and S is assumed to be 10,

the value of o becomes 1 2; in the tight binding model a becomes 3 2 (101),
From diffuse neutron scattering experiments (35-37) <J was found to be 5 2
in the case of Pd-Fe and of Pd-Co, thus the theoretical result is in fair
agreement with those of experiments.

Ill.d. Interaction between the moments (origin of ferromagnetism).
In the preceding sections of this chapter the properties of a single

impurity like Fe in an unchanged enhanced band has been described.
The problem left now is to tread the case of many impurities in an
exchanged enhanced band, a problem where one has to deal with the interaction
between the moments of the impurities and with the possible extra
enhancement of the band due to the presence of these moments. Obviously,
since ferromagnetism has been observed down to fairly small concentrations
the band plays an important role in the interaction.
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someIn  th e  t h e o r e t i c a l  tre a tm e n t o f  fe rro m ag n e tic  a l l o y s ,  which has

s p e c i f i c  d i f f i c u l t i e s ,  th e  same i t i n e r a n t —lo c a l i z e d  d u a l i ty  (78) seems to
p e r ta in  as in  th e  th e o ry  o f  m agnetism  in  p u re  t r a n s i t i o n  m e ta ls .

I I I . d . 1 .  The i t i n e r a n t  p i c tu r e .

One approach has heen made by Kim (1 0 2 ). He p ro p o ses  t h a t  ferrom agnetism

in  d i lu t e  P d -based  a l lo y s  i s  f o r  th e  main p a r t  due to  th e  ferrom agnetism

o f  th e  i t i n e r a n t  e le c t ro n s  o f  th e  h o s t  m e ta l. The argum ent i s  t h a t  th e

S to n e r  enhancement f a c to r  f o r  pu re  Pd i s  10, so t h a t  Pd i s  a  n e a r ly

fe rro m ag n e tic  m e ta l . Due to  th e  p re se n c e  o f  th e  m agnetic  moments th e re

i s  an in d i r e c t  i n t e r a c t io n  betw een th e  d - e le c tr o n s  o f  Pd v ia  th e  m agnetic

moment. T h is a d d i t io n a l  i n t e r a c t io n  d r iv e s  th e  a l lo y  to  ferrom agnetism

a t  no n -zero  te m p e ra tu re s ,  i . e .  th e  a d d i t io n a l  i n t e r a c t io n  in c re a s e s

th e  f a c to r  y .  T h is argument im p lie s  t h a t  in  p r in c i p l e  th e  a l lo y  may be

fe rro m ag n e tic  even when th e  lo c a l i z e d  moments a re  in  th e  param ag n e tic
s t a t e .  Of co u rse  th e  lo c a l i z e d  moments w i l l  a l s o  a l ig n  due to  t h e i r

i n te r a c t io n  w ith  th e  band , which i s  now fe rro m a g n e tic .

I I I . d . 2 .  The lo c a l i z e d  p i c t u r e .

A d i f f e r e n t  approach t o  th e  problem  i s  t o  assume th e  b a re  m agnetic

moments to  be lo c a l i z e d  w ith in  th e  im p u rity  c e l l .  B ecause o f  th e  p o la r i z a t io n
o f  th e  band th e r e  e x i s t s  an i n d i r e c t  i n t e r a c t io n  betw een th e  m agnetic

moments. As f a r  as th e  mechanism o f  th e  i n d i r e c t  i n t e r a c t io n  i s  concerned

t h i s  i s  th e  same problem  as  found in  a l lo y s  l i k e  Cu-Mn. In  th e s e  a l lo y s
th e  i n t e r a c t io n  i s  o f  th e  R.K.K.Y. ty p e  (1 0 3 -1 0 5 ).

A pplying th e  same re a so n in g  to  Pd—b ased  a l lo y s  th e  i n t e r a c t io n  s t r e n g th

betw een two b a re  m agnetic  moments w i l l  be de term ined  by th e  m agnitude

o f  th e  moment d e n s ity  in  th e  band caused  by one im p u rity  moment a t  th e

p la c e  o f  th e  o th e r .  The dependence o f  th e  i n t e r a c t io n  s t r e n g th  on th e

d is ta n c e  r '  betw een th e  im p u r i t ie s  i s  th e n  sim ply  g iven  by x ( r ' , 0 )  (se e
eq . l l l . l t ) .

I I I . d . 3 .  Choice betw een th e  two p i c t u r e s .

The lo c a l i z e d  p ic tu r e  and th e  i t i n e r a n t  one g iv e  b o th  an im p o rta n t
a sp e c t o f  th e  i n t e r e s t i n g  problem  o f  m agnetic o rd e r in g  in  d i l u t e

P d -based  a l lo y s .  A problem  where on th e  one hand th e  i n t e r a c t io n  betw een

th e  im p u r i t ie s  v ia  th e  band and on th e  o th e r  hand th e  a d d i t io n a l  exchange

enhancement o f  th e  s u s c e p t i b i l i t y  o f  th e  band due to  th e  p re se n c e  o f  th e
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m agnetic  moments p la y s  an im p o rta n t r o l e .  A c h o ic e , r i g i d l y  b ased .o n

th e o r e t i c a l  argum ents o r  on e x p e r im e n ta l r e s u l t s , betw een th e  two p ic tu r e s

i s  r a th e r  d i f f i c u l t  to  make. N e v e r th e le s s ,  we p r e f e r  th e  lo c a l i z e d  p ic tu r e

in  th e  case  o f  sm all amounts o f  Co, Fe o r  Mn in  Pd s in c e  :
-  No lo w es t v a lu e  o f  th e  c o n c e n tra tio n  f o r  th e  o ccu rren ce  o f  ferrom agnetism

has been found up to  now in  a l lo y s  w ith  Co, Fe and Mn. S ince  YXp i s  0 .9  fo r

pu re  P d , one sh o u ld  ex p ec t to  f in d  such a lo w es t v a lu e  o f  th e  c o n c e n tra t io n

f o r  w hich yxp 'becomes 1 a t  T=0 ( in  th e  case  o f  Ni im p u r i t ie s  such a

c r i t i c a l  c o n c e n tra tio n  has been fo u n d ) .

-  The en tro p y  c o n te n t o f  th e  s p e c i f i c  h e a t  i s  in  agreem ent w ith  th e

m u l t i p l i c i t y  o f  th e  b a re  m agnetic  moments a c co rd in g  to  H ir s t  (2 6 ).

-  The m agnetic  f i e l d  dependence o f  th e  s p e c i f i c  h e a t  in d ic a te s  t h a t

la rg e  m agnetic  moments, n o t a  la rg e  number o f  sm a ll moments, a re  in v o lv e d .

-  The h ig h - f i e ld  m agnetic  s u s c e p t i b i l i t y  o f  d i l u t e  a l lo y s  i s  th e  same

as t h a t  o f  pu re  Pd w ith in  th e  ex p e r im e n ta l e r r o r .
However, we sh o u ld  be c a r e f u l  w ith  th e  a p p l ic a t io n  o f  th e  lo c a l i z e d

m odel, s in c e  i t  i s  g e n e ra l ly  assumed in  t h i s  ca se  t h a t  on ly  i n te r a c t io n

betw een n e a r e s t  n e ig h b o u rs  has  to  be ta k en  in to  acco u n t. B rout (105)

has shown th a t  such an assum ption  le a d s  to  some minimum c o n c e n tra tio n

o f  m agnetic moments f o r  th e  o ccu rren ce  o f  ferrom agnetism  in  an a l lo y

system . Only when lo n g -ra n g e  in te r a c t io n s  a re  in v o lv e d , i s  ferrom agnetism

down to  th e  lo w es t c o n c e n tra t io n s  p o s s ib le .  We have seen  t h a t ,  on

th e o r e t i c a l  g ro u n d s , one can ex p ec t th e  i n te r a c t io n s  in  P d -based  a l lo y s

to  have a very  lo n g  ran g e .
A ccording to  th e  lo c a l i z e d  p ic tu r e  th e  s t r e n g th  J ^ ^ r ' )  ° f

i n t e r a c t io n  as a fu n c tio n  o f  th e  d is ta n c e  r ' betw een th e  m agnetic  moments

i s  de term in ed  by

J i n t ( r ' } “ x ( r ’ ’0) ( H I . 5)

However, i t  may a l s o  be assumed (39*^0 ,107) t h a t  n o t th e  moment d e n s ity
o f  th e  band a t  th e  im p u rity  s i t e  i s  im p o r ta n t,  b u t th e  o v e r la p  between

th e  moment d e n s i t ie s  caused  by th e  two m agnetic  moments d e te rm in es th e

i n t e r a c t io n .  Then J .  ( r ' ) sh o u ld  be p ro p o r t io n a l  to
00

x ( r ,0 )  x(r  -  r ' ,0 ) d 3r  ( i l l . 6)
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Unfortunately, no arguments in the case of Pd-based alloys for the
application of either eq. XXX.5 or eq. Ill.6 have been given in the
literature. Although we are not able to make a decisive choice, the
following arguments should be considered:
- Using eq. III.5 for «^.(r') implies that the magnitude of the
interaction is determined by the moment density at the place of the
second impurity times the volume of the impurity cell. This may lead to
a rather small value.
- On the other hand we may urge against eq. III.6 that it implies that
in the space between the magnetic moments the two polarization clouds
tend to a parallel alignment. If we then figuratively take away the
two bare magnetic moments, it should follow from the fact that the
overlap integral (eq. III.6) gives an energy lowering for ferromagnetic
alignment that Pd-metal itself is ferromagnetic, which is not the case.
The application of eq. III.6 is therefore only correct if, following
Kim (102), one can show that the exchange enhancement of the band is
increased due to the presence of the magnetic moments.
- However, if because of the argument given above, eq. III.5 is preferred,
it should be noted that then the effect of the interaction represented
by eq. III.6 will counteract the one represented by eq. III.5.

A calculation of the energies involved, probably beyond the linear
response approximation, might solve the problem.

Numerical-calculations of eq. III.5 and of eq. III.6 have shown us,
that the dependence of J^nt(r ') on r' is nearly independent of the choice
between the equations. Thus in order to carry out further calculations
we are not obliged to make a choice, on the other hand we cannot expect
to be able to distinguish between these equations on the bases of
experimental results.

From now on we will assume that, without giving preference to one of
the two equations, J N ^ r ' )  is proportional to the result of eq. III.6.
Knowing the distance dependence of the interaction, it should be possible
to calculate "exactly" the ferromagnetic properties of the alloys.
Nevertheless, in spite of several recent efforts utilizing sophisticated
theoretical methods (108,109), one has to realize that the Weiss molecular-
field model is the most workable model at the moment, mainly because it
incorporates the assumption of infinitely long range interactions in a
very simple way.



On th e  b a s i s  o f  t h i s  model we s h a l l  make an a ttem p t a t  t r e a t i n g  th e

m agnetic p r o p e r t ie s  and a t  in c o rp o ra t in g  th e  s p a t i a l  randomness o f  th e

m agnetic moments.

I l l ,  d . It. The m odel o f  T a k a h a sh i and S h im iz u .

T akahash i and Shim izu (110) worked o u t a model fo r  d i l u t e  P d-based

a l lo y s  on th e  b a s i s  o f  m o le c u la r - f ie ld  th e o ry .  They made th e  fo llo w in g

assum ptions in  o rd e r  to  s im p lify  th e  c a lc u la t io n s :  1 th e  r i g i d  band

model i s  a  good app rox im ation  f o r  th e  ltd-band; 2° th e  d i r e c t  i n te r a c t io n

betw een th e  d is s o lv e d  m agnetic  atoms can be n e g le c te d ; 3° th e  s t r e n g th

o f  th e  in te r a c t io n  among th e  ltd -e le c tro n s  and th e  d is s o lv e d  m agnetic

moments i s  in d ependen t o f  th e  c o n c e n tra t io n  o f  th e  d is s o lv e d  atoms

and o f  th e  com position  o f  th e  h o s t  m e ta l;  It th e  b a re  m agnetic  moments
o f  th e  d is s o lv e d  atoms a re  lo c a l i z e d  w ith in  t h e i r  c e l l s ;  5° th e  p o la r i z a t io n

o f  th e  ltd-band i s  s p a t i a l l y  un ifo rm .
I f  th e  m agnetic  moment due to  th e  p o la r i z a t io n  o f  th e  ltd-band i s

deno ted  by M ., th e  t o t a l  m agnetic  moment o f  th e  d is s o lv e d  atoms by M .,
d 1

th e  m o le c u la r - f ie ld  c o e f f i c ie n t  c h a r a c te r iz in g  th e  i n te r a c t io n  between

th e  lo c a l i z e d  moments and th e  l td -e le c tro n s  by a and t h a t  o f  th e  ltd-ltd

in t e r a c t io n  by y ,  th e n  th e  m agnetic  energy  o f  th e  ltd -e le c tro n  i s  g iven

by

+ PgtcxM.̂  + yMd + He x ) ( I I I .  7)

The m agnetic  moments M. and a re  g iven  by

n (e )  de r“  n (e )  de

Nd =
0 sxp{(e—E—e _ ) /k RT}+1 q exp{(e+E-e_)/kgT}+1

( I I I . 8)

Md =

00 , .
n (e )  de

exp{ ( e - E - e ü  /k  T }+1 yB
n (e )  de

exp{(e+E-e ) /k  T}+1
( I I I . 9)

and

= N^g vBJ B j{ g tiBJ(aM d + H g ^ /k g T } , ( i l l .  10)

w herein  E = u (aM. + yM + H ) and n ( e )  i s  th e  d e n s ity  o f  s t a t e s  p e r
B i  a  6X

s p in  d i r e c t io n  o f  th e  l td - e le c tr o n s ,  Nd th e  number o f  l td - e le c tr o n s ,
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th e  number o f  d is s o lv e d  atom s, J  th e  m agnetic  quantum number o f  th e
d is s o lv e d  atoms and B j th e  a p p ro p r ia te  B r i l lo u in  fu n c tio n .

I t  i s  co n v en ien t to  in tro d u c e  th e  fu n c tio n  f ( e _ )  d e f in e d  asF

r"  n (e )  dc df(e_,)
f ( e p ) = ------------------------- —  and f ' ( e  ) + -------—  ( i l l .  11)

0J ex p { (e -e F ) /k BT) + 1 de_,

I f  no m agnetic  atoms a re  p r e s e n t  and y  i s  z e ro ,  th e  s u s c e p t i b i l i t y  f o r

E<ep i s  g iven  by ( f o r  s im p l ic i ty  we w i l l  from now on re p la c e  H by H
in  t h i s  s e c t io n )

Md
X *  lim  Ï T  = yB { f , ( e F) E + f ' ( e F } E} * 2,JBf , ( e F )E (XI1- 12)

and

Nd * 2 f ( e p ) .

I f  th e  te m p e ra tu re  i s  much sm a lle r  th a n  e_,/k^ th e  fu n c tio n  f ( e „ )  becomesr o F

reF
f ( e p ) -  I n ( e )  de and f ’ ( eF )= n ( eF ) ,  ( I I I . 13)

oJ
le a d in g  to

X “ lim  2ub f ' ( e F ) | -  2 y | n (Ej,) = Xp. (XXX. i t )

I f  no m agnetic  atoms a re  p r e s e n t ,  b u t y  f  0 th e  s u s c e p t i b i l i t y  i s  g iven
in  th e  m o le c u la r - f ie ld  app rox im ation  by

Md i f  fc.
X ■ linrir = lim 2vl h(e_)

H-K) H B+0 B F

H + yM. ■

H
o r

Xp
X ■ --------------

1 ~  Y Xp
( I I I . 15)

T h is  enhanced s u s c e p t i b i l i t y  w i l l  be deno ted  by Note t h a t  xn eq u a ls
( 0 ) 0 0

th e  x (0 ,0 )  o f  s e c t io n  I I I . c .  I f  y  ^ 0 and th e  m agnetic  atoms a re
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p re s e n t  in  th e  Pd h o s t th e  e q u a tio n  f o r  th e  s u s c e p t i b i l i t y  rea d s

M. + M.l  dX = lim
H-K) H

C' C 'a  X0 X 0 C' a 2M
lim  —” + ---------- +

lim
C'
— (oM. + H) +

X,
— (aM. + H) =

H-K) TH H

L X0C  «2Md
+

c ' °  x0
9

H->0 T

where

TH

C'= lT J f J  + 1) g2u2 /3kg

( I I I .1 6 )

( I I I . 17)

R earran g in g  te rm s we f in d

X "  Xr
C' (1 + a xQ) 2

1 -  a 2C'x„
( I I I . 18)

When th e  denom inator o f  t h i s  e x p re s s io n  v a n ish e s  th e  t o t a l  s u s c e p t i b i l i t y

d iv e rg e s ,  in d ic a t in g  a  t r a n s i t i o n  to  ferrom agnetism . The t r a n s i t i o n

te m p e ra tu re  i s  g iv en  by

Tc  = a 2 C - x 0 ( Tc ) . ( I I I . 19)

I f  x “ ay be assumed t o  be te m p e ra tu re  independen t

Ax = X -  X
_ Mi UB Pe f f

°  3kg(T -  Tc )
( I I I . 20)

w herein

Pe f f  = gUfi { J ( J  + 1)> (1 + ax0 )

U sing th e  d e f in i t i o n  (eq . I I I . 17) o f  C' we can ex p re ss  Tc in  te rm s o f

th e  fundam ental p a ra m e te rs  o f  th e  model

TC = Ni  g2yB J Ĵ  + * ( I I I . 21)

E x p re ss io n s  f o r  Tc have a l s o  been d e r iv e d  by Kim (102) and by Long

and T urner (1*9) b ased  on th e  i t i n e r a n t  and lo c a l i z e d  p i c t u r e ,  r e s p e c t iv e ly .
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However, these expressions are (as well as eq. III.21) such that T is
proportional to the concentration of the magnetic atoms. This is not in
agreement with experimental results on alloys with concentrations smaller
than 0.5 a.t.%. We will come hack to this point in chapter V.

According to the definition of peff in eq. III.20 the magnitude of the
magnetic moment is given hy

y = g pBJ(l + o x Q ) • (III.22)

Doniach and Wohlfarth (50) have derived the same equation using the
linear response approximation. This approximation obviates the need
for the assumptions of a uniform moment distribution in the band and of
a rigid band model. Zuckermann (111) has also derived an equation like
eq. III.22, but he did not only include the bulk susceptibility of the
host metal but also a possible local enhancement of the susceptibility
at the impurity site. His equation became

y = g uBJ {1 + a(xQ + Xlocal)> . (III.23)

In chapter V the equation y = geff yBJ will be used, so that g is given
fcy g(l + “X q ) i.e. according to eq. III.22.

III.d.5. Calculation of the specific heat.
In a second paper (112) Takahashi and Shimizu have calculated the

specific heat of dilute alloys. When the concentration of the magnetic
impurities is small, e.g. less than 1 at.^, the polarization of the
ltd-band will be very small. Therefore, the density of states of the

ltd-band can be assumed to be the same as without polarization and the
ltd-levels can be considered to be degenerate. Then the equations III.8,
III.9 and III. 10 become (assuming the external field to be zero for
simplicity)

M. = ad *0 l and

M i = Nig V1BJ V s UBJaMd/kBT ) *

A combination of these equations leads to

Mi = Ni8 WBJ Bj(« ygJa^XQ/kgT) . (111.26)

(I11.2lt)

(III.25)
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This expression gives the same result for the specific heat as the Weiss
molecular-field model, thus for further calculations we can use this model,
and we can make an attempt at incorporating in the calculations the
obviously present statistical variation in the distances between the
magnetic impurities.

III.d.6, Incorporation of the statistical spatial distribution of the
magnetic moments.

In the Weiss model the molecular field can be thought to be a homogeneous
magnetic field caused by the ordered magnetic moments (infinite range model).
In this case the random position of the magnetic moments (as is the case
in a dilute alloy) has no influence on the properties of the system.
Another interpretation of the molecular field is via a Heisenberg-like
model (108). In this case the hamiltonian of the magnetic system is given
by

H = - y t. • 3. j. .(r. - r.) . +) (III.27)£  • 1 J int 1 j

In the W.M.F. model this becomes

wherein
V gj WBHmol

H ■,mol
y Jint(?i - <Si>
1 gj PB

(III.28)

The g-value enters into these equations in order to give the dimension
of a magnetic field. However, not too much importance should be given
to the value of g since in most cases H ^ is not a real magnetic field.
On the other hand, we replace g in the next chapters by ge^  which
equals g(1 + a x (T) ). Then the notation used above is rather convenient
because g determines the interaction with the external field as welleff
as the interaction "between the magnetic moments via oiXq(T) i*e. the
magnitude of the polarization cloud* We assume that the interaction is
isotropic and not dependent on the place in the specimen, so that
j. (r. — r.) becomes J. . (r) where r — |r. — r.| (for clarity of theint 1 j int 1 j
equations we will use r instead of r* for the distance between the
magnetic moments).

+ ̂We use S instead of J for the magnetic quantum number in order to. ayqiij.
confusion with the interaction parameter.

