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CHAPTER I

GENERAL INTRODUCTION AND SURVEY

Small amounts of magnetic impurity-atoms dissolved

in a nonmagnetic host metal reveal a variety of interesting

magnetic phenomena, which depend not only upon the

concentration of impurities but also or. the particular

properties of the host metal. If., in a pure normal

metal like gold, a half percent iron impurity is

dissolved, forming the alloy AuFe 0.5 at.% in which the

iron atoms are randomly distxibuted in the Au lattice,

then a magnetically ordered phase with a number of very

peculiar properties is obtained at low temperatures. Such

system and properties are denoted by the term "spin glass".

Here the mean distance between the iron atoms is much

larger than the lattice constant,which excludes a direct

interaction mechanism for the ordering. Instead the

conduction electrons carry the indirect interactions

between the magnetic impurities. The main feature of the

low temperature spin glass phase is the absence of long

range magnetic order, since the impurity moments are blocked

in their internal fields which have all possible orien-

tations due to the random character of the distribution

of impurities.

On the other hand, if the same amount of iron is

dissolved in palladium (PdFe 0.5 at.%), then a low

temperature ferromagnetic state is obtained, closely

connected to the presence of the so-called "giant moment".

This different magnetic behaviour is related to the
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particular properties of the Pd host metal. The palladium

4d electrons are polarized in the vicinity of the magnetic

iron atom and thereby create a magnetic moment which is

larger than the impurity moment itself. These giant moments

provide the low temperature ferromagnetism in the Pd based

alloys. The ferromagnetic phase is, however, strongly

inhomogeneous and this is reflected in the wide temperature

range in which the ordering process takes place, rather

similar to spin glass systems.

A vast amount of experimental and theoretical work

has been devoted to characterize the properties of the

ferromagnetic giant moment and spin glass systems and it

is one of the objects of this thesis to provide experimental

evidence that the giant moment systems can be considered

as a special case among the more general spin glass

systems.

Neutron scattering reveals properties of matter on

an atomic scale and is therefore most appropriate for

studying the magnetic ordering phenomena in alloys.

Correlations between the impurity spins can be measured

with elastic scattering and the growth of these magnetic

clusters can be followed as function of temperature.

Critical behaviour results near a temperature at which

the ferromagnetic or spin glass order sets in. Also the

dynamics of magnetic systems can be studied via inelastic

scattering measurements and collective excitations

observed.

In Chapter II a description will be given of the

terms "spin glass" and "giant momenf-ferromagnetism, and

the present state of our understanding of such systems

will be sketched partly based upon the results of the

present work. Also the concept of percolation is introduced

to elucidate why magnetic ordering does occur at very low

temperatures. The random character of the alloy and the

long range interactions between the impurities are the

i 10



main ingredients for this percolation type of ordering.

Neutron scattering theory which is necessary to

interpret the present experimental results will be outlined

in Chapter III where special attention has been paid to

the dilute para- and ferromagnetic random alloys. The

randomness of the alloys is taken into account by

evaluating the configurational average of the spin

correlation functions.

A brief description of the spectrometers used in this

study is given in Chapter IV, along with the inevitable

corrections to the scattering data.

The results of magnetic diffuse neutron scattering

and small angle neutron scattering experiments on a number

of ferromagnetic giant moment PdMn and PdFe alloys

are presented in Chapter V [1-3]. The main results can be

summarized as follows i) clear experimental evidence is

found for thermal critical behaviour near the Curie

temperature, and ii) 'a strongly inhomogeneous ferromagnetic

phase is present in these alloys which can be described

by a collection of ferromagnetic clusters or microdomains

of different sizes.

An inelastic neutron scattering study of the spin

glass system PdMn 10 at.% is presented and discussed in

Chapter VI [4, 5 ]. The observed broad energy spectrum has

been explained by a distribution of excitation energies

P(E) of the individual Mn moments in the spin glass phase.

Good agreement has been obtained between the results of

computer simulation calculations and the experimental

results.

In Chapter VII the results of low field ac sus-

ceptibility measurements on the ternary alloy (PdFe), Mn

are discussed [ 6-8 ]. This system exhibits very interesting

magnetic properties because it changes its behaviour from

a ferromagnetic giant moment system to a spin glass system

in a restricted concentration and temperature region.
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PdFeMn further reveals, between the two separate types of

magnetic order, a mixed or double magnetic behaviour which

has been shown to have a rather universal character I 9 ].

Portions of the results presented in this thesis have

already appeared as publications in journals or in the

proceedings of international conferences.
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CHAPTER II

MAGNETIC ORDERING PHENOMENA

IN RANDOM Pd ALLOYS

II.1. Introduction.

The magnetic properties of dilute transition metal

alloys encompass a wide variety of interesting phenomena

for different concentrations, which clearly emphasize the

importance of the band or conduction electrons [1, 2 ].

Already with very dilute (or noninteracting) 3d-magnetic

impurities in a nonmagnetic host, the destruction of the

impurity local moment is the central problem of the

so-called Kondo effect, which is a localized antiferro-

magnetic interaction of the isolated impurity spin with

the surrounding conduction electrons. With increasing

concentration impurity spin-spin interactions become

important which then lead to two types of magnetic

ordering in random dilute alloys: giant moment ferro-

magnetism and spin glass "freezing". A surprising aspect

in such alloys is that magnetic order is established for

concentrations much below the percolation concentration

for direct interactions which again indicates that an

indirect interaction via the band electrons must cause

the ordered state.

The concept of percolation can also be introduced in

dilute alloys, and gives a useful description of the

ordering in both the ferromagnetic as well as the spin glass

alloys. Among the ferromagnetic systems, Pd alloys with

small amounts of Fe, Co or Mn have probably received most

13



attention because of their unusual properties [3]. In the

following sections both the general spin glass phase as

well as the giant moment ferromagnetism will be introduced

and the giant moment Pd alloys will be considered as a

particular spin glass system in which the ferromagnetic

indirect interactions predominate due to the special

properties of the Pd host.

r !

II.2. Spin Glasses,

Spin glass systems may be defined as follows [1 ]:

a spin glass is a random, magnetic system characterized

by a random freezing of the moments without long range

order at a rather well-defined freezing temperature T^.

Mathematically, the above may be expressed as |<§.>| =

0 for T<T^ '"" ""f , and <S.xS,>+Oas <.-R.|-x>°, where <> and

refer to a thermodynamic and configurational average

respectively and || is the amplitude modulus. The first

equation expresses the random, but static, freezing

of the spins below T-, while the second shows that,

although short range magnetic order may be present, there

is no long range order, and the macroscopic moment for

a spin glass in zero external field is always zero.

Classical examples of a spin glass system have become

CuMn and AuFe,in which the magnetic impurities interact

with each other by polarizing the conduction electrons

and described by the RKKY interaction [4 ]

rsin 2k r cos 2k_n
J(r)=67rzJ2N(O)f *

L(2kFr)
II. 1

(2kFr)

where z is the number of conduction electrons per atom,

J is the s-d exchange interaction, N(0) the density of

states per atom per spin at the Fermi surface of the host

metal, kp the Fermi momentum and r the distance from an

14



impurity. The RKKY interaction is oscillatory and of

infinite range if mean free path effects are neglected.

The oscillations in the RKKY polarization introduce an

element of "conflict" or "frustration" among the randomly

distributed impurities in the host metal. This encounter

of competing positive and negative alignments is essential

to the formation of the spin glass state. However, not

only the RKKY interaction, but also combinations of

several direct and/or indirect interactions between the

impurity moments may give rise to frustration which then

leads to the spin glass phase [5]. An example of the

latter type of spin glass is PdMn with concentrations Mn

above 4 at.%. Here the direct antiferromagnetic Mn-Mn

interaction competes with the indirect giant moment

ferromagnetic interactions.

One of the most intriguing spin glass features is

the sharp, well-defined freezing temperature T_ which is,

however, observable in only a few of the experiments on

spin glasses [ 6 ]. Measurements which do show a clear

freezing temperature are low field susceptibility Xr

Mossbauer effect, y SR (positive muon spin rotation) and

small angle neutron scattering experiments. These measure-

ments suggest a type of ordering accompanied with a phase

transition. On the other hand magnetic specific heat C ,

electrical resistivity Ap, thermo-electric power and host

NMR measurements exhibit a broad change of behaviour over

a wide temperature range indicating that the spin glass

freezing is of a more subtle nature than found typically

in simple phase transitions.

The exact nature of the freezing process is presently

unresolved, and there are two main schools of thought

which focus on this problem. The first model [ 7 ] extends

the NSel description of superparamagnetism to the random

metallic systems. Domains are formed and the freezing is

if



a result of a distribution of blocking temperatures at

which these domains cannot overcome an anisotropic energy

barrier. The second approach [ 8 ] replaces the randomly

situated moments and the RKKY interaction with a regular

lattice of spins which have a Gaussian probability of

exchange interaction strengths P(J). Here the statistical

mechanics of phase transitions is involved, and 'arious

critical phenomena and exponents for the thermodynamic

quantities can be calculated near T_.

In an attempt to combine the various experimental

properties of spin glasses, a phenomenological description

of the freezing process has been given by Mydosh [ 6 ] which

also might be applied to the ferromagnetic ordering in Pd

based alloys (see section II.3). At high temperatures the

magnetic moment of the randomly positioned impurities are

free to rotate because the thermal energy is large enough

to overcome the impurity-impurity interactions (para-

magnetic phase). As the temperature is lowered, locally

correlated clusters or domains are formed which can rotate

as a whole. The cluster formation strongly depends upon

the alloy randomness and the temperature. The remaining

loose spins serve to transmit the long range interactions

between the clusters. As the temperature approaches Tf,

the various clusters begin to interact with each other

over a longer range and the system seeks its ground state

configuration for the particular distribution of spins.

This means a favorable set of random alignment axes into

which the spins or clusters can lock . resulting in ?il.=O,

the spin glass condition.

II. 3. Giant Moment Fervomagnetism.

Ferromagnetic ordering in some very dilute random

alloys (c^O.l at.%) is a result of the long range

indirect ferromagnetic interactions related with the

16



existence of giant moments. The term giant moment describes

the behaviour which results from substituting a single,local-

ized/ magnetic impurity in a non-magnetic host metal, which

produces a magnetic moment per impurity much longer than that

due to the bare magnetic impurity alone. This overall mag-

netic moment is composed of the localized moment plus an

induced moment in the surrounding host metal. Such magnetic

entities (impurity moment plus polarization cloud) can be

considered as one magnetic moment which is then called

"giant". Due to the spatial extent of the induced polar-

ization in the host, the value of the giant moment depends

upon the concentration and decreases as soon as the

polarization clouds begin to overlap and direct inter-

actions between the impurities become important.

Good examples of giant moment systems are Pd alloys

with small amounts (c<2 at.%) of Fe, Co or Mn. Magnetic

moments up to 12 u_ have been observed in PdFe alloys

whereas the bare moment of Fe is only approximately 4 nB.

This means a distribution of 8 yo over the surrounding

Pd ions. The problem of a 3d-impurity atom surrounded by

highly polarizable, itinerant host electrons have been

discussed in detail by Moriya [ 9] , Campbell [ 10 ] and Kim

and Schwartz [11]. A simple description of the static

properties of giant moments in Pd can be obtained in the

linear response approach by assuming that the bare

magnetic moment polarizes the surrounding electrons of

Pd, and the polarization, as a function of distance, is

determined by the generalized magnetic susceptibility of

the Pd host. If the host material were a normal metal in

which the conduction electrons can be treated as free

electrons, this susceptibility x(r) is given by the RKKY

interaction of eq. II.1. Now no significant net polar-

ization would be present, because the spatial integral

of the susceptibility approximates zero. However, if the

17



Coulomb interaction between the band electrons (i.e.

intra-atomic exchange interaction) is important as for Pd,

it will enhance the spin susceptibility of the electron

gas leading to the exchange enhanced susceptibility given

within the Random Phase Approximation [ 12 ]

x(q) =
XRKKY (q)

1-IX RKXY (q)
II. 2

where X-awv (q) i s t h e Fourier transform of the RKKY inter

action function of eq. II.1 and I is a measure for the

strength of the Coulomb interaction between the band

electrons. Furthermore the factor (1-Ixn™v (0) ) ~ defines

the Stoner enhancement factor S which has a value of

about 10 for Pd. Since XRKKy(q) is a monotonically

decreasing function with increasing q, X R J C K Y ^ *s a t

values of q more enhanced than at high values of q. This

selective enhancement at low q increases the range of

interaction. The Fourier transform of the exchange

enhanced susceptibility x(q) approximated for small

q values results in

= X p — exp (-r/o) II.3

where XT» is the Pauli susceptibility and the range

parameter a=(S./3) V 2 k p* 5 A. Thus, exchange enhancement

of the host susceptibility causes an extra net polar-

ization in the host metal and leads to a giant moment.

In figure 2.1 the generalized susceptibility is plotted

as a function of 2k_r for three values of the Stoner

enhancement factor. S =1 represents the pure RKKY inter-

action and S =10 the susceptibility for Pd. Note that the

susceptibility is multiplied by the factor (2k_r)3 for

clarity. An important result is that the first node

appears at much larger distance than in the pure RKKY

18
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Fig. 2.1. The generalized susceptibility as function of 2 k^r for

three valves of the Stoner enhancement factor S . Note that the

susceptibility is multiplied by the factor (2 k^r)z for clarity.

a?*..

case. This means that in alloys for which the average

distance between the impurities is smaller than the first

node distance, the interactions are now predominantly

positive, leading to a ferromagnetic type of ordering.

Only at large mean distances (i.e. very low concentrations)

can the oscillatory character of the interaction produce

a spin glass phase [13].

19



II.4. Percolation in dilute systems.

The general concept of percolation has widely been

applied in the problem of dilute ferromagnetic systems

in which direct interactions between the magnetic ions

determine the magnetic behaviour [14, 15]. The percolation

limit, c , in a dilute ferromagnetic system is the lower

bound to the concentration of spins required for a

cluster of infinite size, i.e. the occurrence of a ferro-

magnetic phase transition. In addition to the infinite

cluster(s) a large number of finite clusters coexist for

concentrations just above c . If the interactions between

the spins are short ranged (e.g. first nearest neighbour

distance only) the percolation limit strongly depends

upon the lattice structure but for longer ranged inter-

actions the detailed lattice structure becomes less

important. The critical concentration c then depends
P

mainly on the coordination number z, which is defined as

the number of bonds to each lattice site. An asymptotic

approximation for the critical concentration for large

coordination number z in three dimensions reveals [ 16]

c « 2.7/z.

The concept of percolation has been introduced in

the spin glass problem by Smith [17, 18] in order to give

a qualitative description of magnetic clustering in spin

glasses and the zero field susceptibility behaviour.

Since the RKKY interaction and its enhanced form are long

ranged and decay as 1/r3, ordering can now be obtained

for any concentration by lowering the temperature

sufficiently. A magnetic cluster is defined as a group of

spins each of which is coupled to at least one other

member of the group by an exchange bond stronger than the

thermal energy. This definition does not necessarily mean

that the spins in the cluster are all ferromagnetically

coupled, but a spin in a cluster is aligned according to

20



the internal field produced by its neighbouring spins.

In addition to the strongly coupled spins there are two

types of "loose" spins. The first are those spins which

are rather isolated in the lattice due to the random

distribution of impurities, and have only a weak inter-

action with other spins. The second type are loose spins

embedded in the cluster due to a cancellation of the

interactions from various neighbouring spins producing

a small or zero internal field. Such spins may be

regarded as highly frustrated.

A bond length R of a spin can be defined such that

the interaction energy JRVKY^Rb^ i s o f t h e s a m e ox&er °f
magnitude as the thermal energy k-T. Hence, the bond

a

length R, is strongly temperature dependent and the

clusters will grow with decreasing temperature. The

coordination number of a spin in a cluster is then for

large z given by

z = 4TTR£/3u. II. 4

where u is the atomic volume and using the asymptotic

relation c ^2.7/z, the percolation concentration is

related to the bond length R, :

0.64 II.5

With this relation it is easy to see why order in dilute

alloys is obtained at very low concentrations. Especially

in Pd alloys the bond lengths are enlarged due to the

exchange susceptibility of the Pd host. Recently, a

critical concentration has been obtained for the onset of

ferromagnetism in PdFe alloys by analyzing the available

experimental data within a frame work of the Landau's

theory of phase transitions [19, 20]. A critical concen-

tration c =0.0012 was obtained and this results via eq.

21



Fig. 2.2a. A simulation of the distribution of Fe impurities in

a two dimensional PdFe 1 at. % alloy in which contour's of equal

induced magnetization are schematically shown.

Fig. 2.2b. Contours of equal magnetisation in the Pd host around

an impurity atom •placed in the origin.

2.2b

II. 5 in an average bond length of about 20 A which

corresponds well with the average distance between the Fe

impurities for this concentration of about 17 A and also

with the first node in x(r) for Sfc=i0.

The properties of dilute alloys with concentrations

just above the percolation concentration are thus

determined by the infinite cluster and the finite clusters.

The onset of long range order is reflected in the infinite

cluster in which the fluctuations lead to thermal critical

behaviour and are observed at fixed concentration by

varying the temperature. On the other hand, the finite

22



2.2a

clusters determine the static inhomogeneity of the alloy

and as function of concentration lead to geometrical (or

static) critical behaviour which can be studied [21, 22]

in alloys below c .

The ferromagnetic ordering process in dilute Pd based

alloys can be described in terms of bond lengths in a way

very similar to the freezing process of spin glasses given

in section II.2 and is visualized schematically in figure

2.2a. Here a PdFe 1 at.% alloy in a two dimensional

lattice is simulated. The impurities are randomly

distributed in the lattice and periodic boundary condi-

23



tions have been applied. The magnitude of the interaction

bonds is related to the induced magnetic polarization of

eq. II.3 as given in figure 2.2 . Contours of equal

magnetization (or bond lengths) in figure 2.2a result in

a strongly inhomogeneous distribution of magnetization in

the sample. From this figure the ferromagnetic ordering

in the alloy can be followed as function of temperature.

At high temperatures the exchange interaction is insuf-

ficient to overcome the thermal energy k_.T and the system

is in the paramagnetic phase. At lower temperatures but

above the Curie temperature T those impurities with
c

exchange interactions larger than the thermal energy will

be coupled and form ferromagnetic clusters which may be

free to rotate. Approaching the Curie temperature the

ferromagnetic clusters grow because of the increase of

the bend length R, and at T the first infinite cluster

is formed. However, in contrast to an infinite cluster

with short range interactions, now the infinite cluster

is not homogeneous but is formed of large agglomerates of

clusters. Furthermore, the infinite cluster is composed

of a so-called "backbone" and a large number of "tag ends"

which might behave rather like the additionally present

finite clusters because they feel the exchange field only

at one external end. For T<T the infinite cluster grows

at the expense of the finite clusters, and at T=0 an

inhomogeneous ferromagnetic ordered state is created.
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• ' ! • CHAPTER III

ON THE THEORY OF NEUTRON SCATTERING

III.l. Introduction.

