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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



and a small one of Bopp 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 (e<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

a = < o)
we might say that T, is proportional to ¢~ for small amounts of Co or Fe
v

in Pd and linear in ¢ 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).

c
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

(e<2.5 at.%) reveal a remarkasble 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 & 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 Boppt :

- 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
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CHAPTER II
EXPERIMENTAL INFORMATION

.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 & 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: 10 measurement; 20 analysis of the data leading to

interpretable results; 3° interpretation of the results by comparing

them with theory or models.ﬂrherefore, the presentation of the results

in this thesis has been organized as follows: in section II.b some
general facts asbout 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 Il.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.

I1.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.

12




A detailed account concerning pure Pd can be found in ref.2 and in the
references gquoted therein.
Palladium, with atomic number 46, has ten electrons outside a
core. The ground state configuration is (krypton) (kd)l0,
)2(5s)! configuration lies only 6.56402 103 em~! avove this
6.56402 103 em~! = 0.813551 eV = 0.0598483 Ry = 1.30322 10-12¢rg),

In metallic palladium, due to the changed boundary conditions (4),
the Ss-state is lowered relative to the Ld-state, and the broad conduction

he narrow 4d-band.

0
o+

band arising from 5s and from 5d-states overlap
This is schematic shown in fig.II.l1, Consequently, as ten band states
per atom are filled up below the Fermi energy, there are 0.36 unoccupied

d-states (holes).

O_
free atom band
Ry/[ structure
- (5s)”
-05-
el[
I fo) /-
-1.0r @4df—___—____ﬁ
L n(€)

Fig. II.7. Change of the energylevels due to the transition from atomic
Pd to metallie Pd.

The following distinction should be noticed. The expression "itinerant

electrons"

means the electrons contained in the d-band as well as in the
s-band. The words "band electrons" will be used for electrons in the
d-band only, the electrons in the s-band will be called "conduction electrong"

since these electrons carry the electrical current for the main part.

13



Due to the narrowness of the d-band the density of states of the

itinerant electrons at the Fermi energy, nle is much larger than

s
or most other metals. The quantity n(e) is defined as the number of
states per unit of energy (usually eV) per spin direction per atom at

the energy e. Band structure calculations by Mueller and by Anderson (5-T)

L]

result in & value of order of 1.4 for n(ep}. The large density of states
is also reflected by the large contribution of the itinerant electrons

to the specific heat and by the large paramagnetic susceptibility.

=
o]
o
=
o
ot
ot

er quantity of itinerant electrons, assuming no interaction between

them, is given by the Pauli susceptibility

Fa (II.1)

This means that even the Pauli susceptibility is much larger than for

other metals, and should be 0.8 10™% emu/mol according to band structure

calculations.
T T = T T T V‘
e JM_S8750
g }10™%mu/mol o JM-W1774 i
v+ JM=W2103
7
6
x
s L L 1 L i 1
o _1_8%0 100 150 200 250 K 300
Fig., II.2. Susceptibility versus temperature for three "pure' Pd sampZes:

Data marked (V) were taken on 16-5-'68, while those

designated (+) were obtained on 21-1-'70 (after Van Dam (2) ).

In fig.II1.2 the magnetic susceptibility as measured by Van Dam (2)

on three "pure"

Pd samples of different lot number is shown as & function
of temperature. As is evident from this figure the susceptibility of Pd
is much larger than the calculated value. Thus from experiments the

conclusion can be drawn that the magnetic susceptibility is enhanced




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

-

—~
-

L)

o

1-1 n(sF)
wherein I is a measure for the exchange interactions and the factor
{1 - In(Ew)}'l is called the Stoner enhancement factor.

Another experimental fact seen in fig.IT.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
in 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.

(T)

(1) = (1) (IT.4)

[ Chost Cmagnetic
|

When investigating the specific heat of more concentrated alloys or

=C
alloy

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 Pa (12), the effect of

the mean free path is not likely to be important. For dilute alloys of




Pd with Mn, Fe or Co eq.II.4 may assumed to be correct.

AC is known as a function of temperature, the magnetic entropy

can be calculated from the data via

o
I
=
R
8
b
(@) =
I(>
2
o]
=
=
(=
\J

In order to evaluate this integral AC has to be extrapolated at the low
temperature side to T=0 and at the high temperature side to T==,

In most cases a sufficiently accurate extrapolation to T=0 is possible,
For the high temperature side the assumption is made that AC varies

as T-2 , as has been found for many magnetic systems. Then Sm(T) also

. n=-2 LS 1 : > 1 > o -
varies as T™2, making an extrapolation in a graph of b“(T) versus TT¢ i
I

Since the entropy involved is due to a magnetic ordering process
n zero or finite external field) it follows from statistical thermodynamics

is given b)
n g vy

that the entropy per magnetic moment S

y = ky 1In(2J + 1), (II.6)
where XB is Boltzmann's constant and J is the magnetic gquantum number.

Assuming all magnetic moments to have the same magnetic quantum number,

the entropy per mol of alloy can be written as

*T)

m

= cR In(27 + 1),
m

where R is the gasconstant and c the concentration of magnetic impurities.

When the excess specific heat has been determined from measurements

e )
o

in external magnetic fields, it may be possible to deduce the magnitude

f the magnetic moment involved in the ordering process. For that purpose
use has 0 be made of models describing the magnetic properties of the
alloys. Comparison between the results of the specific-heat investigations
and those of model calculations results in a value for Borep (defined

as u/(JuB) ), together with the value of J from the entropy u can

gef
be evaluated.

iy

One of the experimental difficulties in the determination of the
megnetic contribution to the specific heat is that the specific heat

of the host, which has to be subtracted, is so large. Heat-capacit

16
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does not vary with time during the measurement, these methods may be
called d.c. methods.

The vibrating semple method is particularly useful for the determination
of M as & function of temperature and of magnetic field, while the Faraday
method is commonly applied for the measurement of X » @efined as

lim M/H , H _ being the external field.
H »p X ex
ex
The assumption of additivity, made in connection with the specific

heat and with the electrical resistivity, is generally accepted to pertain

n the cases of the magnetization and of the susceptibility as well.

-

n order to obtain the value for the contribution of the impurities to
he susceptibility Ax one has to measure Xhost f

n C
metal in a separate experiment. In the case of the magnetization the

ct

assumption is made that

RS R gl 0 (I1.9
alloy imp = XHF'ex’ 9)

Xy being defined as dM/dHex for values of Hex large enough to saturate
M. . Although for most dilute alloys Xgp equals Xhost’ the adventage
he magnetization measurement is that a comparison between these
quantities forms a test for the additivity (assuming X ont to be
independent on the external field).

The magnetic quantum number can only be determined from the results
of the magnetization measurements by fitting the experimental data
to a Brillouin function, which implies the assumption that all magnetic
moments have the same magnetic quantum number and that all magnetic
moments have the same effective g-value.