80



As the interaction parameter is a function of the distance, the random
distribution of the magnetic moments has to be taken into account.
This can be done by combining statistics with the function J (r)int

Such a kind of calculations has been carried out by Korenblitz and
Shender (113) for Pd-Fe alloys and by Marshall, Klein and Brout (H l - 118)
for Cu-Mn and diluted Ising systems. The calculations of Korenblitz and
Shender are based on a statistical theory by Chandrasekhar (119), the
authors used for the interaction parameter the form

Jint(r) = Jini exp(* f)* (III.29)

Marshall, Klein and Brout applied a theory of Margenau (120) and in the
case of Cu-Mn of course the R.K.K.Y. interaction. It should be noted that
the statistical theories of Margenau and of Chandrasekhar are identical.
We will use these theories and the dependence of the interaction strength
on the distance as given by eq. III.6.

The procedure of the calculation is that H , is calculated for eachmol
possible spatial configuration of the magnetic moments. A probability
function P(H^^) is then calculated, which is defined in such a way that
P Ĥmol^ dHmol e<luals the normalized sum of the probabilities of those
spatial configurations giving rise to a molecular field between H andmolH . + dH ,.mol mol

III.d.6.a. The zero temperature case.
Let us first focus our attention to the zero temperature case, where,

assuming ferromagnetic ordering, <S?> = S^. We will assume that all
magnetic moments are identical, so that we may drop the index i and
Hmol(r*T=0) ^ePen<Is only on J(r) and on the coordinates of the magnetic
moments (Hmol(r»T=°) is the molecular field at the origin caused by a
magnetic moment at a distance r). According to Chandrasekhar (119) the
probability function can be calculated from

P(H )mol exp{-ipHmol - n D(p)} dp (III.30)

wherein n is the density of the magnetic moments and D(p) is given by
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D(p) r2{l - exp(ipH (r))} dr,mol (III.31)

with H ,(r) = -J(r)S/gp . The interaction function J(r) is given hymol J3
eq. III.6 for r>a, while J(r) = J(o) for r<c (o being the parameter
in the equation for x(r»0))«

As the integral cannot be solved in closed form, P(H , ) has to bemol
calculated numerically. In order to get some idea about the behaviour
of P(H . ) it is interesting to examine eq. III.6. Numerical calculationsmol
have shown that for small values of r (i.e. large concentration) J(r)
can be approximated by £'/r3 and that for large values of r it can be
written in first approximation as £"/r .

The low concentration limit gives the same type of interaction as the
one Margenau (120) treated, so that his calculation can be adopted:

D(p) * Uir r2 (1 - elp5 /r6) dr . (III.32)

Introducing x = 1/r6 one partial integration of eq. III.32 leads to
2*200

D(p) = - -y- (S'V)5 /Sin x i cos x< .(~7r  - — 3=— ) ax/x

Uir (2irC"p)̂
r=0

(1 - i). (III.33)

Since the real part of D(p) is an even function and the imaginary part
is an odd function of p,

TT cos{H . pmol
0

- y^ n (2ir£"p)5}exp{- n (2ir5"p)^) dp.
(III.3!*)

This integral has the form

x e”^X cos(x2 - px) dx, wherein x = (H . )* , (III.35)

so that P(H ,) is given bymol
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(III.36)-f  ’ <£">1
tt-3/2 , 1* ir3 ,n H n exp(---- — —mol r 9 Hmol

This is the so-called Pearson type V distribution function (121).
In fig. III.1 P(H ) is shown as a function of xmol

The function attains its maximum value at H = (̂ ir)3£"n2mol 3

9H _Air3C"n2.mol
which value

is proportional to n2 , as was to be expected according to the 1/r6
dependence of the interaction strength. The half width of P(H ) equals

« 1 . 0  , BlOl
1.85 ir* 4£"nz/9, also proportional to n2 , so that the relative width
AH /H®**mol mol becomes about 2.7.

A disadvantage of this form for P(H ) is thatmol H P(H . ) dH ï. . . .  , mol
is not finite, obviously due to the assumed finite0 probability for
small values of r, for which values J(r) becomes very large. This
diffacility can be avoided by incorporating a minimum allowed value for r.

P- x"

Fig. III.l. The Pearson type V distribution function.
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In th e l im it  o f  la r g e  con cen tra tion s D(p) i s  g iven  by

D(p) = lut i*2 (1 -  e ip e ' / r 3 ) dr = 1 , ix
~ 2  (1 -  e ) dxx2

Uirg 1 p i Uirg'p
3 3

, s in  x i  cos x»(—  ------------- ------ )  dx ( I I I . 37)

The imaginary part o f  D(p) , which part determ ines the va lu e o f  H ,mol
at which P(H n ) a t ta in s  i t s  maximum v a lu e , i s  i n f i n i t e .  This must bemol
caused by th e  in te g r a l o f  £ ' / r 3 over an in f i n i t e  volume, which in te g r a l
i s  i n f i n i t e .  The r e s u lt  fo r  D(p) can be made f i n i t e  by assuming a
maximum allow ed in te r a c tio n  d is ta n c e , a ' ,  so th a t J (r )  = 0 i f  r>a' .
In th a t case D(p) can approxim ately be w ritten  as

D( p )  = it l ip- U ' ( l  _ filk L ) + i i lL ^ i(2 .o3 -  Ü M  + h £ M )  (111.38)
3 2 2a*3 3 2 a '3 a ' 3

The lea d in g  terms in  D(p) are p rop ortion a l to  p , which means th a t

P(H . ) w i l l  approximate a lo r e n tz ia n  form. The fa c t  th a t  such a d is tr ib u t io nmol
fu n ction  g iv e s  a non-zero p r o b a b ility  fo r  n eg a tiv e  va lu es o f  H , i s  duemol
to  th e  n eg le c t  o f  h igher order term s. The r e la t iv e  width o f  P(H , ) i smol
p rim arily  determined by 1 /a ' .

The examples g iven  above are in d ic a t iv e  fo r  th e  behaviour o f  P(H )
mol

when eq . I I I . 6 i s  used fo r  J ( r ) .  In th e case  o f  low con cen tration s the

average va lu e o f  H w i l l  be p rop ortion a l to  th e square o f  th e con centration
and p(H . )  w i l l  have a la r g e  w id th . For la r g e  v a lu es o f  c th e  p ro b a b ility
fu n ctio n  w i l l  approximate a Lorentz form w ith  a sm all width and an average
valu e p rop ortion a l to  th e co n cen tra tio n . In f i g .  I I I . 2 th ree  examples o f
P(H ) in  th e  case o f  Pd h ost m etal are shown fo r  d if f e r e n t  va lu es o f  c ,
assuming a to  be 5 2. The width o f  P(H , )  i s  in d ic a t iv e  fo r  th e widthmol
o f  th e  t r a n s it io n  to  ferrom agnetism , s in c e  fo r  a s in g le  valued  m olecular
f i e l d  H ,(T =0) °= T .mol C

I I I .d ,6 .b .  The non-zero temperature c a s e .

W ithin th e m olecular f i e l d  approximation i t  has to  be assumed th a t
th e  sp in s are s t a t i s t i c a l l y  independent. Then th e fo llo w in g  equation
holds fo r  <SZ>



<sS “ S \ P(Hmol’T) BS(x) “ mol * ( m . 39)0
wherein x = gy_ S(H + H ,)/k T.B ex mol B
The molecular field at a temperature T is assumed to be proportional to
<SZ> . Hence,

Hmol(r’T) = <SZ> ^ T 1B

Since at zero temperature Hmol(r) was given by SJ(r)/gy , we should now
insert in eq. III.31

Hmol(r’T) = Bmol(r»̂ “°)• (III.U1)

020.8 2.0

—  2.0 ot. °/o
—  0.8 at-/.
—  0.2 at.“Vo

---- 2.0 at*/.
Ó7 .Q8of/» é Q2 Qt.°/eO H

Fig. III. 2. as a function of for three different concentrations

of magnetic moments in Pd.
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In order to  in v e s t ig a te  th e tem perature dependence o f  P(Hmo^,T) i t  i s
conven ient (s in c e  <SZ> i s  not a fu n ctio n  o f  r )  to  in troduce th e  v a r ia b le

p '  = p<S > /S .  Then eq .  I I I . 30 becomes

P(Hm ol’T) <sz>
exp{- i p '

=sz>
H . (T) -  n D(p' ) }  dp'mol (III .U 2 )

which means th a t th e p r o b a b ility  i s  a fu n ction  o f  H q1 (T=0) o n ly , or in
other words not th e shape o f  P(H , ,T) but only th e s c a le  i s  a fu n ctionzmol
o f  tem perature. The fa c to r  S/<S > accounts fo r  th e  n orm alization .

Regarding t h i s  f a c t ,  a c a lc u la t io n  o f  th e  s p e c i f ic  heat can be made
stra ig h tfo rw a rd ly . A d e ta ile d  d e sc r ip tio n  w i l l  be g iven  in  chapter IV.
R esu lts  fo r  a Lorentz d is t r ib u t io n ,  a Gauss d is tr ib u t io n  and a Pearson
type V one are shown in  f i g .  I I I . 3 . R esu lts  o f  the c a lc u la t io n  o f  th e
s p e c i f ic  heat fo r  th e  d is tr ib u t io n  curves as shown in  f i g .  I I I . 2 are

p resen ted  in  f i g .  I I I .U .

J =  2.5
-------- Hm (P) « p6
--------Hm (p) a  p '3 (pel. w id th  = 0 .5 )
--------  P (Hm ) = Gauss (pel. w id th  = 0 .5 )

Fig. III. 3. Specific heat calculated by means o f the Weiss molecular-field
model incorporating a gaussian distribution of molecular
f ie ld s , a lorentzian distribution and a Pearson type V one,
respectively .
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---  2.0 at,*/.
--- 0.8 at*/.
---0.2 at.*/.

Fig. Ill, 4, The specific heat calculated, for three different concentrations

of magnetic moments with J=5/2 in Pd.

Comparing the experimentally obtained curves presented in chapter II
with those shown in fig. III.U, we note that our calculation qualitatively
accounts fór the experimental results. However, quantitative comparison
shows that our calculation overemphasizes the width of the transition.
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CHAPTER IV

MODEL CALCULATIONS

IV .a .  I n t r o d u c t i o n .

In  th e  p re c e d in g  c h a p te r  we have  fo u n d  t h a t  th e  W eiss m o l e c u la r - f i e ld

m odel i s  one o f  t h e  m ost w o rk a b le  m odels f o r  an  a n a ly s i s  o f  t h e  e x p e r im e n ta l

r e s u l t s  on d i l u t e  P d -b a s e d  a l l o y s .  We h av e  a l s o  a rg u e d  t h a t  th e  W.M.F. m odel

e n a b le s  u s  t o  ta k e  in t o  a c c o u n t th e  random  p o s i t i o n  o f  t h e  m a g n e tic  m om ents.

The e x p e r im e n ta l  r e s u l t s  on v e ry  d i l u t e  a l l o y s ,  p r e s e n te d  in  c h a p te r  I I ,

h av e  shown t h a t  th e s e  a l l o y s  do n o t  beh av e  a c c o rd in g  to  a  B r i l l o u i n  f u n c t io n .

As w i l l  be  e x p la in e d  in  c h a p te r  V, su ch  an anom alous b e h a v io u r  may be

c a u se d  by a  d i s t r i b u t i o n  o f  th e  m a g n itu d e s  o f  th e  m a g n e tic  m om ents. In

o r d e r  t o  v e r i f y  t h i s  a s s u m p tio n , su ch  a  d i s t r i b u t i o n  h a s  a l s o  t o  be

in c o r p o r a t e d  i n  t h e  W.M.F. m o d e l.

In  t h i s  c h a p te r  we w i l l  o u t l i n e  t h e  m a th e m a tic s  o f  t h e  c a l c u l a t i o n  o f

th e  s p e c i f i c  h e a t  u s in g  t h e  W.M.F. m odel i n c o r p o r a t in g  th e  s e v e r a l

m o d i f i c a t i o n s  due t o  t h e  d i s t r i b u t i o n s .  C om parison  o f  th e  r e s u l t s  o f

th e s e  c a l c i n a t i o n s  w ith  th o s e  o f  e x p e r im e n ts  w i l l  b e  made i n  c h a p te r  V.

IV .b . C a lc u l a t i o n  o f  th e  s p e c i f i c  h e a t  o f  a  fe r ro m a g n e t u s in g  th e  W eiss

m o l e c u l a r - f i e l d  m o d e l.

The i n t e r n a l  e n e rg y  o f  a  sy s tem  o f  N m a g n e tic  moments i s  g iv e n  by-

.M(T)

H dM , ( I V .1)

w here H i s  th e  t o t a l  m a g n e tic  f i e l d ,  H=H + H , and  M i s  th e  t o t a l^  ’ ex mol
m a g n e t iz a t io n  o f  t h e  s y s te m . A c co rd in g  t o  t h e  W.M.F. m odel H i s  e q u a l

t o  XM, w here X i s  t h e  m o l e c u l a r - f i e l d  c o e f f i c i e n t .

The s p e c i f i c  h e a t  o f  t h e  sy s tem  i s  th e n  g iv e n  by

C dU
dT

M(T)

—
dT H dM =

0

Hex
dM(T)

dT £x dM2 (T)

( I V . 2 )
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The m a g n e tiz a tio n  and i t s  te m p e ra tu re  d e r iv a t iv e  can be c a lc u la te d  u s in g
th e  w e ll known B r i l lo u in  fu n c tio n

BJ (x ) = c o th  x ) -  2 J  c o th  { 2 J ) ’ ( IV• 3)

where

JgyB {Hex +
x = ---------- F t--------------» M(T) = MoBj (x ) and

B

Mo *  N̂ B J -

In  th e s e  e q u a tio n s  yfi i s  th e  Bohrmagneton, B o ltzm ann 's  c o n s ta n t ,  J  th e

m agnetic  quantum number, N A vogadro 's  number and g th e  e f f e c t iv e  g -v a lu e
( fo r  c l a r i t y  o f  th e  eq u a tio n s  we w i l l  u se  g in s te a d  o f  g ) .

• \ e f f
From now on we w i l l  deno te  M(T) by M. Combining eq . IV .2 and eq . IV .3

th e  s p e c i f ic  h e a t becomes

dB (x )
C = -  (H + XM B (x )}  M — -----ex o J  o (IV .U)

D enoting d B j(x ) /d x  by B ^ (x ), th e  te m p e ra tu re  d e r iv a t iv e  o f  th e  B r i l lo u in
fu n c tio n  can be c a lc u la te d  from

dB (x )

- i —  - Bi<x>
Jgy XM dB (x )

■D O  J

kBT dT

JgtJB{Hex + XW * »

k B T 2  :

( IV .5)

so t h a t  C can be w r i t te n  as

JgyBtHex+ XMoBJ (x)}
Mo {Hex + XMo V x »  Bj< x >

1 -  B j ( x h-J « V Mo
.( I V .6)

V

We have found i t  co n v en ien t to  u se  th e  fo llo w in g  e q u a tio n s  in  o rd e r  to
tra n s fo rm  eq . IV .6 in to  a form a p p l ic a b le  to  a  com puter program :

H T
ex 3 J  C r « .  i ,-----  » x = ——  —  {p+B (x)}  and T

XM„ J+1 t  "

( J+1 )gy XM
------------( IV. 7)

3kB
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Using these equations the specific heat can he written as

R x2B'(x){p+B (x)}
C - ------------ ----- , (IV.8)

p+Bj(x)-xBj(x)

where R is the gasconstant.
A number of results for J=3/2 and different values for p are shown

in fig. IV.1. As can he seen the specific-heat curve for p=0 attains
a sharp maximum equal to 5RJ(<I+1 )/(J^+(J+1 )̂ ) Iq an<̂  approaches the
Schottky specific-heat curve (122) for large values of p.

FX=0
FX= 0.5
FX= 1.5
Schottky value

0 T/Tr

Fig. IV. 1. Specific heat as a function of I/TQ calculated by means of

W.M.F. model, incorporating a distribution of molecular fields

with Fy=0.5 and F^=1.5.
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S p e c i f i c - h e a t  c u rv e s  c a l c u l a t e d  from  e q . IV .8 h ave  b een  com pared w ith

th e  e x p e r im e n ta l  d a ta  on Pd—Mn d i l u t e  a l l o y s  o b ta in e d  in  s t r o n g  e x t e r n a l

m a g n e tic  f i e l d s  ( 9 ,1 3 ) .  T hese c o m p a r iso n s , w hich  w ere  q u i t e  s u c c e s s f u l ,

w i l l  b e  d e s c r ib e d  in  m ore d e t a i l  in  t h e  n e x t  c h a p te r  i n  c o n n e c t io n  w ith

th e  d e te r m in a t io n  o f  th e  m a g n e tic  moment o f  Mn in  P d .

I V .c .  V a r ia n t  in v o lv in g  a  d i s t r i b u t i o n  o f  m o l e c u l a r - f i e l d  c o e f f i c i e n t s .

As o u t l i n e d  i n  s e c t io n  I I I . d . 6 ,  we s h o u ld  a c c o u n t f o r  t h e  random

p o s i t i o n  o f  t h e  m a g n e tic  moments i n  t h e  a l l o y s  by in c o r p o r a t io n  o f  a

d i s t r i b u t i o n  p (H_q1 ,T ) o f  m o le c u la r  f i e l d s ,  o r  a  d i s t r i b u t i o n  P(X ) o f
m o l e c u la r - f i e ld  c o e f f i c i e n t s .

C a lc u la t io n s  o f  th e  s p e c i f i c  h e a t  u s in g  t h e  W.M.F. m odel i n c o r p o r a t in g

a  d i s t r i b u t i o n  o f  m o l e c u l a r - f i e l d  c o e f f i c i e n t s  have  b een  p e rfo rm e d  and

a p p l i e d  t o  P d -b a se d  a l l o y s  by T a k a h a sh i and  S h im izu  (1 1 2 ) and  by

B o e r s to e l  ( 9 ) .  T hese a u th o r s  have  u se d  a  g a u s s ia n  d i s t r i b u t i o n  o f  X 's

a ro u n d  a  m ost p ro b a b le  v a lu e  X . The w e ig h t o f  e a c h  v a lu e  o f  X i s  th a n
g iv e n  by

w here NORM i s  th e  n o r m a l iz a t io n  c o n s t a n t  and  F i s  t h e  r e l a t i v e  w id th  o f  th e
A

d i s t r i b u t i o n  (F^ i s  n o t  a  f u n c t io n  o f  X).

F o r each  v a lu e  o f  X t h e  s p e c i f i c  h e a t  i s  g iv e n  by

NORM exp
-  V 2

2 (FxXo )2
( I V .9)

R x 2B ^(x ){p+  j -  Bj ( x )}
C(X) = O

( I V .10)

p+ x“  bj (x )  -  r  B) (x )o o

B _(x )}  and  T(J+ 1 ) T

T.
( j + l ) g V o Mo

3kB

w here x =

I t  fo l lo w s  from  e q . IV .9 an d  e q . I V .10 t h a t

C = NORM

(X -  X J
C( X) exp

2(F ,X  )
( I V .11)
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A number of examples of specific-heat curves calculated from eq. IV.11
are also shown in fig. IV.1. A common feature of these curves is that
the influence of the distribution is at largest for the lower p-values,
which was to be expected. A comparison between these curves and the
experimental ones for Pd-Fe alloys has been made by Takahashi and Shimizu
(112) and by Boerstoel (9). Agreement between model and experiment
appeared to be rather poor. Boerstoel compared three curves obtained
from the model with those from specific-heat experiments in external
magnetic fields. The maximum values of the experimental specific-heat
curves are much lower than those obtained from model calculations, as
shown in fig. IV.2. This discrepancy becomes even more striking in the
case of very dilute alloys measured in strong external fields (see also
chapter II).

p = 1.35

Pd-Fe 0.16 a t .%
F = 1S= 1.5

14 KO T

Fig. TV. 2. Pd-Fe 0.16 at.%. Experimentally obtained curves (---- land
calculated specific-heat curves (— — —). a, b and a represent

results obtained in H =9, 18 and 27 kOe, respectively

(after Boerstoel (9) ).
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IV. d . V aria n t in v o lv in g  a w aarod i s t r i b u t io n  o f  g - v a lu e s .

In  o rd e r  to  d im in ish  th e  d isc re p a n c y  m entioned above, th e  model has to

be m o d ified  in  such a  way as to  in f lu e n c e  th e  c a lc u la t io n s  o f  th e  s p e c i f ic
h e a t  in  an e x te r n a l  f i e l d .  We a ttem p ted  to  ac h ie v e  t h i s  by in c o rp o ra t io n

in  th e  model a  d i s t r i b u t i o n  o f  m agnitudes o f  m agnetic  moments. In  t h a t

case  th e  excess  s p e c i f i c  h e a t o f  v e ry  d i l u t e  a l lo y s  m easured in  s tro n g

e x te r n a l  f i e l d s  w i l l  be a  summation o f  "S ch o ttk y "  cu rv es w ith  maxima a t

d i f f e r e n t  te m p e ra tu re s , le a d in g  to  a b ro a d e r  cu rv e  w ith  a low er maxim™

• S ince r a th e r  norm al v a lu e s  f o r  th e  m agnetic  quantum number have
been found from th e  e n tro p y  c o n te n t o f  th e  ex cess  s p e c i f i c  h e a t ,  and

a ls o  c o n s id e r in g  th e  H ir s t  model ( 2 6 ) ,  each m agnetic  moment i s  supposed

to  have th e  same m agnetic  quantum number, b u t d i f f e r e n t  e f f e c t iv e

g -v a lu e s .  In  th e  co u rse  o f  th e  developm ent o f  a more r e a l i s t i c  m odel,

we f i r s t  used  th e  s o - c a l le d  "macrod i s t r i b u t io n "  o f  g -v a lu e s .