Neutron scattering has proven to be a very powerful

technique for investigating the microscopic properties

of matter. It offers detailed information about static

as well as dynamic properties. Its usefulness has been

clearly demonstrated in the field of magnetism, where

both elastic and inelastic neutron scattering has

revealed much of the rich microscopic structures and

interactions in ionic compounds, metals and alloys.

In this chapter a general expression for the partial

differential magnetic cross-section for the scattering

of neutrons by a system of magnetic atoms will be pre-

sented in a form appropriate for the discussion in the

light of the various experimental conditions which have

been employed and for the interpretation of the results

obtained on Pd-based alloys.

Neutrons are particles which have the following

properties [ 1 ]

mass: m

spin: S = h

magnetic moment: y = YVN

where Y = -1.913 and yN is the nuclear magneton.

Furthermore for thermal neutrons,where the wave

characteristics predominate over particle-like properties,

the state of a neutron is completely described by its

27
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I

wave vector k (and the de Broglie wavelength A = 2-nh/m V)

and its spin component S = ±^. The difference between

the initial and final state of a neutron involved in a

scattering process gives the desired information about

the interaction of the neutron with the sample. We define

the scattering vector Q as the change in the neutron

wave-vector and the change in the energy by

hQ (conservation of momentum)

h(o = Y~ (kij-k*) (conservation of energy)

where kQ and k., are the wavevectors of the initial and

final states. An energy loss process (OJ>O) corresponds

to the creation of one or more excitations and an energy

gain process (to<O) by their annihilation.

III.2.1. Neutron Nuclear Scattering Cross-section.

The interaction potential between the neutron and

the atomic nucleus V(r) is short ranged and restricted
— 1 4

to nuclear dimensions of the order 10 m. The scattering

amplitude from a single nucleus is given by

2m

I nucleus „2
-- M

4ir Jr
V(^dr- . 1

which is constant and independent of <5. The quantity -f

is called the scattering length, denoted by b, and is

different for the various isotopes of an element and

depends on the relative orientation of the spin of the

nucleus and the neutron. The total cross-section for a

single nucleus is given by the integral over all solid

angles of the differential cross-section

'tot
fda
Jdfi = 4irb2 III. 2

28



In the scattering from many nuclei at sites S. we

must ascribe the subscript & to all scattering lengths

fr*. The differential cross-section for an assembly of

nuclei is then given by

§£ (5) = ||bgexp(i3.R")|2 = | b |

+ I bgbg,exp [i$•(3-3') ] III.3

2

The first term gives N<bg> with N is the number of nuclei

and the brackets denote the average value. There is no

correlation between h± and b±, and so,for R^R1 <b̂ b̂ -,> =

<b±><b±,>= <bg>2 which will give for the total differ-

ential cross-section

|jj (Q) = N(<b2> - <b>2) + <b>2|E exp(iQ.R")|2 III.4

The term N(<b2> - <b>2) can be written as N(b-<b>)2,

showing that it depends on the mean square deviation of

• the scattering lengths from their average value. It is

known as the incoherent scattering cross-section and is,

if the effect of the lattice vibrations via the Debye-

j;< Waller factor is ignored, isotropic and thereby gives a

! uniform background to the coherent scattering represented
1 by the second term in eq. III.4. From eq. III.2 we obtain

the total scattering cross-section per atom

o. = 4ir<b2> III.5
tot

^ The coherent scattering cross-section per atom is
k •

V a = 4ir<b>2 I I I . 6 fel
; - c m
\ and the difference between eq. III.5 and III.6 is the

1 incoherent scattering cross-section
? a± ••= 4ir(<b

2> - <b> 2) XII.7
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The coherent Bragg scattering given by the second term of

eq. Ill.4 will only occur under the restricted condition

that the scattering vector Q equals one of the reciprocal

lattice vectors T of the crystal. From the Bragg condition

for reflection we can see that coherent scattering will

therefore only be possible if the wavevector of the neutron

satisfies the condition Ikl^lTrn-vJ where x . is the

smallest reciprocal lattice vector. It is therefore clear

that if the wavelength of the neutron is long enough,

there is no Bragg scattering which means that the total

cross-section for these wavelengths does not contain a .

The coherent scattering cross-section a from a
c

polycrystalline (powder) sample is obtained by the average

over all orientations of the reciprocal lattice vectors

x and is given by

x<2k III. 8

A2md<b>2

2v
III. 9

where v is the volume of the unit cell, k and A the

neutron wave vector and wavelength, d the spacing of the

lattice planes and m the multiplicity of the reciprocal

lattice vectors T.

III.2.2. Neutron Magnetic Scattering Cross-section.

The interaction between the magnetic dipole of the

neutron and the magnetic dipoles of the atoms due to

unpaired electrons in a crystal is described [ 2 ] by the
•+• -*• •£

operator-YuN0«H where a are the Pauli matrices describing

the spin states of the neutron and H is the magnetic

dipolar field created by the electrons. Using the first

Born approximation with this interaction the partial
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differential cross-section of unpolarized neutrons of a

system of N localized spins in a Bravais lattice can be

written as

k

me
III.10

-2W(Q)
with (a,8 = x, y, z), e is the Debye-Waller factor

and F(Q) is the Fourier transform of the normalized spin

density p(r) of the magnetic ion

F(Q) Jdr" exp III.11

and is called the magnetic form factor. By definition we

have F(O)=1. Qa and Qfi are components of
rt ft ->•

The function S (Q,to) is called the scattering function

often referred to as the scattering law and is given by
00

Sa3(Q,ui) = i- f dt

III.12

where (t)>is the time dependent spin-pair

correlation function, 2, and £' represent the positions of

the scattering centers and the angular brackets denote

the thermal average at a temperature T. The scattering

law describes the static and dynamic properties of the

target system. For systems with only isotropic exchange

coupling the a3 terms vanish and the summation

ED(5 O-Q Qo)£
aP(3,a3) in equation III. 10 reduces to

Otp CCp CX p

2(l-Q2)Sa(Q/u)) • The factor (1-Q
2) can be used as an

experimental parameter to influence the observed magnetic

scattering.

The scattering function satisfies the following

condition:
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III.13

which is usually referred to as the condition of detailed

balance. It relates the scattering probability for an

energy gain to an energy loss process and has special

significance for inelastic scattering at low temperatures.

III.3. Elastic Magnetic Diffuse Scattering.

In this section the structure of the elastic magnetic

diffuse neutron cross-sections will be discussed as they

can be derived from the magnetic cross-section of equation

III.10.A number of assumptions on the state of the magnetic

ions underlie the derivation of the general equation III.10

In general a magnetic ion has both spin and orbital angular

momentum and so it is necessary to include both terms in

the neutron interaction with the electrons. In many cases

however, the total orbital momentum of the magnetic ions

is either zero or quenched by the crystalline field.

Therefore, only the spin contribution to the cross-

section needs to be considered. We also assume that the

unpaired electrons possess wave functions which are

localized at the crystal lattice sites. This is perhaps

not a valid assumption for transition metals because the

3d-electron wave functions have a substantial spatial

distribution. Nevertheless, the cross-section obtained

in the formalism of band theory shows a similar structure

for scattering by itinerant electrons as for the spin-

only scattering by localized electrons. Throughout this

chapter the localized picture will be employed.

The investigation of the static properties of the

local magnetization does not require energy changes of

the neutron. The elastic part of the magnetic cross-
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section in eq. III. 10 is proportional to 6 (oi) and reads

(iQ-(l-l'))<s| s|,> III.14

In evaluating the spin correlation function a distinction

must be made for systems with exchange coupling, e.g.

ferromagnetic alloys and perfect paramagnetic systems.

In a ferromagnetically ordered spin system the time

averaged moments are parallel to a given quantization

axis which is usually taken as the z-axis. In a paramagnet,

however, there exists no spatial correlations between the

spin components, i.e. <S^ Sf,> = <sf><Sf,> if 1^1' and by

definition <t> = 0.

In the following two sections the cross-sections for

a ferromagnetic and paramagnetic alloy will be given and

special attention will be paid to the magnetic field

dependence.

III.4. Elastic Magnetic Diffuse Cross-section for a

Ferromagnetic System.

We will adopt the Marshall formalism [ 3 ] to describe-

the magnetic moment distribution in a ferromagnetic alloy

in deriving the magnetic cross-section. The starting

point in the Marshall model is that the magnetic moments

U- are distributed at random, therefore the cross-section

will depend on the precise distribution of the moments.

This difficulty can in practice be avoided by taking an

average over an ensemble of moments which is called the

configurational average denoted by ( ).

For a ferromagnetic alloy the Bragg scattering can

be seperated out:

33
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where v is the volume per unit cell, T a reciprocal

lattice vector and

and where the Debye-Waller factor e W*Q' = l.

The Bragg scattering of eg. III.15 occurs for a

ferromagnetic system at exactly the same reciprocal

lattice points as the nuclear scattering and is pro-

portional to the square of the average magnetization.

The remaining scattering from the local deviations from

the average magnetization is called the elastic diffuse

scattering and is given by

dfi 'diffuse

where

T ( Q ) = rr „->•+,

4 (
m c2

) (1 Q Z>
T ( Q ) III.16

III.17

This magnetic diffuse scattering can be identified

experimentally since it is pure elastic scattering and

it is distinct from Bragg scattering which only appears

in sharp peaks at scattering vectors equal to the

reciprocal lattice vectors.

The measured intensity always will contain contri-

butions from nuclear incoherent scattering which may be

much larger than the magnetic scattering intensity

especially in dilute systems. However, the factor (1-Q2)
z

enables one to separate the magnetic contribution from
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the total intensity by applying a magnetic field. If the
field is applied such as to make the magnetic

moments y parallel to the scattering vector Q then Q = 1

and the magnetic cross-section vanishes. On the other

hand, if H and thus the moments y., are perpendicular to

Q then Q = 0 and both the magnetic Bragg as well as the

diffuse scattering have maximum intensity. In the case

of a ferromagnetic specimen with randomly oriented

ferromagnetic domains, is it necessary to average the

cross-section over all posiible directions of the

magnetization giving <(1-Q2)>-*- = 2/3.
z y

The total magnetic moment of the sample is given

by M = £y and since the form factor F(Q) is unity in the

f
n n

forward direction Q = 0 we notice that with 8M = (M-M)

T(0) = i{M2-(M)2}= ^ III.18

and therefore it follows that the diffuse magnetic cross-

section in the forward direction is proportional to the

mean square spatial fluctuations of the total magnetic

moment. The local fluctuation of the magnetization is

primarily due to concentration fluctuations. We will

ignore clustering or short-range order in the ferromag- •

netic alloys since the alloys under investigation are

dilute (c<0.02) and no heat treatment effects on the

macroscopic magnetization have been observed.

If we consider the binary alloy A i _ c
B
c with N atoms,

then the sample contains Na = (l-c)N atoms of type A and

N_ = cN atoms B. We further suppose that the type A and

B atoms have a mean magnetic moment ya and y respective-

ly. The mean moment y, as observed in a macroscopic

determination of the magnetization is given by

y ~ (l-c)y III.19

The individual moments, y, and yB may in principle vary
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with concentration. For the variation of the magnetic

moment with respect to the concentration we note that:

a

and by substituting this result in eq. III.18 we obtain:

2
T ( 0) = (|E) I SN* III.21

If we define a function p such that
n

p = 1, if a B atom is on the site n

= 0 , if an A atom is on the site n

with N* = I p p = c2N2 + c(l-c)N

since PmPn = c
?+ c(l-c)6 , we now have

<5N* = N| - (Nfi)
2 = c(l-c) N III.22

and obtain an important result T(0) = c(l-c) (|̂ )2 III.23

which states that the scattering in the forward direction

is related to the rate of change of the magnetization

with concentration which can be determined by macroscopic

magnetization measurements.

We will follow the Marshall model [ 3] for an

arbitrary concentration c, neglect the short-range order,

and assume that magnetic moment disturbances are linear

and additive. The justification of the latter assumption

will be given later when the general cross-section result

is applied to dilute alloys with a nonmagnetic host where

nonlinear effects may be neglected.

If an atom of type B is at the site I, it has a

moment

P{ = P. + | 9 (R)(P^ -c) III.24
* R I+R
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and similarly for an A atom

g
III.25

where the functions g(R) and h{%.) represent the dis-

turbance produced by fluctuations in the number of type

A and B atoms. Both formulae can be combined to give the

moment at a general site &:

h ( R )

+lP+(P++-c)(g(R)-h(t)} III.26
R X R+£

and a similar expression for F-t(Q)y-j. Introducing the

spatial Fourier transforms of g(^) and h ("&) :

= | exp(i3-R")g(R")
R

III.27a

III.27b

the expression T(S) for a random ferromagnetic alloy

without short-range order is obtained:

c(l-c)$2(3)+ 0(c2) III.28

where

with $(0) =

UA + cFB(§)G(§) +

+ cG(0) + (l-c)H(O) =

In the case of dilute alloys (C<<1) equation III.26 can

be transformed into a simple expression with the

assumption that the magnetic moment of the type B atoms

is the same and not affected by its environment.

However/ we allow the magnetic moments on the A atoms to

be disturbed due to the presence of the B atoms. This
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assumption ignores the mutual influence, but it turns

out to be a useful description of the giant moment alloy

systems. Instead of equation III.26, we can write for

the magnetic moment at a general site i:

and

P A(8)

and the expression for magnetic diffuse cross-section

for a dilute ferromagnetic system then becomes:

,2

me B

+ FA(Q)H(Q)}
2 III.29

This formula can be applied to the dilute Pd-based

alloys in the following way. The Pd host (A atoms) is

not magnetic (y =0) and the magnetic disturbance in the

Pd host is then described by the function H(Q).

In terms of the earlier defined function T(Q), eq.

III.29 for a dilute ferromagnetic alloy is now given by

\\

S f III.30
mo

where T (8) = c(l-c) {F i m p(Q) M i m p + ($) } III.31

The diffuse scattering according to equation III.30

can be illustrated with a simple model. Assuming that the

disturbance is restricted to the first-neighbour shell at

distance R = R, with a value H. and also F-mD(S)=
:F. o s t (5)

- F(Q) then the behaviour of the diffuse scattering of a

polycrystalline sample is determined by
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T(Q) = c(l-c)F2(Q)
sinQR,

III.32
QR,

where z i s the number of nearest neighbour atoms. The

behaviour strongly depends on the sign of Ĥ^ and is

illustrated in figure 3.1 where we have used y± = 1,

z = 12 and H.>0, H± = 0 and H1<0. From the figure i t i s

obvious that the behaviour at small Q's gives directly

the sign of the disturbance. Furthermore the width of

the peak or dip in the diffuse scattering characterizes

the range of the disturbance.

a,

i

u

r

Fig. 3.1. The magnetic diffuse scattering as a function of the

scattering vector Q for a polycrystalline dilute ferromagnetic

system. H. is the moment disturbance in the nearest neighbour shell.



III.5. Elastic Magnetic Diffuse Cvoss-seetion for a

Paramagnetic system.

In this section the cross-section for a paramagnetic

system will be given for two cases: a perfect paramagnet

in zero field (a)and in an external magnetic field (b).

We will follow the treatment of Marshall and Lovesey [ 2 ].

Now, the calculation of the cross-section for dilute alloys

in a magnetic field is more complicated [ 4 ] since in

evaluating the correlation functions one has to introduce

the configuration average analogous to that for the ferro-

magnetic cross-section.

a. A paramagnetic system, in which there are no interactions

between the magnetic ions, the cross-section is strictly

elastic and can be obtained in a simple way from eq. III.14

by recognizing that the components of the spin on different

lattice sites are uncorrelated

if III.33

Furthermore <S> = 0 so that there is no contribution to

the cross-section from terms with Si^S,'. For £=£' we have

6 3

III.34

and with this result the diffuse magnetic cross-section

for a perfect paramagnet is given by:

III.35
me

which is temperature independent. The dependence on the

scattering vector Q is entirely due to the form factor F (Q)

If we consider a non-magnetic crystal of N atoms

containing paramagnetic impurities with concentration c

u
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then it is obvious that the factor N should be replaced

by cN and S by S .
H

b. A paramagnetic dilute alloy in a magnetic field.

Consider the alloy A. B and assume the external

magnetic field H in the z-direction. The configurational
average (denoted by ) of the correlations between

the spin components in equation III. 12 must now be calcu-

lated for the system A i _ c
B
c -

First we have <Sxs][,> = = 0 III.36

and <SXSX,> =

further S ,

(SX)

, {<

(Sx)

> -

III.37

3Ay

III.38

Using eq. III.36 we can express the summation over

in III.12 in terms of the result III.37 and III.38

III.39

If we then perform the summation over all lattice sites

I, it' and make use of the identity

2<(S X) 2> = III.40

and approximate <S Z> 2 = <(S Z) 2> = S 2 ,which is valid for

large fields (i.e. gyT,H/knT>>l) ,we then obtain
o a

41



B

+ Q|{-c(l-c)S*+|sB-c(l-c)S^+
(i=S)SA+2c(l-c)SASB}]

III.41

The first term in eq. III.41 represents the coherent

Bragg scattering and is proportional to the square of the

average value of the z-component of the spin, which is

zero in zero field. The second term gives rise to the

diffuse magnetic scattering originating from the local

deviations from the average spin value. If we now apply

this expression to the dilute Pd alloys (Sa = 0) then

the right hand side of eq. III.41 becomes

3

O T

+ N[{c(l-c)S2+|sB}+Q|{-c(l-c)S
2+fSB}] III.42

The elastic diffuse magnetic scattering cross-section for

a perfect paramagnet in a large magnetic field then becomes

+ Q2{-C(I-C)S|+ |sfi}] III.43

It is interesting to follow the behaviour of the

diffuse scattering when the angle a between the scattering

vector and the applied magnetic field is varied. Two

limiting cases will be considered. If a = 0 then Q = 1
z

and the diffuse scattering is proportional to cSn.
However if a = 90 then Q = 0 and the scattering is

z
42



proportional to c(l-c)Si: + =- S_.

Of more importance is the difference between the

paramagnetic cross-section in zero magnetic field and in

a large field, since this quantity is normally obtained

in the experiment. If we define the difference cross-

section

•da _ d£ H=0 da
dft

Hlarge III.44

then A | 2 . = (l£-)z{± g F(Q)} 2c N A (S,Q ) III.45
dfi me 2 P 2

where A (S,Q ) = {Q*-i-HS2-f} for C<<1
jp z z j ^

and is dependent on the spinvalue S and Q . In Table
z

III.l the values of A (S,Q ) are given for a number of
XT Z

spin values and Q values corresponding to experimental

conditions in which the scattering vector is parallel to

H (Qz=0) and perpendicular to H (Q =1). From the table

it is clear that the largest difference cross-section

is obtained when the scattering vector $ is parallel

to the external field. It is worth mentioning that the

difference technique is not suitable for S = =- paramagnets,

Table

S

1/2

1

3/2
1

5/2

III.l

Ap(S,0)

0

-1/6

-1/2
-1

-5/3

Ap(S,l)

0

1/3
1

2

10/3

Ap(S,0)

-1/12

-1/3

-3/4

-4/3

-25/12

AF(S,1)

1/6

2/3

3/2

8/3
25/6

Table III.l. The paramagnetia and ferromagnetic

difference functions A (S3Q ) and k1?(S3Q ) for

various spin values S and Q = 0 and 1.
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since the paramagnetic diffuse scattering in zero

magnetic field is equal to the scattering in large fields.