It is also possible to deduce J from the saturation magnetization
combined with the result of the susceptibility measurements. If Ay obeys

the Curie-Weiss law, the Curie constant Cc is given by

J(JI+1) u2

c N
B

T e
Y Bapy

3 RB

Combined with the value for M. given by cNg ..J a value for

imp,sat’ eff” ¥ p?
J can be derived, hardly dependent on the assumption of equal values

for Eupp (18).

18




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 absolute value. In order to
determine x in these cases an a.c. method (see appendix 1) using an
external magnetic field down to 0.04 Oe has been applied.

Another difficulty shows up when analyzing Ay of dilute Pd-based alloys
as a function of temperature. This kind of alloys, having a localized
magnetic moment associeted with the magnetic impurities, is expected

to obey the Curie-Weiss law:

N

o

2
eff

c
EScF 2 Al (11.11)
3k, (T-0)

Ax =

where Pers is the effective magnetic moment and 6 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 sp 1O be temperature

r (r)
(-)b (r)

dependent. Denoting ¥, ROBE

host
(r)

and Porp » respectively, this can be done by writing the effective moment

and at a fixed temperature T
eff

as
(11.12)
(r)

eff
data. Another way of incorporating the temperature dependence of the

The value of p has to be determined from a fit to the experimental

susceptibility of the host is to assume

,«
4
-
W

—

(T) . {1+a Xhost(T)}

Popp'®! = Pope

0)

where pif’ is the bare effective moment of the magnetic impurity

-
(without the moment of the polarized d-band) and o 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.




IT.c.h4. Electron paremagnetic resonance.

The enalysis 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 S,) and that of the itinerant electrons (denoted by S: ). Since
<

ie
the magnetic susceptibility of SI is larger in most cases (see however

Monod et al.(21)), 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 S; is energetically coupled to the lattice

via & relaxation mechanism characterized by a relaxation time TIL'
The relaxation to the Sie—system and vice versa are characterized by
TTie and TieT’ respectively. The strength of the interaction of the Sie—system

with the lattice is reflected by Ti . When the impurity atom is in

T
cu
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

TieL>> TIiﬂ 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 TieL'

is 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 &
shift Aw of the resonance frequency of the SI-system. In fig.II1.4 curves
are shown for 'u/’E‘e,f and Aw as a function of X=T1ie/TieL'

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

IT.c.5. MOssbauer effect.

The MOssbauer 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 & crystal lattice, there is & large probability

20
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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.

STFe = 10~7 s, leading to & width of 4.6 10~2 eV, while

For instance for
the gamma quantum has an energy of 14.4 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 M8ssbauer 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 &, 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 2I+1 levels with a spacing of uNgNH, where by 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 M8ssbauer 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.

IT.c.6. Determination of the transition temperature T ..
A\

The trensition temperature of a ferromagnetic material can be determinec
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.

IT.c.6.a. T. from the specific heat in zero external field.
.—_——C__

There are two methods for determining TC from specific heat data
measured as a function of temperature. The simplest way is to identify
T . with the temperature at which AC attains its maximum value a&s a function

C
of T. Another way is to compare the specific-heat results with model




calculations. In a model AC is calculated as a function of T/T. so that
m

can be found from a fit to the experimental data.

(9]

-

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

Here are also two methods. In the Weiss-Forrer method (22) curves at

m
I

constant magnetization of pr versus T are plotted. The limit of the

values of T where these curves intersect the temperature axis is identified
as TC. According to the Weiss molecular-field model such curves should
approximate straight lines.

From thermodynamics it can be deduced that in the viecinity of T, the

following relation should hold for M at a fixed temperature:

' M+ g M3 = a' =0 at = 3 A
a' M+ g' M= H_,a'=0atT=T, e

or a' can be found for each temperature. The transition temperature
can then be determined from a plot of a' versus T at the intersection

with the temperature axis.

II.c.6.c. T. from the electrical resistivity.
Y]

The transition temperature can be derived from the resistivity by
identifying it as the temperature at which dAp/dT attains its maximum
value as a function of temperature (2L,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 TC the temperature at which
& 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 £
where the Ap versus T curve starts to deviate from a straight line with

as that temperature

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 M3ssbauver effect.
A"

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

n
w



t

see section II.d.)., The MHssbauer spectrum will therefore

t
1]
&
9
=
_i

I~ the spontaneous magnetization causes a
o that the spectrum will now be splitted in a number

he case of “'Fe). The transition temperature is now

as that temperature at which the single line starts to broaden

e. T from susceptibility measurements.

ving T, from susceptibility measurements is done by fitting the
I

the Curie-Weiss law or to the modified one (see section

el

Ap/dT, maximum of AC, mod

to make a choice between the values of T., which is

heory. Nevertheless, based on the agreement between the

of various experiments and based on the experience with model

from model calculations of dAp/d

MBssbauer effect are the most reliable values,




IT.d., General results.
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above the Fermi energy. Due to the hybridization o

the localized states of the impurity atom, these extra

resonance for & number of alloy systems (20).
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II.d.1. Pd-Co and Pd-Fe alloys.

Regarding Co and Fe impurities in Pd there are two striking features
of the experimental data: ferromagnetism exists in these alloys down to
very low concentrations, 0.01 at.% for Fe (27,28) and 0.1 at.% for Co
impurities (29); the magnitude of the magnetic moment associated with
the impurity atom is very large, sbout 10up per Co- or Fe-atom (27-32).
The magnitude of the moments decreases with increasing concentration
of the impurities.

The observed 1OuB is much larger than the maximum moment for a Co- or
Fe-atom according to the Pauli principle., Obviously, part of the observed
moment must be due to a polarization of the host metal. If this is correct,
the "giant moment" must be extended over a large number of Pd-atoms,
since the moment per Pd-atom is limited by the low number of d-holes (0.36)
per atom and probably to a much lower value by energy considerations.

The crucial evidence for the existence of the polarization cloud came

from diffuse neutron scattering experiments carried out by Cable et al.(33)
and by Phillips (34) on Pd-Fe alloys and by Low and Holden (35-37) on
Pd-Fe and on Pd-Co alloys. Low et al., used & special technique of diffuse
scattering of long wave length neutrons (A=5 R), which enables an
examination of the spatial distribution of the magnetic moment in the
vicinity of the impurity atom. The results of the experiments on Pd-Fe

0.25 at.% and on Pd-Co 0.3 at.% are shown in fig.II.5, where the moment
density is plotted versus the distance from the impurity. The long range

nature of the polarization is clear from the graph.
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Fig. II.5. Magnetic-moment density as a function of the distance from
the solute site in dilute Pd-Fe and Pd-Co alloys (after

Low and Holden (36) ).