In  t h i s  ca se  th e  system  i s  f i g u r a t i v e ly  d iv id e d  in to  a  number o f

p ie c e s  ( e .g .  2 0 0 ). Every m agnetic  moment in  a p a r t i c u l a r  p ie c e  i s  g iv e n

th e  same e f f e c t iv e  g -v a lu e .  The s iz e  o f  each p ie c e  i s  de term in ed  by th e

d i s t r i b u t i o n  o f  g -v a lu e s ,  which i s  ta k e n  to  be g a u s s ia n  (se e  a ls o  r e f .  5 1 ) .

T his im p lie s  t h a t  m agnetic  moments w ith  a c e r t a in  g -v a lu e  a re  s i t e d  in
th e  neighbourhood o f  each o th e r .

A pplying t h i s  v a r ia n t  o f  th e  W.M.F. model eq . IV .8 becomes

where

R x2B ' ( x ) { £ -  p + ( S - )2 B (x )}
C ( g ) ----------- t ____f2 ______ g°  J  (IV . 12)

P + ( f - ) 2BT(x) -  (&-)2x B '( x )

X = 3J
J  + 1 T~ {* t V+  (f - )2BJ ( x ) > and TC

( J + 1 V bXMo

3kB

The t o t a l  s p e c i f i c  h e a t i s  th e n  g iv e n  by

C _1_
NORM

0

00
(g -  g . ) 2

C(g) exp
2(F g )2(j o

d ( f - )  , ( r v . i 3 )
Bo
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where F i s  th e  r e l a t i v e  w id th  o f  th e  m a c r o d is tr ib u t io n  o f  g -v a lu e s .
G

A number o f  cu rv es o b ta in e d  from eg . IV .13 a re  shown in  f i g .  IV .3

to g e th e r  w ith  some cu rv es o b ta in e d  assum ing th e  same v a lu e s  f o r  p b u t
in c o rp o ra t in g  a  d i s t r i b u t i o n  o f  m o le c u la r - f ie ld  c o e f f i c i e n t s  w ith  th e

same r e l a t i v e  w id th . As can be seen  from  th e  g raph  t h i s  v a r ia n t  o f  th e
W.M.F. model in f lu e n c e s  th e  s p e c i f i c - h e a t  cu rv es  f o r  s tro n g  e x te r n a l  f i e l d s .

distr. of moleculair field constants
macro distribution of g-values
Schottky value

J =1.5

p  = 0  p -1  p = 2

Fig. TV.3. S pecific  heat as a function o f  T/Tc  obtained by application
o f  the m acrodistribution o f  g-values together with those
obtained v ia  the d is tr ib u tio n  o f  molecular f ie ld s .
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IV .e . V a ria n t in v o lv in g  a m - ic ro d is tr ib u tio n  o f  g - v a lu e s .

The assumption o f  a macro d is tr ib u t io n  i s  not supported by th e o r e t ic a l
arguments nor by experim ental r e s u lt s  (although t h is  va r ia n t seems to
work rath er w e ll ( 5 1 ) ,  s e e ,  however, chapter V). Therefore another
va r ia n t in v o lv in g  a m icr o d istr ib u tio n  o f  g -v a lu es  has been elab ora ted .
In t h is  va r ia n t every m agnetic moment i s  g iven  a g -v a lu e  and a s t a t i s t i c a l
w eight according to  a gau ssian  d is tr ib u t io n . However, in  co n tra st to
th e  case o f  the m a cro d istr ib u tio n , th ey  are randomly d is tr ib u te d  in  the
a l lo y .  The t o t a l  m agnetization  M i s  c a lc u la te d  assuming th e  m olecular
f i e l d  to  be p rop ortion a l to  M. This im p lies  th a t eq . IV .3 has to  be
transform ed in to

NUgJ
NORM g B j(x ) exp

(g -  g J 2 1
d (£ -)  (IV .lit)

2(V°|!
where x

Jgy_,(H + M)B ex

V
and F i s  th e  r e la t iv e  w idth o f  th e

g

m zcrod istr ib u tion  o f  g -v a lu e s . Note th a t th e  index G r e fe r s  to  th e
m acrod istr ib u tion  and th e index g to  th e  m tc ro d is tr ib u tio n .

For th e  num erical c a lc u la t io n s  eq . IV .1U im p lies th a t th e  summation
over th e d is tr ib u t io n  must take p la ce  w ith in  th e  i t e r a t iv e  procedure
necessary  fo r  so lv in g  eq . IV. 11*. The c a lc u la t io n  o f  th e  s p e c if ic  heat
becomes a l i t t l e  more com plicated in  t h i s  c a s e . Using th e  d e f in it io n
o f  Tc (se e  eq . IV .12) and eq . IV .2 th e s p e c if i c  heat can be w r itten  as

d(M/M )o

Vr< 
| (P i M 1M '

Tc O i

3RJ
(p M '

J+1
+ --- ).

M ;o ,

d(M/M )o

(IV .1 5 )
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Taking into account that x y — - f“ (P + m " ) 11 is possible to
Bo o

T,

calculate
d(M/M )_____o from the following implicit equation
d(T/Tc)

NORMd(T/T_)

d(M/M ) 1 r”
O I

3J t 2C g (P'S-)* 3J TC g d(M/Mo }
J + 1 J + 1 TT 8o d(T/Tc) ■

exp
2(F g )2

(IV.16)

Equation IV.16 can be solved numerically to obtain values for the specific
heat. Examples of specific-heat curves calculated from eq. IV.15 are
shown in fig. IV. 1* in the case of zero external field. In fig. IV.5
curves obtained by application of the wierodistribution of g-values are
shown together with curves obtained applying the macrodistribution. As
is evident the difference between the curves is the largest for the
lowest values of p.

Calculations for the paramagnetic phase can also be done using the
macro- or the microdistribution of g-values by making the molecular-field
coefficient zero. As should be expected, there is no difference between
the micro- and macrodistribution for this phase.

Although this chapter does not concern the physical interpretation
of the calculations, some remarks have to be made here. We have supposed
the magnetic moments to sence the molecular fields via their g-value and
we also assumed the molecular field caused by a particular magnetic
moment to be proportional to its g-value. In view of the origin of the
molecular field this may seem unreasonable, since the molecular field
is not a real magnetic field; in most cases it is only an approximate
description of the exchange interaction. However, as we are dealing
with Pd-based alloys, the magnitude of the magnetic moment is proportional
to (1 + ay ). The term axQ determines the extra moment induced in the
Pd-band, and it is this induced magnetization which causes the interaction
between the moments (see chapter III). If there is a distribution of
g-values, and we will see in chapter V very strong experimental indication
that there is, then this distribution is presumably caused by the term axQ«
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Fg=0.2
Fg=0.4

O T/Tc

Fig. TV.4. Zero-field specific heat as a function of T/T„ calculated
with the incorporation of the microdistribution o f g—values.

Fg = 0.5
Fg = 0.5

Fig. IV. 5. Specific heat as a function o f T/Tc calculated by means of
the macrodistribution of g-values and that obtained via
the microdistribution.
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Thus th e  v a r ia n t  o f  th e  W.M.F. model as  d e s c r ib e d  above can be j u s t i f i e d

on p h y s ic a l  g rounds.

C onsequen tly , we shou ld  c o n s id e r  th e  s p a t i a l  d i s t r i b u t i o n  o f  th e  m agnetic

moments o v er th e  m a tr ix .  That means t h a t  we shou ld  d is t in g u is h  betw een a

model where th e  moments a re  s p a t i a l l y  a rra n g e d  acco rd in g  to  t h e i r  m agnitude

( la r g e  moments in  th e  neighbourhood o f  each o th e r  and sm a ll moments to o )

and a model where th e  moments a re  s p a t i a l l y  d i s t r i b u t e d  r e g a rd le s s  o f

t h e i r  m agn itude . The model m entioned f i r s t  i s  d e s c r ib e d  by th e

m a c r o d is t r ib u t io n ,  th e  o th e r  one by th e  m ic r o d is t r ib u t io n .

IV .f .  V a ria n t in v o lv in g  a m ic r o d is t r ib u t io n  o f  g -v a lu e s  as w e ll as a

d i s t r i b u t i o n  o f  m o le c u la r - f ie ld  c o e f f i c i e n t s .

In  th e  n ex t c h a p te r  we w i l l  o u t l in e  t h a t  t h i s  v a r ia n t  i s  th e  most

r e a l i s t i c  one in  co n n ec tio n  w ith  d i l u t e  P d-based  a l lo y s .  In  t h i s  case

th e  system  i s  d iv id e d  in to  a  number o f  p ie c e s ,  each  p ie c e  hav ing  i t s
m o le c u la r - f ie ld  c o e f f i c i e n t .  The s iz e  o f  th e  p ie c e s  i s  determ ined

by th e  g a u s s ia n  d i s t r i b u t i o n  o f  th e  m o le c u la r - f ie ld  c o e f f i c ie n t s  w ith

F. as  p a ra m e te r . The s p e c i f ic  h e a t  o f  each  p ie c e  i s  c a lc u la te d  acco rd in g
to  th e  m ic r o d is t r ib u t io n  o f  g -v a lu e s  ( s e e  p rec ed in g  s e c t io n ) .  The t o t a l

s p e c i f ic  h e a t  o f  th e  system  i s  th e n  a  summation o f  th e  s p e c i f ic  h e a ts

o f  a l l  p ie c e s .
In  o rd er to  ca rry  out t h i s  c a lc u la t io n  eq . IV .15 has to  be transform ed

a l i t t l e  in to

« » ) • -  <p + r £ - >o o

fd(M/M )o

ld(T/Tc )J x

where
d(M/M )o
d(T/T

now has to  be c a lc u la te d  from

( I V .17)

fd(M/M )o 1

^d(T/Tc ) \
NORM f -  B '(x)g„ J J  + 1

fL {p + !_ M _ +
m2 g vp X MT eo o o

3J _C £
J  + 1 T go Xo

fd(M/M )

^d(T/Tc ) ,
exp

(g -  g0 )2

2(F e  )2g o

d ( & )

8o
(IV .18)
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Similarly to eq. IV.11 the total specific heat is given by

C = NORM C (X ) exp ~ V 2
2(FxXo ) 2

d(r) (IV.1 9)

while T is now defined as

TC
(j+l)g0yBXoMo (IV.20)

Examples of specific heat curves obtained from eq. IV.17, eq. IV.18
and eq. I V . 19 are shown in fig. IV.6.

Fg.O .5

Fx .0 .1 5

Fg = 0.5

3  0  T/Tc ,1

Fig. IV.6. Specific heat as a function of T/T„ calculated with incorporation

of a distribution of molecular fields and a microdistribution

of g-value8.
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IV.K. Calculation of the electrical resistivity using the W.M.F. model.
According to the calculations by Yosida (72) and by Long and Turner (1+9)

the electrical resistivity within the molecular-field approximation
is given by (we have to replace J by S because the orbital contribution
to the scattering amplitude has been neglected, due to the assumed
quenching of the orbital angular momentum) :

Ap(T,H) <* V2+ Jgff<S*> + J2ff{S(S+l) - <S2> - <Sz>}|1 + tanh f geUBH

V2V
u j* v2 <S >2eff z

V2 + J2 <S2> + J2 {S(S+1)- <S2> - <S >}eir z erf z z 1 + tanh fge Vl2k*T
, (IV.21)

where H is the total magnetic field, V characterizes the potential
scattering, characterizes the spin dependent scattering and g is
the g-value of the conduction electrons. Since

<S > - S Ba(x)Z 5

and <S2> = S(S+1) - S B„(x) coth (•£) , (IV.22)Z D co

the resistivity can be calculated in a way similar to the one used for the
specific-heat calculations.

The variants of the W.M.F model can also be applied to the resistivity
calculation. In these calculations the resistivities of all pieces of the
system are summed in order to get the total resistivity. Such a summation
is only correct if the pieces of the system are connected in series,
which is in general certainly not the case. However, since the resistivity
of an alloy is calculated by multiplying the cross-section for electron
impurity scattering by the number of impurities, our calculation is
correct within this framework: i.e. when the incremental electrical
resistivity is proportional to the concentration of the impurities.

In fig. IV.7 a number of examples are shown of resistivity versus
T/T^ curves calculated from eq. IV.21 involving a distribution of
molecular coefficients.

100



----- FX_0.5
/ / .

O T/Tc
Fig. IV. 7. Electrical resistivity versus T/Tc calculated with the

incorporation of a distribution of molecular fields.

A few additional remarks should be made. We have assumed the distribution
in g-values and that in molecular—field coefficients to be gaussian.
Of course, ^other distribution functions can be incorporated
straightforwardly.

We have excluded negative values for g and for X. Regarding the
function P(H^^), described in section XXI.d.6 this is correct in the
case of the molecular-field coefficient. The fact that P(X=0) ^ 0
is not really important in view of the values of F used.

A
-With regard to the g-value the exclusion of negative values has no

physical ground. Nevertheless, the values of F„ or F are such thatG g
the exclusion causes an error of a few percent. We feel that a correction
for this effect, at the cost of more computer time, would exaggerate
the value of the model calculations.

Finally, we have defended the incorporation of the distribution of
g-values in the molecular-field term via the term ax in the effective
g-value. In principle we should use a distribution in ay values.0however, since a\Q ■ 2 in the cases of Co or Fe in Pd, we feel again that
this more laborous calculation would exaggerate the value of the model.
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CHAPTER V
INTERPRETATIONS

V.a. Magnetic quantum number.
From the experimental results presented in chapter II, the magnetic

moments associated with Co, Fe or Mn impurities in Pd appeared to be
larger than should be expected from Hund's rule. Results of diffuse
neutron scattering experiments and considerations about the values for
the transition temperature (18) established unambiguously that part of
this large magnetic moment is due to the polarized d-band in Pd. Theoretical
calculations also confirm this statement.

It has been a subject of discussion in the literature whether a giant
value for the magnetic quantum number or a giant effective g-value
should account for the giant moment. Theory does not give a decisive
answer to this problem. Nevertheless, some arguments may be advanced:

In view of the Hirst model (26) one should hardly expect a large
difference between the electronic configuration of the free atom and that
of the atom implanted in the host metal. In other words, the impurity
will obey Hund's rule in the metallic environment as well.

Nevertheless, in addition to an explicit change in the electronic
configuration of the impurity atom, there may be another possibility
for the existence of a giant magnetic quantum number. When the d-electrons
of Pd and those of the impurities are coupled so strongly that their
magnetic quantum numbers should be added, a large value for J may be
obtained. Such a strong (albeit antiferromagnetic) coupling exists
probably in the ground states of Kondo systems (123).

A normal value for the multiplicity and thus for the magnetic quantum
number has been deduced from the entropy content of the excess specific
heat. On the other hand, results of magnetization experiments and of
Mössbauer-effect investigations have successfully been fitted to Brillouin
functions involving a large magnetic quantum number• The source of this
discrepancy may be found in two ways: (i) the excess specific heat, as
evaluated from experiments at temperatures up to 20 K, does not contain
the total magnetic entropy; (ii) the magnetization of the alloys cannot
be described by a Brillouin function at all.

In order to pass a judgement on these statements results of two
experiments should be discussed. First, if the magnetization follows a
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Brillouin function correctly, the excess specific heat in an external
magnetic field of a very dilute alloy should he given by

dB (x)
AC = - H — ----

eX dT
wherein x JgtJBHex

kBT
(V.1)

If J is of order of 5 (a value generally necessary for the fit of the
Brillouin function to the magnetization), the maximum value of AC turns
out to be 79 mJ/mol K per a.t.%. The experimental results, described in
chapter II, give a value of AC more than 30 % too small in all cases.max

A second investigation to take into account is the measurement of the
saturation moment and the determination of the Curie constant of the
same specimen (see section II.c.3). In the case of the Pd-Mn system
a value for J of about 2.5 has been found, in that of Pd-Fe 1.5 - 0.5 (18).

Apart from these facts, it should be noticed that in order to obtain
a good fit of a Brillouin function to the experimental magnetization
and magnetoresistance' data, a quite large value for J had to be assumed
(27,28,79, see also/table II.I). This value for J was so large that the
product J times g strongly exceeds the value of the magnetic moment
(expressed in y /. Such a choice of J passes over the physical origin

.7of the Brillouin function.
In view of the 'arguments given above we conclude that the values of

the magnetic quantum number as deduced from the specific-heat investigations
are correct. This conclusion 4mPlies that one cannot describe the
magnetization of Pd-Fe and of pd-Co alloys as a function of temperature
and external magnetic field by a Brillouin function. An exception,
however, should be made for Pd-Mn alloys, as will be outlined in the next
section. /

In order to find the cause of the inadequacy of the Brillouin function
in accounting for the magnetization and for the specific heat in external
fields, we should go through the derivation of the formulae for the
bulk magnetization. In calculating the entropy of an assembly of magnetic
moments, we started by writing the entropy of one magnetic moment as

S ’ = k_ ln(2J+1). (V.2)m B
Then we assumed all the magnetic moments to have the same value of J,

103



so that
S = cR ln(2J+l). (V.3)

If the average value of the z-component of J of a single magnetic moment
is given by <J > = J Bj(x) (x= > H in the z-direction)
then the magnetization along the z-axis is given by

«; = w b jbj(x)-
If all the magnetic moments have the same value of J and of the total
magnetization may be written as

Mz = cNge f f V  BJ(x)* (V'5)
We have to conclude that either <J > is not given by the Brillouin
function or the effective g-values are not the same for all moments.
Since the experiments sense the average magnetization of a large number
of magnetic moments we do not expect to be able to distinguish between
these possibilities on the basis of experimental results.

The values of the magnetic quantum number deduced from specific-heat
investigations are:

Pd-Co : 1.U,
Pd-Fe : 2,
Pd-Mn : 2.3.

Since J should be a half integer the values 3/2, 2 and 5/2 should be
accepted as the correct ones. It is remarkable that these values are
equal to those for the spin only quantum numbers of the free atoms.
Assuming no change in the electronic configuration of Co, Fe and Mn on
alloying, it follows that no contribution of the orbutal angular momentum
has been found.

According to Hirst (96) the contribution of the orbital angular momentum
of Co and Fe may be quenched in a f.c.c. lattice when the coefficient
of the fourth degree terms of the crystalline electric field, C, , is
negative. The coefficient C^ is defined in cartesian coordinates by the
following equation for the electric field (12U)

V^(x,y,z) = C^ix1* + y1* + z**) - ^  r1*} + (V.6)

Cg{(x6 + y6 + z6) + -̂ ■(x2y1* + x2z‘* + y2x1* + y2z** + z2x“* + z^y*) - ̂  r6} + .
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The negative value for C, is in agreement with point charge calculations
by Lacroix (125) and with the results of E.P.R. experiments on Pd-Dy
single crystals by Devine (126,127).

V.b. Paramagnetic behaviour.
Discussing the paramagnetic behaviour, we will only focus our attention

on results of experiments carried out on alloys with such a concentration
that T/T >5 (T being the temperature at which the measurements are made)
or H /H . (T=0)>5 (H being the external, field in which the experimentex mol ex r
is done). Nevertheless, when a comparison with calculations is made, the
interaction between the magnetic moments will be taken into account by
applying the Weiss molecular-field model. The shortcomings of this model
will have a negligible effect on the results of the calculations, since
the interactions are only of minor importance (always less than 20%)

We will sometimes use the term 'Schottky calculation (122)' when
"paramagnetic properties" are concerned. These calculations of course
also incorporate a molecular field in order to account for the interaction,
however, they do not include any of the other modifications described
in chapter IV.

V.b.1. Paramagnetic behaviour of Pd-Mn.
The paramagnetic behaviour of Pd-Mn alloys is not at all peculiar,

although’it deviates from that of the other two systems, and therefore
quite important for the understanding of the behaviour of dilute Pd-based
alloys.

As mentioned in chapter II, the excess specific heat as well as the
magnetization can be described by the molecular-field model involving
J=5/2 and g f =3 (13,18). In ref. 13 examples are shown of a comparison
between the calculated and the experimental curves of the specific heat.
It should 6e emphasized again that the excellent quality of the fit has
been obtained without any artifice. In ref. 18 examples are shown of
comparisons between calculated and experimental results for the
magnetization. In this case even no adjustable parameters have been used.

The Pd-Mn system may be called a 'corner-stone' for the assumption
of a normal value for J and a large value for g .