It is also instructive to compare the difference cross-

section for a paramagnetic system according to eq. III.45

with the result for a ferromagnetic system with domain

formation in zero magnetic field (see i.e. eq. III.16 and

further). A similar difference function can be defined

for a ferromagnetic alloy

AF(S,QZ) = -± III.46

and the result for various spin values is also given in

table III.1. It is clear that for ferromagnetic alloys

also the Q = 1 experiment is preferable to Qz = 0.

The anisotropy in the diffuse scattering induced by

the external magnetic field can directly be observed with

V.

A

4

3

2

1

0

-1

- 2

N

-

-^

1

v \ S=5/2\ \
\ \

- V

1 1

/

! / -

/ ' ' ~

1

—
i

0° a > 90° 180

Fig. 3.2. The paramagnetic (solid curves) and ferromagnetic (dashed

curves) difference factors L(S3Q ) as function of the angle a

between the scattering vector Q and applied magnetic field

direction H for spin valu&s s/2 and 5/2.
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a 2-dimensional detector. The dependence of the difference

cross-section on the angle a between the scattering vector

3 and the applied field H is shown in figure 3.2. Both

the paramagnetic difference factor Ap(S,Qz) - solid curve -

as well as the ferromagnetic AF(S,QZ) - dashed curve -

have been calculated for spin values S = ^ and S = j.

This significant anisotropy can therefore be used to

separate the diffuse magnetic scattering contribution

from the total scattering, since the nuclear incoherent

scattering is not affected by the magnetic field.

III.6. Critical Magnetic Scattering.

Neutron scattering experiments are very useful in

the study of critical magnetic effects near the critical

temperature since strong magnetic diffuse scattering

arises from large fluctuations in the magnetization. In

this section we will give the quasi-elastic cross-section

which is appropriate for describing the magnetic diffuse

scattering of dilute ferromagnetic systems for T>T . In

a dilute magnetic system the magnetic moments occupy

lattice sites in a random way with a mean distance between

the impurities which is concentration dependent. However

we will assume that the cross-section derived for a

magnetic system with a regular lattice structure [2, 5]

is valid for a random magnetic system because the impurity

sites form part of the regular host lattice. The conse-

quence of large mean distances between the impurities is

that the correlation length £ is much larger than

the lattice parameter even for T>>T and, therefore, the

critical magnetic scattering will only be observed at

relative small scattering vectors Q.

We can use the general expression for the magnetic

cross-section as given in eq. III.10 and III.12 where the

fluctuations in the spin correlations will give the

45
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(

behaviour of the critical scattering near the transition

temperature. If one is only interested in the static

correlations between the impurities then the total

scattered intensity, in a given direction, will be given

by the line integral of equation III.10 with respect to

energy along the path of the scattered beam,giving
CO

= J Sa(Q,a>)du) III.47
—GO

However it is important to note that the scattering

vector Q is not constant along the path but is a function

of the energy transfer hco. The so-called quasi-static

and quasi-elastic conditions are then applicable to the

scattering geometry which usually gives reasonable approxi-

mations. Thus we will consider both approximations in the

case of a double axis spectrometer experiment with fixed

scattering angle <J>. Perfect resolution is assumed.

Nevertheless Tucciarone et al. [6] have shown that in

doing the experiment with finite resolution averaging

mechanisms are present which compensate the possible

errors of the approximation restrictions. In figure 3.3

a schematic diagram of the scattering geometry in recipro-

cal space for an inelastic scattering experiment in the

double axis mode is shown around (000) • If e, denotes the

direction of the scattered beam, given by the angle <f>,

k is the wavevector of the incoming neutrons and with

the energy transfer hu corresponds a final wavevector k.

given by ic.(w) = e. (k^-2mp) ̂ . The momentum transfer is

then defined by 2(to) = & -itj (w) and 3(0) is the value

which corresponds to zero energy transfer. If we substi-

tute it. (OJ) and ($(co) in equation III.12,then the observed

intensity in a double axis experiment is obtained by

integration over the final neutron energies

= J;" I(to=O) •*££ (Q(0)) = du ^ - (Q(w),u>) III.48
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K

000

QCw)

3.3. Schematic diagram of the saattering geometry in reciprocal
space near (000). k and fc- represent the incoming and scattered
neutron wave vectors. The dashed curve represent pure elastic
scattering for %(0).

|- The quasi-static approximation is then given by the

condition that it, (to) =}L and thus This con-
dition is fulfilled when the spread AJc = - ^ due to
inelasticity is much smaller than the Q resolution of the
spectrometer.

It can be shown [2, 5] that the scattering law
5a($,u) can be expressed in terms of the isothermal
wave-vector dependent susceptibility xa(Q)*which i s the
response of a magnetic system to an external magnetic
field applied in the direction a,and the spectral weight

function Fa(Q,u)) which describes the energy dependence of
the scattering process with the property

00

f dw Fa(6,a)) = 1 III.49
—00

The scattering law Sa(t2,uj) becomes then after separating
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the Bragg term:

N 0)

(gyB)
2

III.50

where 0 = l/k_,T, g is the effective g-value of the mag-

netic ions and yfi is the Bohr magneton. The integrated

cross-section with respect to w (under the condition

ha)<<kfiT which is known as the quasi-elastic approximation)

and via eq. III.49 reduces to

KQ)
NkDT

i(guB)
III.51

The result is that the Q-dependence of the integrated

scattering intensity is then determined by the wave-

vector dependent susceptibility xa(Q) times the tempera-

ture T. Another important aspect is that x(0) corresponds

to the macroscopic susceptibility as it can be measured

with standard techniques.

The calculation of xa(Q) within the molecular field

approximation for a Heisenberg ferromagnet gives the

simple result [ 5] for T>T

(a(Q) =
l-2/(gyB)

2xoJ(Q)
III.52

where J(Q) is the Fourier transform of the exchange

interaction J(R)

J(Q) =

and x i s t n e susceptibility of an isolated ion

Xo = (gyB)
2S(S+l)/3kBT

III.53

III.54

For cubic crystals J (Q) can be expanded for small Q

values giving
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- |- Q2J(2)

where

111.55

111.56

With this result the wave-vector dependent susceptibility

has the form of a Lorentzian

X(Q) =

where X =|~- Xn > R? = J{J
(2)/J(0) } and <\ =1

III.57

III.58

and where £=1/K, is the correlation length because it

measures the range of the spin correlation function

<sosR>.

Therefore a measurement of the angular distribution

of the diffusivily scattered neutrons can be used to

determine the static susceptibility as well as the

correlation length parameter £. With the definition of

the correlation length of eg. III.58 it is possible to

rewrite the condition for the quasi-static approximation

as follows [ 7 ]

1̂ III.59

where — represents the characteristic time of the spin

fluctuations and the right hand side is the passage time

(v is the neutron velocity) for a neutron through a

correlated region. With this condition the fluctuations

will appear to be static for the neutrons. More sophisti-

cated theories [8, 9 ] have given an improved result over

the Ornstein-Zernike result of eq. III.57

III.60
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where A(T) is a slowly varying function of the temperature

T and n represents the deviation from the Ornstein-

Zernike approximation.
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CHAPTER IV

NEUTRON SPECTROMETERS AND EXPERIMENTAL METHODS

V

IV. 1. Neutron spectrometers.

IV. 1.2. The triple-axis spectrometer at Petten.

Most of the neutron scattering experiments discussed

in this work were carried out with the triple axis spectro-

meter at one of the beam holes (HBl) of the reactor HFR

at Petten. This spectrometer has been discussed in detail

by Bergsma [ 1 1 and Van Dijk [ 2 ]. For the elastic diffuse

magnetic scattering experiments the spectrometer was

operated in the so-called two-axis mode, and only when

energy analysis of the scattered neutrons was required,

in the triple-axis mode. In figure 4.1 a diagram of the

spectrometer is shown. A focussing pyrolytic graphite

monochromator was used to select the desired wavelength. •

(X = 2.58 A or 4.04 A.) A pyrolytic graphite filter

suppressed higher order neutrons of wavelength A = A/n

to less than 1 % [3]. Soller slits with a horizontal

divergence of 30' and 20",and sometimes 30' and 30',were

used between monochromator and sample and between sample

and analyser (which also was a pyrolytic graphite

crystal), respectively. A monitor counter was placed in

front of the sample to eliminate variations in the

incident neutron flux. A BF3 counter was used as detector.

The specimen table could be rotated over half the

scattering angle by means of a 1:2 coupling to insure

that the magnetic field direction was always parallel
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mono-
chromator v V

\

Fig. 4.1. Sahemat-Ca drawing of the scattering geometry of the

triple axis spectrometer.

to the scattering vector.

The maximum field produced by an Oerlikon magnet placed

on the specimen table was 9.5 kOe. The measurements were

carried out by counting alternate 20 minutes with field

on and off [4, 5 ) in order to eliminate the background

variations which can be considered as stochastic.

The low temperatures were obtained by placing the

samples in the tail of a He cryostat with Al windows and

the temperatures could be varied by pumping on the helium

bath. The temperature was measured by the He bath vapour

pressure.

In elastic diffuse scattering experiments a pyrolytic

graphite analyzing crystal with the same Bragg angle as

the monochromator is now generally accepted to serve two

functions. The most important is, of course, to ensure

elasticity of the detected neutrons,but it also serves

as a second filter to reduce the higher order neutrons

[6, 7J. The ratio of the second-order contaminant to the

primary scattered beam is given by
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KA/2) 1_ N(A/2)
I(A) o<*' N(A) IV. 1

with N(A)dA is the flux of neutrons between A and A+dA.

This means that the residual second order contamination

in the beam is reduced by a factor 256 by both the

monochromator and analyser crystal.

IV.1.2. The Small Angle Scattering Spectrometer at ILL.

The small angle scattering measurements have been

carried out with the special small angle neutron spectro-

meter Dll at the High Flux Reactor of the Institute Laue

Langevin in Grenoble. A detailed description of the

instrument has been given by Ibel [ 8] and Schmatz et al.

[ 9 ] and, therefore, only a brief description will be

given here. A review of small angle neutron scattering

spectrometers may be found in ref. 10.

The instrument has been designed for the investiga-

tion of structure in the range of several tens to several

thousands Angstrom. This is achieved by the analysis of

the angular distribution of neutrons scattered over small

angles. In figure 4.2a schematic diagram of the neutron

small angle spectrometer is given. The cold source shifts

neutron quide tube detector

r

cold source velocity selector

Fig. 4.2, Sketch of the small angle scattering spectrometer Dll .
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{solid curve) compared with the Maxwell distribution for thermal-

neutrons (dashed curve).

the neutron wavelength distribution to longer wavelengths.

The wavelength distribution of the "white" but collimated

beam of the Dll spectrometer is shown in figure 4.3 which

shows the maximum intensity of the neutrons to be at X=3.2A

which is about twice the value for room temperature

moderated neutrons as shown by the Maxwell distribution.

The monochromation of the neutron beam coming from

the guide-tube is achieved mechanically by helical slot

selectors. They are essentially drums with engraved

peripherical slots that rotate helically around the

drum axis which is .parallel to the beam axis. The

detector is mounted in an evacuated tube of 40 m length

but a detector position of L = 2.5 m from the sample

has been employed in the present experiments. The area

multidetector is of the ionization chamber type (BF,).

It consists of a matrix formed by crossing arrays of

64 anodes wires and 64 cathode strips, and each

of the resulting 4096 elements has a size of 1 cm2.

The resolution with respect to the scattering

vector is determined by a superposition of geometrical
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contributions and from the spread of the wavelength

spectrum AX/X * 8 % [9]. Under optimum conditions the

spatial resolution is given by

IV. 2

where d is the detector width (1 cm) and L the sample

to detector distance (2.5 m) resulting in a Q-resolution

of about 3.10~ A for a neutron wave length X = 6.28 A.

The samples were mounted in the tail of a flow-

cryostat in which the temperature could be regulated

between 2.5 K up to room temperature within 0.1 K during

runs of typical 30 minutes. The temperature was measured

using a calibrated Si-diode. A cadmium shield was used

to reduce background scattering from the sample holder.

The scattering intensities were collected by an on-line

computer and stored on a disk for further analysis.

IV. 2. Corrections and Calibrations.

IV.2.1. The Neutron Cross-section of Pd.

All neutron measurements reported in this work refer

to scattering due to magnetic interactions between the

neutron and the specimen. However, scattering from the

nuclei is always present, and usually the magnetic

contribution can be obtained from the total scattering

Intensity by applying special techniques i.e. using a

magnetic field or a nonmagnetic reference sample.

However, some of the corrections as discussed in

section IV.2.2 depend on the scattering by the nuclei.

The total cross-section contains contributions which

may depend on temperature, the wavelength of the neutrons,

and the crystal structure of the sample. In this section

we will briefly discuss the various components of the

total cross-section and in particular the application

to a two component system.
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The coherent cross-section of eq. III.8 has been

calculated for the fee Pd crystal and the normalized

cross-section a_/4ir<b2>N plotted in figure 4.4. Noc
coherent Bragg scattering will occur for wavelengths

X>4.48 A,which is called the Bragg cut-off wavelength.

For smaller wavelengths the cross-section changes

discontinuously as A decreases and more reflections

appear. However the short wavelength region will be

modified when the lattice vibrations are taken into

account with the Debye-Waller factor.

0 20

Fig. 4.4. Normalized calculated coherent cross-section

A2 for the fee Pd crystal.
versus

Scattering lengths can be determined in various ways

(for a review see ref.lD.A rather simple way is to measure

the total cross-section in a transmission experiment in

which the reduction in intensity of a monochromatic beam

of neutrons is measured when a sample is placed in its

path. The transmission T of the sample is given by

T = exp(-Ztd) IV. 3
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where d is the thickness of the sample and E. the total

macroscopic cross-section, given by E =a.KLp/A

where N is Avogadro's number, p the density, A the

atomic weight and a. the total atomic cross-section for

a given temperature and wavelength. The total nuclear

cross-section contains the absorption cross-section o which
cl

in this case varies with the neutron velocity vaccording to

the 1/v characteristic. The absorption cross-section is

usually expressed for thermal neutrons (A = 1.8 A or

v = 2200 m/s) and can be calculated for any wavelength
A according to ̂ —=• cr .x »o a

The scattering length and the incoherent and absorp-

tion cross-sections have been compiled for Pd, Mn, Fe

and V in Table 4.1. There is a large variation in the

absorption cross-section for Pd and in the incoherent

cross-section for a U elements. The data are taken from

compilations by Koester [11], Bacon [6], Dorner and

Comes [12] and Willis [13].

The total microscopic cross-section a. for a binary

alloy A. B with c the concentration is given by

0. = (l-c)cA(A) (l-c)aA ccrf
+ 4ir(c<bA>+(l-c)<bB>)

2+c(l-c)4TT(<bA>-<bB>) IV. 4

where c<bB>+(1-c)<b&> is simply the average scattering

length for a mixture of atoms [14], From careful trans-

mission measurements with neutron wavelengths of 2.58

and 4.04 A on PdMn alloys with 0.25 and 9.5 at.% and a

comparison with a 2 mm thick vanadium plate, the absorp-

tion cross-section of Pd has been calculated via

IV.4. The resulting absorption cross-section a =

5.2±0.5 (b) is smaller than the values quoted in

literature but agrees with our neutron measurements

at a wavelength of 6.28 A. Throughout this work the new

absorption cross-section has been employed to normalize
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Table 4.1

element at.weight

Pd

Fe

Mn

V

& density

(g/cm3)

106.4

12

55.847

7.86

54.938

7.43

50.942

6.1

at.

number

46

26

25

23

b

(10"12cm)

0.6

0.6

0.6

0.954

0.954

0.951

-0.387

-0.373

-0.372

-0.038

-0.0408

-0.052

ai
(b)

0.3

0.48

0.091

0.21

0.38

0.4

0.4

0.6

0.32

4.88

4.78

5.1

a

(b)

o 2 2

6.9 6

11

5.2±0.5*

2.53^
11

13

13

11

13.3 12

5.04
11

13

I

i

f
-
i

;• i

•

b: coherent scattering length; a-: incoherent cross-

section; o : nuclear absorption cross-section for

thermal neutrons X=1. 8 A. Data taken from references

[ 6 1, [ 11 ]3 I 12] and [ 13 ]. Present result for a of Pd

is denoted by the asterisk.

the scattering intensities on an absolute scale.

IT.2.2* Corrections and Calibration.

In order to compare the experimentally obtained

scattering intensities with the theoretical neutron

cross-sections da/dfi, a number of corrections has to be

applied to the raw scattering data which usually cannot
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be calculated in a simple way [15]. They depend upon the

experimental conditions of both the sample and spectro-

meter. In the different experiments the appropriate

corrections for multiple scattering/ background,

absorption, shadow effect, detector efficiency and

normalization have been applied in analyzing the data.

An important consequence of the low concentrations

of the alloys used in this study is the small magnetic

effect in the total scattering. It would, therefore, be

desirable to use fairly thick samples to increase the

number of magnetic impurities in the neutron path.

However as we have seen in section IV.2.1,the absorption

cross-section of Pd is rather large so that this effect

counterbalances the advantage of using thick samples.

Usually an optimum is found for a sample thickness where

the neutron beam is reduced by a factor e [9], although

also other criteria are accepted (see e.g. Ref.15). Thus

the optimum thickness depends on the wavelength of the

neutrons used in the experiment. For instance, a neutron

wavelength A = 6.28 A requires about 6 mm thick Pd

samples while for X = 2.58 A a thickness of 9 mm can be

used.

Furthermore employing relatively thick samples, one

cannot ignore the fraction of neutrons which will be

scattered more than once during the passage through the

specimen and will additionally contribute to the intensity

of the single scattering processes. The problem of

multiple scattering has been investigated theoretically

for a number of scattering geometries. From the results

of Sears [16] it is clear that the present scattering

intensities can be corrected for nuclear multiple scatter-

ing by using the symmetric scattering mode in the case

of the Petten experiments and perpendicular angle of

incidence.mode for the small angle scattering experiments.

It is shown in Refs.I 16, 17] that the correction for
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multiple scattering in the quasi-isotropic approximation

is given by

l-(os/at)6
IV. 5

where 6 is the ratio of the double to single scattering

and is given by

6 = I + 0.923 + i S.d] IV. 6

for Z.d * 1. I M and I g are the multiple and single scatter-

ing process intensities, a and E are the atomic and

macroscopic scattering cross-sections, see eq.IV.4/and

similarly for the total cross-section o. (=a +a) and Z. .
t s a u

The thermal background is determined with an empty

sample holder under identical conditions as the actual

experiment while the correction for fast neutrons is done

by placing a cadmium shield in front of the sample
(a = 2450 b) and is rather small compared with the thermala
background (less than 1 % ) .