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 MS8ssbauer effect two important facts have
become evident: 10 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 en external field. In the case if dilute alloys of Co or Fe in P43,
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
M&ssbauer 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. (40).
It should be noticed that the Co-nucleus is not a good Mdssbauer probe.
Measurements on Pd-Co alloys have been carried out by using small amounts
of 57Fe (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 maximum
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 e sharp transition,

such as has been observed in Ni or Fe.

i
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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 fougd in section Il.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 MSssbauer 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 & 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 en external field by the temperature
derivative of the Brillouin function involving“the values of J and Bopp 85
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 &
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 used in chapter V to interpret the

experimental results.

I1.4.2. 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 (41) and by Williams and Loram (42) 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 & number
of Pd-Mn alloys with concentrations ranging from 0.08 at.% up to 2.45 at.%.
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.(18) measured the magnetization
of a number of dilute Pd-Mn alloys and found that the saturation moment
is about 7.8 My which value is consistent with the value of geff 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 Hex 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 Bopp 8BS 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.d4.3. The concentration dependence of the transition temperature,

Collecting the data on TC for Pd-Co and Pd-Fe alloys, it appeared that
TCis not proportional to the concentration, but varies as shown in
fig. II.6. Until recently Tczof 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 liguid-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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Fig. II.6. Transition temperature of Pd-Co alloys as a function of

Co concentration (after Boerstoel (9)).

J

demonstrated that the transition becomes broader with decreasing

concentration as well as that T_ as a function of ¢ behaves in a way

similar to that of Pd-Co and of Pd-Fe.

An explanation of this behaviour for alloys with a concentration

will be given in chapter III.

II.d.4. 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 (L3-LT).

n 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
m

proportional to T2 for T<<T .. In alloy systems, where the magnetic

C
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.

Caleulations via a modification of the conventional spin wave theory

by Cole and Turner (U48) and by Long and Turner (L9) as well as calculations




by Doniach and Wohlfarth (50) indicate that the T2 dependence has to be

8 % 2
replaced by a T3/~

one. This latter temperature dependence has been found
to be in agreement with the experimental results. Nevertheless, resistance
measurements on more concentrated alloys have revealed a T2 dependence
for Ap at low temperatures,

The dependence of the acoustic spin wave stiffness constant (D, defined
as the ratio between the energy of the spin wave and its wave vector
squared) on the concentration and on the external field strength is
somewhat vague from a theoretical point of view. At any rate, in all
cases D showed up to be proportional to To (18,45).
arison between spin wave theor

C

>

nclusions from the

o

0

om and the

-
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experimental results should be drawn with some care, because theory
does not incorporate a variation in the strength of the interaction
between the magnetic moments due to their random distribution over the
lattice sites. Also a possible distribution in the megnitudes of the
magnetic moments, to be discussed in cha ter V, may play a role in the

low temperature behaviour of these systems.

Two remarks.

IZ.d.5.
A general remark sbout the magnetization measurements has to be made,
For the three alloy systems mentioned, it is difficult to saturate
the magnetization of the localized moments; fields up to 200 kOe are
necessary. No clear-cut explanation is available for this effect.
Bearing in mind that the properties of dilute Pd-based alloys are due
to the extremely large magnetic susceptibility of the host metal, an
investigation of the influence of the addition of Ag or Rh seems inevitable.
Addition of Ag to Pd decreases the susceptibility, while addition of Rh
increases it. Experiments on these alloys have been carried out within
the context of our investigation, but for reasons of clarity the discussion

of these experiments and their results will be postponed to chapter VI.

I1.d4.6. Table.

Data reported in the literature and data obtained from the presen
investigation for in the transition temperature TC, the saturation
moment y , the magnetic quantum number J and effective g-value Seff
(defined as u/(JuB) ) have been tabulated in table II.I for Pd-Co, Pd-Fe
and Pd-Mn elloys. The first column conteins the concentration of the

alloy in at.%, the second column an abbreviation of the experimental method.
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specific heat of dilute Pd-Co alloys
has been the subject of investigations of the metals group in Leiden
for &.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.T
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Fig. II.7; AC versus T for Pd-Co 0. at.% Co | 2
0.16 at.% Co (=——), 0.24 at.% Co (=+=+—=+) and

0.35 at.% Co (=), a, b, ¢ and d refer to measurements at

He =0, 89, 18 and 27 kOe, respectively. Figures at the top
of the graph indicate the specific heat of pure Pd in

ml/mol K at the marked temperatures.

As mentioned in section II.d.1 the specific heat of very dilute alloys
measured at the largest external field strength available did not show
& behaviour according to & Brillouin function with J=3/2. The experimentally
obtained curves are broader and have a smaller maximum velue. Since such
& broadened "Schottky" specific heat can possibly be caused by an anisotropic
g-value, measurements on single crystals had to be carried out. Also an
examination of the specific heat as a function of external field seems

worthwhile,
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The values for TC obtained from these experiments have been quoted in

table II.I and are in agreement with the results of Boerstoel (9,51).

From the interpretation of their data Dunlap and Dash found that the width

of the transition to ferromagnetism is proportional to ¢? 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 celculations. Consequently, no attention should be paid to this

result.

II.e.b. 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 0.2h 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. II.12
and fig. II.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

hysteresis of the magnetization was observed, &

width of about hundred Oe could be detected.

agreement with our measurements of the low field
suscepti ity, see section II.e.13. Remarkably, even at a temperature

of 20 K e 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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ing the measurement on the Pd-Co 0.1 at.% alloy the slow

to a Brillouin function w 3/2 can be seen in

.e.5. Magnetic susceptibility of Pd-Co.

in Pd are known to exhibit the effect of local

2). The effect of these fluctuations

temperature; deviations not

from the Curie-Weiss law shoul

evidence for the presenc

the magnetic

erature at which ex

used, leading to a poor experimental
limitation no deviation from the
temperatures down to 1.8 K.

lower temperatures by means of a SQUID

Williams esnd Swallow (T4) measured the electric
alloys with a Co content of 0.05 at.%, 0.1 at.% and
at temperatures higher than the transition temperature, They

m)
<~

ti
T/

have found & resistivity linear in In( , which they ascribe
spin fluctuation effects with & charascteristic temperature of order
7', Such & kind of temperature dependence at temperatures higher than

Lo nas also been found in our experiments. However, in view of the poor
quality of the fits of Loram et al. (74) and bearing in mind that a decreasing
resistivity with decreasing temperature (T>TC) may also be caused by

range order of the magnetic moments, we consider this resistance

measurements as an unsufficient evidence for the presence of spin

L6




fluctuations. Nevertheless, we do not exclude the possibility of influences

of spin fluctuations in Pa-Co alloys.

Q

II1.e.6. Specific heat of Pd-Fe.