V.b.2. Paramagnetic behaviour of Pd-Co and Pd-Fe.
When the values 3/2 and 2 for the magnetic quantum number of Co and

Fe in Pd are accepted, we should recognize that it is impossible to
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describe the magnetization and the specific heat according to a Brillouin
function involving these values for J • The maximum of AC as a function
of temperature or as a function of external field turned out to be much
lower than the calculated values (Uo % in the case of Co, 20 % in that
of Fe). The AC versus T curves are also much broader, in agreement with
entropy considerations. The amount of deviation from a Schottky curve
does not depend on the temperature of the maximum nor on the magnetic
field strength.

Such a broadened specific-heat curve suggests a superposition of
Schottky curves with maxima at different temperatures or, what is similar,
at different external field strengths. This supposition physically
implies the assumption that the effective g-value of the magnetic moments
differ from one to the other.

In such a case the magnetization should be written as

M(T H )ex cN JpB
0 '
geffBJ ^  f ĝefP dgeff (V.7)

where x=Jg p H  /k T and f(g_».)dg is the propability of finding61 x d ex U ex x exx
a magnetic moment with an effective g-value between Sê  an<̂  ®eff+ ^®eff"
From eq. V.7 the specific heat can be calculated according to

dBT(x)
AC = -JvBcNHex f(geff) dSeff (V.8)

In order to compare results of eq. V.7 and of eq. V.8 with the experimental
data a gaussian function for f(geff) has been rather arbitrarily chosen,
i.e. f(geff) - exp {-(geff - «eff,0>2/(2FGgeff,o)2}- interaction
between the magnetic moments has been taken into account according to
the macro distribution of g-values as described in chapter IV.

First we have made fits of the results of eq. V.8 to results of separate
specific—heat measurements by choosing the best value for F^ and for
It appeared from these fits that neither F^ nor >0 depends strongly
on the concentration, the external field strength or the temperature.
Also the method used for the measurement (adiabatic or a.c.) was of no
importance. The best values for F^ and gg^  0 were determined mainly
by the kind of magnetic impurity, Co or Fe. Therefore, comparison between
calculations and ecperimental data will be made here by use of the average
values Fg=0.85 and geff Q=5.5 in the case of Co and FG*0.5 and 8eff?0=1**T
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have heenin the case of Fe impurities. Because negative values of geff
excluded, these values of g _ imply that the average of g „„ is U.9 inerr,o erf
the case of Fe and 6.3 in the case of Co. These values are in fair
agreement with the results from magnetization measurements (see table II.I).
Figures V.1-V.6 show the experimental data for the excess specific heat
together with curves calculated according to eq. V.8. Note that in those
cases where the experimental date have been obtained from adiabatic
experiments, the measured values have been plotted in order to avoid
effects due to 'wishful thinking' at drawing curves through these points.

It is evident from these graphs that eq. V.8 describes the specific
heat of paramagnetic alloys rather well, or at least much better than the
'Schottky calculation' (with F =0).V

Irrespective of the significance of the distribution of effective
g-values, it is in view of the large values of g __ obvious from theseer f #o
figures that large magnetic moments should account for the experimental
curves. Thus these specific-heat investigations confirm the existance
of the giant moments. The large value of the bulk magnetization of these
alloys could possibly be ascribed to localized moments plus itinerant
magnetism. However, the specific-heat results do not fit in such a
picture; the localized model should be preferred.

If the excess specific heat can be described according to eq. V.8 then
eq. V.7 should be in agreement with the data from magnetization
measurements. A comparison between experimentally obtained curves on a
Pd-Co 0.1 at.% alloy, as measured by Star, and points calculated according
to eq. V.7 using F =0.85 and g __ *5*5, is shown in fig. V.7. The curveVj 011,0
obtained by Maley et al. (31) from a fit to their Mossbauer-effect data
on Pd-Fe has been drawn in fig. V.8 together with a curve calculated
accordingto eq. V.7. In fig. V.9 a fit by Grassie et al. (71) to
magnetoresistance data has been compared to results of our calculations
with the parameters mentioned above. These three graphs show a rather
fair agreement.

A description of the Mossbauer-effect results by eq. V.7 implies that
we find a lower value for the saturation moment than originally has been
evaluated from these results, since the value as deduced from these
experiments is proportional to 3J/(J+1). The choice of the lower value
of the magnetic quantum number for the description of the magnetoresistance
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---Fg-0

Fig. V.l. Specific-heat curves as -obtained from our calculation (----)
together with the experimental results as obtained by

Boerstoel (9) for Pd-Co 0.075 at.% in an external magnetic

field of 18 kOe. The dashed line represents the "Schottky"

behaviour.

Fig. V. 2. AC versus H of Pd-Fe 0. OS at. % at T=3.46 K as obtained from

experiment (----) and that as obtained from our calculation
(----- ). The dash-dotted line represents the "Schottky"

behaviour.
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Fig. 7.3. AC versus B of Pd-Co O.OS at.% at T=S.46 K as obtained from

experiment (----- ) and that as obtained from our calculation

(~ ---- ) • The dash-dotted line represents the "Schottky"
behaviour.

mol K

o exp

Fig. V.4. , Experimental results for AC of Pd-Co 0.081 at.% s.o. in
an external field of 20 kOe together with results of our

calculations. The dashed line represents the "Schottky"

behaviour.
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mol K

o exp.

Fig. V.S. Experimental results for AC of Pd-Fe 0.1 at.% s.o. in
an external field of 20 kOe together with results of our

calculations. The dashed line represents the "Sahottky"

behaviour.

mol K

------ exp
F=0.5

Fig. V.6. AC of Pd-Fe 0.1 at.% s.o. as a function of Hex at 3.16 K.
The solid line is obtained from experiment, the dashed one

from our calculation. The dash-dotted line represents

the "Sahottky" behaviour.
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Co at

* T - 1 . 3 5 K
o T = 4 .2 5  K

kOe 40

Fig. V. 7. Magnetization o f Pd-Co 0.1 at.% as a function o f  H at
T=1.Z5 K and 4.25 K. The so lid  line represents the experimental
resu lt obtained by Star, the 0 and A were obtained from our
calculations

Fg = Q 5

O H/T ' 6 kOe/K

Fig. V.8. Magnetzation o f Pd—Fe (c<0.1 at.%). The so lid  lin e  is  a
B rillo u in  function with J=3.76 and g=2.95 as obtained by
Maley e t a l. {ZD, the dashed line  represents the resu lt o f
our calculation.

111



—  Ss 1.5 g=5.2

Fig. V.9. Results for the magnetoresistanee of Pd-Co 0.1 at.% (----- )

calculated by application of Yoside's equation with S=4.7 and

g=2.9 (after Grassie et al. (71) ) together with the result

of our calculation (- - - - ),

data results in a different value for the effective exchange integral
between the conduction electrons and the giant moment. The value of this
integral as deduced from magnetoresistanee measurements is approximately
proportional to 1/J. Therefore, values of the saturation moment and for
the effective exchange integral given in these cases in the literature
should be revised.

Probably, the apparent distribution of g-values is also the cause of
the quite large magnetic fields needed in order to saturate the
magnetization of the impurities. If a large number of magnetic moments
with a small g-value is present, the saturation of these moments will
only be achieved in strong external fields. In the case of Pd-Mn alloys
an additional difficulty arises. For concentrations of 1 at.% and larger
a considerable number of Mn-impurities are coupled antiferromagnetically
with a rather large coupling energy (comparable to a temperature of
50 K (18) ). The decoupling of these moments will also only occur in strong
external fields.

Possible causes of the observed distribution of effective g—values
are: (i) magnetic anisotropy, (ii) influence of the orbital angular
momentum and (iii) influences of fluctuations.
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( i )  . S ince  th e  o r ig in a l  in v e s t ig a t io n s  had heen c a r r ie d  o u t on

p o ly c r y s t a l l in e  sam ples, m agnetic  a n iso tro p y  m ight be th e  cause  o f  th e

d i s t r i b u t io n  o f  e f f e c t iv e  g -v a lu e s  found . However, ex p erim en ts  on s in g le

c r y s ta l s  p re s e n te d  in  c h a p te r  I I  d e f in i t e ly  exc lude t i s  p o s s i b i l i t y .

( i i )  . No o r b i t a l  c o n t r ib u t io n  to  th e  m agnetic  quantum number h as  been

found from s p e c i f ic - h e a t  in v e s t ig a t io n s  down to  0 .1  K ( 9 ) .  M oreover,

Mn d is s o lv e d  in  P t r e v e a ls  a l s o  a d i s t r i b u t i o n  o f  e f f e c t i v e  g - v a lu e s ,

w h ile  th e  m agnetic  quantum number e v a lu a te d  from th e  e n tro p y  i s  5 /2  (1 2 8 ).

T h e re fo re , t h i s  p o s s i b i l i t y  shou ld  a ls o  be ex c lu d ed .

( i i i )  . In  a g r e a te r  o r  l e s s  e x te n t  s tro n g  in d ic a t io n s  may be emerged

from th e o ry  t h a t :

-  L ocal s p in  f lu c tu a t io n s  p la y  an im p o rta n t r o le  in  th e  exchange enhanced

h o s t m e ta ls  (1 2 9 ). U n fo r tu n a te ly , th e  concep t o f  th e  l o c a l  s p in  f lu c tu a t io n

cannot be s a id  to  be s o l id ly  founded on f i r s t  p r in c ip le s  (1 3 0 ).

-  Low frequency  f lu c tu a t io n s  a re  a ls o  p re s e n t  when th e  im p u rity  c a r r i e s  a

m agnetic moment (131) • The frequency  to i s  such t h a t  hot /2irk ^  0 .1  K.
i  r  B

,- The z-com ponent o f  th e  b a re  moment i s  s u b je c t  to  th e rm a l f lu c t u a t io n s .
-  The g e n e ra liz e d  m agnetic  s u s c e p t i b i l i t y  x ( 'l» 111) o f  p u re  Pd a t t a i n s  a
maximum v a lu e  f o r  low v a lu e s  o f  u (depending  on q) (5 0 ) .  R oughly, Pd m e ta l ,

and e x p e c ia l ly  t h a t  p a r t  o f  th e  m e ta l in  th e  neighbourhood  o f  a m agnetic

im p u r ity , w obbles betw een th e  param agne tic  and fe rro m a g n e tic  s t a t e .

I t  i s  n o t p o s s ib le  to  found  a  th e o ry  on th e s e  assu m p tio n s . N e v e r th e le s s ,

i f  we a llow ed  to  l e t  ou r im a g in a tio n  lo o se  in  th e  r e s t  o f  t h i s  s e c t io n ,

th e  fo llo w in g  re a so n in g  may be advanced:

The z-com ponent o f  th e  b a re  moment i s  s u b je c t  to  f l u c t u a t io n s ,  th e rm a l

as w e ll  as i n t r i n s i c  f lu c t u a t io n s .  These f lu c tu a t io n s  w i l l  be coup led

to  th e  f lu c tu a t io n s  o f  th e  p o la r iz e d  c lo u d , which on th e  o th e r  hand a re

governed by th e  g e n e ra liz e d  s u s c e p t i b i l i t y  x ( <l«(‘))- L et us assume t h a t
t h i s  c lo u d  f lu c tu a te s  in  tim e w ith  r e s p e c t  t o  th e  b a re  moment w ith  a

frequency  and an am plitude  0 . Then th e  e f f e c t iv e  g -v a lu e  sh o u ld  be

w r i t te n  as

8e f f  = g ( 1 + “X0 {1 + Bcos(wf t )}j (V .9)

In  p r in c ip le  we sh o u ld  u se  a s p e c t r a l  d e n s i ty  fu n c tio n  g(u ) ,  b u t we f e e l

th a t  in c o rp o ra t io n  o f  such a f u n c tio n  would ex a g g e ra te  th e  im portance

o f  t h i s  re a so n in g . A ccording to  eq . V.9 th e  b a re  moment se n ses  a  m agnetic
f i e l d  eq u a l to
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(v .1 0  )H = He x ( 1 + aXo {1 + ö c o s ^ t ) } !  .

The q u e s tio n ,  w hether t h i s  e x p re s s io n  f o r  th e  m agnetic  f i e l d  shou ld

he in c o rp o ra te d  in  th e  argum ent o f  th e  B r i l l o u in  f u n c t io n ,  depends s tro n g ly

on th e  a b i l i t y  o f  th e  z-com ponent o f  th e  b a re  moment to  fo llo w  th e  tim e

dependence o f  th e  m agnetic  f i e l d .  Note t h a t  t h i s  argum ent on ly  h o ld s  a t

te m p e ra tu re s  l a r g e r  th a n  hiD_/2irlL, below t h i s  te m p era tu re  th e  u se  o f  th eI D
B r i l l o u in  fu n c tio n  i t s e l f  i s  no t a llow ed .

The a b i l i t y  o f  th e  z-com ponent o f  a  m agnetic moment to  fo llo w  a  tim e

dependent m agnetic  f i e l d  depends on i t s  lo n g i tu d in a l  re la x a t io n t im e  T^ (1 3 2 ).
Two ca se s  shou ld  be d is t in g u is h e d :

1) th e  a d ia b a t ic  l i m i t ,  where T^u^.>>2ï ï .

2) th e  iso th e rm a l l i m i t ,  where T <d̂ ,<< 2n.

a d .1 .  In  th e  a d ia b a t ic  l i m i t  th e  tim e dependence o f  th e  m agnetic f i e l d

shou ld  n o t  be in c o rp o ra te d  in  th e  argum ent o f  th e  B r i l l o u in  fu n c t io n ,
s in c e  th e  z-component i s  n o t a b le  to  fo llo w  th e  f lu c t u a t io n s .  Only th e

average v a lu e  Hg (1 + <*XQ) i s  im p o r ta n t.  In  t h i s  case  a norm al B r i l lo u in

fu n c tio n  b eh a v io u r f o r  th e  m a g n e tiz a tio n  i s  ex p e c ted . The a d ia b a t ic  l im i t
i s  p ro b ab ly  a p p l ic a b le  to  Pd-Mn a l lo y s .

ad 2 . In  th e  iso th e rm a l l i m i t ,  where th e  z-com ponent o f  th e  moment i s  ab le

to  fo llo w  th e  f l u c t u a t io n ,  th e  tim e dependent f i e l d  shou ld  be in c o rp o ra te d

in  th e  argum ent o f  th e  B r i l lo u in  fu n c t io n .  In  t h a t  ca se  th e  m a g n e tiz a tio n
i s  g iv e n  by

M

ir
JUgCN

0
g 1+axQ( 1+0cos(uf t )} B j(x )  d (u f t ) , (V .11)

w herein x=Jy H gB ex 1+axo {1+3cos(u^.t)} A jjT.

E quation  V.11 can a l s o  be w r i t te n  as

M = Jy cND g ' B (Jy H g ' /k  T) f ( g ' )  d g ' ,j  d ex I? (V .12)

where

f ( g '  )■
(g'-<*x0 h

26ax„
i f  OX (1 -3 )  <g ' <“X0 ( l +3) and

f ( g ' ) = 0  f o r  a l l  o th e r  v a lu e s  o f  g ' .
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I t  i s  e v id e n t t h a t  eq . V.12 g iv e s  r e s u l t s  s im i la r  t o  th o s e  o f  e q . V .7 ,

e s p e c ia l ly  when a  range  o f  f lu c tu a t io n  f re q u e n c ie s  i s  in v o lv e d .

U n fo r tu n a te ly , o u r knowledge abou t and T i s  r a th e r  p o o r . The o n ly

ex p e rim en ta l d a ta  can be o b ta in e d  from E .P .R . in v e s t ig a t io n s  on d i lu t e

Pd-Mn a l lo y s  ( 85- 87 ) .  These in v e s t ig a t io n s  r e v e a l  a v a lu e  o f  10" ^ s f o r  T^.

The e le c t ro n  param agnetic  reso n an ce  o f  Fe and o f  Co in  Pd has n o t been

ob se rv ed . Assinning t h i s  f a c t  to  be due to  a  sm all v a lu e  o f  T , we shou ld

rem ark th a t  Pd-Co and Pd-Fe p ro b ab ly  shou ld  be t r e a t e d  in  th e  iso th e rm a l

l i m i t .  I f  th e  v a lu e  o f  T^ o f  Mn in  Pd i s  lo n g  enough to  t r e a t  t h i s  a l lo y

in  th e  a d ia b a t ic  l i m i t ,  i t  can be s a id  t h a t  th e  re a so n in g  g iv e n  above
i s  in  agreem ent w ith  o u r e x p e rim en ta l o b s e rv a t io n s .

Some a d d i t io n a l  su p p o rt to  th e s e  id e a s  may be o b ta in e d  from th e

fo llo w in g  o b s e rv a t io n s .  M S ssb au e r-e ffec t in v e s t ig a t io n s  on Fe d is s o lv e d
in  N i.Ga (1-33), which compound has an even l a r g e r  param agne tic  s u s c e p t i b i l i t y

th a n  P d , r e s u l t e d  in  a m a g n e tiz a tio n  curve which d e v ia te s  more from  B ^ x )

th a n  th e  cu rves o b ta in e d  f o r  P d-F e. S ince  th e  im portance o f  f lu c tu a t io n s

in c re a s e  a t  in c re a s in g  param agne tic  s u s c e p t i b i l i t y ,  t h i s  seems to  f i t  in

ou r p i c tu r e .  E l e c t r i c a l - r e s i s t a n c e  m easurem ents by Loram e t  a l .  ( 13I1) a re

in d ic a t iv e  o f  s p in f lu c tu a t io n  e f f e c t s  in  P t-F e  w ith  hn> /2 irk  = O.U ± 0 .2  K.f  B
A lthough we a re  un ab le  to  p la c e  t h i s  argum ent on a f irm  th e o r e t i c a l

g round , we f e e l  t h a t  th e  b a la n c e  betw een f lu c tu a t io n s  and r e la x a t io n s

determ in es th e  d e v ia tio n s  from th e  B r i l l o u in  f u n c tio n  b eh a v io u r o f  Fe and

Co in  Pd. I n v e s t ig a t io n s  o f  th e  excess s p e c i f ic  h e a t  as a f u n c tio n  o f

e x te r n a l  f i e l d  a t  te m p e ra tu re s  h ig h e r  and low er th a n  hoo / 2irk and
r  B

m easurem ents o f  th e  m agnetic  s u s c e p t i b i l i t y  o f  t r a n s i t i o n  m e ta l im p u r i t ie s

d is s o lv e d  in  h o s t  m e ta ls  w ith  v a r io u s  d eg rees o f  exchange enhancem ent may
be o f  v a lu e  f o r  th e  e lu c id a t io n  o f  t h i s  p roblem .

y . c .1 . T ra n s i t io n  te m p e ra tu re .

As has been m entioned in  s e c t io n  V .b . th e  lo c a l i z e d  p ic tu r e  shou ld

be a p p l ie d  to  th e  m agnetic  o rd en in g  in  d i l u t e  P d -based  a l l o y s .  The

o cc u rre n ce  o f  ferrom agnetism  down to  v e ry  sm a ll c o n c e n tra t io n s  in  t h i s

a l lo y  system  e v id e n tly  im p lie s  t h a t  th e  i n t e r a c t io n  betw een th e  m agnetic

moments i s  caused  by th e  d-band  e le c t r o n s  in  Pd. The c a lc u la t io n s  by

T akahash i and Shim izu (1 1 0 ), assum ing a s p a t i a l l y  homogeneous p o la r i z a t io n
o f  th e  band , r e s u l t  in  th e  fo llo w in g  e x p re ss io n  f o r  T

Tc=cN J(J+1)g2p |a 2x0/3 k B (V .13)
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If g is assumed to be 2, the value of ax can be determined from
o 1*

geff=g( 1+0tXo )- t̂s:’‘ng for XQ the value 7.26 10 emu/mol the results for
T_ are:

Pd-Mn 15 K/at.%,
Pd-Fe 93 K/at.%,
Pd-Co 183 K/at.%.

These results are in disagreement with experiments: is predicted to be
proportional to the concentration (which has not been found) and it is
overestimated by a factor 5-8. The disagreement between the calculations
and the experimental results is obviously caused by the assumed spatial
homogeneity of the polarization.

a Pd Co A = 0 .64 K
•  Pd Fe A = 0 .6 3  K
■ Pd Mn A = 0.063 K

0.05 0.1 0.5 1.0 20 at.V.

Fig. V.10. The ferromagnetic transition temperature of Pd-Co (k), of

Pd-Fe (•) and of Pd-Mn (m) as a function of the concentration.
The solid line results from our calculation.
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The c a lc u la t io n  o f  th e  c o n c e n tra tio n  dependence o f  Tc p re s e n te d  in

c h a p te r  I I I  i s  b ased  on a more r e a l i s t i c  s p a t i a l  dependence o f  th e  m a tr ix

p o la r i z a t io n .  F ig . V.10 shows a com parison betw een th e  e x p e rim en ta l d a ta
and th e  r e s u l t  o f  t h i s  c a lc u la t io n .  The com parison has been  made by

h an d lin g  th e  m agnitude o f  Tc as  a p a ra m e te r . In  view  o f  th e  s c a t t e r  in  th e
ex p e rim en ta l d a ta ,  we c o n s id e r  agreem ent betw een th e  c a lc u la te d  and

e x p e rim en ta l c o n c e n tra t io n  dependence s a t i s f a c t o r y .  E s tim a te s  o f  th e  r a t i o

betw een th e  m agnitude o f  Tc as o b ta in e d  from  eg . V.13 and v a lu e s  o b ta in e d

from ou r c a lc u la t io n s  u s in g  eg . I I I . 6 r e s u l t  in  a  number betw een 5 and 9

( a t  c=0.5 a t . $ ) ,  w hich i s  n o t c o n t r a d ic te d  by th e  ex p e rim en ts .