The absorption correction is usually calculated with

tabulated cross-sections and compared with the results of

transmission experiments corrected for thermal background

and fast neutrons.

Shadow effects occur when relatively thick samples are

measured with large scattering angles in a sample holder

covered with Cd on the sides giving rise to a smaller

effective sample volume, as is illustrated in figure 4.5.

The correction factor for the shadow effect to the

scattering intensity can be expressed in terms of the

scattering angle <f>:

1 + ~- tan <j)/2 IV. 7

where the factor -jftan <j>/2 is the ratio of the shadow

volume to the total volume, d is the thickness and 1 is

the length of the sample. The shadow correction is impor-
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shadow-''

Fig. 4.5. Illustration of the shadow effect for thick samples and

large scattering angles (f>.

tant for thick samples but is partly compensated by an

effective increase of sample thickness. However, in the

small scattering experiments this correction is of no

importance.

The detector efficiency correction is important in

the small angle scattering experiments with the Dll -

spectrometer. The individual counting cells of the

multidetector possess variation in counting efficiency

that can become very troublesome in the case of an

anisotropic scattering measurement. Therefore the

detector efficiency has been measured using a strong

isotropic incoherent scatterer/polystyrene which contains

hydrogen (o. = 79.7 b). The normalized detector

efficiency for every cell has then been used to correct

all cells of the sample spectra. After having applied the

necessary corrections to the scattering intensities, the

data are normalized on an absolute cross-section scale

by comparing them with the intensity from a specimen of

known cross-section. Vanadium is the usual standard since
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Fig. 4.6. The measured scattering cross-section of vanadium

versus scattering vector Q.

it scatters almost totally incoherent o. = 5b,

<0.03b and aa = 5b.

In figure 4.6 the measured vanadium cross-section is

shown obtained from a 3 mm thick V plate after correcting

for thermal background, fast neutrons, multiple scattering,

detector efficiency and absorption. We observe that for

Q>0.06 A~ the flat incoherent cross-section is obtained

while the increase in the forward direction for smaller

Q-values can be attributed to scattering from the grains

in the polycrystalline vanadium sample and possible

surface contamination.

The difference counting technique has been used for

the separation of the magnetic contribution from the

total scattering intensity (see section III.5) and is

achieved by applying a magnetic field parallel to the

scattering vector Q. The magnetic cross-section obtained

in this way is correct when the condition S//S is ful-

filled. However, for small scattering angles <j> there will
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be a component of the scattering vector which is perpen-

dicular to the applied field due to the finite vertical

resolution and it has been shown in section III.5 that

a different cross-section will result [18]. Correction

for the finite vertical resolution has been applied to

the scattering data in the Petten experiments and is

illustrated in figure 4.7. The sample is placed in the

origin and scattering is in the X-Y plane,

kQ and k. are the incoming and scattered wavevectors

and Q is the scattering vector. For small scattering

angles <j> the z-component of 6 due to the detector width

2R and lack of vertical collimation cannot be neglected

and will result in a too large difference intensity. The

scattering intensity in a magnetic field contains then

counter

Fig. 4.7. The additional Q, component to the scattering vector

due to the finite vertical divergence a . The incoming and

scattered neutron Wave vectors are k and K^ resp.t <fr is the

scattering angle and Q,,, is directed along the magnetic field

direction H.
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two components. The first one is given by the cross-

section with Q perpendicular to the applied field, given

by

Q. = ~ tan a IV.8

which is constant for all scattering angles. The second

with the scattering vector Q parallel to the applied

field is given by

2/ , sin (<|>/2) IV. 9

Using a detector width 2R = 2.5 cm and a sample to

detector distance of 70 cm a vertical scattering angle

a of about 1.8° is found which is comparable to the

small angle region in the Petten experiments. Then the

scattering intensity in a magnetic field becomes

Q,

obs Q-L+Q//

9 0
I +

QLL
Q±+Q//

IV.10

with I 9 0 and 1° are the intensities with the angle a

between the magnetic field direction and the scattering

vector, 90 and 0 , respectively.
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CHAPTER V

EXPERIMENTAL RESULTS ON FERROMAGNETIC

PdMn AND PdFe ALLOYS

V.I. Introduction.

In this chapter experimental results of the magnetic

diffuse neutron scattering on dilute PdMn and PdFe alloys

will be presented. In section V.2 the measurements of the

neutron scattering cross-section for two alloys PdMn will

be discussed and the small angle neutron scattering

investigation on PdMn and PdFe will be described in

section V.3. The anisotropic scattering results due to

an external magnetic field will be related to macroscopic

magnetization measurements on the same samples. Also the

temperature and magnetic field dependences of the isotropic

scattering intensities will be considered.

V.2. Magnetic Diffuse Scattering on PdMn Dilute Alloys.

Magnetic diffuse neutron scattering has widely been

used to obtain information on the microscopic magnetic

properties of alloys and in particular has shown that all

ferromagnetic alloys are magnetically inhomogeneous. The

variation of magnetic moment with composition in general

can be very complex involving effects of chemical

clustering (e.g. for CuNi, PdNi, NiCr see ref.fl, 2]).

However, if the concentrations are small enough, this

latter effect may be neglected and the magnetic

scattering will predominantly be determined by identical
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scattering centers. For giant moment systems like PdFe the

angular distribution of the neutrons is related to the

structure of the giant moment complex. Indeed, the diffuse

scattering results by Low et al.[3-6] on PdFe and PdCo,

and by Hicks et.al.[7] on a PdFe single crystal have

revealed the spatial extent of the induced polarization.

The results of these studies have very often been used as

a direct proof for giant moments in Pd-based alloys. In

figure 5.1 the experimental results on PdFe and PdCo by

Low and Holden [ 3 ] are reproduced. The most important

features may be summarized as follows:
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Fig. 5.1. Diffuse magnetic neutron scattering by ferromagnetic PdFe

(left) and PdCo (right) alloys. Taken from ref. 6.
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a The measurements have been carried out at a temperature

of 4.2 K where all alloys were in the ferromagnetic

phase. The scattering results have been analyzed with

the theoretical magnetic cross-section for ferromagnetic

systems according to equations III.30 and III.31.

b The peak in the forward scattering which is observed

for the most dilute alloys results from the polariza-

tion around each individual impurity and decreases

with increasing concentration due to stronger overlap

of the polarization clouds.

c The scattering per solute atom at higher angles is

independent of concentration and is determined by the

bare magnetic moment at the impurity site. The magnetic

moment of Fe and Co in Pd is found to be (3.5+0.4)]^
a

and (2.1±0.3)y_ , respectively.

d The diffuse magnetic scattering from the most dilute

PdFe and PdCo alloys are reproduced in figure 5.2,in

which the small angle region is extrapolated to the

cross-section in the forward direction (Q=0) given by

the macroscopic saturation magnetization in the Marshall

model (i.e. eq. III.28). A Fourier transform of the

small angle scattering will then result in the distri-

bution of induced magnetization in real space,extending

to almost 10 A from the impurity atom.

A similar diffuse neutron scattering study has been

performed by de Pater et al. [ 8 ] on a paramagnetic PdMn

0.23 at.% alloy in order to confirm that the existence

of the giant moment of Mn in Pd is consistent with the

magnetization measurements by Star et al. [9, 10], and to

establish the structure of the matrix polarization. The

striking result here was that the scattering in forward

direction also showed a peak but did not extrapolate to

the value given by the saturation magnetization
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Scottenng vector

Fig. S.2. Diffuse magnetic scattering from the Pd alloys containing

the lowest concentrations of Fe and Co. The arrows indicate the

calculated scattering at Q=0 from saturation magnetization. Taken

from ref. 6.

Two explanations have been put forward by de Pater
et al. that might describe the large small-angle
contribution. The first possibility is that there exist
fluctuations in the induced matrix polarization with
frequencies smaller than the inverse of the time
a neutron spends in the polarization cloud. This
gives rise to an enhanced small angle scattering because
the cross-section is proportional to the mean square of
the magnetic moments. The second possibility was critical
scattering originating from fluctuations in the
magnetization near the ferromagnetic transition tempera-
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ture, T . On the basis of their results the authors

could not decide between these possibilities.

Similar, extended measurements have been performed by

us on a PdMn 0.46 at.% alloy in the paramagnetic phase, to

check this small angle region for a concentration

dependence. In figure 5.3 the experimental results of

the diffuse magnetic cross-section of PdMn 0.46 at.% are

presented together with the results of de Pater et al.[8]

for the 0.23 at.% alloy. The data have been corrected

for incomplete magnetic saturation and vertical beam

divergence at small Q-values, so that they may be directly

compared to the paramagnetic difference cross-section

( e q . I I I . 4 5 ) w i t h Q = 1 :
z

K
if-

0.5 1.0
Q (A"1)

1.5

Fig. 5.3. Paramagnetic difference cross-section bdc/dtt of PdMn 0.46

at.% (filled circles) together with the data obtained by de Pater

et al. for PdMn 0.23 at.%. The arrow shows the cross-section

corresponding to a giant moment of 7.5 \i^.
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The arrow indicates the value of the cross-section for :

Q = 0 corresponding to the giant moment of 7.5 y_,. The Li

two series of measurements show a similar behaviour with j

respect to the enhanced peak in the forward direction. >,

The bare manganese moment has been deduced from the k;

large angle scattering region by assuming a magnetic in-

form factor P = 1-0.069 Q2 which is a good approximation I

for the magnetic form factor of Mn in the eS state (and *

other 3d elements) in this narrow scattering vector

range [5, 11, 12, 13 ]. This ionic form factor is

different from the one used in ref. [8]and consequently

now the magnetic moment at the Mn site is given by f

(4.6±0.5)yB,which is in agreement with the results of <

the polarized neutron study by Cable and David [ 14] who r\

found (3.9±0.2)yB for the same concentrations. |

The corresponding spin value (from y=g S) is S=2.3±0.3 in £

agreement with the results of magnetization and specific f

heat studies giving S=2.5, obtained by Star et al.flO]

and Nieuwenhuys [15].

The enhanced scattering in the forward direction .'•'••

has been examined for inelastic contributions by analyz- i

ing the energy of the scattered neutrons at small j

scattering angle (Q=0.11 A~ ) by the diffraction tech-

nique. The results are shown in figure 5.4 together with ;

the spectrometer resolution determined by the incoherent £.*

scattering from a vanadium standard, which agrees

extremely well with the calculated spectrometer resolu-

tion, resulting in a full width at half maximum (FWHM)

of 0.75 meV. The observed peak narrowing as compared to

the incoherent vanadium peak can be explained by coherence

effects of the magnetic scattering and is a consequence

of the constant scattering angle mode in the experiment.
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If the steep slope of the scattering cross-section at
Q=0.ll A is taken into account with the gradient
V Ma/dil- -200 bA/sr.imp., the calculated curve, given
by the dashed curve in figure 5.4, agrees with the
observed peak narrowing. This means that within the availa-
ble resolution no broadening of the observed peak due to
inelastic scattering processes is observed. We therefore
conclude from the above mentioned energy analysis that
the enhanced scattering in the forward direction is
mainly elastic scattering. A more detailed investigation
of this anomalous small angle behaviour will be presented
in the next section.

3

c
o

in

c

8 0

6 0

4 0

2 0

1 • I '
exp. calc.
o Vanadium
* Pd(MiV)

-0.8 -0.4 0 0.4 0.8

neutpon encpgy transfep (meV)

Fig. 5.4. Energy analysis of the scattered neutrons from PdMn
0.46 at.% at Q=0.11 A" . The open circles are the measured
resolution from the incoherent scattering from vanadium and the
solid curve is the calculated speatrometer resolution. The dashed
line is the calculated spectrometer resolution at Q=0.U A
taking into account a gradient VJ^da/dXl = -200 bA/sr.imp.
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V.S. Small Angle Neutron Scattering Results on PdMn and

PdFe Alloys.

In order to investigate the anomalous small angle

behaviour, first observed in PdMn, special small angle

neutron scattering measurements have been performed with

the small angle camera D11A of the Institute Laue-

I»angevin, Grenoble, on PdMn as well as PdFe alloys, since

both systems have a similar magnetic behaviour for low

concentrations. With a neutron wavelength of 6.28 A and

a sample to detector distance of 2.5 meter an effective

Q-range of 0.025 to 0.125 A~ could be obtained which

was sufficient to investigate the enhanced scattering in

the forward direction.

The concentrations of the alloys studied with this

spectrometer have been determined chemically

as 0.45 and 2.1 at.% for PdMn and 0.27, 0.48, 0.95 and

2.2 at.% for the PdFe alloys. The scattering intensity

has been measured in the Q-range mentioned above as a

function of temperature in order to study the critical

scattering occurring near the ferromagnetic transition

temperature. Also the effect of an applied magnetic field
on the magnetic scattering, especially in the critical

region, will be presented in section V.3.1. This leads

to an interpretation of the Q-dependence for the magnetic

scattering of these alloys over the entire temperature

range in terms of a cluster description of the magnetic

ordering in dilute Pd-based alloys (section V.3.2).

V.3.1. Temperature and magnetic field dependence of the

critical scattering of PdMn and PdFe.

All metallic systems show small angle scattering

[ 16 ] due to metallurgical properties such as grains,

dislocations, voids, surface contaminations, etc. which

may vary from sample to sample. Since we are only inter-
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ested in the relative intensities for various temperatures,

- assuming that the nuclear scattering for these small

angles does not depend on temperature - we can correct for

nuclear scattering by taking a high temperature measure-

ment as background, where magnetic correlations are not

important, and then obtain all temperature and field

dependent scattering due to magnetic interactions by

subtracting a high temperature spectrum from the spectra

in the temperature range of interest. In most cases this

background spectrum has been measured at or just below

room temperature.

The temperature dependence of the magnetic scattering

for various Q-values in zero magnetic field of PdMn 2.1

at.%, PdFe 0.27 and 0.48 at.% are shown in figures 5.5,

5.6 and 5.7. These results clearly demonstrate for the

1000- Pd Mn 2 at.%

Q = 0.0246 A"'
= 0.041

20

Fig. 5.5. Small angle neutron scattering intensity versus

temperature of PdMn 2 at.% for various Q values.
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first time [ 17 ] that these random dilute alloys show

pronounced critical scattering at a well defined Curie

temperature, and thus show the onset of long range

(inhomogeneous) ferromagnetic order. The scattering

intensities exhibit two distinct features which may be

taken as typical for dilute magnetic systems. The first

is the strong Q-dependence of the critical scattering

where for the smallest Q a divergence in the scattering

intensity seems to appear, but with only a small rounded

maximum near the Curie temperature for Q-values larger

than 0.1 A . Such a rounded maximum has been observed

1500

1000

to

en

500

0

Pd Fe 0.25 at. %

o Q = 0.0246 A"1

* Q = 0.04l A"1

Q= 0.0696 A"1

Q = 0.106 A"'

Fig. 5.6. Neutron scattering intensity versus temperature

for PdFe 0.25 at.% for various Q values. The arrow indicate

the Curie temperature.

illin
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in the temperature dependence of the diffuse magnetic

scattering from PdMn 0.46 at.% [18 1. Therefore we must

conclude from the present results that critical scattering

plays an important role in the enhanced forward scattering

in the PdMn 0.23 and 0.46 at.% alloys.

The second remarkable feature of the scattering

intensities is the wide temperature range in which critical

effects are observed. As a rule of thumb, homogeneous

systems with a magnetic phase transition only show critical

scattering in a temperature range of approximately 10 %

of the transition temperature. However in the PdMn and PdFe

alloys critical effects are observed at temperatures well

above and below the Curie temperature. Two explanations may

300

250-

0 20 30
T (K)

40 50

Fig. 5.7. Neutron small angle saatteving of PdFe 0.5 at.
versus temperature for various Q values.
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be proposed to account for this behaviour. A qualitative

argument may be obtained from the Q-dependent susceptibility

in a mean field description of the critical scattering (see

also section III.6)

X(Q) = V.2

where for T>T : R2 = £ Jv '/J(0) = R* /6 for nearestc 1 6 nn
neighbour impurities, K. is the inverse correlation length

and x is the Curie susceptibility. For

a dilute system one can estimate R as the mean distance

between the impurity atoms given by [ 19 ] for FCC lattices:

R
nn

V.3

where c is the fraction of impurities and a the lattice

parameter. The mean distance is relatively large

-a few lattice constants- so that the inverse correlation

length, K , remains small over a wide temperature range.

The second explanation,which anticipates a more

general conclusion on the ferromagnetic ordering in these

systems, involves the presence of clusters of giant

moments as a result of the random statistical distribution

of impurities in *-he host. These clusters or correlated

magnetic regions, which give rise to the small angle

scattering (see section V.3.3), may be formed at tempera-

tures much higher than the Curie temperature, since this

temperature only measures the onset of the long range

order, e.g. hysteresis effects in the magnetization have

been observed at temperatures T « 5 T for PdCo and PdFe.

From the figures 5.5-5.7 it is clear that, especially

on the low temperature side, the scattering intensity

remains unusually large to be simply attributed to

critical scattering. Indeed, an extra magnetic contribution

is present at low temperatures which can be shown to be
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much more pronounced in the following way. If the ex-

pression for critical magnetic scattering holds for

dilute systems, then the scattering intensity is given by:

KQ) <*Fz(Q)Tx(Q) V.4

where F(Q) is the form factor and T the temperature. The

divergence in the scattering intensity is then determined

by the divergence in the wavevector dependent suscepti-

bility x(Q) an& therefore the true critical scattering

can be isolated from the total scattering by plotting

I(Q)/T vs T. In figure 5.8 and 5.9 the results are given

for PdMn 2.1 at.% and PdFe 0.27 at.%. From these figures

clear evidence is found for a low temperature contribution

200-

i

200-

100-

Fig. 5.8. The scattering intensity Fig. 5.9. The scattering intensity

divided by temperature (I/T)

versus temperature T for PdMn

2 at.%. An extra low temperature

contribution is clearly observed.

divided by temperature (I/T)

versus temperature T for PdFe

0.25 at.%.

79



which is not caused by critical scattering originating

from fluctuations in the magnetization near the Curie

temperature, but arises as a particular

property of the ferromagnetic phase of these dilute

alloys. Further, and more convincing evidence for the

cluster scattering comes from the Q-dependence of the

small angle scattering and will be presented in section

V.3.2.