Specific-heat investigations on dilute Pd-Fe alloys have been carried

out by Veal and Rayne (75) in the temperature range from 1.4 K

x
[
o
ct
o

- .. a

100 K on alloys with concentrations ranging from 0.09 at.%

Coles et al. (59) on a 0.19 at.% alloy and by Boerstoel on & 0

and Rayne (75) have calculated a magnetic quantum number of

from an estimate of the entropy content of the excess specific
heat. If only the three alloys with the lowest concentration are
considered, a value of 1.5% 0.3 can be deduced from their paper,

Coles et al. (59) also found a magnetic quantum number of 1.5. Veal

and Reyne defined the temperature at which AC becomes zero with increa

ing

0

temperature as TC. This definition is not at all accurate, Moreover,
it is not sustained by any theory.

Boerstoel (9) has investigated Pd-Fe 0.16 at.% in zero external field
as well as in external magnetic fields up to 27 kOe. He deduced a value

: 3
of 1.6 + 0.2 for J.

results for the excess specific heat are shown
in fig. IT.1k.

An examination of Pd-Fe alloys in the limit of extreme dilution has
been carried out by Chouteau et al. (54,76). They found that the excess
specific heat at temperatures much lower than Tmax is hardly depending
on the concentration, and that AC varies as a/T - /T2 at temper
higher than Tmax' They derived a value of T/2 for the magnetic quantum
number for Fe in Pd. From magnetization and from susceptibility measurements
they found TC to be proportional to ¢2 for low concentrations and also
M to vary less rapidly than according to a Brillouin function with J=5,
From these observations the authors conclude the magnetic ordering to
become of a spin glass character for concentrations smaller than 0.1 at.%.

In spite of the quality of their experiments we disagree with the
drawing of the conclusions, since :
~ A nearly concentration independent specific heat at the lowest
temperatures may also be due to an increase of the width of the distribution
in the strength of the interaction between the local moments, even when
the interaction is ferromagnetic, According to statistical theory

this increase in the width can simply be ascribed to the concentration




an

easurement

mperature can also be ascribed

our investigation. In fig.II.15 the results are shown for Pd-Fe 0.23 at.»

)

to obtain data for AC the specific heat of pure Pd as determined by
Boerstoel et al. (9,77) has been subtracted.

As was to be expected, the general behaviour of the excess specific

heat as a function of temperature and external field strength is the same

However, a closer analysis shows that in the case of Pd-Fe the excess

estimates with sufficient accuracy could be made in the cases
% for H =0 and H =20 kOe and in the case of
ex ex

- v

Pd-Fe 0.35 at.% for H3x=u. The values for the magnetic guantum number
<

deduced from the entropy were 1.9+0.2, 2.140.2 and 2.1x0.2, respectively.




kOe (after Boerstoel




These values are not in "exact' agreement with the literature, but 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 & deviation from the Schottky behaviour, for at

increasing magnetic field strength the value of the maximum of AC should

approximate ACmax 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,

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/CO, where CO 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 T73014) 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. II.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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Results of MYssbauer-effect experiments by Woodhams et al. (80) are in
fair agreement with those of Trousdale et al. (40). Woodhams et al,
carried out measurements on Pd-Fe alloys with 0.5 at.% Fe up to L.T 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.

I1I.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
most 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 end Manuel used inconsistent

values for geff’ as in a number of other cases the produkt J times geff

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, gpecific-heat measurements
have been carried out so far only by Boerstoel et al. (9,13) on alloys

with & Mn content up to 2.45 at.% and by Zweers (69) for alloys with
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and by Star et al. (18) and by specific-heat and resistivity investigations
by Zweers (69). In the course of our investigation we will restrict
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 by means of this rather simple model.

The value for the magnetic guantum number >t al, used was 5/2,
ear to the average value of 2.3 they deduce
of the specific heat, Although it is not explicitely qu
paper, the authors used a value for B rp of sbout 2.9. Thi alue can
be deduced from the discrepance they found between the value of t
molecular-field coefficient as obtained from the fits to
field and the value they calculated from the value of T, obtained from
\¥)
measurements in zero external fields, '’ values for the molecular-field
when Bors is assumed to be 2.9 instead of 2 Boerstoel
principle the a“al3sis of the specific heat forms a
prediction for the value of the magnet moment.. Later Star et al. (18)
determined a value of 7.5 u, in agreement with J is 5/2 and g e is 2.9.
should be noticed once more that the results of Schottky's
calculations and the results from the W.M.F. model when Hex is larger
. (T=0) are not in agreement with those experimentally obtained
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

investigation,

Il.e.11., Electrical resistivity of Pd-Mn.

Sarachik and Shaltiel (L41) and Williams and Loram (42) 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-F

-
In order to investigate the sl r f t} iti in Pd-Mn

the resistance of an alloy containing 1.0 at.% Mn (I 035) has been
measured, taking data at temperature intervals of 1.2 mK in the vieinity

of TC (67). An analysis of the results was made by comparison of the
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1
0.5 at.% Mi, so that the transition temperature is within the liquid-He

range. To extend this investigation, we have carried out resistance

messurements on alloys containing 0.15 eat.% up to 0.4 at.% Mn

(KOL 7182, KOL 7228, KOL 7229 and KOL 7230) down to temperatures of 50 mK,

btained by means of an adiabatic demegnetization equipment (83).

Results of these measurements are shown in fig.I1.26 and fi

Ap were obtained by subtracting the resistivity of pure Pd as
4).

r
determined by Star et al. (8l
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for the interpretation to be presented in chapter V. Plotting T, versusc
&

as has been done in fig.II.28, it is evident that T, is not proportionsl

-

to ¢, but behaves in the same way as TC of Pd-Fe and of Pd-Co alloys.
The value of TC 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 (L9), they have compared
the resistivity difference between the disordered and ordered state,

AD(T*WsHex=O) - AO(T*O,HDX+G), with the resistivity step Ap(T=T 0) -

C’Hex=
Ac(E“O,Hex=O) 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 externel
field of 91.9 nQem 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 nQem.

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

wniversal curve as a function of {pr + Hm (T)}/T was obtained.

ol
The value for Hmol(T) was calculated using the Weiss molecular-field
model. As can be seen in fig.II.29 we obtained a value for the stepheight
of 12.8 nQem.

Bearing in mind that the inaccurecy 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

6l
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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 ti

The temperature Grassie et al. (71) used for T. was that
of inflection (almost the same va

1
Probably, this choice of T, in order to determine spin disorder
t

resistivity is incorrect, since T, is underestimated and part of

magnetic ordering is already present at this temperature. This difficulty

sing 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.

el
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Il.e.14. Magnetic susceptibility and magnetization of Pd-Mn.

urements of the magnetic susceptibility and of the magnetization

reported several times (41,66). From an analysis of
I

d eq.II.13 an effective moment

om J=5/2 and g=2 has been found.

of a number of workers, Durin

4
Magnet Laboratory, Star carried out a large
T

very dilute alloys obeys the Curie-Weiss

usceptibility of pure Pd may be

i\dent within the experimental error.
iperature O are positive and in fair agreement

our resistance measurements.