The f a c t  t h a t  th e  c o n c e n tra t io n  dependence o f  Tc in  th e  ca se  o f  Pd-Mn

analogous to  t h a t  o f  Pd— Co and o f  Pd—Fe s tro n g ly  in d ic a te s

th a t  th e  s p a t i a l  e x te n s io n  o f  th e  m a tr ix  p o la r i z a t io n  i s  a l s o  s im i l a r ,

a t  l e a s t  a t  d is ta n c e s  l a r g e r  th a n  5 8 .  The assum ption  o f  a  homogeneous
p o la r i z a t i o n ,  made by B o e rs to e l e t  a l .  (13) in  c o n n e c tio n  w ith  t h e i r

s p e c i f i c —h e a t r e s u l t s ,  i s  n o t su p p o rte d . S ince no d i f f u s e  n eu tro n

s c a t t e r in g  experim en ts have been r e p o r te d  y e t ,  ev idence  f o r  ou r co n c lu s io n
cou ld  n o t be o b ta in e d . D uring com pletion  o f  t h i s  t h e s i s  we have s t a r t e d

t h i s  experim ent in  c o l la b o r a t io n  w ith  th e  "R eacto r Centrum N ederland".

V .c .2 , The c h a r a c te r  o f  th e  t r a n s i t i o n .

The o n se t o f  m agnetic o rd e r in g  in  random d i l u t e  a l lo y s  i s  sp read

o u t o v er a  wide te m p era tu re  range  in  most c a s e s .  In  th e  l a s t  s e c t io n
o f  c h a p te r  I I I  we d is c u s se d  th e  w id th  o f  th e  t r a n s i t i o n  and i t s

c o n c e n tra t io n  dependence, and r e l a t e d  i t  to  th e  d is ta n c e  dependence o f
th é  i n te r a c t io n  betw een g ia n t  moments in  Pd.

S ince  th e  d i s t r i b u t io n  o f  g - v a lu e s , as d e s c r ib e d  in  th e  p rec ed in g
s e c t io n ,  m ust have i t s  in f lu e n c e  on th e  m agnetic  o r d e r in g ,  we sh o u ld

focus ou* a t t e n t io n  on Pd-Mn a l lo y s .  The in c re a s in g  w id th  o f  th e  t r a n s i t i o n
in  th e s e  a l lo y s  w ith  d e c re a s in g  c o n c e n tra t io n  i s  e v id e n t from th e

e x p e rim en ta l r e s u l t s  p re s e n te d  in  c h a p te r  I I .  A com parison w ith  our

c a lc u la t io n s  in  c h a p te r  I I I  in d ic a te s  t h a t  th e  model u sed  th e r e  o v e re s tim a te s

th e  w id th  o f  th e  t r a n s i t i o n .  T his i s  presum ably due to  th e  f a c t  t h a t  we

c o n s id e re d  th e  a l lo y  as a  con tin ium  in s te a d  o f  a c o l l e c t io n  o f  d i s c r e te

l a t t i c e  s i t e s .  N e v e r th e le s s ,  th e  in t ro d u c t io n  o f  a d i s t r i b u t io n  o f

m o le c u la r - f ie ld  c o e f f i c ie n t s  in  th e  W.M.F. model acco u n ts  g u a l i t a t i v e ly
f o r  th e  w id th  o f  th e  t r a n s i t i o n .
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On th e  o th e r  hand , com parison betw een f i g .  I I . 2b and f i g .  IV .1 dem onstra tes

t h a t  th e  pu re  W.M.F. m odel, which shou ld  be a p p ro p r ia te  to  more c o n c e n tra te d

Pd-Mn a l lo y s ,  i s  n o t a b le  t o  d e s c r ib e  th e  e x p e rim en ta l r e s u l t s .  As p o in te d

o u t by B o e rs to e l e t  a l .  (1 3 ) ,  th e  r a t i o s  betw een th e  en tro p y  and energy

c o n te n ts  in  th e  te m p e ra tu re  ran g es  below  and above i s  r a th e r  rem arkab le

in  as much as more energy  and e n tro p y  i s  found a t  T>T ,̂ th a n  p r e d ic te d  by

v a r io u s  c a lc u la t io n s .  T his e f f e c t  in c re a s e s  w ith  d e c re a s in g  c o n c e n tra tio n

and may in d ic a t e  t h a t  th e  m agnetic  o rd e r in g  o f  d i l u t e  a l lo y s  ( cM a t . ? )

has a  r a th e r  low c o o rd in a tio n  number.

As to  th e  c h a r a c te r  o f  th e  t r a n s i t i o n  o f  Pd-Co and Pd-Fe a l l o y s ,  we
have to  check to  what e x te n t th e  d i s t r i b u t i o n  o f  e f f e c t iv e  g -v a lu e s  has

to  be ta k e n  in to  a c co u n t. In  a  number o f  p re lim in a ry  r e p o r ts  on th e

p re s e n t  in v e s t ig a t io n  (5 1 ,1 2 8 ,1 3 5 ) we used  th e  m a c ro d is tr ib u t io n  o f  g -v a lu e s .

T h is im p lie s  t h a t  th e  m agnetic  moments were assumed to  be s p a t i a l l y  o rd e red

a c co rd in g  to  t h e i r  v a lu e  o f  g

The r e s u l t s  o f  t h i s  model a re  in  good agreem ent w ith  th e  ze ro -an d

f i n i t e  e x te r n a l  f i e l d  s p e c i f i c  h e a t o f  Pd-Co a l l o y s ,  as shown in  f i g .  V.11

and V .12. A lso q u a l i t a t i v e  agreem ent w ith  m a g n e tiz a tio n  r e s u l t s  has been

o b ta in e d  as  i s  shown in  f i g .  V .13.

mol K

Fig. V.11. The excess s p e c i f ic  heat o f  Pd-Co 0.24 a t .  %, experim ental (-------)
and c a lc u la te d  (----------- ) curves. The ca lcu la ted  curves have
been ob ta ined  fo r  T^=4.16 K, F ^O .6  and H ^^(T= 0)-10 kOe.
The characters a ,b ,c  and d r e fe r  to  ex te rn a l magnetic f i e l d s
o f  0, 9, 18 and 27 kOe,  r e s p e c tiv e ly .
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möi K

K 10

Fig. K. 12. The excess specific heat o f Pd-Co 0.16 at.%, experimental (-------- )
and calculated curves. The calculated curves have
been obtained for Tc=1.84 K, Fg=0.71 and HmQ̂ (T=0)=6.2 kOe.
The characters a,b,c and d refer to external magnetic fie ld s
o f 0, 9, 18 and 27 kOe, respectively.

Coat

K 20
Fig. V.13. Magnetisation o f Pd—Co 0.24 at.% as a function o f temperature.

Experimental results (-------- ) and results obtained from
a calculation with the same parameters as used for the calculation
o f the specific heat. The characters a,b,a,d and e refer to
external magnetic fie ld s  o f 1, 9, 18, 27 and 54 kOe, respectively.
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The a lm ost p e r f e c t  agreem ent w ith  th e  z e r o - f i e l d  r e s u l t s  f o r  th e  s p e c i f ic

h e a t  sh o u ld  be c o n s id e re d , how ever, w ith  s u s p ic io n ,  b ec au se :

-  th e  f i t  i s  to o  good f o r  a  m odel, which does n o t in c o rp o ra te  sh o r t- ra n g e
o rd e r ;

-  The W.M.F. model sh o u ld  g iv e  a  w orse d e s c r ip t io n  o f  th e  z e r o - f i e l d

r e s u l t s  th a n  o f  th e  r e s u l t s  o b ta in e d  in  e x te r n a l  f i e l d s  as i t  d id  in  th e
ca se  o f  Pd-Mn;

-  The same model i s  n o t a p p l ic a b le  t o  th e  s p e c i f ic  h e a t o f  Pd-Co 0 .35  a.t.%
and o f  Pd-Fe a l l o y s ;

-  The model works f o r  very  d i lu t e  a l lo y s  w ith o u t a d i s t r i b u t io n  o f

m o le c u la r - f ie ld  c o e f f i c i e n t s .

T h e re fo re , th e  e x c e l le n t  f i t s  in  th e  case  o f  Pd-Co d i l u t e  a l lo y s  and in

th e  ca se  o f  d i l u t e  P t-C o a l lo y s  (128) sh o u ld  b e  c o n s id e re d  as b e in g
f o r t u i t o u s .  We w i l l  come back  to  t h i s  p o in t  l a t e r .

The model in v o lv in g  th e  m ic r o d is t r ib u t io n  o f  g -v a lu e s  i s  more l i k e l y

to  be a p p ro p r ia te  t o  Pd-Co and Pd-Fe a l lo y s .  O bv iously , an a d d i t io n a l

d i s t r i b u t i o n  o f  m o le c u la r - f ie ld  c o e f f i c ie n t s  shou ld  be a p p l ie d ,  s in c e
we a re  d e a lin g  w ith  random d i l u t e  a l lo y s .

The in f lu e n c e  o f  th e  v a r io u s  p a ra m e te rs  i s  shown in  f i g .  IV . 6 and as i s

e v id e n t th e  t r e n d  i s  in  agreem ent w ith  what has been found e x p e r im e n ta lly .

A lthough i t  sounds p a r a d o x ic a l ly ,  t h i s  m odel, m oreover, has no a d ju s ta b le

( a d ju s ta b le  in  th e  sence o f  cu rve f i t t i n g )  p a ra m e te rs : -  th e  m agnetic

quantum number i s  de term in ed  by th e  e n tro p y , -  T can be de term ined  from

th e  te m p e ra tu re  a t  which AC a t t a i n s  i t s  maximum v a lu e  as  a  fu n c tio n  o f

te m p e ra tu re , -  th e  w id th  o f  th e  d i s t r i b u t i o n  o f  g -v a lu e s  can be found

from  in v e s t ig a t io n s  on param agne tic  a l l o y s , -  th e  w id th  o f  th e  d i s t r i b u t io n

o f  m o le c u la r - f ie ld  c o e f f i c ie n t s  i s  e s tim a te d  from  com parisons on Pd-Mn

a l l o y s .

R e su lts  o f  c a lc u la t io n s  (s e e  s e c t io n  IV .f )  a r e  p re s e n te d  in  f i g .  V .1U-V.16

to g e th e r  w ith  e x p e r im e n ta lly  o b ta in e d  c u rv e s . A f a i r l y  good

agreem ent i s  o b ta in e d  in  s p i t e  o f  th e  f a c t  t h a t  th e  d i s t r i b u t io n  o f

m o le c u la r - f ie ld  c o e f f i c ie n t s  i s  assumed to  be g a u s s ia n .
The s t a t i s t i c a l  c a lc u la t io n  p re s e n te d  in  c h a p te r  I I I  in d ic a te s  th a t

t h i s  d i s t r i b u t i o n  becomes b ro a d e r  and asym m etric a t  d e c re a s in g  c o n c e n tra t io n .

C a lc u la tio n s  show t h a t  a p p l ic a t io n  o f  such a ty p e  o f  d i s t r i b u t io n  enhances

th e  agreem ent w ith  th e  ex p e rim en ta l r e s u l t s  in d eed .
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Fg=0.85 , Fx_0.3
Fg = 0 .85  , Fx=0.15

12 K

Fig. V.14. The results for  AC versus T o f Pd-Co 0.35 at.% as obtained
experimentally by Boerstoel (9) together with those o f our
calculation.

Fig. V.1S.
12 K

Experimental and calculated results fo r  AC o f Pd-Fe 0.35 at.%
as a function o f temperature.
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Fig. V.16. Experimental and calculated results for EC of Pd-Fe 0.23 at.%

as a function of temperature.

Consequently, the success of the macrodistribution can be understood.
2 .In the equations inherent to this model a term g enters in the molecular

field part of the argument of the Brillouin function. A symmetric
• 2distribution of g-values results in a asymmetric one in g -values^-If the

■width of the distribution of g-values obtained from results in external
fields is approximately the same as the width needed in order to get an
appropriate "g2" distribution, agreement with experiments in zero field
may be expected. The "g2" distribution acts then as a distribution of
molecular-field coefficients. Indeed F_ decreases at increasing concentration
(see captions to fig. V .11 and V.12).

Summarizing, we are able to describe the paramagnetic behaviour of
Mn, Fe and Co in Pd; and to account for the value and the concentration
dependence of the transition temperature, and we have explained qualitatively
the character of the magnetic ordering.

V.d, Ferromagnetism, snih glass and transition temperature.
The reader will have certainly remarked that we have not defined

the concepts ferromagnetism, spin glass and transition temperature with
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regard to dilute alloys in the preceding chapters. We feel that if we had
heen able to define ferromagnetism and the transition temperature in dilute
Pd-based alloys in the beginning of this thesis, the rest of it would have
been superfluous.

Let us first focus our attention on the definition of a spin glass as
given by Rivier (136). We will cite him literally:

"Consider a metal containing a moderate concentration of magnetic
impurities located at random, e.g. Cu with 1-10 at.? of Mn. Those
impurities are interacting with each other by polarizing the conduction
electrons, and the interaction has the R.K.K.Y. (103-105) form

sin( 21^-') - 2kj,r' cos^I^r')

(2kFr')‘*
(V.1U)

which is: 1 oscillatory, 2° of infinite range. What sort of magnetic
order, if any, do we expect?

To be more specific: the magnetic impurities have statistically
independent positions as long as the concentration is sufficiently
low. At any point, the effective molecular field is a superposition of
contributions from all the impurities in the metal (since the interaction
has infinite range) and has an arbitrary size or direction since the
R.K.K.Y. interaction is oscillatory. The range of the magnetic-order
correspondends to the size of the 'wave packet' built from a superposition
of the contributions uJ^nt(r') with the same wave length (2kF )"1 but a
random phase. It is likely that such a wave packet has a finite size, i.e.
the system has at most short range order, but no long range order. We
then have a spin glass."

Adopting this definition for a spin glass, an analogous definition
for ferromagnetism in dilute Pd-based alloys with Co, Fe or Mn can be
given; we only have to replace the R.K.K.Y. interaction by a function
as presented in eq. III.5 or eq. III.6:

'Ferromagnetism, such as occurs e.g. in dilute Pd-based alloys, is a
magnetic ordering which arises in these alloys since at any point an
effective molecular field prevails originating from contributions of all
the magnetic moments and having a random magnitude.'
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We may call such a ferromagnet a random ferromagnet. Note that in this
case the order at T=0 is of a long range type (although not uniform),
since the interaction is not oscillatory.

The definition of the transition temperature is not that simple, since
the transition to ferromagnetism occurs in a wide temperature range due to
the random magnitude of the effective molecular field. In fact, we cannot
give a model-independent definition; we shall define a mean transition
temperature in terms of the molecular-field approximation.

If the magnetization of the i-the single magnetic moment as a function
of temperature and magnetic field is given hy M^= f.(H,T) then the total
magnetization is given hy M=5 M.. Note that f.(H,T) is not necessarilyi l l
a Brillouin function. The molecular field acting in the i-the moment is
assumed to he £.M. Then, in the molecular-field approximation the
magnetization in zero external field can he calculated from

e.M
M “ I fi(“T ~ ) ’ (V,15)i

From eq,. V.15 the mean transition temperature can be defined as that
temperature at which

This definition is in agreement with those given in chapter IV, and
obviously reduces to the molecular-field definition of the Curie temperature
for a uniform system, for which £^=A and f^(x) is the Brillouin function.

V.e. Note added in proof.

Just before the finishing of this thesis a number of interesting
results of diffuse neutron scattering experiments on Pd-Mn became
available. These experiments were carried out in the context of the present
investigation in collaboration with De Pater of the metals group and with
Van Dijk and other workers of the "Reactor Centrum Nederland" at Petten.

It is not possible to give a complete report on the results of these
measurements. Nevertheless a few facts should be given: The measurements
were carried out with a crystal spectrometer using neutrons with A=2.6 S,
the alloy was a Pd-Mn 0.25 a.t.% alloy (KOL 73122), the temperature was
about 1.5 K and the magnetic field 10 kOe. The preliminary results confirm

121:



our predictions (and those in ref. 18) about the spatial extension of
the giant moment of Mn in Pd.
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CHAPTER VI

INFLUENCE OF ADDITION OF RH OR AG ON THE BEHAVIOUR OF DILUTE PD-BASED

ALLOYS WITH CO, FE OR MN IMPURITIES

V I .a .  I n t r o d u c t i o n .

S u s c e p t i b i l i t y  m easu rem en ts on Pd-Ag and  Pd-Rh a l l o y s  (1 3 7 -1 ^ 0 ) have

shown an  in c r e a s e  in  t h e  s u s c e p t i b i l i t y  com pared t o  t h a t  o f  p u re  Pd upon

a l l o y in g  w ith  Rh (c<5 a t . ? )  and  a  d e c re a s e  upon a l l o y in g  w ith  Ag.

S p e c i f i c - h e a t  i n v e s t i g a t i o n s  (1 3 7 ,1U1-1U3) r e v e a l e d  q u a l i t a t i v e l y  t h e

same b e h a v io u r  f o r  t h e  c o n t r ib u t io n  o f  e l e c t r o n s . As th e  h o s t

s u s c e p t i b i l i t y  p la y s  a  d e s i c iv e  r o l e  i n  t h e  m odel o f  T ak ah ash i and  S h im izu

( 1 1 0 ) ,  t h e  change i n  th e  s u s c e p t i b i l i t y  p ro v id e s  an  o p p o r tu n i ty  t o  t e s t

t h i s  m o d e l, i f  one assum es t h a t  t h e  Pd-Rh and  Pd-Ag h o s t s  can  b e  d e s c r ib e d

by  th e  same u n ifo rm  m odel a s  Pd i t s e l f .  Such an a s su m p tio n  h a s  b een  made

by  T a k a h a sh i and  S h im izu .

U n f o r tu n a te ly ,  t h e  b e h a v io u r  o f  Pd-Rh and  Pd-Ag a l l o y s  i s  r a t h e r

c o m p lic a te d . D e ta i l e d  d e s c r ip t i o n s  and  p o s s ib l e  e x p la n a t io n s  may b e  fo u n d

i n  r e f s .  2 and 12 and  i n  r e f s ,  q u o te d  t h e r e i n .  We w i l l  r e s t r i c t  o u r s e lv e s

t o  a  b r i e f  summary o f  t h e  e x p e r im e n ta l  r e s u l t s  on d i l u t e  a l l o y s  (c<U a t . ? ) .

The change in  t h e  s u s c e p t i b i l i t y  m easu red  a t  room te m p e ra tu re  can  b e

w r i t t e n  a s o
dc 5 .2  ? / a t . ?  i n  t h e  c a s e  o f  Rh and  - 5 .2  ? / a t . ?  in  th e  c a s e

o f  Ag. A t T=U.2 K th e s e  num bers t u r n  o u t  t o  b e  28 and  - 5 . 2 ,  r e s p e c t i v e l y .

The change o f  n( ) can  b e  deduced  from  th e  change i n  th e  c o n t r ib u t io n

o f  t h e  e l e c t r o n s  t o  t h e  s p e c i f i c  h e a t ;  one f i n d s ,  n e g le c t in g  ch an g es  in

th e  m ass en h an cem en t, 1—---- r -----------  = 2 .8  ? / a t . ?  i n  t h e  c a se  o f  Rh and
n U F ) dc

2
- 2 . 8  i n  th e  c a s e  o f  Ag. B e a r in g  i n  m ind t h a t  x  = 2y h(e™) and

Jr B r
XQ= X p(l _ YXp)~ th e  change  i n  t h e  s u s c e p t i b i l i t y  can  b e  c a l c u l a t e d  from

th e s e  ch an g es i n  t h e  d e n s i ty  o f  s t a t e s  a c c o rd in g  t o

_ l ^ o
XQ dc
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The results of this calculation is 28 in the case of Rh and -28 in the case
of Ag. Note that these values are not in agreement with the results of
susceptibility experiments at room temperature. A better agreement might
be obtained if a non-uniform model for the alloys is applied. In spite of
these difficulties, and maybe just because of them, an investigation on
the influence of Rh and Ag on the properties of magnetic alloys may be
worthwhile. In view of the measured susceptibility a decrease of p and T
is to be expected upon alloying with Ag and an increase of both values
upon alloying with Rh.