In order to investigate the origin of the anomalous

low temperature contribution in the small angle scattering,

measurements have also been carried out with external

applied magnetic fields up to 0.36 T. Since the critical

scattering near the ferromagnetic transition originates

1000

I
- 500

0 0.24
H(T)

o Pd Mn 2.1 at.%
T=6K

0.05 0.1

a (A"1)
Fig. 5.10. The critical scattering intensity at T=6 K of PdMn

2.1 at.% in various magnetic fields. The reduction is evident

from the graph. The insert shows the inverse intensity for

0=0.024 (A) and 0.057 (k) ~X versus magnetic field (Villain

relation).
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from the large fluctuations in the magnetization which

are essentially time dependent, one would expect that the

critical scattering is very sensitive to an applied

magnetic field, because a magnetic field will diminish

the thermally driven fluctuations (reducing the critical

scattering) and favour the spontaneous magnetization

which will appear in the magnetic Bragg scattering. In

figures 5.10 and 5.11 typical results are shown of the

reduction of the critical scattering upon applying

magnetic fields at temperatures in the vicinity of the

Curie temperature for PdMn 2.1 at.% and PdFe 0.5 at.%.

These results are in agreement with the above mentioned

qualitative argument for reducing the thermal fluctu-

400

200

T

Pd Fe 0.5 at.%
T= 19.5 K

0 0.05
Q(A)

Fig. 5,11. The critical scattering intensity versus Q of PdFe

0.5 at.% at T=19.5 K in magnetic fields of 0 and 0.36 T. The

solid curves represent a fit of the experimental data to a

Lorentsian.
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ations in the magnetization. The magnetic field dependence

of the critical scattering has not received much at-

tention in literature. A theoretical study within the

mean field approximation for ferromagnetic systems by

Villain [ 20 ] showed that the scattering intensity at

the Curie temperature is a very complicated function of

the applied magnetic field, H, temperature T and the

wavevector Q. Good agreement has been obtained between

this calculation and experimental results on the field

dependence of the critical scattering in pure iron

illustrating that the inverse critical scattering in-

tensity is proportional to the applied magnetic field

(i" «H) for small scattering angles. Indeed, a similar

behaviour is found in the present results on PdMn and

PdFe alloys. A typical example is shown in the insert of

figure 5.10 where the inverse intensity of PdMn 2.1 at.%

n"
o

>
in
c
->

500

400

300

200

100

n

o

o

o

o

o

H=0.36
o0OOo

1

Pd
T =

H=0 T

o
0

°o
o

o
0

T
OQOOOOO

Mn
2.6

°oo

oooc

2
K

oo
OOJ

1

-

at. %
-

-

-

-

0 0.05 0.] ¥
Fig, 5.22. The scattering intensity at low temperatures of PdMn

2 at.% versus Q in rmgnetic fields of 0 and 0.36 T.

82



for two Q-values is plotted against the applied magnetic

field strength and clearly the data obey the Villain

inverse field relation.

The anomalous scattering intensities at low temper-

atures as function of the scattering wave vector Q show a

magnetic field dependence very similar to the result in

the thermal critical region near T . Typical results for

PdMn 2.1 and PdFe 0.27 at.% are shown in figures 5.12 and

5.13 and once again a drastic reduction of the scattering

intensity is observed. Furthermore the Villain relation

(I <*H) is obeyed as shown in the insert of figure 5.13.

This result suggests a similar origin of the small angle

scattering in these dilute alloys at the lowest tempera-

tures, as well as in the critical temperature region

where thermal fluctuations cause the large small angle

500

400

•3

a
300-

in

c

200

100

0

o

H = OT

0.12 o
0 o

0 0.24
H(T)

Pd Fe 0.25 at.% _
T=2.8K

oo

0.36

0

°o °o

0.05 0.1

Fig. 5.13. The scattering at T=2.8 K of PdFe 0.25 at.% versus Q

for various applied magnetic fields. The insert shows the Villain

inverse field relation for Q=0.036 A .
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scattering. Therefore, we propose from the field de-

pendence of the low temperature small angle scattering

that here static fluctuations in the magnetization

(inhomogeneities) due to the random distribution of

clusters and/or microdomains cause the enhanced scatter-

ing in zero magnetic field. Additional evidence for this

picture comes from the Q-dependence but we can simply

describe the field dependence in the following way. At

low temperatures a random distribution of ferromag-

netically correlated regions (clusters or domains) with

different orientations gives a strongly Q-dependent,

quasi-coherent contribution to the scattering intensity.

Upon applying a magnetic field a preferred direction is

imposed on the crystal and results in an alignment of the

magnetization direction and increasing long range

ferromagnetic order. However, the long range order

contributes to the magnetic Bragg scattering and results

in a strong decrease of the quasi-coherent scattering.

V.3.2. Q-dependenoe of the magnetic scattering.

Measurements of the Q-dependence of the small angle

neutron scattering intensity lead to information about

the spatial correlations between the magnetic moments.

A study of the variation of scattering intensity with

wave vector Q, especially in the vicinity of a magnetic

phase transition is very useful since it gives an insight

into tha ordering process. The average correlation

lenths can be obtained directly from the Q-dependence

of the critical scattering intensity (see also section

III.6) determined by the wave vector dependent suscepti-

bility x(Q) which in the mean field approximation for

ferromagnetism is given by

X ( Q ) ~ (T-T )/T +{1-J(Q)/J(0)c c
V.5
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w h i c h r e d u c e s t o t h e w e l l - k n o w n L o r e n t z i a n [ 2 1 ]

V.6

where R2 = |- J(2)/J(0) X is the Curie susceptibility,
c

J* '= E R2J(5). Equation V.6 implies that the magnetic

correlations have the Ornstein-Zernike form with K.. the

inverse correlation range parameter. Accordi ng to this

formalism one obtains a straight line when the recipro-
-1 2

is plotted versus Q . From the inter-

he vertical axis an

line the correlation length is readily calculated.

cal intensity I

cept of i" with the vertical axis and the slope of the

0.06

0.04-

0.01
Q2(A-2)

Fig. 5.14. Recvpvoeal intensity versus Q2 for PdMn 2 at.% for (a)

T>T and (b)T<T .a e
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In figures 5.14 and 5.15 typical scattering results

of PdMn 2.1 at.% and PdFe 0.27 at.% are presented in the

form I vs Q2, and indeed excellent linear plots are

obtained for temperatures above the Curie temperature.

The correlation lengths £( = 1/K ) for all alloys for

which the temperature dependence has been measured are

calculated from a least squares fit to the experimental

data and are presented in Table V.I. The rapid increase

of as the critical temperature T is approached signals

the onset of long range ferromagnetic order.

However, at temperatures close to and below the

Curie temperature deviations from the straight line are

observed. Similar effects have been observed in other

random ferromagnetic alloys as for example Co(GaFe) and

\i

I

0.04

0.02

n

a

T > 'c

1 '

T =

1 i

_

io K -
"8

7 _

b

T < Tc

Pd Fe 0.25 at.%

0.01
Q2(A"2)

^ 0 . 5.15. Reciprocal intensity versus Qz for PdFe 0.25 at.%

for (a) T>T and (b) T<T .
a Q
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Table V.I.

PdMn 0

T(K)

5

2.5

PdFe 0

10

8

7

.46 at.%

5 (A)

5.76

14 + 2

.27 at.%

10.210.2

18.610.2

34.5+0.4

PdMn

T(K)

10

9

8

7

6.5

6

PdFe

50

35

27.5

25

20

2.1

K
12

14

18

35

78

117

0.48

12

15

25

33

78

at.%

(A)

•0±0.2

•6±0.2

.9±0.2

.2±0.3

± 8

± 14

at.%

•3±0.6

.8±0.6

.5+0.6

.7±0.8

± 7

Table V.I. Correlation lengths E, obtained

from the Q-dependence of the critical scattering

for T>Tc.

Co(GaMn)t 22 ], AuFe [23] and CrFe [24]. Although no clear

explanation exists of this behaviour in the small angle

scattering in the low temperature phase of random

ferromagnetic alloys, attempts have been made to inter-

pret this tendency to an additional Qk dependence

originating from magnetic assemblies with a Lorentzian-

like form factor [ 22 ] or ramified clusters within the

long ranged ferromagnetic phase [24]. The Qk contri-

bution to the scattering intensity in the vicinity of

the transition temperature might be obtained from an

expansion to second order of J(Q)/ the Fourier transform

of the exchange interaction J(R). The expansion results

in:
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J(Q) = J(0)-|j(2)Q2+ 2l6 J^5©" V.7

where j*n*= Z RnJ(5). The experimental results for

temperatures oelow the Curie temperature can indeed be

fitted with an extra Q4 term, however it is then found

that this deviation from the Lorentzian curve increases

with decreasing temperature, where one should expect the

effect of thermal critical scattering to become unim-

portant (see e.g. section V.3.1). Therefore we believe

that this expansion argument given above is not applicable

to the present measurements and the origin of the observed

deviations must lie in the microscopic properties of the

ferromagnetic phase in the dilute Pd allpys.

Since the Curie temperatures of the alloys studied

are low, it is difficult to separate the thermal critical

scattering from any other scattering mechanism present at

temperatures T<T . We may however estimate from figures
c

5.8 and 5.9 that the thermal critical scattering contri-

bution is very small at the lowest temperature and here

the scattering intensity will predominantly be determined

by the scattering of static fluctuations in the magnet-

ization due to the random distribution of magnetic giant

moment impurities. Although long range inhomogeneous

ferromagnetic order is established, percolation calcu-

lations on lattices p.how that the infinite cluster(s) can

be very ramified [ 25 ] and may be broken up, in zero

magnetic field, at the weakest links into smaller

randomly orientated ferromagnetic clusters or micro-

domains due to the shape-anisotropy of the clusters.

This implies that the small angle scattering at the

lowest temperature is determined by a collection of

ferromagnetic microdomains giving rise to a large peak

in the forward direction.
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In the following we will develope a model for the

small angle scattering by inhomogeneous ferromagnetic

systems based on the existence of finite ferromagnetic

clusters or microdomains with random orientations.

This model is analogous to the nuclear small angle

scattering by a large number of particles with random

orientations. We will assume an average magnetization

within the spherical cluster of radius R . We will

employ a spherical cluster shape as a first approach

since it appears not to be a severe restriction to the

model. It should be noted that the calculations can be

carried out with any shape. The neutron scattering cross-

section per atom of a collection of ferromagnetic

clusters with radius R is given by

da _ 2
* 5 " *

2 c1

- UR^ * V.8

where c is the fraction of magnetic ions in clusters,

n the number of ions in each cluster, yR is the total

magnetic moirent of the cluster, and F_ (Q) the magnetic

form factor of the cluster which is given with the above

mentioned assumptions by the Fourier transform of the

cluster form function f(r):

P(Q) = j f(r)exp(-i$-r)dr
sphere

= —- fc r2sin(Qr)/Qrdr

= 3

c o

sinQR --QR cosQR_c c c

(QRC)
3

V.8a

V.8b

V.8c

where the normalization constant is chosen such that

F(0)=l. In figure 5.16 the form factor F(Q) is plotted

against the scattering vector Q for various cluster

radii. This figure demonstrates clearly that large

r
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Fig. 5.16. Form factor of a cluster with radius R (A) versus
scattering vector Q.

clusters give narrow central peaks, and thus strongly
Q-dependent small angle scattering. I t can be shown
[26, 27] that the central region of the peak is related
to a geometrical parameter of the scattering object,
independent of the shape of the object. The approximated
average scattering intensity for small Q-values is given
by:

iR2n2) V.9

where R2 is the radius of gyration of the scattering

object - sometimes called the Guinier radius - and is

given for a sphere by R2 = (3/5)R^. If the small angle

scattering of the Pd based alloys at low temperatures is

determined by a collection of identical ferromagnetic

clusters, then a log I versus Q2 plot would result in a

straight line, which is, however, not observed experi-

mentally. Instead, the log I versus Q2 shows a pronounced

curvature throughout the Q region and this deviation must

be taken as evidence for a distribution of cluster sizes

[27]. Within the Guinier region (eq. V.9) the scattering
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intensity is now given by:

I gk yk V.10

where y. is the magnetic moment of a cluster with radius

of gyration R, and with a probability factor g, . The

scatterang intensity is not an exponential curve anymore,

but for small Q, I(Q) can be approximated by

where

i

V.ll

V. 12

is the weighted average radius- of gyration. It must be

noted that in calculating this average the largest

clusters contribute much more than the small ones.

Equation V.10 can be written in a general normalized form:

£ gk v
V.13

In principle the distribution function g, can be

obtained from a Fourier transform of the experimental

intensity curve, providing all clusters have the same

composition and a known shape. In practice this procedure

rarely works well because of a limited experimental

Q-range [26, 28, 29], Therefore we have calculated

scattering intensity curves assuming a uniform distri-

bution of cluster radii

g(V
1 for Rk<R

0
max

'max

V.14

giving a one parameter fit, and also with a Gaussian

distribution (a two parameter fit)
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exp - V.15

where R, is the average cluster radius of gyration(note

that Rk is different from Rm given by V.12) and 6 the

relative width of the distribution.

The results of the calculation are shown in figure

5.17 and 5.18 for PdFe 0.27 at.% and PdMn 2.1 % at the

lowest measurement temperature. A good fit to the experi-

mental data has been obtained via the Gaussian distri-

bution using Rk=25 A(20 A) and 6=1.2 (1.5) respectively.

The scattering intensity calculated with the

uniform cluster radius distribution and an average value

R. = 20 A and 25 A given by the dotted curves in figures

5.17 and 5.18 agrees very well with the experiment for

I 0 2

to1

i

i

Pd

1

R? O.27at.°/o

i

1 :

1 
, 

.

—

0.01

Fig. 5.17. The scattering intensity I versus Q2 of PdFe 0.27

at.% at T=2.8 K. The solid curve is a fit to the data with a

Gaussian distribution of radii of gyration (\=25 A and 5=1.2).

Dotted curve is the fit with the uniform distribution (Rmax
=50

and the dashed curve is the scattering intensity from a

collection of identical clusters with R=25 A.
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Qz>0.05 A , but deviates for smaller Q values because

the uniform distribution is apparently inadequate to take

into account the presence of (a few) very large clusters.

This drawback is overcome with the Gaussian distribution

function where the probability of large clusters is given

by the tail of the distribution. Clearly such large

clusters are present in the alloys since the scattering

intensity shows a strong upward curvature at very small

Q-values. The scattering intensity cannot be described

by a collection of clusters of the same size ( 6 = 0 ) as

shown by the dashed curves in figures 5.17 and 5.18.

We have found that a distribution of cluster sizes

is important to describe the experimental small angle

neutron scattering from inhomogeneous ferromagnetic

systems. However, the good fits with a Gaussian distri-

bution function do not imply that a Gaussian distribution

1VJ

io2

101

I f f

II 
1
 1

 1
 

1

rv

1

Pd Mn 2.1 at. %

1 :

- :

i

f

0.01

Fig. 5.18. The scattering intensity I versus Qz of PdMn 2.1 at.% at

T=2.6 K. The solid curve is a fit to the data with a Gaussian

distribution Ck-^20 A and 6=1.5). The dotted curve is the fit with

the uniform distribution (Rmx=40 AJ and the dashed curve is the

scattering intensity from a collection of identical clusters with

Ra=20 A.
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of spherical clusters is the correct description of the

low temperature phase of the Pd-based alloys. Instead,

we feel that similar good results may be obtained from

•• any other distribution function which, in some way, takes

into account the large clusters.

V.4. Relation between the magnetie diffuse scattering and

magnetization measurements for some PdFe alloys.

V.4.1. Anisotropia magnetic scattering in a magnetic

field.

In this section we will present the results of the

magnetic anisotropic small angle scattering at low

temperatures from ferromagnetic PdFe alloys with concen-

trations of 0.27, 0.48, 0.95 and 2.2 at.%. High magnetic

polarization has been achieved by applying a magnetic

field of 0.36 T.

In the preceeding section evidence has been found

j that the magnetic diffuse scattering in zero magnetic

f field includes a large contribution fxom randomly

orientated ferromagnetic clusters and domains. Obviously,

this "quasi-coherent" scattering severely hinders the

observation of the diffuse scattering from the giant

moments, which are associated with the individual

impurity moments. However, we also have seen that a

magnetic field of 0.36 T was sufficient to diminish the

small angle scattering. The field probably aligns the

clusters and thereby suppresses the scattering from these

static fluctuations in the magnetization as well as the

thermal critical scattering from dynamic fluctuations.

The ordinary type of diffuse magnetic scattering,

which can be compared (for Q=0) with magnetization measure-

ments, can be separated from the total scattering, because

its anisotropic character in a magnetic field.

The anisotropic magnetic scattering intensities are

very small compared to the total isotroprc background
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K Q ) = IN(Q) + Ip(Q) - IF(Q)cos
2a V.17

where Q =cosa.

Therefore the geometry of the two-dimensional detector

allows a direct measurement of the anisotropic magnetic

contribution of the scattering within the detector plane.

The magnetic scattering was evaluated from the total

scattering intensity by performing a least-squares fit of

the observed scattering (after corrections have been made

for fast neutrons, detector efficiency and the background

measurements) to the function

^ ± + B(R±) cos^ V.18

where R. represents the radial distance from the centre
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scattering and therefore these magnetic contributions have

been obtained in two ways. The intensity of a pure Pd

sample of the same size has also been measured and, since

the incoherent scattering of Pd is negligible (see section

IV.2.1) it is, apart from the attenuation of the beam by

absorption, comparable to an empty sample holder measure-

ment. The empty sample holder and the pure Pd background

measurements are in good agreement with each other and

the magnetic intensities are obtained by averaging the fj,-

results of both methods.

The diffuse magnetic cross-section for a ferromag-

netic system has been shown in chapter III to behave like
h

KQWi-Q*) ip(3) v.i6 ';;

^ >•'

where Q is the component of the scattering vector Q i
Z fjr

parallel to the applied magnetic field and Ip(Q) the k

ferromagnetic scattering intensity. If we denote the t-

isotropic nuclear scattering by IN(Q) then the total f

intensity is given by •£

{
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Pd Fe 0.48 at.%
Q=0.05A"'
fit A + Bcos2a

a 90" 180"

Fig. 5.19. The magnetic scattering intensity of PdFe 0.48 at. 7a

versus the angle a between the scattering vector Q and applied

field direction H.

of the beam to the i detector element and a is the

angle between a radial line to that element and the

horizontal magnetic field direction (see also figure 4.2).

The parameter B(R.) is negative and is determined by the

magnetic scattering whereas the isotropic scattering

parameter A(R.) contains both the nuclear as well as the

magnetic scattering. A typical example of the anisotropic

scattering intensity is shown in figure 5.19 for PdFe

0.48 at.% at T = 3.3 K, and indeed the experimental data

obey reasonably well eq. V.18.