M

T+5 ¥, per Mn impurity, thus large

r
the free atom value and in agreement with the analysis of the specific-

- When the value of the Curie constant C and the value for the bulk
saturation magnetization M___, given by
s8at
=oN g2 2 J(I+ 3 (11.16
C=cN 8Zop ug I 1) and (1I1.16)
M =cN g Ju
A cl ~ S <
sat eff B , respectively, (IX.17)

iilute alloys on temperature

and external magnetic field is in agreement with the calculations based
ameters used for this comparison
q.11.16 and eq.II. 17 and

ained from the Curie-Weiss
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In the theoretical treatment of ferromagnetic alloys, which has some

One approach has ferromagnetism

in dilute Pd-based alloys is for the main part due to the ferromagnetism
Y I g

presence of the magnetic moments ti

is an indirect interaction between the d-electrons of Pa via the magnetic

ized moments will also align due to their

II1.4.2. The localized picture,

A different approach to the problem is to assume the bare magnetic

moments to be localized within the impurity cel

et

. Because of the polarization
of the band there exists an indirect intéraction between the magnetic

moments. As far as the mechanism of the indirect interaction is concerned

ct

his is the same problem as found in alloys like Cu-Mn. In these alloys
the interaction is of the R.K.K.Y. type (103-105).

Applying the same reasoning to Pd-based alloys the interaction strength
between two bare magnetic moments will be determined by the magnitude

of the moment density in the ban

oY

caused by one impurity moment at the
place of the other. The dependence of the interaction st ngth on the

distance r' between the impurities i

w

then simply given by x(r',0) (see

IIT.d.3. Choice between the two pictures.

The localized picture and the itinerant one give both an important
aspect of the interesting problem of magnetic ordering in dilute
Pd-based alloys. A problem where on the one hand the interaction between

the impurities via the band and on the other hand the additional exchange

an
enhancement of the susceptibility of the band due to the presence of the
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1v.d. inVUlViHs a maerodisty

entro

so~called "macrodistribution" of g-values.

e.g. 200),
ffective g-value,

distribution of g-values, which is taken to be gaussian (see also ref. 51)

This implies that magnetic moments with a certain g-value are sited in

the nei hbourhood of each ot her,

g
Applying this variant of the W.M.F. model eq. IV.8 becomes

where

The total specific heat is then given by

C=s=—= | C(g) exp | -
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Thus the variant of the W.M.F. model as described above can be justified
on physical grounds.

Consequently, we should consider the spatial distribution of the magnetic
moments over the matrix. That means that we should distinguish between a
model where the moments are spatially arranged according to their magnitude
(1arge moments in the neighbourhood of each other and small moments too)
and a model where the moments are spatially distributed regardless of
their magnitude. The model mentioned first is described by the

macrodistribution, the other one by the mierodistribution.

IV.f., Variant involving a microdistribution of g-values as well &as a

distribution of molecular-field coefficients.

In the next chapter we will outline that this variant is the most
realistic one in connection with dilute Pd-based alloys. In this case
the system is divided into a number of pieces, each piece having its
molecular-field coefficient. The size of the pieces is determined
by the gaussian distribution of the molecular-field coefficients with
FA as parameter, The specific heat of each piece is calculated according
to the mierodistribution of g-values (see preceding section). The total
specific heat of the system is then a summation of the specific heats
of all pieces.

In order to carry out this calculation eq. IV.15 has to be transformed

a little into

s A
ey = - P oy

s

) [d(M/MO)

o d(T/TC) )

a(M/M )
where O now has to be calculated from
d(T/Tc A
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ess, 1n addition to

probabl

Mossbauer-effect

In order to pass a judgement on these statemenus 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 be given by

dB_(x) Jgu H
AC = - H < e s, Wherein x = —B X (v.1)
eX  ar KT

B

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 at.%. The experimental results, described in
chapter II, give a value of ACmax more than 30 % too small in all cases.

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 geff strongly exceeds the value of the magnetic moment
(expressed in uB). Such & choice of J passes over the physical origin
of 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 implies 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

8! = k_ 1n(2J+1). (v.2)
m B

Then we assumed all the magnetic moments to have the same value of J,







The negative value for C, is in agreement with point charge calculations

by Lacroix (125) and with E.P.R. experiments on Pd-Dy
X P Y

single crystals by D

attention

our
a concentration

perature at which the

will have a negligible fect on the results of the calculations, sin

the interactions are only of minor importance (always less than 20%)
We will sometimes use the term 'Schottky calculation (122)' when

V.b.1, Paramagnetic behaviour of Pd-Mn.
The paramagnetic behaviour cf 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

ref.

been obtained without any artifice. In

18 examples are shown of
comparisons between calculated and experimental results for the

magnetization. In this case even no adjustable parameters have

The Pd-Mn system may be called for the assumption

of a normal value for J and a

V.b.2, Paramagnetic behaviour of Pd-Co

When the values 3/2 and 2 for the magnetic quantum number of Co and

vxj

e in Pd are accepted, we should ze that it is impossible to



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 (40 % 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

00
M(T H,) = cN J“BOJ ereBy(X) T(B.pp) 8 pp (v.7)

where X=JgeffuBHe /k T and f(g rf)dg £f is the propability of finding
a magnetic moment wlth an effective g-value between geff and geff dgeff
From eq. V.7 the specific heat can be calculated according to

w©

dB.(x)
AC = -JugchH J geff'_j;;'_ (8ypp) Bepe (v.8)
0

In order to compare results of eq. V.T and of eq. V.8 with the experimental
data a gaussian function for flg ff) has been rather arbitrarily chosen,

i.e. £ ) = exp {- ( P geff,o) /(2 Ggeff,o) }. The interaction

g
between thzfmagnetlc moments has been teken into account according to
the macrodistribution 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 FG and for Botf 0"
It appeared from these fits that neither FG nor geff,o 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 8opp o VETE determined mainly
’

G
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 F.=0.85 and €lse o=5+5 in the case of Co and F_=0.5 and g_,, °=h-7
’ s

G G
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in the case of Fe impurities. Because negative values of Bopr have been
excluded, these values of 5eff,o imply that the average of orr is 4.9 in
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
'Sehottky calculation' (with FG=O).

Irrespective of the significance of the distribution of effective
g-values, it is in view of the large values of geff,o obvious from these
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.T using FG=O.85 and geff,o=5.5, is shown in fig. V.7. The curve
obtained by Maley et al, (31) from a fit to their MSssbauer-effect data
on Pd-Fe has been drawn in fig. V.8 together with a curve calculated
according to 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 parsmeters mentioned above. These three graphs show a rather
fair agreement.