This kind of investigation has been carried out by Clogston et al. (32),
by Bozorth et al. (1UU), by Guertin and Foner (81) and by Levy et al. (1U5).
Clogston et al. found p and Tc of Pd-Co and of Pd-Fe alloys to decrease
with increasing concentration of Ag. Bozorth et al. investigated
Pd-Co 1 at.% alloys and Pd-Fe 1 a.t.% alloys as a function of the addition
of Rh, Ag and Cu. They found that the magnetic moment associated with
Co or Fe as well as the transition temperature decreases upon addition
of either of the three elements Rh, Ag or Cu. Note that this observation
contradicts the prediction by Takahashi and Shimizu (110) that T should
be proportional to the host susceptibility.

Guertin and Foner (81) measured the saturation moment of Fe in various
base materials; they found p to decrease upon addition of Ag to Pd and
also upon addition of Rh to Pd. Clearly, they did not find the induced
moment to be proportional to the host susceptibility.

Levy et al. (1U5) investigated Pd-Fe 1 a.t.% alloys with several
amounts of Ag (up to 50 a.t.%) by means of the Mössbauer effect. Their
results demonstrate that the transition temperature varies linear with
the host susceptibility. The authors conclude that these results are
in agreement with the calculations by Takahashi and Shimizu (110) and
by Kim (102). However, this conclusion is ill-founded and should be
discarded, since these calculations predict T to be proportional to the
host susceptibility, not only to vary linear with it. The results of
Levy et al.,(1U5) certainly do not show such a proportionality.
VI.b. Results.

Results of resistivity measurements on Pd-Mn 1 a.t.% alloys with Ag
(KOL 7035, KOL 7150, KOL 7151 and KOL 7152) are presented in fig. VI.1.
In order to be sure about the equal amount of Mn in the specimens, the three
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specimens with Ag have heen prepared from a Pd-Mn 1 at.% master alloy.
No difference in the Mn content of these specimens could be detected
from chemical analysis. As can be deduced from the figure, T decreases

dT1 cwith increasing concentration of Ag; — —  = -18 l/a.t.%. This decrease

r2.09

Pd Ag (1 at°/.)M n (1 at»/.)

-2.08 7
Pd AgCQöat•/.)
Mn(1 at.0/.)

-2.07

-2.06

Pd Mn (1 at.*/»)

-2.05
Pd Ag (Q25at°/.) Mn (1 at.°/o) -

l2.04

Fig. VI. 1. Electrical resistivity of Pd-Mn 1 at.%, of Pd-Ag(0.2S at.%)-

Pd-Ag(0.25 at.%)-Mn(l at.%), of Pd-Ag(O.S at.%)-Mn(l at.%) and

of Pd-Ag(l at. %)-Mn(l at.%) plotted versus temperature.

(Note the different vertical scales.)

128



is more than three times as large as the decrease of the host susceptibility.
Thus no proportionality between Tc and x has been found.

Resistivity results on ternary Pd-Rh-Mn alloys (KOL 73078-73081 and
KOL 73101-7310U) are shown in figs. VI.2 and VI.3. Concentrations are
indicated in the graphs. From these figures the remarkable effect can be
deduced that Tc is hardly increased by small amounts of Rh, and beyond
1 a.t.% decreases rapidly (-13 %/at.%) with increasing Rh concentration
up to 6 a.t.%. Thus in the case of Rh as well, Tc is not found to be
proportional to the host susceptibility.. The transition to ferromagnetism
becomes much broader at increasing Rh concentration. Such a broadening
has not been observed in the case of Ag, however the amount of Ag did not
exceed 1 a t . T h e  observations described above and summarized in table VI.I
are in qualitative agreement with those reported in the literature.

M ftcm  l i f t  cm

-4 .48

Pd Mn (0.65 a t °/o)
Pd Rh (1 a t •/.) Mn (0.65 a t °/„)
Pd Rh (2 a t •/<>) Mn (0.65 a t %>)
Pd Rh (4 a t °/o) Mn (0 6 5  a t,-/.)

- 4 4 6

Fig. VI. 2. Electrical resistivity as a function of temperature of

Pd-Mn 0.65 at.%, Pd-Rh(l at.%)-Mn(0.65 at.%),

Pd-Rh(2 at.%)-Mn(0. 65 at.%) and of Pd-Rh(4 at.%)-Mn(0.65 at.%).

(Note the different vertical scales.)



Hftcm|i (2 cm

Pd Rh (3  a t  °/o) Mn ( t .5  a t  */<>)

10.08

-8 .4 8

10.07 Pd Rh ( 4 a t% ) M n  (1.5 a t.% )

-8 .4 7

10.06

Pd Rh (5  a t  •/•) Mn ( l .5 a t .% )
10.05

Pd Rh (6  a t.% )  Mn (1.5 at.*/.)
10.04

7 K 8

11.63

11.62

11.61

P
11.60

Fig. VI. 3. E lectrical r e s is t iv i ty  as a function o f  temperature o f
Pd-Rh(3 at.%)-Mn(l. 5 at.%), Pd-Rh(4 at.%)-Mn(1.5 at.%),
Pd-Rh(S at.%)-Mn(1.5 at.%) and o f  Pd-Rh(6 at.%)-Mn(1.5 at.%).
(Note the d iffe re n t vertica l sca les.)

T a b le  V I . I

Influence o f  small amounts o f  Ag and Rh on Pd and i t s  magnetic alloys.

Addition o f  Ag
(%la t •%)

Addition o f  Rh
( ? / a t . ? )
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XQ do

+28 (T“U,2 K)

! dl ( e p )
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l _ f c
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-18 -13 (c>1 a t . ? )
Tc d0
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A measurement of the heat capacity as a function of external magnetic
field on Pd-Rh(6 at.?)-Mn(0.l6 at%) (KOL 73119)» presented in fig. VI.U,
yielded a normal, Schottky-like, behaviour with a value for g „„ onlyef f
5 t smaller than in the case of Pd-Mn 0.2 a.t.%. Magnetization measurements
on Pd-Ag( 1 at.$)-Mn(l a.t.%), carried out by Star, showed only a slight
decrease of u relative to Pd-Mn.

40 kOe
Fig. VI.4. Excess specific heat of Pd-Rh(6 at.%)-Mn(0.16 at.%) as

a function of magnetic field strength at T=3.46 K.

Similar remarkable effects upon the addition of Rh to Pd-Ni alloys
have been found by Purwins et al. (1U6). They found that the spin
fluctuation temperature (which should be inversely proportional to the
host susceptibility) increased with increasing Rh concentration.

Another influence of Rh or Ag may be that on the width of the distribution
of g-values. We have performed a number of heat-capacity measurements on
ternary alloys of Pd with Rh, Ag, Fe and Co (KOL 7216-7219). Except for
a small change in the field dependence, due to the change in the magnetic
moment, and a change in , no remarkable effects have been observed
within experimental accuracy. Also a.c. heat-capacity measurements on
alloys with a very small amount of magnetic impurities (KOL 73110-73113)
did not reveal a difference in the width of the distribution of g-values
beyond the experimental error.
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VI.c. Discussion.
Evidently, addition of Rh strongly influences the interactions between

the giant moments. However, the change in the host susceptibility cannot
account for this influence. The same pertains to the case of Ag, since
the decrease of T_ is much larger than the decrease of the susceptibility.C 1
Since J.j^(r) “ exp{-2kjpr/(S/3) *} we may assume that a change of the
Stoner enhancement factor, S, should account for the behaviour of T^. If
this is the case, the change in S should also account for the magnetic
susceptibility, implying that S should increase upon addition of Ag and
decrease upon addition of Rh. This would mean that the interaction
parameter y is strongly influenced by the addition of Ag or Rh, which is
not to be expected on theoretical ground, and is not in agreement with
the results of the transition temperature of Pd-Ag-based alloys.

We feel that these observations together with the fact that addition
of Rh increases the width of the transition indicate that Pd-Ag and Pd-Rh
alloys cannot be treated in a uniform picture, but that local effects
play an important role.

In conclusion, we might say that our experiments on Pd-Rh-Mn (Co or Fe)
and on Pd-Ag-Mn (Co or Fe) alloys have taught us something about Pd-Rh
and about Pd-Ag alloys, but hardly anything about Pd-Mn, Pd-Fe or Pd-Co
alloys. Therefore, a detailed analysis is beyond the scope of this thesis.

132





APPENDIX 1.

APPARATUS FOR THE MEASUREMENT OF LOW-FIELD SUSCEPTIBILITY.
(G.E.L. van Vliet) +)

The susceptibility was measured by means of a mutual inductance method,
generally used for the temperature measurements below 1 K, but as was shown
by Canella (1U7 ) also very suitable for examining dilute magnetic alloys.
The mutual inductance bridge used in this experiment is quite similar to that
described by Maxwell (1U8); a circuit diagram is shown in fig.A.1.1.

reference

input
tra n s f.

A C. current-
supply „

* ra tio
transf.

lock-in
„ am plifier

F ig . A. 1.1. C ir c u it  diagram fo r  lo w - f ie ld  s u s c e p t ib i l ity  measurements.

A home-made current supply of constant amplitude (maximal 10 mA) operating
at a frequency of .210 Hz provided the primary current. The standard mutual
inductance of 10 mH was wound on an evacuated glass tube, which could be
cooled with liquid nitrogen in order to decrease the resistance of the coils.

+ ) Names of the collaborators will be mentioned between brackets.



The secondary voltage was fed into a ratiotransformer (E.S.I., type DT 72 A).
The primary and secondary coils in the cryostat were wound around an ebonite
cylinder. The sample, which had the shape of a foil parallel to the magnetic
field of the primary coil, was kept in place by a pure copper fork, serving
also for controlling the temperature of the sample. As a nulldetector a
phase sensitive voltmeter (Automatic Systems Lab., type 1100) was used
connected to the secondary circuit via an inputtransformer (P.A.R., type
AM 1). Applying this inputtransformer the nulldetector had a sensitivity
of 10“8 volt.

The cryostat mutual inductance and the sampleholder were placed in
a vacuumvessel immersed in liquid helium. The vacuumvessel was the same as
that used for the resistance measurements. Around this vessel a
superconducting solenoid was placed, able to provide a constant magnetic
field up to 7 kOe at the place of the sample. Between 1.2 K and U .2 K
the measurements were carried out employing heat exchange gas (pure He),
above k.2 K the temperature of the sample was controlled by a home-made
automatic temperature controller. The temperature was measured by means
of a carbonthermometer of the same type as used for heat-capacity
measurements (10,11*9) • During the latter measurements the mutual inductance
coils were cooled by means of coil-foil to 1*.2 K.

No movable sample system has been used (11*7) because the empty-coil
mutual inductance was constant within the temperature range in which
the measurements were carried out. The efficacy of the mutual inductance
bridge was tested with a powdered sample of cerium magnesium nitrate.

The samples used for the low-field susceptibility investigations
were cut from the same ingot from which the wires were drawn for the
resistance measurements as reported in chapter II.
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APPENDIX 2

THE A.C. SYSTEM FOR HEAT-CAPACITY MEASUREMENTS

(J. Turenhout and J.F. Benning)

Heat-capacity data can be obtained, using the conventional d.c. or
adiabatic technique (10), with an error of 0.5 %• In order to obtain
the contribution of the impurities to the specific heat of alloys, the
heat capacity of the host metal has to be subtracted from the measured
value (see also section II.c.1). In the case of very dilute alloys the
contribution of the impurities may even amount to 5 % only. Consequently,
the accuracy in the excess specific-heat data is poor, particularly
at high temperatures.

Another method for measuring the heat capacity is the a.c. calorimetry
method, described in detail by Sullivan et al. (150). In this method
the sample is connected via a thermal conductance to a temperature
reservoir, usually the liquid-He bath, kept at a temperature T^. A heater
and a thermometer are attached to the sample via heat conductances
k and k , respectively. The heat capacity of the thermometer will beh th
denoted by C and that of the heater by C, . The sample is assumed toth h
have a heat capacity C_ and a temperature T . In the following analysisS b
of the method the simplification will be made that the internal heat
conductances of the sample, the heater and the thermometer are much larger
than k , k ., and k. . Through the heaterwire an a.c. current, I»I cos(wt/2),b th h °
is led, which causes: 1) an increase of the mean temperature of the sample,
T , such that K. (T0 - T ) equals the amount of heat dissipated perS D S D
second in the heater; 2) a temperature oscillation with frequency id and
mean temperature T„. When the amount of heat dissipated per second inb
the heater is denoted by Q=Q {cos(iDt/2)}2 , the temperature T will beO ö
given according to Sullivan et al. (150) by

+ 42
T2 + T2+ _th_h +

2 2“ Ti
+

+ ID2 ( 4 * Tth Th

Ts .
) + IDS2 T2th h

-Ï
cos(wt - ♦ )} (A.2.1.)
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wherein C=C_ + C. + C., ,S h th VV Tth=Cth/Kth and VVV
Considering the a.c. part of eq. A.2.1 it can he seen that the amplitude

of the temperature oscillation is proportional to C when
It should he noted that in this case thew2(Tf,_ + t2)<<1 and w2t2>>1t2 ___________ _th h' S

other correction terms are even less important. The first condition means
that the sample, the heater and the thermometer should come into thermal
equilibrium in a time much shorter than the inverse of the heating
frequency, and requires that the heater and the thermometer have a very
small heat capacity and are closely coupled to the sample. The second
condition implies that the coupling to the temperature reservoir should
he slower than the inverse of the heating frequency, so that the temperature
oscillations are not damped out hy the leak to the reservoir. This
condition is equivalent to the condition that the temperature oscillations
should he much smaller than T_ - T. .5 h

Assuming these conditions to he fulfilled, this method enables us to
measure the heat capacity of the sample at the temperature Tg as a function
of e.g. an external magnetic field. Relative to e.g. the zero-field
heat capacity this can be done with a random error of 0.2 %. Absolute
measurements of the heat capacity, however, require measurements of a low
frequency a.c. voltage, which cannot he carried out with great accuracy.
Therefore, for absolute measurements the adiabatic method prevails.

On the other hand the a.c. method provides an exciting opportunity
in the case of very dilute alloys. These alloys have a zero-field heat
capacity almost equal to that of the host metal, a value known from
adiabatic measurements (77)» The change in the heat capacity of these
alloys due to an external magnetic field may amount to 5 to 20 % of the
zero-field value, which variation can be determined by the a.c. technique.
Another advantage of this relative method is that, if an error is introduced
by neglecting the correction terms in eq. A.2.1, this error will vary
only slightly with the magnetic field. Also the phase angle i(i of the
a.c. signal is giving no rise to problems, since <|> varies only by 1 ?
for a change in the heat capacity of 20 %•

As an example, it may be worthwhile to give the conditions under which
a 20 grams single crystal of Pd-Fe 0.1 a.t.% has been investigated. The
heat capacity of this sample was 9 mJ/K at 3.5 K and the thermal conductance
of the link to the liquid-He bath was 3x10
The relaxation times of the thermometer and of the heater were

W/K, so that t„ became 3 s,D
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ap p ro x im ate ly  0 .0 3  s ,  and u>/2ir was 5 .5  Hz. Then th e  c o r r e c t io n  term s a re

e s tim a te d  to  be

——  = 7 x W~k and id2( t2 + T2 ) « 0.01 (A .2 .2 )
U2X2 h th

b

I t  shou ld  be n o tic e d  t h a t  th e  second c o r r e c t io n  i s  n o t in f lu e n c e d  by th e

h e a t c a p a c ity  o f  th e  sample no r by th e  h e a t conductance o f  th e  l i n k  to

th e  b a th .  When th e  te m p e ra tu re  o f  th e  b a th  i s  1 .2  K a  h e a t in p u t o f

9 mW i s  cau sin g  a te m p e ra tu re  o s c i l l a t i o n  w ith  an am p litu d e  o f  15 mK

compared to  a te m p e ra tu re  d i f f e r e n c e  betw een sam ple and b a th  o f  2 K.

The e l e c t r o n i c s .
In  f i g .  A .2.1 a c i r c u i t  diagram  i s  shown o f  th e  e le c t r o n ic s  o f  th e

system . A fu n c tio n  g e n e ra to r  ( P h i l i p s ,  ty p e  PM 5168) a c ts  as a  so u rce

f o r  th e  h e a te r .  The fu n c tio n  g e n e ra to r  i s  connected  to  th e  h e a te r  c i r c u i t

v i a  a  home-made a m p l i f ie r  in  o rd e r  to  m atch th e  im pedance. The n u l l

d e te c to r  o f  th e  d .c .  W heatstone b r id g e  c o n ta in in g  th e  therm om eter was

a h ig h  impedance v o ltm e te r  (F lu k e , 81+5 A .B .) .  The a . c .  te m p e ra tu re
o s c i l l a t i o n  was d e te c te d  by means o f  a lo c k - in  a m p lif ie r  (P .A .R . ty p e  126)

% y ///// /// /// /// ///% £

therm.

AC.
generator D.V. M.

DC. null -
“ detector

Fig. A .2 .1 . C irc u it diagram fo r  a .c . h ea t-ca p a c ity  measurements.
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connected to the Wheatstone bridge via a high impedance preamplifier
(P.A.R.,type 225, input impedance = 100 Mfl). The variable arm of the
Wheatstone bridge is formed by a decade box (E.S.I., type DB 6U5 A
ohmsupply). The output of the lock-in amplifier was fed into a digital
voltmeter (Solartron, type LM 16 19) making the reading of the output
more convenient.

The cryotechnical set-up.
In the case of the investigation of single crystals the same cryostat

assembly and iron-core magnet has been used as for the adiabatic
heat-capacity measurements (10). The direction of the external magnetic
field could be varied over an angle of 120°. During the search for
anisotropy of the heat capacity in external fields data were taken
at constant temperature and constant field strength as a function of the
field direction, so that the full advantage of the a.c. method could
be achieved. The success of this investigation (although with a negative
result for the anisotropy) initiated the building of a new cryostat
for measurements in magnetic fields up to 50 kOe.

A sketch of this cryostat assembly is shown in fig. A.2.2. The
magnetic field was provided by a superconducting coil from Oxford
Instruments Ltd., which firm also furnished the outer dewar. The coil
has a core of 25 mm. The inner dewar was home-made from stainless steel;
it can contain about one liter of liquid He enough to keep the cryostat
at 1.2 K for about 10 hours.

The current supply, its programming unit and its protecting unit
(sensing the level of the liquid He and the voltage over the coil) were
built by the "Laboratorium voor Instrumentele Electronica". The
instability of the current supply was less than 2 ppm. The sampleholder,
drawn in fig. A.2.3, was made from photosensitive printed circuitry
board (Nelco). The heat link to the bath was part of the sampleholder,
so that the heat conduction could easily be dimensioned by properly
choosing the length and the width of the path on the board. The heat
conductance of such a copper strip was measured separately following
the method of de Jong and Gubbens (151). The result of this measurement
is shown in fig. A.2.i+.

The specimens used for these heat-capacity measurements were cylinders
with a height and a diameter of approximately 7 mm. The specimen was
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glued to the sampleholder with hison kit (Perfecta Chemie B.V., Goes,
Holland) (152). For this purpose hison kit was diluted 1:3 hy hison kit
thinner. The glue has been dried for at least 12 hours at 60°C. The
heater consisted of 1 m of constantan wire with a diameter of 0.03 mm
and a resistance of 750 0, hifilarly wound on the sample and glued to
it with hison kit for better heat contact.

' y///' //: /X':y///////////////': y/-'/z/\



Fig. A. 2.2. Cryostat assembly fo r  a.o. heat-oapaoity measurements.

The meaning o f  the le tte rs  is :  A outer vacuum vessel, B liq u id  N ,
C liq u id  He a t 1.2 K, D vacuum space o f  inner dewar, E l iq u id  He
a t 4.2 K, F magnet support, G pumping lin e , H coaxia l a lign ing
tube, I  heat-switch con tro l tube, J  bellows, K magnet solenoid,
L l i d  o f  inner vacuum vessel, M Wood's solder jo in t ,  N support
fo r  sampleholders, 0 heat switch fo r  ad iabatic heat-capacity
measurements, P gold p la ted  copper jaws, Q brass r in g  fo r  sample
support fo r  ad iabatic heat-capacity measurements, R sampleholders,
S samples.

place top
specimen heat link

/  connection
to He bath

Fig. A.2.S. Sampleholder fo r  a.c. heat-capacity measurements.

4  K

Fig. A. 2.4. Heat conductiv ity o f  copper s t r ip  as a function  temperature.



Fig. A. 2.5. Thermometer fo r  a .o . heat-oapaoity measurements.

The thermometer was made from an Allen and Bradley radioresistor
of 330 ft, 1/8 W. The resistor was ground parallel to its geometric axis
to half its thickness, as shown in fig. A.2.5. After grinding the resistor
was glued to the sample with a piece of cigarette paper (S.D. Modiano,
Italy) in between for electrical insulation. As adhesive either G.E.
varnish type 7031 or bison kit was used. After drying of the adhesive
the resistor was ground as far as possible parallel to the surface of
the sample, so that only a very thin layer of the resistor remained
on the sample. The average thickness of the thermometers was 0.02 mm.
The electrical leads (constantan wire of 0.05 mm diameter) were soldered
with Wood's metal to the two pieces of copper, which remained in the
carbonlayer. Care was taken to use as less solder as possible. A part of
the thermometer was short circuited by a thin layer of silver paint
(DAG 1U15, Colloiden N.V., Scheenda, Holland) in order to obtain a
convenient magnitude of the resistance (at room temperature between
500 and 2000 ft). In this way a resistance between 10 and 50 kft was
obtained at 3.5 K.