The magnetic scattering intensities have been

calibrated with the incoherent scattering intensity of

a 3 mm thick vanadium plate and then the magnetic moments

have been calculated using the ferromagnetic cross-section

formula eq.III.31

I

2mc
} V.19
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5.20. T/ze Q-dependenae of the magnetization obtained from
the anisotropia scattering intensities of PdFe alloys. The arrows
indicate the value of the magnetization as obtained from
macroscopic magnetization measurements for the same temperatures
and magnetic fields as used in the neutron experiments. The
dashed curves should serve as a guide to the eye.

which reduces to the simple expression da/dft = 0.0729 u2

(b/sr/at.) since in this Q-range we may set F(Q)=1.
In figure 5.20 the magnetization M as a function

of scattering vector expressed in nB/atom obtained by
means of eq. V.19 is shown for all investigated PdFe
alloys. All alloys, except for the lowest concentration,
show a rather flat Q-dependence which i s characteristic for
the 3d form factor of the impurities, but different from
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the diffuse magnetic scattering results in zero magnetic

field obtained by Low and others (3-7, see also figure

5.1). In view of the preceeding section on the zero field

scattering results we must conclude that the analysis of

these earlier measurements on PdFe are hampered by the

contribution from clusters and domains in the small angle

region, which cannot be only attributed to the giant

moment polarization. On the other hand, the present

scattering results do not extrapolate linearly to the

Q=0 value determined by the magnetization of the alloys,

(see next section) indicated by the arrows in figure

5.20 and this would suggest a non-uniform spatial distri-

bution of the magnetization per impurity with an average

correlation length in the order of 50 A.

The PdFe 0.27 at.% alloy shows an enhanced

scattering in the forward direction as compared to the

magnetization (Q=0) similar to the earlier neutron

results on PdMn alloys [8, 18]. In the present measure-

ments this enhancement is probably related to the incom-

plete magnetic saturation, and we would suggest that an

extra contribution to the scattering results from few

non-aligned clusters. A similar effect was observed much

stronger in the PdMn experiment since these latter

measurements had essentially been performed in zero

magnetic field.

1
•a

V.4.2. Magnetization measurements.

Magnetization measurements have been carried out

with a vibrating sample magnetometer (PAR type 155) on

small spherical pieces cut from the same samples as used

in the neutron scattering experiments. These samples

have been measured in magnetic fields up to 1.2 T at the

same temperatures as the neutron experiments were carried

out. The results of these measurements are shown in
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Fig. 5.21. Impurity magnetization Fig. 5.22. Impurity magnetization

§?

of PdFe 0.27 and 0.48 at.% as

function of magnetic field. The

arrow indicates the magnetic

field for which the neutron

of PdFe 0.95 and 2.2 at.% as

function of magnetic field. The

arrow indicates the magnetic

field used in the neutron

measurements have been performed, experiments.

figures 5.21 and 5.22 where the impurity magnetization is

plotted versus magnetic field for all alloys. The

magnetization data have been corrected for the Pd

magnetization by using the susceptibility value x p d =

6.85 10~ emu/g [30], The arrows indicate the magnetic

field value of the neutron experiments. Again, in the

magnetization, a marked difference in the magnetic

behaviour is observed between the PdFe 0.27 at.% and the

higher concentrated alloys. The latter alloys show a

normal ferromagnetic behaviour and saturate already in

rather small fields. The PdFe 0.27 at.% alloy shows a

rather peculiar magnetization, no well-defined knee is

observed and saturation is not achieved in fields up to

1.2 T. Such magnetization behaviour is very similar to

magnetization results on dilute PdCo alloys [15 ], where

this has been interpreted as due to the large width of

the ferromagnetic transition. This interpretation agrees

99
-y



with the present neutron results in that magnetic clusters

grow in a wide temperature range due to the random

distribution of impurities in the host. The same concen-

tration dependent magnetic behaviour in PdFe alloys with

concentrations below 0.3 at.% Fe has also been observed

by other investigators, e.g. magnetization measurements

[ 31 ]. Furthermore the nuclear spin-lattice relaxation

rates in PdFe alloys [ 32 ] show a strong decrease for

concentrations c<0.5 at.% for which no proper explanation

could be given.

We therefore suggest that a systematic, magnetic

and lattice-structure study of PdFe alloys with concen-

tration up to 0.5 at.% is necessary to understand the

peculiar magnetism of these low concentration alloys.

The structural properties may be of importance since the

lattice expands unusually with increasing amount of Fe

and has a maximum for c^0.3 at.% [33].

hi

7.5. Conclusions.

The main conclusions, deduced from the experimental

results on dilute PdFe and PdMn alloys, presented in the

preceding sections, can be summarized in the following

way.

Magnetic diffuse neutron scattering has been employed

to study the magnetic behaviour in dilute PdMn alloys. The

bare magnetic impurity moment of Mn in the paramagnetic

alloys has been found to have a value of 4.6±0.5 y_. The
a

corresponding spin value, S=2.3±0.3, is in agreement with

the results of magnetization and specific heat studies.

However, an enhanced scattering cross-section in the

forward direction was observed, which did not extrapolate

to the calculated scattering cross-section for Q=0,

corresponding to the giant moment of 7.5 y_.. A separate,

more detailed investigation of the small angle region in

some PdFe and PdMn alloys has revealed the cause of this
100
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discrepancy. This series of measurements showed two

distinct scattering contributions as a function of

temperature in these alloys. First, critical scattering

has been clearly observed near the Curie temperature,

and secondly, an extra scattering contribution is found

at low temperatures associated with the inhomogeneous

ferromagnetic phase. Both scattering contributions almost

completely disappeared upon applying a magnetic field.

This effect has been explained by a reduction of the

fluctuations of the magnetization near T , and by the

orientation of the ferromagnetic clusters or microdomains

for T<<T . With such behaviour of the diffuse scattering

in a magnetic field, one can understand the anomalous

small angle scattering in the earlier results on PdMn as

being due to critical scattering. The field-difference

counting technique employed in these earlier measurements

is therefore not suitable for inhomogeneous ferromagnetic

systems near or below the transition temperature.

The Q-dependence of the small angle scattering for

T<<T of PdFe and PdMn alloys could be satisfactorilyc
described by a model which invokes a distribution of

ferromagnetic clusters or microdomains with different

sizes. The presence of such clusters is a basic property

of random alloys.

The anisotropy of the magnetic diffuse scattering in

a magnetic field has been exploited to determine the

magnetic scattering associated with the giant moments of

some PdFe alloys. The average spatial extent of the

induced polarization has been estimated to be about 50 A.

Also the induced polarization per impurity atom decreased

with increasing concentration in agreement with macroscopic

magnetization measurements. However, a different behaviour

in both magnetization and magnetic scattering has been

found for PdFe 0.27 at.% which is still unresolved. In

view of systematic deviations in the properties of low
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concentrated PdFe alloys (c=0.3 at.%), we have suggested

that a magnetic and lattice-structure study of PdFe alloys

in this concentration region be systematically performed.
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CHAPTER VI

INELASTIC NEUTRON SCATTERING

MEASUREMENTS ON PdMn

VI.1. Introduction.

The intriguing properties of spin glass systems at

low temperatures have attracted much attention and have

been extensively investigated both experimentally and

theoretically [l]. It is now generally accepted that in

the spin glass phase of alloys the magnetic moments are

"frozen" in random orientations due to the strongly

distance dependent random interactions with the surrounding

impurity moments. Two conditions appear to be necessary

to obtain a spin glass system,and these are i) the

magnetic moments must be randomly distributed in a non-

magnetic host and ii) the magnetic interaction changes

sign with the distance between the impurities, i.e. both

ferro- and antiferromagnetic coupling constants are

present. In the classical spin glass systems like CuMn

and AuFe, the well-known RKKY indirect interaction between

the impurities via the conduction electrons is believed

to be applicable. However, several combinations of direct

;...- and indirect interactions have been shown to give rise to

& a spin glass phase [2].
! Much experimental evidence has been found for a spin

glass phase and among the various properties probably the

most well known is the cusp in the low field susceptibil-

\. ity at a temperature which is usually referred to as the
j
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freezing temperature T_.

Many of the properties below the freezing temper-

ature have been discussed in terms of the molecular field

distribution P(H) which has been used in the random

molecular field model by Marshall [ 3 ] and Klein and Brout

[4] and Klein [5]. Several analytical expressions for the

molecular field distribution have been proposed depending

upon the concentration and/or temperature. Collective

excitations are predicted in the calculations of the low

temperature spin glass properties. Such excitations, like

diffusive spin fluctuations [6], are considered to be

responsible for the linear term in the specific heat as

well as a T 'zbehaviour in the resistivity. •

Inelastic neutron scattering is an excellent tool

for studying excitations in magnetic systems. A recent

neutron scattering study by Scheuer et. al.

[ 7 ] on CuMn revealed a broad maximum in the inelastic

scattering spectrum. The maximum showed no dispersion

within the Q-range studied and has been attributed by

these authors to collective oscillations of the Mn

moments about their equilibrium orientation. In view of

the large energy of the excitations (4.2 meV * 49 K)

compared to the spin glass freezing temperature Tf = 28 K

it can be questioned whether this interpretation in terms

of a typical low temperature spin glass excitation is

correct. Instead we now suggest [ 8 ] that this inelastic

contribution is due to the excitation spectrum of single

impurity spins.

In order to verify this suggestion we have performed

inelastic neutron scattering measurements on the spin

glass PdMn 10 at.%. For this system the complex magnetic

interaction, which producesthe spifl glass state, has

been extensively studied [ 9 ]. Recent high field magne-

tization measurements [10 ] have clearly confirmed the

distance dependent interaction J(R) where a direct
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antiferromagnetic interaction between the Mn moments up

to the third nearest neighbour competes with a giant

moment ferromagnetic interaction for larger distances.

The freezing temperature of PdMn 10 at.% has been

determined by the cusp in the low field ac susceptibility

at Tf= 8 K as shown in figure 6.1. By measuring the

inelastic neutron spectrum at a temperature T<<T- we may

be able to compare directly this spectrum with the

results of calculations for the ground state of the spin

glass.

In section VI.2 experimental results of the inelastic

neutron scattering on PdMn 10 at.% will be presented and

these will be compared in section VI.3 with computer

simulation calculations based on the experimentally

determined exchange interaction J(R). A separate nuclear

diffuse scattering measurement to determine the amount

of short range oruer in PdMn 10 at.% will be discussed

in the Appendix.
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Fig. 6.1. Low field differential susceptibility xaa of

PdMn 10 at.% versus temperature. The arrow indicates the

freezing temperature T „.
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VI.2. Experimental results.

A PdMn 10 at.% sample has been prepared by induction

melting the appropriate amounts of Pd (JM S851881C) and

Mn (JM S54973A) in an Argon atmosphere followed by a

heat treatment at 1300°C for 75 minutes. From the ingot

a slab with dimension 30x30x9 mm was rolled and another

heat treatment at 800°C was given to remove the induced

strains. A chemical analysis of parts of the specimen

showed a concentration of 9.78 at.%,which is close to

the nominal value.

The measurements have been carried out on a triple

axis spectrometer at the Petten HFR reactor. Incident

neutron energies of 13.5 and 4.0 4 meV have been obtained

from a pyrolytic graphite (P.G.) monochromator. The

energy of the scattered neutrons was analyzed by another

P.G. crystal. Two soller slits of 20 and 30 minutes were

placed respectively before and behind the sample, which

was mounted in a helium bath cryostat. All measurements

have been carried out at liquid helium temperatures

(T = 4.2 K). The energy resolution of the spectrometer

was determined by measuring the scattering of a 2 mm

thick vanadium plate.This resulted in a full width at half

maximum (FWHM) of 0.244±0.015 meV for X = 4.04 A and

1.012±0.02 meV for A = 2.58 A. The scattering intensities

have been corrected for fast neutrons, background and

absorption, and since in the energy analysis the aperture

to the analyzing unit is kept constant the intensity

N(6)dO was converted to an intensity per unit energy

N(E)dE. In order to correct for possible nuclear inelastic

scattering processes from phonons, a Pd sample with the

same dimension has also been measured under identical

conditions. This correction is however rather small for

the low temperatures and the small energy transfers used

in the present measurements.
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300

Pd Mn 10 at.%
Q=1.19A"'

energy (meV)

Fig. 6.2. High resolution scattering intensity of PdMn

10 at. % at Q = 1.19 A versus neutron energy. Solid

curve is the spectrometer resolution with FWHM = 0.244 meV.

In figure 6.2 the result of the energy analysis of

the scattered neutrons is shown at Q = 1.19 A . A good

energy resolution can be obtained using the longer

wavelength neutrons (X = 4 A), and this measurement has

been carried out to investigate small energy transfers

which would show up as quasi-elastic scattering resulting

in line broadening. The scattering data have been fitted

to a Gaussian: I(E) «exp{-(E-EQ)
2/2o2} where E Q is the

center of the peak and the width a is related to the

FWHM = 2a/ln4. For PdMn 10 at.% a good fit (x2= 1.6)
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has been obtained resulting in E = 5.033+0.003 meV and

FWHM = 0.244±0.006 meV. These values are within the error

equal to the spectrometer resolution obtained from the

vanadium measurement. We may therefore conclude that the

high resolution measurement shows that no important

energy transfer for AE<0.2 meV is present, and this

result has been used in analyzing the inelastic scattering

data with less resolution but higher intensity.

Experiments have also been carried out with an

incoming neutron energy of 13.5 meV and scattering

vectors Q between 0.24 and 3.55 A . A typical example

of the differential cross-section as a function of energy

15.5 E1 _ 13.5 11.5 9.5 m<?V

Fig. 6. 3. Differential neutron scattering oross-section

as a function of energy. The solid curve represents the

spectrometer resolution.
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for PdMn is presented in figure 6.3 and shows an elastic

peak containing the large incoherent nuclear contribution

and the quasi-paramagnetic scattering from the randomly

frozen Mn spins. Also at the energy loss side a broad

inelastic contribution is clearly observed which is

absent at low temperatures on the energy gain side due

to the detailed balance factor (see eq. III.13). The

integrated intensity of this contribution decreases with

increasing Q approximately as a 3-d form factor. At

Q = 3.55 A" this contribution is reduced by about a

factor 8 and is hardly observable. This reduction

according to the 3-d form factor indicates that the

scattering mechanism is of single spin origin and is

thereby related to the dynamics of the individual Mn

moments. Due to the much broader elastic peak, no clear

distinction can be made between the purely elastic and

the inelastic contribution in the total scattering.

However, as we have seen in the high resolution measure-

ment there is no broadening of the elastic line and

no substantial inelastic background at very small energy

transfer. The following analysis then seems applicable

to separate the inelastic contribution from the total

scattering. First the elastic peak of PdMn is fitted

to a Gaussian with the E and FWHM parameters of the

spectrometer resolution (E = 13.52±0.003 meV and FWHM =

1.024±0.008 meV). The result is given by the solid

line in figure 6.3. Then the inelastic cortribution is

obtained by subtracting the purely elastic scattering

from the total scattering. Two typical exai^ples of the

inelastic contribution from the constant scattering angle

measurements are shown in figure 6.4 for Q = 0.24 and

1.93 A"1. An inelastic scattering experiment with a

constant scattering angle produces a variation of the

scattering vector Q, which can become substantial at

small Q values. However, if the scattering does not
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I

strongly vary with Q, only small errors are introduced

which do not modify the spectrum. For large Q this effect

is negligible. The solid line represents the elastic

peak and the large error bars in the small energy region,

due to subtracting the elastic peak, hinder a proper

determination of the energy spectrum for energies less

than 1 meV.

VI. 3. Interpretation and Discussion.

In analyzing the inelastic scattering data we can

use the cross-section for the scattering of neutrons

per unit solid angle Q. and per unit energy E from a

system of N spins (see chapter III)

! • .

d2g
dftdE
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The scattering function S(Q,oi) can be expressed as a

product of the static wavelength dependent susceptibil-

ity x (Q) an<^ t n e spectral function F(Q,(o) with the

detailed balance factor

X
;(5) ha)

(gyB)
z l-exp(-ftw/kBT)

VI. 2

Although a collection of spins which are frozen in random

orientations also gives rise to a pure elastic scattering

[11, 12], we will not consider this contribution here,

since we are interested in the dynamical properties of

the system. In equation VI.2 the detailed balance factor

h(jo/l-exp(-fta>/kBT) takes care of the difference between

the energy gain and energy loss scattering and results

in the observed asymmetric energy spectra because the

present measurements have been carried out at low

temperatures.

In a first attempt to interpret the observed

inelastic spectrum, which shows the absence of well-

defined spin wave excitations, we may proceed by con-

sidering the spin glass phase of PdMn at low temperatures

as a Heisenberg paramagnetic system but now one for which

the spins are frozen in random orientations. The spectral

function F(Q,OJ) contains the dynamical properties of the

system and has been calculated for paramagnetic systems

with Heisenberg exchange couplings by several authors

[13-15]. A determination of the moments of this spectral

function resulted in an energy distribution which is

Gaussian in shape at large scattering vectors Q but for

small $ the width of the distribution narrows and the

distribution forms a truncated Lorentzian. The width of

the distribution is determined by the second moment

<(hu))2> and this has been calculated for a polycrystalline

sample with only nearest neighbour interaction J., as
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> = f z x S(S+1) J^l-sinQRj^/Q^) VI.3 .'
< • ^ •*

hi

i; where R, is the nearest neighbour distance, z. the ;;

I effective coordination number and S the spin value. [;

Since the nearest neighbour antiferromagnetic interaction t{

'. J1 between the Mn ions in Pd is by far the largest inter- \'l
action [9,10], one may assume that J contributes mostly [\'
to the energy spectrum. By using the width of the energy |-

u .
distribution, corrected for the detailed balance factor, |

the value for Jn/k_ has been obtained from eq. VI.3 and I

is about 6 K. This value disagrees with the antiferro-

magnetic interaction determined by other techniques

19, lOH^/kg *25 K) . Furthermore, a closer inspection •'-'

of the shape of the corrected energy distribution shows |,

that the spectrum obeys a Lorentzian form for all measured •]

Q values in contrast to the predicted behaviour from the

theories of the paramagnetic scattering. Also the width p-

of the Lorentzian does not within the experimental error, i

depend upon the scattering vector Q. Diffusion theory -•

predicts a Q2-dependence of the linewidth but this is

expected to apply only for small ^ vectors, corresponding

to fluctuation wavelengths of many lattice spacings.

> On the basis of the disagreement between the experimental

results and the theoretical predictions we reject the ;

; quasi-paramagnetic description of the energy spectrum of J

'•<•• P d M n .