A description of the MSssbauer-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 proporticnal 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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Fig. V.7. Magnetization of Pd-Co 0.1 at.% as a function of H_ . at

ex
T=1.35 K and 4.25 K. The solid line represents the experimental

result obtained by Star, the 0 and A were obtained from our

caleculations
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Fig. V.8. Magnetzation of Pd-Fe (e<0.1 at.%). The solid line is a
Brillouin function with J=3.76 and g=2.95 as obtained by
Maley et al. (31), the dashed line represents the result of

our calculation.




~
spun AJosiqio

¢

L
w Q
> W
O M
— o
~

L 1 (o] £
2 (4] W n
» = 4 o
W o o =
O N O O
= o B g8
O O O
O o o BH
EXl O s~
B e Q
— Q 4+ ™ w
& e oA ) ©
= NN S
4 b~ T
() 2
Py E O %
< o
Q |
[~
o -

on

£
3
4

2

w
@
o
=

ue

9




(i). Since the original investigations had been carried out on
polycrystalline samples, magnetic anisotropy might be the cause of the

distribution of effective g-values found. However, experiments on single

N

crystals presented in chapter II definitely exclude tis possibility.
(ii). No orbital contribution to the magnetic guantum number has been

found from specific-heat investigations down to 0.1 K (9). Moreover
I g
a

while the magnetic quantum number evaluated from the entropy is 5/: fl;i

Therefore, this possibility should also be excluded.

- Local spin fluctuations play an important role in the exchange enhanced

) — }

host metals (129). Unfortunately, the conec

cannot be said to be solidly founded on first

- Low frequency fluctuations are also pres
magnetic moment (131). The frequency w,. is such that hw /"wp v 0.1 K
- The z-component of the bare moment
- The generalized magnetic susceptibil ity x(q,m) of pure P4 attains a
maximum value for low values of w (depending on q) (50). Roughly, Pd metal,
and expecially that part of the metal in the neighbourhood of & magnetic

impurity, wobbles between the paramagnetic and ferromagnetic state.

It

[

s not possible to found a theory on these assumptions. Nevertheless
if we allowed to let our imagination loose in the rest of this section
the following reasoning may be advanced:

The z-component of the bare moment is subject to fluctuations, thermal
as well as intrinsic fluctuations, These fluctuations will be coupled
to the fluctustions of the polarized cloud, which on the other hand are
governed by the generalized susceptibility x(q,w). Let us assume that
this cloud fluctuates in time with respect to the bare moment with a

frequency w, and an amplitude B. Then the effective g-value should be

f
written as

opp =81 + 0x {1 + Beos(wyt)} (v.9)

In principle we should use a spectral density function B(w,), but we feel
that incorporation of such a function would exaggerate the importance
of this reasoning. According to eg. V.9 the bare moment senses a magnetic

field equal to



1+ ay {1+ Scos(wpt))].
o £ )

question, whether this expression for the magnetic field should
be incorporated in the argument of the Brillouin function, depe
on the ability of the z-component of the bare moment to follow
dependence of the magnetic field. Note that this argument

temperatures larger than hwf/Zﬂk below this temperature

'B,

Brillouin function itself is not a
The ability of the z-component of a magnetic moment to

dependent magnetic field depends on its longitudinal relaxationtime

Two cases should be distinguished:

1) the adiabatic limit, where T. w_>>2m.
’) the isothermal limit, where Tluf<< M.

ad.1, In the adiabatic limit the time dependence of the magnetic field

hould not be incorporated in the argument of the Brillouin function,

ince the z-component is not able to follow the fluctuations. Only the
average value Hex(l + axo) is important. In this case a normal Brillouin
function behaviour for the magnetization is expected. The adisbatic limit
is probably applicable to Pd-Mn alloys.
ad 2. In the isothermal limit, where the z-component of the moment is able
to follow the fluctuation, the time dependent field should be incorporated
in the argument of the Brilloui i 1 that case the magnetization
is given by

ki
M= JuacN jg {1+oxo(1+8cos(wft)}] BJ(x) d(uft), (v.11)
0

wherein x=Ju_H g |1+ayx {1+Bcos(w,t)}| /x. T.
B ex Xo i

Equation V.11 can also be written as
M= ¥ |g' B (Ju H g'/k T) £(g') dg'
M = Jugch Jg J( ol 8 /kB ) £(g') ag' ,
0

if axO(I—B) <g'<axo(1+8) and

{(g'—axo)ﬂ
cos

ZBuxo

L Bay

for all other values of g’'.




It is evident that eq. V.12 gives results similar to those of eq. V.7,

especially when a range of fluctuation frequencies is involved.
Unfortunately, our knowledge about w, and T7 is rather poor. The only

experimental data can be obtained from E.P.R. investigations on dilute

; S rare o/ an=10 S
Pd-Mn alloys (85-87). These investigations reveal a value of 10 s for I .

The electron paramagnetic resonance of Fe and of Co in Pd has not been
observed. Assuming this fact to be due to a small value of Tl’ we should
remark that Pd-Co and Pd-Fe probably should be treated in the isothermal
If the value of Tl of Mn in Pd is long enough to treat this alloy
adiabatic limit, it can be said that the reasoning given above
in agreement with our experimental observations.
Some additional support to these ideas may be obtained from the
following observations. Mdssbauer-effect investigations on Fe dissolved
in NiBGa (133), which compound has an even larger paramagnetic susceptibility
than Pd, resulted in a magnetization curve which deviates more from B, (x)
than the curves obtained for Pd-Fe. Since the importance of fluctuations
increase at increasing paramagnetic susceptibility, this seems to fit in
our picture. Electrical-resistance measurements by Loram et al, (134) are

indicative of spinfluctuation effects in Pt-Fe with ‘nu-f/ann = 0,4 0,2 K.
t

Although we are unable to place this argument on a firm theoretical
ground, we feel that the balance between fluctuations and relaxations
determines the deviations from the Brillouin function behaviour of Fe and
o in Pd. Investigations of the excess specific heat as a function of
external field at temperatures higher and lower than hmf/?*kE and
measurements of the magnetic susceptibility of transition metal impurities
dissolved in host metals with various degrees of exchange enhancement may

be of value for the elucidation of this problem,

V.c.1. Transition temperature.

As has been mentioned in section V.b. the localized picture should
be applied to the magnetic ordening in dilute Pd-based alloys. The
occurrence of ferromagnetism down to very small concentrations in this
alloy system evidently implies that the interaction between the magnetic
moments is caused by the d-band electrons in Pd. The calculations by
Takahashi and Shimizu (110), assuming a spatially homogeneous polarization

of the band, result in the following expression for Tc

!
TP=CNJ(J+1)g“u
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Fig. V.13.