The performance of the equipment.

So far a rather idealized picture of the possibilities of the a.c.
heat-capacity measuring system has been given. However, some important
experimental problems remained. These were the magnetic field dependences
of : 1) the heat conductance of the link to the bath; 2) the resistance



of the heater; 3) the resistance of the thermometer; k) the temperature
derivative of the resistance of the thermometer. Fortunately the heat
contact of the heater and the thermometer to the sample appeared to
give no rise to problems, for the a.c. signal was within 1 f proportional
to u in the range of w/2w=2.T Hz to ai/2ir=20 Hz. From test measurements
of the field dependence of the heat capacity of pure Pd and from separate
measurements of the heat conductance of copper it was found that the
first problem was the largest; field dependences up to 20 % in a field
of 50 kOe were determined. Although it was possible to decrease this
field dependence by application of a less pure material (e.g. brass)
for the heat link, this possibility was deleted because in that case the
heat link had to be quite thick, which would seriously increase the
heat capacity of the sampleholder in an unknown way.

Since the thermal relaxation time of the sample to the He bath was
chosen much larger than the inverse of the heating frequency, the 20 %
change does not influence the amplitude nor the phase of the a.c. signal.
Therefore, the remaining difficulty was, that with a current of constant
amplitude through the heater the mean temperature of the sample changes
as a function of the field up to 20 % of the temperature difference
between the sample and the bath. For this effect a correction was made
by adjusting the current through the heater at each value of the magnetic
field in such a way, that the resistance of the thermometer remained
the same. Afterwards the results for the measured a.c. voltage were
corrected for these changes in the heater current•

A choice of this method for elimination of problem 1 reduces this
to that mentioned under 3. As the resistance of the thermometer depends
on the field a correction, which keeps this resistance constant, causes
a change in the temperature of the sample. The relative change in the
resistance of the thermometer due to a temperature change of 1 K is about
200 %, the relative change due to an external magnetic field of 50 kOe
is about 3 % (see also ref. 153) so that the temperature change of the
sample during the measurement amounted to 1.5 %. This temperature variation
is not important for that part of the heat capacity which is field
dependent (since this part is small), but is nevertheless important
because of the temperature dependence of the heat capacity in
field.
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It is possible to correct for this effect and for the problems 2, 3
and 1* by a careful calibration of the thermometer and a measurement of
the resistance of the heater as a function of temperature and magnetic
field. Since the accuracy of the thermometer calibration still gave
some trouble this way of correction has not been used. On the contrary
an "experimental" method was applied. The starting points of this method
were: 1. for each specimen measured the same type of thermometer was
used; 2. all specimens were dilute Pd-based alloys, so that the temperature
dependence of the zero-field specific heat was approximately the same
as that for pure Pd; 3. for all heaters mounted on the specimens the
same batch of constantan wire was used. Therefore, it seems reasonable
to measure the apparent field dependence of the specific heat of pure Pd.
From magnetization measurements and from a specific-heat measurement
by Boerstoel et-al. it is known that the specific heat of pure Pd is
independent of an external magnetic field up to at least 50 kOe. The
result of this measurement on pure Pd was used to correct the results
on the alloys. For fields up to 22 kOe two separate Pd specimens have been
measured. The results were in agreement within the random experimental
error, so that this "experimental" method may be considered to be correct
within 0.5 %•

The determination of the heat capacity of the sampleholder, the heater
and the thermometer and the testing of the equipment were carried out by
investigating the field dependence of the heat capacity of a Pd-Mn
0.2 at.1 sample (KOL 73118) of which the specific heat is accurately
known from adiabatic measurements by Boerstoel et al. (13). The result
of this measurement is shown in fig. A.2.6. It appeared that the heat
capacity of the sampleholder was about 0.03 mJ/K at 3.^ K, thus about
3 I of the total heat capacity.

Besides the problems mentioned before, which are inherent with the
a.c. method, there are two external sources of error: 1. the long term
stability of the amplitude of the function generator (the frequency
stability turned out to be better than 0.01 %); 2. the long term stability
and the linearity of the preamplifier (P.A.R. 225) and of the lock-in
amplifier (P.A.R. 126). Certainly these deficiencies of the electronic
system give rise to an additional error in the final results.

From what is mentioned before it can be concluded that the systematic
error in the a.c. measurement is still larger than the random error.



Pd Mn 0.2 at.°/o

40 kOe
Fig. A.2.6. Excess specific heat o f  Pd-Mn 0.2 at.% at 3.46 K as a function

the external magnetic fie ld .

Unfortunately it was not possible to improve the performance of the
system within the course of the present work. On the other hand this
improvement was not that necessary, since our aim with the equipment was:
1. looking for magnetic anisotropy of the samples, in which case a lot
of errors should he eliminated by measuring at constant temperature and
constant field strength ; 2. examination of the agreement between the
results of the measurements of the heat capacity as a function of
temperature at constant external field and those of measurements of the
heat capacity as a function of the field at constant temperature. In
this case the accuracy of the results was determined by the error in
the adiabatic measurements.
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T hree su g g e s tio n s  f o r  improvement o f  th e  a . c .  h e a t- c a p a c i ty  m easuring
equ ipm ent.

1. B u ild in g  o f  a  s t a b i l i z e r  f o r  th e  vapour p re s s u re  in  th e  in n e r  dew ar,

so t h a t  a c c u ra te  therm om eter c a l ib r a t io n s  a re  p o s s ib le .

2 . B u ild in g  o f  a  c r y s t a l  d r iv e n  o s c i l l a t e r ,  in c o rp o ra t in g  an am plitude

s t a b i l i z e r  w ith  an accu racy  o f  0.01 %. This o s c i l l a t o r  shou ld  power

th e  h e a te r  a t  freq u en cy  tu/2 and g iv e  a sine-w ave s ig n a l  w ith  frequency

w, which can be phase s h i f t e d  in  o rd e r  to  com pensate th e  a . c .  s ig n a l
from th e  W heatstone b r id g e .

3. C o rre c tio n  o f  th e  f i e l d  dependence o f  th e  th e rm al l i n k  to  th e  b a th

by an a d d i t io n a l  d . c .  c u r re n t  th ro u g h  th e  h e a te r  in s te a d  o f  a d ju s t in g

th e  a . c .  c u r r e n t .
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APPENDIX 3

EXPERIMENTAL SET-UP FOR THE MEASUREMENTS OF THE ELECTRICAL RESISTANCE

(G.E.L. van Vliet, J.A.G. Verkuyl and J.F. Benning).

The electrical resistance has heen measured using the cpnventional
four-probe technique. Based on this technique a first-rate equipment,
designed by Van Baarle, has been built in the metals group by Star,
De Vroede and Turenhout. Later on this equipment has been automatized
by application of a digital voltmeter, a counter and a pulsegenerator,
the last one commanding the relais for reversing the currents.

The electronics.

comm command

sample command

constant
cu rren t -
supply

D.V. M.

constant
voltage -
supply

counter IE

null
de tecto r

DC am plifier

F ig . A. 3 .1 . C ir c u i t  diagram f o r  the  measurements o f  the  e le c t r i c a l  re s is ta n c e .

Fig. A.3.1 shows a circuit diagram of the set-up. The constant
current supply, providing the current through the sample, has been
built by Electhermo. The constant voltage supply, powering the
nanopotentiometer (Guildline, type 9176), has been obtained from the



"Laboratorium voor Instrumentele Electronica". Both powersupplies have
a stability within 2 ppm. In order to reverse the current through the
sample and the voltage on the nanopotentiometer, mercury-wetted relais
(Clare, type HG 500^5) have been used. The nulldetector of the system
is a nanovoltmeter (Keithly, type 11*7) with a linearity within 1 %.
This d.c. amplifier has the possibility of using a zero off-set, so that
thermoelectricpower in the circiut could be compensated.

The measurements are carried out by adjusting the potentiometer to
such a value that a small out-of-balance voltage (usually less than 0.5 vV)
can be read on the nulldetector. If this voltage, due to the out-of-balance
adjustment, is denoted by V , the thermoelectricpower by and the
zero offset by V , then the voltage on the output of the nulldetectorzo
is given by

a (V . + V.. - V ), (A.3.1)' ob th zo

a being the amplification ratio. After reversing the currents (only
effecting V J) the voltage on the output is given byOD

a (-V + V - V 9. (A.3.2)ob th zo

The output of the nanovoltmeter is connected via a third commuting
relais to a digital voltmeter (Solartron, type LM 16 19)• The readings
on this DVM are therefore

a (V . + V.. - V ) and a (V - V + V ), respectively,ob th zo ob th zo
(A.3.3)

Counter II (Advance, type TC 12A) is connected to the DVM in such a way
that its reading equals the sum of the readings of the DVM, so that at
the end of n commutations of the currents the reading on Counter II is
given by

| a  (2 Vob), (A.3.1*)

from which an average value of aV is calculated.
From a calibration of aV versus the out-of-balance value of theob

nanopotentiometer the original out—of—balance adjustment is corrected.
Using this equipment, measurements of the electrical resistance can be
carried out with an inaccuracy of less than a few ppm in an easy way.

11*8



The cryotechnical set-up.
For the measurements of the electrical resistance a simple cryostat

as drawn in fig. A.3.2 has been built. The cryostat consists of a
vacuumvessel sealed by an Indium O-ring, surrounded by a superconducting
solenoid able to give a magnetic field up to 7 kOe. The solenoid was

pumping tube-

indium—
o-ring

magnet
solenoid

sample
holder

Fig. A. 3 .2. Cryostat fo r  e le c tr ic a l resistance measurements.



powered by th e  same c u r r e n t  supp ly  as m entioned  in  A .2 . In  th e

vacuum vessel a su p p o rt o f  s t a i n l e s s  s t e e l  ( f o r  th e rm al in s u la t io n )  f o r

th e  sam pleho lder was m ounted. The ssm p leh o ld er was th e rm a lly  connected

to  th e  l i q u i d  He b a th  by a copper w ire  o f  s u i t a b le  h e a t conductance .

The sam pleho lder was a s o l id  copper c y l in d e r  around which th e  sam ples

cou ld  be wound. C ig a r e t te  p ap e r was used  fo r  e l e c t r i c a l  in s u l a t i o n  betw een
th e  sample and i t s  h o ld e r .  E l e c t r i c a l  i n s u l a t i o n  betw een th e  w indings

o f  th e  sam ple was a s su re d  by a s i l k  w ire . Apiezon-N g re a se  was used  to

improve th e  th e rm a l c o n ta c t .  A c o n s ta n ta n  h e a te r  and two home-made

carbontherm om eters ( 1U9 ) w ere a t ta c h e d  to  th e  sam p leh o ld er. One therm om eter

was used  f o r  th e  c o n t ro l  o f  th e  te m p e ra tu re  and one f o r  m easuring  i t .
The "m easuring" therm om eter was c a l ib r a t e d  v e rsu s  th e  vapour p re s s u re

o f  l i q u i d  He and t h a t  o f  l i q u i d  H in  a way s im i la r  to  th a t  used  f o r

th e  a d ia b a t ic  s p e c i f i c - h e a t  in v e s t ig a t io n s  (1 0 ) . T em perature c o n tro l

was ach iev ed  by a home-made te m p e ra tu re  r e g u la to r  w ith  in te g r a t io n  and

d i f f e r e n t i a t i o n  f a c i l i t i e s .  The i n s t a b i l i t y  o f  th e  te m p era tu re  was l e s s

th a n  0 .0 2  %.

H eating  o f  th e  sam ples r e l a t i v e  to  th e  sam p leho lder was avo ided  by

choosing  a low enough c u r re n t  th ro u g h  th e  sam ples. T e s t m easurem ents

were c a r r i e d  o u t a t  v a r io u s  m agnitudes o f  th e  m easuring  c u r r e n t .  The

power d i s s ip a te d  in  th e  sam ples was alw ays l e s s  th a n  10 ^ W.
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APPENDIX 1*

PREPARATION OF THE SPECIMENS

The polycrystalline alloys.
(B. Knook, C.E. Snel, H.J. Tan and T.J. Gortenmulder)

The method of specimen preparation is quite similar to that used by
Boerstoel (9). Owing to the rather high melting temperature of Pd and
its alloys an Arthur D. Little model M.P. Crystal Growing Furnace with
radio frequence heating (induction melting) facilities was used throughout.
During the/begin of our investigations the r.f. power was obtained from
a Philips type 1012/16 generator. Later on a Hüttinger type JG 25/800
generator has been connected to the furnace. The latter generator had
an impedance which matched better to the A.D.L. furnace, so that the
regulation of the power, thus the temperature control, was improved.

An induction furnace has the advantage of intensive stirring of the
melt, so that rapid mixing is achieved and the homogeneity of the specimens
is enhanced. Melting vinder vacuum or under a pressure up to 20 at belongs
to the possibilities of the A.D.L. furnace. Pure material and a number
of Pd-Co and Pd-Fe alloys have been prepared in vacuum, alloys containing
Mn have been handled vinder a pressure of 2 at/in order to avoid excessive
evaporation of Mn. Alumina crucibles type Morgan Purox Recrystallized
Alumina, 99.7 %, have been used for most specimens except for the
smaller ones, where alumina crucibles of Degussa have been applied.

When the melting process was carried out under pressure, a mixture
of 95 % Ar and 5 % H has been employed in order to reduce any oxides
of the impurity metal. It should be noticed that in the case of Pd-based
alloys the H2-gas can run almost freely through the melt. After melting
and solidification, the alloys were kept for half an hour at a temperature
just below the melting point for homogenization. If an Ar/H mixture
had been used during the melting this gas was pumped out at 800°C after
the annealing period and replaced by pure Ar. This procedure was repeated
several times to make sure that all H2 had been removed. Afterwards the
alloys cooled down to room temperature after switching off the power
of the r.f. generator. No quenching has been applied.

Knowledge of the homogeneity after this preparation process is quite
poor. According to literature (15̂ +, 155) Pd forms a contineous series of
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solid solutions with Co; the solid solubility limit of Fe and Mn in Pd
is 20 at.?. Therefore, it is assumed that the low concentrated alloys
investigated, have a fair homogeneity. This assumption is supported by
experiments by Boerstoel on alloys after additional annealling. However,
Zweers (69) has found rather important effects on additional annealling
of alloys with higher concentrations of Mn (5- 9 at.?).

The high demands upon the purity and the correct composition of the
alloys require special care in order to avoid any contamination. The
starting-materials and crucibles were first cleaned by means of an
appropriate etchant (except when the starting-material was in the form
of a sponge). Removal of the etchant was carried out by ultrasonic
cleaning subsequently in distilled water and in alcohol. Whenever the
specimen had been machined after melting (and if necessary also just
before the measurement) the whole cleaning procedure was repeated.

The concentration of the alloys has been determined chemically in our
laboratory in the case of alloys containing Mn and spectrographically
by Johnson-Matthey in all other cases. The inaccuracy of the determination
was a few percent for both methods. The concentration from these analysis
was in agreement with the nominal concentrations in almost all cases.
Whenever disagreement was found, the cause could be traced.

If the specimen had to be used for a measurement of the electrical
resistance, they were rolled by means of a profile roller into rods
with a square cross-section with sides of 0.6 mm. These rods were drawn
into wires through diamond dies, using oil (Octoil-S) as a lubricant.
Diameters of the wires used for the experiment were between 0.1 and
0.15 mm, depending on the concentration of the impurities. In most cases
the lengths were about 1 m, leading to a resistance at low temperatures
of order of 1 0 . After drawing the wires were cleaned in order to
remove the lubricant and were annealed at 600°C for at least 3 hours
in order to diminish mechanical stress caused by cold working. During
the whole procedure care was taken to preclude contamination of the
specimens.

The single Crystals.
(B. Knook, A.W.A. van der Hart and E. Walker (University of Geneva))

For reasons evident from the results obtained on polycrystalline
alloys (see chapter V) specific-heat measurements on single crystals
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of Pd with Co and Fe appeared to he indispensable.
Three important techniques exist for growing single crystals (156):

1) the Bridgeman technique; 2) the Czochralski technique; 3) the molten-zone
technique.
ad.1.
In the Bridgeman technique the material to be crystallized is contained
in a cylindrical crucible with a conical bottom, which is lowered through
a temperature gradient. Or the heater is raised along the crucible, or
the moving temperature gradient is artificially obtained by means of a
special construction of the furnace. Large single crystals can be grown
in this way, but the following deficiencies are important: a. there is no
preferred direction of crystallization; b. sometimes the first nucleation
will be of several crystallines; c. the growing crystal is in contact
with the crucible, so that roughnesses may initiate new nuclei,
ad.2 .
In this technique the crystal is made by pulling it from the melt. The
advantage is that the crystal is grown free of physical constraints
imposed by the crucible. A preferred orientation is possible when a seed
crystal is used. The Czochralski technique can be applied to dilute
Pd-based alloys, but as the volume of the melt must be larger than that
of the crystal to be grown, large quantities of Pd are necessary, which
leads to financial problems,
ad. 3.
Although this technique is mainly thought of as a purification technique,
it may be used for growing of single crystals even of alloys. If a
preferred direction of the crystal orientation is requested (as it was in
our case) the procedure is the following: the seed crystal and the
vertically placed rod of polycrystalline material are brought into a
heater, usually an induction heater consisting of only one winding and
are molten together. As the effect of the heating is only locally, the
length of the molten zone can be small. Therefore, the surface tension
can be in equilibrium with the force of gravity, so that the liquid
will stay between the seed crystal and the polycrystalline rod. Then the
seed crystal and the rod are moved simultaneously through the r.f. winding
causing the material to crystallize on the seed crystal, while the
volume of the liquid remains constant by melting off the rod.
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Of course we should he careful in applying the molten-zone technique
to alloys, since zone refining may result into a single crystal of a
nearly pure metal. The amount of zone refining depends on the equilibrium
distribution coefficient, k , being the ratio between the concentrationo
in the liquid and that in the solid. In the cases of Pd-Co and of Pd-Fe
the value of k is near to one. Moreover, complete segregation aso
determined by k will only occur if there is complete mixing in the melt
and if the freezing is sufficiently rapid to make solute diffusion in the
solid negligable. In practice these conditions are not fulfilled. Therefore,
it is to be expected that only the begin of the crystal will have a
concentration which is lower and the last part will have a concentration
which is higher than that of the polycrystalline starting material (15T)-
The middle part of the crystal will have a uniform composition. In our
case the lengths of the crystals obtained were large enough to have a
sufficiently long part with the correct concentration.

The zone-melting technique has the advantage of being crucibleless and
causing a amall loss of material. On the other hand, owing to the marginal
equilibrium between surface tension and gravity it demands much of the
mechanical and thermal stability and of the dexterity of the operator.

Since there was no experience with this method at the metallurgical
department of the metals group in Leiden and bearing in mind the
expensiveness of pure Pd, it has been decided to call in the help of the
metallurgical department of the University of Geneva. Fortunately two
single crystals with 0.5 a.t.% Co and Fe, respectively, were available
there and could be borrowed for our investigations. Besides this
helpfulness the University of Geneva extended hospitality to one of our
co-workers in order to prepare at its department two single crystals with
0.1 a.t.% Co and Fe, respectively. Single crystals of good quality have
been obtained. Nominal concentration of the starting material being
0.1 at.%, the concentration of the Pd-Co single crystal became 0.081 at.$
and that of the Pd-Fe s.c. 0.10 at.^.

Analysis of the orientations were carried out in our laboratory by
means of an X-ray diffraction apparatus (Philips, type PW 1011/00).

Tables.
Two tables are submitted with this appendix; one tabulating the

specimens used for our investigations and one reporting the quality



of the base metals. In the left column of table A.It.I the number of
the specimen has been given (these numbers have also been mentioned
in chapter II), the middle column contains the description of the specimen,
the last column the lot or code number of the starting materials. In this
column KOL stands for Kamerlingh Onnes Laboratory, J.M. for Johnson
Matthey Chemicals Ltd., London and Cominco for Consolidated Mining and
Smelting Company of Canada Ltd., Montreal. Owing to the fair agreement
between the analyzed and the nominal concentration, no distinction has
been made between these numbers.