The problem of excitations in spin glasses has been i'-

studied successfully by employing numerical techniques <>• '-

, [16-20 ] to models of randomly distributed classical

;"' spins with an appropriate distance dependent interaction

J(R). By minimizing the total energy of the system via

? the Monte Carlo method (such that each spin points along

f- the exchange field h i = ? J^ . S.) , one can easily obtain

{• static spin glass properties as for example the spatial
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correlations and molecular-field distributions. Also by

solving the equations of motion for the spins, the

: dynamic structure factor or scattering function 5(̂ ,0))

•I can be calculated and directly related to the neutron

'•;•- scattering experiments.

|| The magnetic energy distribution P(E = yfiH) has

f been calculated in the above mentioned way from a
j

computer simulation of the PdMn 10 at.% alloy with the

appropriate distance dependence of the interaction

strength deduced from experimental results [ 9 ]

J(R) = 25R - 120 R<5.25

! VI. 4
J(R) = 220R exp(-R/5) R>5.25

We have used an Ising S = \ system with 109 spins

randomly distributed on a fee lattice with periodic
1 boundary conditions. The total energy of the system is

minimized at T = 0.1 K (ground state) and the distri-

bution of the internal energies is obtained as the

average over 44 spin configurations. This spectrum is

represented by the histogram in figure 6.5 and compared

to the experimental scattering data which are now not

corrected for the detailed balance factor. The histogram

is normalized to have the same area as the neutron

spectrum. It is important to note that the computer

calculation at low temperatures automatically takes into

account the effect of the detailed balance factor. This

can be shown by performing a similar calculation at high

temperatures. Now a symmetric spectrum is obtained

centered at E = 0 with equal probability of energy

loss and gain processes. A remarkably good agreement is

found between the experimental neutron data and the

computer calculation with respect to the asymmetry and

energy width. This might be somewhat fortuitous because

•'--•• i i
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Fig. 6.5. Neutron scattered energy spectrum from PdMn

10 at.% at Q = 0.8 A"1. The shaded area is the elastic

peak. The histogram represents the result of the computer

simulation calculation.

of the crude assumptions underlying the model calcu-

lations.

From the probability distribution of the internal

magnetic fields P(H) one can easily calculate the

magnetic specific heat according to [ 5, 21]

C/R
gy

B
•JP(H) f(x)dx VI. 5

where c is the fraction of magnetic impurities, f(x) =

x2cosech2x - ot2x2cosech2ax,which is the derivative of the

Brillouin function, a = 2S+1 and x = guBH/2kBT. Using the

measured energy distribution with an extrapolation to

higher energies from the calculated spectrum, the magnetic

specific heat of PdMn 10 at.% has been calculated and
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Fig. 8.6. Magnetic specific heat of PdMn 10 at.% : (o)

experimental data taken from vef. 22, the solid line is

the calculated specific heat based on the experimental

P(E).

compared with the experimental results for PdMn 9.5 at.%

as obtained by Zweers et al.[22], shown in figure 6.6.

At low temperatures good agreement is found between the

calculated and experimentally determined specific heat

up to about the freezing temperature Tf-8 K. Deviations

between the calculated and experimental curves occur at

T>Tf because the temperature dependence of the energy

distribution has not been taken into account.

A more elaborate numerical study of the low

temperature spin dynamics in PdMn has been carried out

by Ching et.al.[20 ] who employed both matrix diagonalization

and equation-of-motion techniques to calculate the density

of spin wave excitations and the dynamical structure

factor S(j$,co). They used the correct exchange interaction

for PdMn [9, 10] in the Heisenberg model with S = 5/2.
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Fig. 6.7. Dynamic structure factor S(Q3E) with Q =

0.8 A . The solid curve is an average over three

configurations. The insert shows the experimental

results for the inelastic neutron scattering cross-

section for PdMn 10 at.% at a temperature of 4.2 K

(taken from ref. 20).

Details of the method are given in ref.[17/ 19 and 20].

The salient results of these calculations can be

summarized as follows:

i) the density of states shows a three-peak structure

which is probably due to the special distance

dependent interaction J(R) of PdMn.

ii) the specific heat calculated from the density of

states agrees very welJ with the measured specific

heat,

iii) the dynamic structure factor S(2,w) for Q = 0.8 A~

shown in figure 6.7, has a similar energy dependence

as the density of states. The insert shows the

experimental results for the neutron scattering
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cross-section at the same momentum transfer. The

experimental data do not show the three peak structure

in the calculated S(2,to) ,which could be due to the

reduced resolution in the experiments/ causing the

maximum in the experimental data to fall approximately

halfway between the first two peaks in the theoretical

curve.

It should also be remembered that the experimental Q-range

covers the short wavelength regime associated with local-

ized excitations whereas experiments with Q<<ir/a*, where

a* is the average distance between the impurities, would

reveal the existance of propagating modes in the spin

glass systems.

In conclusion the inelastic neutron scattering

results on PdMn 10 at.% at low temperatures have shown

a broad energy spectrum which has been interpreted in

terms of the magnetic energy distribution of single Mn

spins in the spin glass phase. Good agreement between

numerical calculations for this system and the experimental

results has been obtained and resulted in a correct pre-

diction for the low temperature magnetic specific heat.

Since more elaborate calculations indicate a three peak

structure in the density of states, it is worthwhile

to extend the present measurements to higher energy

transfers, with a better instrumental resolution. It is

also interesting to study the temperature dependence of

the inelastic neutron scattering in order to determine

the energy spectrum at different temperatures and to

resolve the question whether this spectrum reflects the

typical spin glass behaviour.
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Appendix:Short Range Order in PdMn 10 at.%.

The exchange interaction parameters, J(R) of PdMn

used in the calculation of the energy spectrum, have

already been deduced from experimental results [ 9, 10 ]

by assuming a random distribution of the Mn atoms in the

Pd matrix. However, PdMn shows a rather strong tendency

for atomic short range order (s.r.o.) or anticlustering

for nearest neighbours. This can be expressed by a

negative Warren-Cowley s.r.o. parameter a, [23, 24]
P-j-C J-

defined by a. = -: where P. is the pair probability

of finding an impurity atom in shell i and c is the

concentration of impurities. A nuclear diffuse neutron

scattering study on a PdMn 10 at.% alloy by Ahmed and

Hicks [24] has revealed a value of a, = -0.062+0.01.

This value is rather large, since complete order in the

first shell corresponds to a, = -0.11 for a 10 at.% alloy.

The effect of short range order greatly influences

the exchange interaction strength J(R.) because its

value is determined, e.g. via magnetization measurements

[10, 26], from the quantity z.J(R.)# where z. is the

coordination number of the ifc" shell which in alloys is

now multiplied by an effective concentration c. =

c + (l-c)a..

Neutron nuclear diffuse scattering measurements have

been performed at room temperature on the PdMn 10 at.%

as well as a PdMn 0.23 at.% sample. The nuclear diffuse

cross-section of PdMn 10 at.%, corrected for background,

geometrical effects and Debye-Waller factor is shown in

figure 6.A1 as a function of scattering vector Q. First

and second order Bragg contributions have been identified

using a lattice parameter a^ = 3.894 A and are indicated
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X

Fig. 6.A1. The nuclear diffuse neutron cross-section of PdMn
10 at. % versus scattering vector Q. The Bragg contributions
are indicated by the arrows and the solid curve is a 3 parameter
fit to the data for Q>0.5 A" (filled circles). The open circles
are obtained by subtracting the forward peak with a halfwidth of
k ^0.14 A"1 (see text).

by the arrows. The experimental data for Q>0.5 A ,
corrected for the Bragg scattering have been fitted to
the expression of the total nuclear diffuse cross-section
for a powder [ 23 ]

!£ (Q) = N c(l-c){<bpd> - <bMn>}2 x

„ r sinQRix E z.[ a, =-± -
i OR. QR,

M n

- c o s ( Q R ± ) } ] A .1

Î
5

where a. is the s.r.o. and B. the size-effect parameters
for the i neighbour distance R.. . In contrast to the
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Fig. 6.A2. Nuclear diffuse neutron scattering intensity of PdMn

0.23 at.% versus scattering vector Q. The solid curve is a fit of

the data at small Q-values to a Lorentzian. The Lorentzian

behaviour is shown in the insert by plotting the inverse intensity

versus Qz
3 resulting in a halfwidtli of K.,-0. 14 A .

results of Ahmed and Hicks, we found it necessary to

include two s.r.o. and one size-effect parameters in

order to obtain a good fit to the present data, resulting

in <x1 = -0.058 + 0.002; a2 = 0.026 + 0.008 and &± =

0.002±0.0008. The parameter a., is in agreement with the

value given in ref. [25] and also with the value a. =

-0.05 estimated from the heat of formation for the

10 at.% alloy using the theory of Cowley [23, 27], The

small Q region of the diffuse scattering shows a large

contribution in the forward direction which is even more

pronounced in the results of the more dilute PdMn 0.23

at.% shown in figure 6.A2. The insert demonstrates that

this small Q region can be represented by a Lorentzian
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curve - by plotting I versus Q - resulting in a

halfwidth of ^0.14 A" . if a similar width of the

Lorentzian is assumed for the 10 at.% alloy, one may

correct the small Q intensity data for PdMn 10 at.% by

subtracting the enhanced forward scattering and thereby

obtain good agreement with the calculated diffuse cross-

section. It seems evident that the small angle contri-

bution is due to the particular metallurgical state of

the sample, and a possible explanation might be the

presence of small voids or vacancies, generated during

preparation of the samples. From the halfwidth of the

Lorentzian curve an average void size of 22 A is estimated.

However, in order to obtain more evidence for this

explanation, measurements are necessary on samples with

different heat treatments.

It has been shown by Smit et al. [10] that, with the

effect of s.r.o. included in the calculations of the

magnetization, also good results have been obtained for

the magnetization with the corrected exchange interaction

parameters.

In conclusion we summarize that nuclear diffuse

neutron scattering measurements have revealed the presence

of short range order in PdMn 10 at.% which can be des-

cribed with two s.r.o. and one size-effect parameters.

Both PdMn 0.23 and 10 at.% alloys show a peculiar nuclear

small angle scattering which is probably related to

metallurgical properties of the samples. Further measure-

ments are necessary to fully understand the effect of

heat treatments on the short range order as well as the

small angle scattering of PdMn alloys.
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CHAPTER VII

THE MAGNETIC BEHAVIOUR OF PdFeMn

VII.1. Evidence for a Fevromagnet-Spin Glass Transition

in PdFeMn.

Abstract: Measurements of the low-field ac susceptibility

on ternary alloys of Pd+0.35 at.% Fe and a Mn

concentration of 0 to 8 at.% reveal, for three

distinct regimes of Mn concentration, (a)

a giant-moment ferromagnetism, (b) a high-

temperature ferromagnetic phase followed by

a lower-temperature spin-glass transition,

• ;1 and (c) a spin-glass phase. Our results for

-. \ the susceptibility and the T-c phase diagram

'; . are satisfactorily described by the spin-glass

:i theory of Sherrington and Kirkpatrick.

;: Competing interactions in magnetic systems lead to a

diversity of magnetic structures and critical phenomena.
(- i Particularly in insulating compounds, variations of the

; space and the spin dimensionalities provide important

criteria for the theory of phase transitions. In metallic

:•;?? systems, and especially dilute alloys, the situation is

:•.•' more complex because of the long-range nature of the

• :': magnetic interactions mediated by the conduction electrons.

I If we focus upon dilute magnetic alloys and neglect the

I," Kondo effect which produces a weakened magnetic moment,

fe ' there exist two distinct types of ordering for randomly
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distributed magnetic impurities. The first is the so-

called "giant-moment" ferromagnetism [ 1 ] which occurs in

a few systems with a large exchange-enhanced host

susceptibility. Secondly, there is the more common spin

glass type [ 2 ] of random freezing of the moments without

long-range order in the usual sense.

An interesting combination of these two types of

ordering is found at different concentrations of the

PdMn system. For c<3 at.% Mn, giant-moment (y ff^7.5yB)

ferromagnetism prevails [ 3 ]. However, upon further

increasing the Mn concentration (c>4 at.%), the proba-

bility of having two Mn atoms at first, second, and

third nearest neighbour increases. This then supplies

the essential element of "conflict" or "frustration" for

the appearance of the spin-glass phase. Mn nearest

neighbours couple antiparallel and thereby produce

Mn-Mn antiferromagnetic exchange competing with the

longer-ranged ferromagnetic interaction [ 4 ]. An anomalous

mixed phase with peculiar magnetization and remanence

behaviour occurs between 3 and 4 at.% Mn [5].

In order to better control and understand the

competition between these two exchange mechanisms, we

have studied the ternary alloy Pd+0.35 at.% Fe and a Mn

concentration of 0 < c < 8 at.%. PdFe is a strong giant-

moment ferromagnet with y £-=10y_. and T = 8.7 K for
err a c

0.35 at.% Fe. Only at very low concentrations (=0.015

at.% Fe) and temperatures (=0.1 K) is there some

experimental evidence for the onset of a spin-glass

ordering [ 6 ]. By adding Mn to this PdFe alloy we now

have a wide Mn concentration range at favourable

temperatures (1-20 K) with which to investigate the

resulting magnetic ordering. Low-field susceptibility

measurements offer a convenient and sensitive method

to determine the type of magnetism present, and an

external magnetic field may be separately applied to
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; obtain the field dependence of the differential suscepti-

: bility. A striking feature of our results for 3 < c M <6

• at.% is the high-temperature ferromagnetism giving way

I to the spin-glass ordering at low temperatures [ 7 ]. In

j addition, the external field clearly increases T while
j

!' shifting the spin glass freezing temperature, Tf, to

i, lower values.

A solvable model of a spin glass has been presented

by Sherrington and Kirkpatrick [ 8 ]. In this theory the

spins are coupled by infinite-ranged, random interactions

independently distributed with the Gaussian probability

density
P(J..) = [2irJ2] exp[ - (J. .-J ) 2/2J2 ] . (1)

l J i] o

The J displacement from zero is essentially a ferro-

magnetic exchange coupling, and the distribution width,

J, is a measure of the spin glass interaction and T-.

Thus, depending upon the ratio of the intensive

; parameters J /J(J =NJ and'J=N^J where N is the number

;"-, of spins) , both ferromagnetic and spin glass phases can

occur. The application and extension of this theory to

our PdFeMn measurements not only allows us to calculate

with good agreement the susceptibility in the three

distinct concentration regimes, but also results in a

consistent phase diagram along with an indication of

the external-field behaviour.

The alloy samples were prepared by repeated induction

melting in an Ar-gas atmosphere. First a large Pd+0.35-

at.%-Fe master alloy was made and then the desired

amount of Mn was added to pieces of the master alloy.

A chemical analysis on each sample determined both the

Fe and Mn concentrations. In order to insure alloy

homogeneity, a heat treatment of 48 h at 1000°C was

' employed. Finally, we formed our alloys into perfect
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spheres with a spark-erosion technique. The susceptibility

was measured via a standard mutual-induction bridge

operating at a frequency of 210 Hz and a driving field

of about 0.1 Oe. The temperature was controllable to

within a few millikelvin between 1 and 20 K. A super-

conducting solenoid produced the external magnetic

fields (up to ~1 kOe) which were parallel to the ac

driving field.

In fig. 7.1 we show the temperature dependence of

the susceptibility in zero external field for Mn concen-

trations which typify the behaviour in the three different

c regimes. Curve a exhibits the sharp kneelike charac-

teristic of a ferromagnet: x(real) = x(measured)/[1-Dx

(measured) ], at T=T , x(real)-*» and x(measured)=1/D,
c

where D is the demagnetization factor equal to 4.18 for

a sphere. Because of the rounding of the transition, Tc

is taken to be the temperature where dx/dT has its

in
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Fig.7.1. Temperature dependence of the low-field (0.1 Oe)

susceptibility for &&0%m!*e0%oOS^l-J^x Cwn>e a> X=0-°lj

curve b, x=0.05; curve a, x=0.065. The dashed curve represents
the calculated susceptibility (see text).
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t
maximum value. A similar type of transition is also found

in curve b at about 9 K. Note that there is more smearing

in x(T), but the same maximum value of x=l/D is reached.

This signifies a ferromagnetic transition. However, as

the temperature is lowered to 5 K, the susceptibility

dramatically decreases from the 1/D ferromagnetic value.

We interpret this strong reduction in x a t l° w tempera-

ture as due to a loss in response in M/H signaling

the onset of the random (no net moment) spin-glass state.

A decreasing x with decreasing T epitomizes spin-glass

freezing, and the reversed knee in x(T) determines Tf.

For a larger Mn concentration, curve c, we have the full

spin-glass x(T) characterized by the sharp peak or cusp

at Tf [2].

These T and Tf data may be collected for all twelve

measured concentrations into a T-c diagram with H=0 as

is given in fig. 7.2. The initial T -c rise, maximum in
c

T , and falloff above 2 at.% Mn is describable in termsc
of a simple model. Extension of the giant-moment theory

of Takahashi and Shimuzu [ 9 ] to our ternary alloys gives

a transition temperature T c
=C 1

cM n
+ C2 cp e'

 w^ e r e ci an(3 c ?

are constants equal to those for the respective binary

PdMn and PdFe alloys. Thus T for PdFeMn is given simply

by a linear combination of the Fe and Mn concentrations.

The initial slope of 5 K/at.% Mn in fig. 7.2 is in fair

agreement with the value 4 K/at.% Mn for the binary PdMn

system [ 1 ].

At larger concentrations we must take into account

the direct antiferromagnetic Mn-Mn and Mn-Fe interactions

[4, 10]. We assume this interaction to be effective for

all impurities within three-nearest-neighbour shells [4 ].

Thus, the ferromagnetism is determined by the interaction

of those impurities four or more shells away from each

other. Setting T proportional to the total concentration

of impurity times the probability of having the first-
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Fig.7.2.T-x diagram for <Fd0m996^ ^^Mn^ Ferromagnetic
transitions are indicated by open circles; spin-glass transitions
by closed circles; and intermediate, field-separable3 transitions
by asterisks. The dotted line represents our calculation of T
and the dashed line is the phase diagram for binary PdMn. The
inset shows the concentration dependence of J /J (see text).

three-neighbour shells fully occupied by Pd, we have
approximately T Actot tot' The power 42 arises

from the 12+6+24 sites in the first three shells of an

fee lattice. A reasonable agreement with the experimental

data in fig. 7.2 (see dotted curve) is obtained between

0 and 5 at.% Mn with A = 1960 K.

Upon further increasing the Mn concentration the

spin-glass phase clearly appears at lower temperatures

(T.p<T ) . This double transition (paramagnetic-*-ferro-

magnetic-*spin-glass) at fixed concentration represents
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regime-b susceptibility behaviour. Finally, at yet higher

concentrations (c>6 at.% Mn and H=0) , the "pure" spin-

glass state emerges with exactly the same Tf(c) dependence

as the binary PdMn system [ 11 ] - see dashed lines in fig.

7.2. Additional evidence for the double transition comes

from the application of an external field. With H=200 Oe

the x(T) peak for the intermediate 6.5- and 7-at.%-Mn

samples (asterisks in fig.7.2) splits into a positive-

temperature-shifted ferromagnetic bump [ 12] and a

negative-T-shifted drop similar to concentration-regime-b

X(T). An analogous displacement of T to higher tempera-
c

tures and T^ to lower also occurs in 4-6-at.%-Mn concen-

trations when a small (a few hundred oersteds) external

field is applied. Such susceptibility studies in an

external field open up a new dimension in the T-c phase

diagram and more diversified critical phenomena.