K 20

I
16

1
4 8 12
Magnetization of Pd-Co 0.24 at.% as a funetion of temperature.
Experimental results (——) and results obtained from
a caleulation with the same parameters as used for the caleulation

of the specific heat. The characters a,b,c,d and e refer to

external magnetic fields of 1, 9, 18, 27 and 54 kOe, respectively.
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field part of the argument of the Brillouin

g-values results in a asymmetric one in g°-values. If the

width of the distribution of g-values obtained from results in exte

rromagnetism, spih glass and transition temperature.

]
(7]
]
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The reader will have certainly remarked that we have not defined

ferromagnetism, spin glass end transition temperature with
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ferromagnet a random ferromagnet. Note that in this
is of a long range type (although not uniform),
is not oscillatoz
the transition temperature is
ferromagnetism occurs in a wic
ide of the effective molecular field.
definition; we shall define a mean transition
molecular-field approximation.

i-the single magnetic moment 3 function

temperature and magneti ield is given by M.=

is given by
function. The
in the mol

in zero

0

&M

agreement with those given in
obviously reduces i« molecular-field definition of

for a uniform system, for which £

Note added in

d-Mn
the c« 3 presen
the metals group and with
rkers of th Centrum Nederland" at
possible to give & complete report on the results of

measurements. Nevertheless a few facts should be given: The measurements
were carried out witl ctrometer using neutrons with A=2.6 g,
the alloy was a Pd-Mn 0,2 oy (KOL 73122), the temperature was

5 K and the magnetic field 10 kOe. The preliminary results confirm










results of this calculation is 28 in the case of Rh and -28 in the case

of Ag. Note that these values are rnot 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 alloy

worthwhile. In view of the measured susceptibility a decrease of

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

by Bozorth et al. (14k), by Guertin and Foner (81) and by Levy et
¥y s DY vy

Clogston et al., found y and T, 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 at.% alloys as & function of the additio
y

of Rh, Ag and Cu. They found that the magnetic moment associated w

Co or Fe as well as the transition temperature decreases upon additio

of either of the three elements Rh, Ag or Cu. Note that this observation

contradicts the prediction by Takahashi and Shimizu (110) that T

"

€ proportional to the host susceptibility.

ertin and Foner (81) measured the saturation moment of Fe in

should

various

base materials; they found u to decrease upon addition of Ag to P4 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. (145) investigated Pd=Fe 1 at.% alloys with several

amounts of Ag (up to 50 at.%) by means of the M&ssbauer effect. Their

results demonstrate that the transition temperature varies linear with

the host susceptibility. The authors conclude that these result

¢S are

in agreement with the calculations by Takahashi and Shimizu (110) and

by Kim (102). However, this conclusion is ill-founded and should b

discarded, since these calculations predict T, to be proportional to the

o

host susceptibility, not only to vary linear with i
Levy et al. (145) certainly do not show such a proportionality.
VI.b. Results.

Results of resistivity measurements on Pd-Mn 1 at. % alloys with
(koL 7035, KOL 7150, KOL 7151 and KOL 7152) are presented in fig.

In order to be sure about the equal amount of Mn in the specimens

it. The results of

Ag

VI. 1,
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A measurement of the heat capacity as a function of external magnetic

field on Pd-Rh(6 at.%)-Mn(0,16 at%) (KOL 73119), presented in fig. VI.k,

yielded a normal, Schottky-like, behaviour with a value for Borp only

5 % smaller than in the case of Pd-Mn 0.2 at.%. Magnetization measurements

an
on Pd-Ag(1 at.%)-Mn(1 at.%), carried out by Star, showed only a slight

decrease of p relative to Pd-Mn.

; ¢ , 2
*fs
20+ E
10f -
ac|| ‘
Co
O " 1 L i
£ 2 H 20 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 remsrkable effects upon the addition of Rh to Pd-Ni alloys
have been found by Purwins et al. (146). 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 & 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 T,, no remarkable effects have been observed

C
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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APPENDIX 1,

e o e St s
OF LOW-FIELD S

APPARATUS FOR

(G.E.L. van Vlie

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 (147) also very suitable for examining dilute magnetic alloys.

The mutual inductance bridge used in this experiment is quite similar to that

described by Maxwell (148); a circuit diagram is shown in fig.A.1.1.

3 ratio
2 transt
S ]
AC. current- input lock -1n
SUPPIY o - @g _:;"0”51 amplifier
o l
* E_J
25Q
L2 21Q
(1 — —
reference

Fig., A.1.1. Circuit diagram for low—-field susceptibility measurements.

A home-made current supply of nt amplitude (maximal

cons

ct
3

Yy ta
at a frequency of 210 Hz provided the primary curren

inductance of 10 mH was wound on an evacuated glass

=3
4
H
(1]
w
s
(]
ot
o

cooled with liquid nitrogen in order to decrease t

+ e - 5 = 3 s
) Names of the collaborators will be mentioned between brackets.
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h h h
seen that the amplitude
: : R
of 1s proportional to C when
w=( R 1% )<< should be noted that in this case the
th h 3

other correction terms are even less important.

that the sample, the heater and ti rmomete
in

condition implies that the coupl

be slower than the inverse of the

of e.g. an

heat capacit
measurements of the heat capacity, however, require measureme
frequency a.c. voltage, which cannot
Therefore, for absolute measurements

On the other hand the a.c. method provides an exciting opportunity

n the case of very dilute alloys.

capacity almost egual to that of the host metal, a value known from

The change in the heat capacity of these

ternal magnetic field may amount

alloys due to an

zero-field value, can be determined

Another adventage of this relative method is that,

only slightly with the magnetic field. Also the phase angle ¢ of the
a.c. signal is giving no rise to problems, Since ¢

for & change in the heat capacity of 20 %.

]

As an example, it may be worthwhile to give

a 20 grams single crystal of Pd-Fe 0.1 at.% has been investigated. The
g

heat capacity of this sample was 9 mJ/K at 3.
. B . k) .
of the link to the liguid-He bath was 3x10 W/K, so that 1, became 3 s.

The relaxation times of the thermometer and of the heater were
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connected to the Wheatstone bridge via a high impedance preamplifier
(P.A.R.,type 225, input impedsnce = 100 MR). The variable arm of the
Wheatstone bridge is formed by a decade box (E.S.I., type DR 645 A
ohmsupply). The output of the lock-in amplifier was fed into a di
voltmeter (Solartron, type LM 1619) 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 magneti
0

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 & 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 gbout 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.h4.