In table A.It.II the lot or code numbers of the base metals (all of J.M.)
are given together with the spectrographical analysis of the manufacturer.
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TABLE A.It.I

Preparation of the specimens.

code-number specimen starting material

7035 Pd-Mn( 1 at. 55) Pd J.M. S 8750
Mn J.M. S 6759

7070 Pd-Fe(0.2 at.1) Pd J.M. S 8750
Fe J.M. 7037x

7071 Pd-Co(0.2 at.55) Pd J.M. S 8750
Co J.M. 9139x

7090 Pd-Fe(1.25 at.55) Pd-Fe KOL 69M(=0.16 at.55)
Fe J.M. 7037x

7123 Pd-Co(0.3 at.55) Pd-Co KOL 71 lU(=1 at.55)
Pd J.M. S 8750
Co J.M. 9123x

7138 Ag-Mn( 10 a.t.%) Ag Cominco
Mn J.M. S 6759

71 Uo Pd-Ag( 10 at.)5)-Mn(1 at.%) Ag-Mn KOL 7138
Pd J.M. S 8750

71U1 Pd-Ag(20 at.?)-Mn(1 at.%) Ag-Mn KOL 7138
Pd J.M. S 8750
Ag Cominco

7150 Pd-Ag(0.25 at.55)-Mn( 1 at.?)Pd J.M. S 8750
Mn J.M. S 6759
Ag J.M. 12137 (grain)

7151 Pd-Ag(0.5 at./5)-Mn( 1 at.%) Pd J.M. S 8750
Mn J.M. S 6759
Ag J.M. 12137 (grain)

7152 Pd-Ag (1 at.)5)-Mn( 1 at.%) Pd J.M. S 8750
Mn J.M. S 6759
Ag J.M. 12137 (grain)

7153 Pd-Fe(0.3 at.%) Pd J.M. S 8750
Fe J.M. S 7037x

7157 Pd-Rh(0.5 at.)5)-Mn( 1 at.$) Pd J.M. S 8750
Rh J.M. 9007
Mn J.M. S 6759
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code-num ber specim en s t a r t i n g  m a te r i a l

7158 Pd-Rh( 1 a t .? ) - M n ( l  a t . ? ) Pd J.M . S 8750

Rh J.M . 9007

Mn J.M . S 6759

7159 P d-R h(2  a t .? ) - M n ( l  a t . $5) Pd J .M . S 8750

Rh J.M . 9007

Mn J.M . S 6759

7160 Pd-Rh(U a t .? ) - M n ( 1 a t . ? ) Pd J .M . S 8750

Rh J.M . 9007

Mn J.M . S 6759

7168 P d -A g (1 a t . ? ) Pd J .M . S 8750

Ag J.M . 12137 ( g r a in )

7169 Pd-R h(2 a t . ? ) Pd J.M . S 8750

Rh J.M . 9007

7182 Pd-M n(0.15 a t . ? ) Pd-Mn KOL 7 1 7 3 (= 0 .2  a t . ? )

KOL 7 1 7 U (= 0 .1 a t . ? )

7192 Pd-R h(2  a t . ? ) - F e ( 0 .0 7  a t .? )P d -R h KOL 7169

Fe J.M . 7037

7193 P d-R h(2 a t .? ) - M n ( 0 .1 5  a t .? )P d -R h KOL 7169

Mn J.M . S 6759

719^ P d -R h (2 a t .? ) - C o ( 0 .0 7  a t .? )P d -R h KOL 719U

Co J.M . 9319

71^5 P d-A g(1 a t . ? ) - F e ( 0 . 0 7  a t .? )P d -A g KOL 7168

Fe J .M . 7037

7196 P d-A g(1 a t . ? ) - M n ( 0 .15 a t .? )P d -A g KOL 7168

Mn J.M . S 6959

7197 P d-A g(1 a t .? ) - C o ( 0 .0 7  a t .? )P d -A g KOL 7168

Co J.M . 9319

7216 P d-R h(2  a t .? ) - C o ( 0 .2 5  a t .? )P d -R h -C o KOL 7 I 9I*

Co J.M . 9319x

7217 P d-R h(2 a t . ? ) - F e ( 0 .2 5  a t .? )P d -R h -F e KOL 7192

Fe J .M . 7037

7218 Pd-A g(2 a t . ? ) - F e ( 0 .2 5  a t .? )P d -A g -F e KOL 7195

Fe J .M . 7037

7219 Pd-A g(1 a t .? ) - C o ( 0 .2 5  a t .? )P d -A g -C o KOL 7197

Co J.M . 9319x
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code-number specimen starting material

7228 Pd-Mn(0.1* at.?) Pd : J.M. S 56291 G.F.
Mn : J.M. S 6759

7229 Pd-Mn(0.3 at.?) Pd : J.M. S 56291 G.F.
Mn : J.M. S 6759

7230 Pd-Mn(0.2 at.?) Pd-Mn : KOL 7228
Pd : J.M. S 56291 G.F.

7231 Pd-Mn(0.1 at.?) Pd-Mn : KOL 7229
Pd : J.M. S 56291 G.F.

7232 Pd-Mn(o.05 at.?) Pd-Mn : KOL 7229
Pd : J.M. S 56291 G.F.

721*0 Pd-Rh(2 at.?)-Mn( 1.1* at.?) Pd-Rh-Mn : KOL 7193
Mn : J.M. S 6759

72l*1 Pd-Ag(l at.?)-Mn( 1.1* at.?) Pd-Ag-Mn : KOL 7196
Mn : J.M. S 6759

7273 Pd-Fe(0.25 at.?) Pd : J.M. S 56291 G.F.
Fe : J.M. 7037x

7286 Pd-Co(250 p.p.m.) Pd-Co : KOL 6825(=0.075 at.?)
Pd : J.M. S 57233

7287 Pd-Co(l00 p.p.m.) Pd-Co : KOL 6825(=0.075 at.?)
Pd : J.M. S 57233

7288 Pd-Co(50 p.p.m.) Pd-Co : KOL 6825(=0.075 at.?)
Pd : J.M. S 57233

Pd-Fe(0.5 at.?) single Borrowed from Geneva
- crystal

Pd-Co(0.5 at.?) single Borrowed from Geneva
- crystal

7301U Pd-Fe(o.1 at.?) single Pd-Fe : KOL 7090
crystal Pd : J.M. S 56291 G.F.

J.M. S 57870

73015 Pd-Co(0.1 at.?) single Pd : J.M. S 57233
crystal J.M. S 57870

Co J.M. 9319
730l*l* Pd-Fe(0.35 at.?) Pd-Fe KOL 7273

Pd J.M. S 52733
Fe J.M. 7037*
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code-num ber specim en s t a r t i n g  m a te r i a l

73076 Pd ( p u r e ) Pd J.M . S 52733

73077 Pd-Mn( 0 .7  a t .? ) Pd J .M . S 52733

J.M . S 56291

Mn J.M . S 6759

73078 Pd-M n(0 .7  a t . ? ) Pd-Mn KOL 73077

73079 Pd-Rh( 1 a t .? ) - M n ( 0 .7  a t . ? ) Pd-Mn KOL 73077

Rh J.M . 16813/1

73080 P d-R h(2  a t .? ) - M n ( 0 .7  a t . ? ) Pd-Mn KOL 73077

Rh J.M . 16813/1

73081 Pd-Rh(l* a t .? ) - M n ( 0 .7  a t . ? ) Pd-Mn KOL 73077

Rh J.M . 16813/1

73086 P d -F e (0 .0 5  a t . ? ) Pd-F e KOL 730UU

Pd J.M . S 57233

73087 P d -C o (0 .0 5  a t . ? ) Pd J.M . S 57233

Co J.M . 9319

73100 Pd-M n(1 .5  a t . ? ) Pd J.M . S 58899

J.M . S 56291

Mn J.M . S 6759

73101 P d-R h(3  a t . ? ) - M n ( l .5  a t . ? ) Pd-Mn KOL 73100

Rh J.M . 16813/1 ( w ire )

73102 Pd-Rh(U a t .? ) - M n ( 1 .5  a t . ? ) Pd-Mn KOL 73100

Rh J.M . 16813/1 (w ire )

73103 Pd-R h(5 a t .? ) - M n ( 1 .5  a t . ? ) Pd-Mn KOL 73100

Rh J.M . 16813/1 (w ire )

7310U Pd-R h(6  a t . ? ) - M n ( l .5  a t . ? ) Pd-Mn KOL 73100

Rh J.M . 16813/1 (w ire )

73110 P d-A g(1 a t ,? ) - C o ( 0 .0 5  a t .? )P d -C o KOL 73087

Ag J.M . 12137

73111 P d -R h (1 a t . ? ) —Co(0 .0 5  a t .? )P d -C o KOL 73087

Rh J.M . 16813/1 (w ire )

73112 P d -A g (1 a t . ? ) - F e ( 0 .0 5  a t .? ) P d - F e KOL 73086

Ag J.M . 12137

73113 P d -R h (1 a t . ? ) - F e ( 0 .0 5  a t .? ) P d - F e KOL 73086

Rh J.M . 16813/1 ( w ire )
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code-number specimen starting material

7 3 1 1U Pd-Mn(0.2 at.*) Pd : J.M. s  5 8 8 9 9

Mn : J.M. S 6 7 5 9

7 3 1 1 5 Pd-Mn(0.2 at.*) Pd-Mn : KOL 7 3 1 1U
7 3 1 1 8 Pd-Mn(0.2 at.*) Pd-Mn : KOL 7311U

7 3 1 1 9 Pd-Rh(6 at.*)-Mn(0.25 at.*)Pd-Mn : KOL 7 3 1 1U

Rh : J.M. S 8 6 2 7

7 3 1 2 2 Pd-Mn(0.25 at.*) Pd-Mn : KOL 73115
Pd : J.M. S 5 8 8 9 9

Mn s J.M. s  6 7 5 9

TABLE A.It.II

Estimated, quantity of impurity present in p.p.m.

Other impurities have been searched for, but were not found.

Source of base metal Na Mg A1 Si Ca Mn Fe Ni Cu Ag Pt Fb Pd

Pd: J.M. S 8750 <1 <1 8 <1 <1 <1 <1

S 56291 GF <1 <1 5 <1 3 <1

S 57233 <1 <1 1 <1 <1 <1 <1

S 57870 <1 <1 <1 <1 1 <1 3 10
S 58899 <1 7 <1 <1 <1 <1

Ag: J.M. 12137 <1 <1 <1 <1 2 . <1 <1
Rh: J.M. S 5071 3 <1 2 <1 3 <1 <1 5

16813/1 3 1 10 5 1 3 20 5 <1 <1

9007 2 <1 1 2 <1

S 8627 <1 1 2 <1 k 1 <1
Mn: J.M. S 6759 Uo 2 5 <1
Co: J.M. 9319 <1 2 <1 5 2
Fe: J.M. S 7037 <1 <1 <1 <1 1 <5 <1
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SAMENVATTING

Elementen uit de eerste lange periode van overgangsmetalen van het
periodiek systeem vertonen een aantal opmerkelijke verschijnselen,
wanneer zij worden opgelost in palladium. Dit wordt veroorzaakt door de
bijzonder grote paramagnetische susceptibiliteit van deze gastheer; tot
op zekere hoogte kan Pd een bijna ferromagnetisch metaal worden genoemd.
Verdunde oplossingen van Cr in Pd vertonen het zogenaamde Rondo effect,
terwijl Pd-Ni legeringen bij een concentratie kleiner dan 2 at.% de
karakteristieke invloed van lokale spinfluctuaties weergeven.

De elementen Co, Fe en Mn behouden min of meer hun magnetische eigen
schappen als zij worden opgelost in Pd; him aanwezigheid gaat namelijk
gepaard met de aanwezigheid van permanente magnetische momenten.
Magnetisatie metingen aan deze soort legeringen hebben echter aangetoond,
dat het magnetisch moment per opgelost atoom nogal groot is, ongeveer
1OUg per Co- en Fe-atoom en T.5Vg per Mn-atoom. Dit laatste is pas kort
geleden gevonden.

Er zijn sterke aanwijzingen vanuit de theorie dat een atoom opgelost
in een niet magnetische matrix ook moet voldoen aan de regel van Hund.
Deze regel staat evenwel de opbouw van dergelijke grote momenten, zoals
zijn gevonden, niet toe. Daarom moet worden verondersteld, dat een
gedeelte van het "reuze moment" wordt veroorzaakt door de gepolariseerde
d-band van Pd-metaal. Experimenten met behulp van diffuse verstrooiing
van neutronen hebben inderdaad aangetoond dat dergelijke momenten,
die samen gaan met Co- en Fe-atomen, een ruimtelijke uitbreiding over
meer dan 200 Pd-atomen hebben. Het is jammer dat dergelijke experimenten
aan Pd-Mn nog niet zijn gepubliceerd.

Onontkoombaar rijst de vraag op hoe groot de multipliciteit (of wel het
magnetisch quantum getal J) van deze momenten is. En als een waarde voor J
wordt vastgesteld moeten wij ons afvragen of, als de verzadigingswaarde
van het moment wordt geschreven als g^^Jy^, de magnetisatie en de
soortelijke warmte in een uitwendig magnetisch veld zich gedragen volgens
een Brillouin functie met deze waarden van J en g . De theorie, hoewel
in staat het bestaan, de grootte en de ruimtelijke uitgebreidheid van de
reuze momenten te verklaren, blijft het antwoord op deze vragen schuldig.
In het algemeen leiden de interpretaties van magnetische metingen tot
een grote waarde van J en een kleine waarde van g



Entropie berekeningen op grond van metingen van de soortelijke warmte
zijn daarmee in tegenspraak. Deze tegenspraak was de voornaamste reden
voor het huidige onderzoek.

In legeringen van Pd met Co, Fe en Mn treedt ferromagnetische ordening
op bij lage temperatuur, zelfs indien de concentratie kleiner is dan
0.1 at.#. De oorzaak van deze ordening moet ongetwijfeld worden gezocht
in de grote ruimtelijke uitgebreidheid van de magnetische momenten. De
waarde van de overgangstemperatuur en het karakter van de ordening is
het onderwerp geweest van vele onderzoekingen. Aan meer dan 100 legeringen
van Pd met Co, Fe of Mn zijn experimenten gedaan. Om een ruw beeld te
schetsen kunnen wij het volgende opmerken: voor kleine hoeveelheden

 ̂ . PFe en Co in Pd is T̂ , evenredig met c en in het geval van grotere
concentraties is T_ een liniaire functie van c. Het begin van de magnetische
ordening treedt niet op bij een scherp gedefinieerde temperatuur, maar
is uitgespreid over een temperatuurgebied van de orde van 0.5 T_. Deze
breedte is groot voor kleine concentraties en kleiner door grotere
concentraties. Ook is de breedte van de overgang in het geval van
Cq groter dan in dat van Fe. Daar tegenover staan de soortelijke warmte
metingen van Boerstoel c.s. aan Pd-Mn (c<2.5 at.#), die hebben laten
zien dat in deze legering een scherpe overgang plaats vindt. Verder
scheen voor; deze legering evenredig met de concentratie te zijn.
In dit proefschrift wordt verder ingegaan op de vraag of Pd-Mn werkelijk
een uitzonderlijk systeem is.

Omdat de magnetische momenten, die aan de ordening deelnemen, verbonden
zijn aan gastatomen, lijkt het gelokaliseerde model voor ferromagnetische
ordening hier van toepassing. Aan de andere kant moet worden bedacht dat
een groot gedeelte van het moment zijn oorsprong vindt in een gepolariseerde
geleidingsband. De veronderstelling kan daarom worden geopperd dat de
aanwezigheid van de magnetische gastatomen palladium juist over de grens
naar het bandferromagnetisme helpt. Theorieën en argumentaties, gebaseerd
op een van beide modéllen of op een vermenging daarvan, kunnen in de
literatuur worden gevonden. In dit proefschrift wordt een keuze tussen
deze theorieën gemaakt voor legeringen met een kleine concentratie.

Een samenvatting van de belangrijkste resultaten van het onderhavige
onderzoek en van onderzoek dat hiermee direct verband houdt kan als
volgt in telegramstijl worden gegeven.
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-  Het reu ze  moment moet worden to e g esc h re v en  aan norm ale waarden van h e t

m agnetische quantum g e t a l  (3 /2  voo r Co, 2 voor Fe en 5 /2  voor Mn) en een

g ro te  w aarde van ge r r
-  P aram agnetische Pd-Co en Pd-Fe le g e r in g e n  gedragen z ic h  n i e t  in  overeen­

stemming met een B r i l l o u in  f u n c t i e ,  le g e r in g e n  van Pd-Mn doen d i t  w el.

Daarom moeten een a a n ta l  i n t e r p r e t a t i e s  van m agnetische m etingen a l s

o n ju i s t  worden beschouwd.

-  Het g e lo k a l is e e rd e  model voor fe rro m a g n e tisc h e  o rd en in g  kan de

v e r s c h i jn s e le n ,  d ie  in  verdunde Pd le g e r in g e n  o p tre d e n , r e d e l i j k  b e s c h r i jv e n .

Het m o le c u la ire  v e ld  model van W eiss k an , z i j  h e t  met en ig e  v e ra n d e r in g e n ,

worden to e g e p a s t .

-  De o v e rg an g stem p era tu u r van Pd-Mn le g e r in g e n  i s  n i e t  ev e n red ig  met de

c o n c e n t r a t ie ,  maar n a  h e r s c h a l in g  i s  h e t  gedrag  ana loog  aan d a t van

Pd-Co en P d-F e. De c o n c e n t r a t ie  a fh a n k e l i jk h e id  kan worden v e rk la a rd

u itg a a n d e  van een b e re k en in g  van de s t e r k t e  van de w isse lw erk in g  tu s s e n

twee gastatom en a l s  f u n c t ie  van de a f s ta n d .

-  A ls le g e r in g e n  met g e l i jk e  c o n c e n t r a t ie s  worden v e rg e le k e n , b l i j k t  da t

de m agnetische o rd en in g  van Pd-Mn in  h e t  g eh e e l n i e t  u i t z o n d e r l i j k  i s .

Er moet e c h te r  w el worden opgem erkt d a t voor h e t  g ev a l d a t c>3 at.%

Pd-Mn een " s p in  g la s s "  w ord t.

-  Toevoeging van Ag o f  Rh aan Pd le g e r in g e n  met Co, Fe o f  Mn h e e f t  een

g ro te  in v lo e d  op h e t  gedrag  e rv a n . Deze in v lo e d  w ordt nog n i e t  helem aal

b e g re p en .
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Op verzoek van de Faculteit der Wiskunde en Natuurwetenschappen volgt
hier een overzicht van mijn studie.

Nadat ik in 1963 het diploma H.B.S.-B had Behaald aan het Christelijk
Lyceum te Leiden (tegenwoordig Dr. Visser 't Hooft scholengemeenschap)
begon ik mijn studie aan de Rijksuniversiteit te Leiden. In 1966 legde ik
het kandidaatsexamen d' af in de Natuur- en Wiskunde met als bijvak
Scheikunde; in 1969 volgde het doctoraalexamen experimentele natuurkunde.

Sinds 1967 ben ik werkzaam in de werkgroep "F.O.M.-metalen Mt IV",
waarvan tot 1 november 1973 Prof. Dr. C.J. Gorter de leiding had. De-
dagelijkse leiding van de groep berust bij Dr. G.J. van den Berg en bij
Dr. B. Knook.

Oktober 1968 trad ik in dienst van de Stichting voor Fundamenteel
Onderzoek der Materie (F.O.M.) als wetenschappelijk assistent; sinds
oktober 1969 als wetenschappelijk medewerker.

Gedurende de cursus 1968/1969 ben ik verbonden geweest aan het praktikum
voor eerste jaars studenten in de biologie. Vanaf 1969 ben ik verbonden
aan het werkcollege klassieke mechanica behorende bij het college van
Dr. J. de Nobel; sinds 1971 als hoofdassistent.

In maart 1969 ben ik op voorstel van Dr. C. van Baarle begonnen met
eeu literatuur onderzoek betreffende en de opbouw van een opstelling
voor het meten van Electronen Paramagnetische Resonantie in metaallegeringen.
Vanwege de nalatigheid van leveranciers en vanwege het vertrek van de
doctoren Van Baarle en Swanenburg heb ik maart 1970 de voorbereidingen
voor dit onderzoek gestaakt en ben ik begonnen aan het onderzoek voor
dit proefschrift. Deze overgang was mogelijk dank zij het feit dat
Dr. B.M. Boerstoel mij op stimulerende wijze'had ingewijd in de problemen
van de Pd-legeringen met Co, Fe of Mn en mij had leren werken met zijn
voortreffelijke opstelling voor het meten van de warmte capaciteit
bij lage temperaturen.

Vele medewerkers van het Kamerlingh Onnes Laboratorium en van andere
instituten hebben een bijdrage geleverd voor het tot stand komen van dit
proefschrift. Het is niet mogelijk hen hier allemaal te noemen; van enkelen
is de naam vermeld bij het onderdeel dat met hun bijzondere medewerking
tot stand is gekomen. Daarnaast wil ik nog noemen Drs. H.D. Dokter en
de heer C.J. de Pater. Hun kritische vragen en opmerkingen waren nuttig.
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Dr. W.M. Star heeft mij continu op de hoogte gehouden van de resultaten
van zijn experimenten op het Francis Bitter National Magnet Lab., M.I.T.,
Cambridge, U.S.A. Naast de waardevolle discussies die wij hebben gehad, was
hij bereid het manuscript nauwgezet te lezen en van opmerkingen te
voorzien.

De chemische analyse van de preparaten werd uitgevoerd door mevr. M.A.
Otten-Scholten en mej. B. van den Ende. De tekeningen en de foto's
werden door de heer W.F. Tegelaar op de van hem bekende vaardige wijze
verzorgd. Mevr. J.C. Smit-van Otten en de heer en mevr. Werkhoven
maakten de tekst gereed voor de drukker.
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