The specimens used for these heat-capacity measurements were cylinders

with a height and a diameter of approximately 7 mm. The specimen was




glued to the sampleholder with bison kit ( ta Cl ie B.V., Goes,
Holland) (152). For this purpose bison ki il 1:3 by bison kit
thinner. The glue has been dried for at

heater consisted of 1 m of

and a resistance of T5¢(

it with bison kit for
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Fig. A.2.2. Cryostat assembly for a.e. heat-capacity measurements.
The meaning of the letters is: A outer vacwun vessel, B

C liquid He at 1.2 K, D vacuum space of inner dewar, E liquid He

at 4.2 K, F magnet support, G pumping line, H coaxial aligning
tube, I heat-switch control tube, J bellows, K magnet solenoid,

ar

N support

[

lid of inner vacuum veesel, M Wood's solder joint,
for sampleholders, O heat switch for adiabatic heat-capacity
measurements, P gold plated copper jaws, @ brass ring for sample
support for adiabatic heat-capacity measurements, R sampleholders,

S samples.

place for_
specimen

- j heat link

/ Q/J
,,% - ___/connectuon

~__ 4Z to He bath

Fig. A.2.3. Sampleholder for a.e. heat-capacity measurements.
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of the heater; 3) the resistance of the thermometer; 4) 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 % proportional
i, in the range of w/27=2.7 Hz to w/27=20 Hz. From test measurements

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

-~

20 % of the temperature difference

amplitude through the heater the mean temperature of the sample changes
t

as a function of the field up to
between the sample and the bath., F is effect a correction was made
by adjusting the current through th eater 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 de
on the field a correction, which keeps this resistance constant, ¢
a change in the temperature of the sample. The relative change
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 zero
field.
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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 been measured using the conventional
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.

constant

current —

supply constant
: |, Voltage -
\ 0 o SUpply
! |
! I
: |
: |

|
| null |
| detector
| DC om?hf:cn |
I f '
| comm command _J'
pulse b Emaatukaiadese s ThEbEE R d T e
generator | sample command +
O o o — - —— ——— .
DV.M
kountgr'l
counter II

Fig. A.3.1., Circuit diagram for the measurements of the electrical resistance.

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
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powered by the same current supply as mentioned in A.2, In the
vacuumvessel a support of stainless steel (for thermal insulation) for
the sampleholder was mounted. The sampleholder was thermally connected
to the liquid He bath by a copper wire of suitable heat conductance.

The sampleholder was a solid copper cylinder around which the samples
could be wound. Cigarette paper was used for electrical insulation between
the sample and its holder. Electrical insulation between the windings
of the sample was assured by a silk wire. Apiezon-N grease was used to
improve the thermal contact. A constantan heater and two home-made
carbonthermometers (149) were attached to the sampleholder. One thermometer
was used for the control of the temperature and one for measuring it.

The "measuring" thermometer was calibrated versus the vapour pressure
of liquid He and that of liquid H, in a way similar to that used for
the adiabatic specific-heat invesfigations (10). Temperature control
was achieved by a home-made temperature regulator with integration end
differentiation facilities. The instability of the temperature was less
than 0.02 %.

Heating of the samples relative he sampleholder was avoided by
choosing a low enough current through the samples. Test measurements

at various magnitudes of the measuring current.

o
c
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in the samples was always less than 10 W.




APPENDIX L

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 Hiittinger type JG 25/800
generator has been connected to the furnace., The latter generator ha
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 adyvantage of intensive stirring of the
melt, so that rapid mixing is achieved and the homogeneity of th
is enhanced. Melting under vacuum or under a pressure up to 20 at
to the possibilities of the A.D.L. furnace. Pure material and & number
of Pd-Co and Pd-Fe alloys have been prepared in vacuum, alloys containing
Mn have been handled under 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 % H2 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 Hz-gas can run almost freely through the melt., After
and solidification, the alloys were kept for half an hour at a temper
Just below the melting point for homogenization. If
had been used during the melting this gas was pumped o

the annealing period and replaced by pure Ar. This procedure was

several times to make sure that all H? 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 guite

poor. According to literature (154,155) Pd forms a contineous series of




tions with Co; the solid solubility limit of Fe and Mn in Pd
Therefore, it is assumed that the low concentrated alloys

d, have a fair homogeneity. This assumption is supported by

t
experiments by Boerstoel on alloys after additional annealling. However,
9

Zweers (69) has found rether 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 ou
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 messurement 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) &s a lubricant.
Diameters of the wires used for the experiment were between 0.7 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 @ . After drawing the wires were cleaned in order to
remove the lubricant and were annealed at 60002 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 be 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 technigue 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 crystallizationi 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 tha
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.




in applying the molten-zone technigue
fining may result into a single crystal of a

of zone refining depends on the eguilibrium

omplete segregation as
is complete mixing in the melt

to make solute diffusion

obtained we
correct concentration.
the advantage of being crucibleless and

On the owing to the marginal

crystal

ppendix; one tabulating the
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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
Fe en Co in P4 is TC evenredig met c2 en in het geval van grotere
concentraties is TC 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

Co 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 plasts vindt, Verder

scheen T voor deze legering evenredig met de concentratie te ziin.
o : J

In dit proefschrift wordt verder ingegaan op de vraag of Pd-Mn werkelijk

een uitzonderlijk systeem is,

=
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Omdat de magnetische momenten, die aan de ordening deelnemen, verbo
zijn san gastatomen, 1ijkt het gelokaliseerde model voor ferromagnetische
ordening hier van toepassing. Aan de andere kant moet worden bedacht dat
een groot gedeelte van het moment zijn corsprong 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. Theorieln en argumentaties, gebaseerd
op eén van beide modellen of op een vermenging daarvan, kunnen in de
literatuur worden gevonden. In dit proefschrift wordt een keuze tussen

deze theorie¥n gemaakt voor legeringen met een kleine concentr
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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.
g g
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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 kandidaatsexamen d' af in de Natuur- en Wiskunde met als bijvak

Scheikunde; in 1969 volgde het doctoraalexamen experimentele natuurkunde,

Tt
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8inds 1967 ben ik werkzaam in de werkgroep "F.O.M.-metalen Mt IV",

n
waarvan tot 1 november 1973 Prof., Dr., C.J. Gorter de leiding had. De

Oktober 1968 trad ik in dienst van de Stichting voor Fundamenteel

Gedurende

Voor eerste

In maart 1969 ben ik op voorstel van Dr. C. van Baarle begonnen met

19

een literatuur onderzoek b 2 opbouw van een opstellin

che Resonantie in metaallegeringen.
Vanwege de nalatigh vanwege het vertrek van de
doctoren Van Baarle aart 1970 de voorbereidingen
voor dit nen aan het onderzoek voor

k dank zij het feit dat

temperaturen.
Vele medewerkers van het Kamerlingh Onnes Laboratorium en van andere
instituten hebben een bijdrage geleverd voor het tot stand komen van dit
t jk 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.