The problem of mixed ferromagnetic and anti-ferro-

magnetic exchange has been treated by Sherrington and

Kirkpatrick [8] (SK). In particular, these authors

explore the competition of a long range ferromagnetic

order with the spin-glass phase. From their free energy

[ 13 ] F, the susceptibility may be calculated as

X = -32F/3H2 in terms of the two parameters J and J,

the strengths of the ferromagnetic and spin-glass inter-

actions, respectively. The resulting simple relation for

X in terms of =o) is

= x(JQ=O)/f l-J0x(JQ=o) (2)

In order to compare the calculated susceptibility with

the measured one-for the ferromagnetic case, demagneti-

zation effects must again be taken into account. In fig.

7.1 the dashed line represents the result of this
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calculation for J_/J = 1.1 with J = 8.1 ko, the ferro-
o a

magnetic-spin-glass case (curve b). The excellent

agreement with the experimental data for 5 at.% Mn is

evident and thereby emphasizes our interpretation in

terms of a double transition.

The phase diagram, calculated by SK (fig. 1. of

ref. 8), contains the essential properties of ours. For

values of J /J between 1.00 and 1.25 a paramagnetic •*•

ferromagnetic->spin-glass transition may occur. By equating

our measured value of T /T- at fixed concentration to the
C X

same ratio from the SK phase diagram, the value of JQ/J

may be determined for this concentration. The inset in

fig. 7.2 shows the J /J vs c behaviour. Therefore, it can

be concluded that for c>6 at.% Mn only paramagnetic to

spin-glass transitions are possible since J /J<1, and for

c<3 at.% Mn only paramagnetic to ferromagnetic transitions

are allowed since J /J>1.25. The mixed regime lies between

these two limits.

In summary, we have measured the low-field suscepti-

bility for a series of ternary PdFeMn alloys with varying

Mn concentration. Three distinct concentration regimes

are determined which correspond to a giant-moment ferro-

magnet, a double or mixed transition (paramagnetic ->

ferromagnetic->spin-glass) , and a spin glass. Both the

susceptibility experiments and the phase diagram are

interpretable in terms of the model of Sherrington and

Kirkpatrick. An external magnetic field enhances the

ferromagnetism while hindering the formation of the spin

glass phase. This opposite shifting of T (H) and T_(H)

leads to an interesting variety of critical and multi-

critical phenomena.
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VII. 2. Differential susceptibility

magnetic system PdFeMn.

of the mixed

Abstract: The magnetic field dependence of the differ-

ential susceptibility of the mixed magnetic

system PdFeMn provides an important criterion

to define the spin glass and ferromagnetic

transitions in the mixed region.

Competing magnetic interactions in insulating

systems and binary rare-earth alloys result in different

magnetic phases and lead to interesting critical proper-

ties [ 1, 2 ]. Recently it has been found that some binary

alloys with transition elements also exhibit such mixed

(ferromagnetic->-spin glass) magnetic behaviour [ 3 ]. A

further and better controllable example of this behaviour

is found for the ternary: (pd0.9965
FeO-0035) l-x^x '

0<x£0.08, in which the indirect giant moment ferro-

magnetism competes with direct antiferromagnetic inter-

actions resulting in a spin glass transition. In a

previous paper [ 4 ] it was shown that for a composition

range 4<x<6 at.% Mn this alloy exhibits a double magnetic

transition. At high temperatures paramagnetism gives way

to a ferromagnetic state, which is followed by a spin

glass phase at lower temperatures. The low field ac

susceptibility offers a sensitive method to determine

both types of magnetism, and in this paper we consider

the effect of small applied dc magnetic fields, H , on

the temperature dependence of the differential suscepti-

bility.

The susceptibility was measured with a standard

mutual induction bridge operating at a frequency of

210 Hz and an ac driving field of about 0.1 Oe. A super-

conducting solenoid produced the external dc magnetic

fields (up to =1 kOe) which were parallel to the ac
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0 T 10 K 15

Fig.7. Z. Differential susaeptibility of PdFe 0.35 at.% versus
temperature. Curve (a): H =0 Oe, ourve (b): Bar/k=50 Oe3 curve (a):
B =75 Oe and curve (d): H_=150 Oe.

ex

driving field. The samples were spark cut in perfect
spheres.

In figure 7.3 the temperature dependence of the

susceptibility of binary PdPe 0.35 at.% is shown for

various applied dc magnetic fields. PdFe is a giant

moment ferromagnet wi*-h y f - = 10 y and exhibits the

typical knee-like characteristic near the ferromagnetic

transition-see curve (a). At temperatures below T with

H g x = 0 the susceptibility of the ferromagnetic alloy

is determined by'the demagnetization factor D (=4.18

for a sphere) : x- 1/D for T<T . Curve (d) is the result
c

for H = 150 Oe , which shows that the large ferro-

magnetic signal has changed into a small peak at the

transition temperature T which can be explained by

considering the magnetization curve M(H ). The

differential susceptibility x = AM/AH measures the
137



slope of M(H ). For H = 0 and T<T . a spontanous

magnetization appears with a very large AM/AH and x is

thus limited by the D-factor. However, if H 7* 0, the

difference in the paramagnetic and approximately saturated

M(HQx) curve results in a bump around T which has been

observed in other ferromagnetic systems and is taken as

a characteristic property of a ferromagnetic transition

[5]. For intermediate fields, curve (b) and (c),there is

this same bulge at T=T , but at lower temperatures, the

spontaneous (non uniform) magnetization overcomes the

uniform field directed magnetization and a large x

appears [ 6 ].

A paramagnetic to spin glass transition will occur

in PdFeMn when the concentration of Mn is more than

7 at.%, characterized by the typical cusp in the

susceptibility as shown in figure 7.4 - curve (a) for

the 8.1 at.% Mn ternary alloy. Here an applied field

has a much less dramatic effect on the susceptibility

signal. Clearly a rounding of the spin glass peak and a

10 K 12

Fig.7.4. Differential susceptibility of (PdFeQ 3S) j-J^x W**
x=8.1 at.%. Curve (a): H^=0 0es curve (b): H =200 Oe and
curve (c): H^=500 Oe.

0X
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Fig. 7.S. Differential susceptibility of (PdFeQ se-JM- Afrz with

x=5 at.% versus temperature for various applied do magnetic fields.

shift of the maximum to lower temperatures (as a result of

the restraint on the spin glass transition from the field)

determine the field dependence of the susceptibility

response of a spin glass transition.

The difference in the dc field dependence of the

differential susceptibility of a ferromagnetic and spin

glass transition can be directly applied to those cases

where a double magnetic transition is observed, i.e. in

the intermediate concentration region 4<x<6 at.%. The

effect of a dc magnetic field on the susceptibility of

PdFe + 5 at.% Mn is shown in figure 7.5. At the Curie

temperature the knee-like susceptibility signal reduces

to the small bulge similar to the ferromagnetic PdFe

alloy, whereas the low temperature susceptibility decrease

changes into a rounded peak. The maximum of the peak
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Fig.7.6. Temperature dependence of the differential susceptibility
of (PdFen _,J, Mn with x=6 at.%. Curve (a): H =0 Oe, curve (b):

U« CO J. *C it, &2C
H

ex
=5° ° « J curve (c): E =100 Oe, curve (d): H =200 Oe and

curve (e): H =500 Oe.ex

I

clearly shifts to lower temperatures with increasing

magnetic field typical for the spin glass behaviour in

PdFeMn.

When the two transitions are very close to each

other, the susceptibility then results in a large peak

for H = 0 as shown in figure 7.6 by curve (a) for the

PdFe + 6 at.% Mn. Due to the opposite field dependence,

a small applied magnetic field is able to separate the

single peak into the typical responses for ferromagnetism

and spin glass, and thus show that two independent ordering

mechanisms are still present for this concentration.

\i
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VII.3. Differential susceptibility of spin glass -

ferromagnetic systems.

Abstract: The differential susceptibility of double

transition spin glass - ferromagnets is calcu-

lated as a function of temperature and external

field based upon the theory by Sherrington and

Kirkpatrick. Good agreement with experiments

on the PdFeMn system has been obtained.

Measurement of the differential susceptibility (3M/3H)

is a sensitive method to study magnetic ordering in both

spin glasses and ferromagnetic alloys. In fact the recent

great interest in these systems was initiated by such

measurements on a series of spin glasses [ 1 ]. Besides the

"archetypal" spin glasses, e.g. AuFe and CuMn, the problem

of the spin glass ordering in competition with ferro-

magnetic order has been receiving much attention both

from the theoretical [2-5 ] as well as from the experimental

[6-9] side. Verbeek et al.[6] have shown, from their

susceptibility experiments in zero external field on

PdFeMn, that by varying the Mn concentration three distinct

concentration regimes exist which correspond to a giant

moment ferromagnet, a double or mixed transition(paramag-

netic-»-ferromagnetic->spin glass), and a spin glass.

Furthermore these results could be nicely described by

the spin glass theory of Sherrington and Kirkpatrick

(SK)[ 3, 6 ].

This theory is based upon a model in which the spins

are coupled by infinite-ranged random interactions J..,

distributed according to

V2J2]
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The J -displacement from zero accounts essentially for

the ferromagnetic exchange coupling and the distribution

width, J, is a measure of the spin glass interaction and

the spin glass freezing temperature Tf. The type of

magnetic order for the spin glass - ferromagnet is de-

termined by two order parameters: the Edwards-Anderson

spin glass order parameter Q and the usual ferromagnetic

order parameter M, where for M=0 and Q^O there is a spin

glass order, and for Qj*O, M^O a ferromagnetic order

results. Three different regions are defined from a

magnetic phase diagram with n=J /J' i where J =J /N and
~ v ^ O O

J=J/N*[3]:

n<l : paramagnetism (Q=M=O)-»-spin glas (Q^O, M=0)

l<n<1.25 : paramagnetism->ferromagnetism (Q?̂ 0, M?*0)->

spin glass

n<1.25 : paramagnetism->ferromagnetism.

In view of this successful comparison of theory

with experiment, it is worthwhile to theoretically

investigate the dependence of 8M/3H on an additional

external dc magnetic field, since our susceptibility

experiments in dc fields confirm the above types of

magnetic order. We therefore have carried out calculations,

based on the following equations obtained from the SK

free energy (see ref. 3, eq. 10):

Q=l- TI^T Je~z2/'2sech2{z/Q+nM+h)/t}dz

M =

(1)

(2)

where the external field h is measured in units gy_/k_,T,

and the temperature t is normalized to T f. This means

that all quantities in the following equations are

dimensionless. The differential susceptibility (9M/9h).
n, t

can be calculated from equations (1) and (2) by first
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differentiating both sides with respect to h

3Q 2 n I2 3M dQ
3~h t "3h "T~ tTQ 3F

where

- 1 L-2 /2
I, = Tf̂ r je " '"z sech^(y) dz,

- 1 L-«2/2757 | e fcanh <v> sechz(y) dz,

I 3 = -^ [e" z / 2 z tanh (y) sech2 (y) dz,

and

y = (z/Q + nM +

The susceptibility

9M
3h '

where

— v n-i t- \ — -
- xi"» t^ - ]

h)/t

then

Xo(h

L-ri X o

becomes

, t)

(h,t)

,t) =

(1-

(3)

(4)

(5)

(6)

Note that Xo(h/t) depends implicitly upon n( so that the

first term in equation (6) cannot simply be used to

calculate x^i^O) from x(i=O). We have solved equations

(1) and (2) by numerical integration and a two dimensional

Newton-Raphson iteration. Some care had to be taken for

h=0 and M^O (spontaneous magnetization), since then M(h)

is not differentiable.

A paramagnetic to spin glass transition (n<l) is

shown in fig. 7.7 where the experimental results (fig.

7.7(a)) of the#field dependence of the susceptibility of
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Fig.7.7(a) Temperature dependence of the measured differential

susceptibility CdM/ZH) of PdFeQ 36+8 at.% Mn in applied da

mxgnetic fields. Curve a: H=03 curve b: H=200 0e3 and curve

c: H=500 Oe. (b) Calculated 3M/9# with r\=0.5. Curve a: H=03

curve b: H=128 0e3 and curve c: H=1280 Oe.

PdFeQ 3 5 + 8 at.% Mn are compared with the results of

equation (5) with n=0.5 for H=0, 128 and 640 Oe (fig.7.7(b))

The shift to lower temperatures of the experimental sus-

ceptibility maxima (fig. 7.7(a)) with increasing field

is also observed in fig.7.7(b) and can be interpreted as

a result of the field restraining the freezing process

of the magnetic clusters.

Fig. 7.8(a) shows the results of PdFe ,_ + 5 at.%

Mn as function of temperature and applied field. The

susceptibility signal is reduced in magnetic fields to

a rounded peak at the ferromagnetic transition temperature

T and a cusplike structure at the freezing temperature

Tf which is as before shifted to lower temperatures.

Fig. 7.8(b) is the corresponding result from equation (5)

with n = l-l (giving the correct T /T- ratio) for applied

fields of 0, 12.8 and 128 Oe, and an analogous double

peaked structure is obtained.

An interesting field dependence has been observed

for PdFe + 6.5 at.% Mn (see fig.7.9(a)) which shows
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0 T 10 K 0 KBT/J 0.5 > 1.0 1.5

Fig.?.8(a) Temperature dependence of the measured differential

susceptibility (dM/dH) of PdFen 7C-+S at. % Mn in do magnetic

fields. Curves a-d with H=0, 100, ISO and 200 0e3 resp3 (b)

Calculated 3M/3# with r\=l.l. Curve a: H=03 curve b: H=12.8 0e3

and curve c: 11=128 Oe.

in zero field a large almost symmetric peak splitting

with increasing field into two contributions possessing

ferromagnetic and spin glass-like properties. The

calculated curves for n= 0.95 and H=0, 128 and 640 Oe

also show this marked field behaviour as seen in fig.7.

9(b). The detailed agreement between the results of the

calculations from the spin glass theory of Sherrington

and Kirkpatrick [ 3 ] and the experiments emphasize the

value of this theory in describing the susceptibility

X(T,H) of mixed magnetic systems such as PdFeMn. Another

remarkable result is that the values for the external

magnetic fields used in the calculations are in reasonably

good agreement with those applied in the experiments.

This differs from the results for n= 0 (pure spin glass),

where a much smaller field dependence has been found

from the calculations (see e.g. Fischer [10]). The strong

field dependence of the susceptibility of spin glasses

146



a.u.
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Fig. 7.9. (a) Temperature dependence of the measured differential

susceptibility OM/dH) of PdFeQ ^+6.5 at.% Mn in do magnetic

fields. Curves a-e with H=03 50, 100} 200 and 500 Oe, resp.

(b) Calculated M/dH with r\=0.95. Curve a: H=03 curve b: H=128 Oe,

and curve c: H=640 Oe.

observed experimentally [ 1] may therefore be due to the

presence of a ferromagnetic polarization in the spin glass-

state.

In conclusion, we have shown that equations (1) and

(2), obtained from a mean field type of approach, appropri-

ately describe the magnetic ordering in the mixed spin

glass/ferromagnet (PdFe)Mn. We would emphasize the value

of these 9M/3H measurements as a function of dc magnetic

field and temperature to study the type of magnetic

ordering for other similar systems.
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SUMMARY

This thesis presents the results of an investigation

on the magnetic ordering phenomena in some Pd based alloys

with small concentrations of magnetic impurities. It has

been the object to explore the ordering mechanisms in

these alloys which lead to various types of magnetism at

low temperatures. In general two types of magnetically

ordered phases can be distinguished in random dilute

alloys. These are: i) the "giant moment" ferromagnetic

phase, caused by indirect interactions between the

impurities, mainly of positive sign, and ii) a more

common, random antiferromagnetic or spin glass phase which

in most cases is due to a spatially oscillating interaction.

The spin glass phase owes its existence to the balance

between the competition of ferromagnetic (positive) and

antiferromagnetic (negative) interactions.

The ferromagnetic ordering, instead of the more common

spin glass phase, in dilute Pd based alloys at low temper-

atures is directly related to the existence of a giant

moment. In Chapter II a qualitative argument in terms of

a percolation type of ordering has been suggested for the

similarity between a spin glass ordering and the ferro-

magnetic ordering in Pd based alloys. This results in an

ordered phase at low temperatures which is magnetically

strongly inhomogeneous due to the random distribution of

impurity atoms in the lattice.

Chapter III offers an outline of the neutron

scattering theory for dilute ferro- and paramagnetic alloys

which is necessary for the interpretation of the experimental

results. In Chapter IV a brief description of the spectro-
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meters used in this study is given along with the inevitable

corrections to the scattering data.

The ordering process of some ferromagnetic PdFe and

PdMn alloys has been measured by means of neutron scatter-

ing techniques and the experimental evidence for the

inhomogeneous ferromagnetism is presented in Chapter V.

The results obtained with small angle neutron scattering

experiments reveal both thermal critical phenomena in the

vicinity of the ferromagnetic ordering temperature T , as
c

well as, an extra contribution at low temperatures,which

is a result of the static inhomogeneity of the ferro-

magnetic phase. This state can be described by a distri-

bution of ferromagnetic clusters or microdomains of

different sizes. The presence and growth of such clusters

is analogous to the ordering in spin glass systems. By

using the anisotropic character of the diffuse magnetic

scattering of ferromagnetic systems in a magnetic field,

the dependence of the magnetization on the wave vector Q

has been determined for some PdFe alloys and compared with

the results of macroscopic magnetization measurements. From

the Q-dependence of the magnetic scattering the spatial

extent of the induced magnetization in the Pd host has been

established. The new results of the small angle scattering

measurements resolved the anomalous cross-section observed

in some earlier results on PdMn alloys as being mainly

ri.ue to a critical scattering contribution.

A typical example of a spin glass system with its

competing positive and negative interactions is PdMn with

concentrations of Mn above 4 at.%. Here the long range

giant moment ferromagnetic interactions exists in

combination with the direct antiferromagnetic interactions

between neighbouring Mn atoms. An inelastic neutron

scattering study on a PdMn 10 at.% alloy, discussed in

Chapter VI, shows a broad energy spectrum, which has

been described by a distribution of excitation energies
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of the individual Mn moments. Good agreement has been

obtained between the experimental results and those of

f\ computer simulation calculations on this system.

In Chapter VII a series of low field ac susceptibility

measurements are presented for the ternary system

(PdFe), Mn . This is an attractive system with which to
X^X X

study the onset of the spin glass state evolving from a

giant moment ferromagnetic phase by simply increasing the

amount of Mn. The striking feature of this study is the

appearance of an intermediate concentration region between

the ferromagnetic and spin glass regimes in which the high

temperature ferromagnetism gives way to a spin glass-like

ordering at lower temperatures. The results for the

susceptibility measurements as function of temperature

and dc magnetic field, and the magnetic phase diagram

could satisfactorily be described by a recent spin glass

theory.
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SAMENVATTING

In dit proefschrift worden de resultaten gepresen-

teerd van een onderzoek naar de magnetische ordenings-

verschijnselen van kleine hoeveelheden magnetische atomen

opgelost in palladium. Een van de doelstellingen van dit

werk is het bestuderen van de ordeningsmechanismen die

aanleiding geven tot verschillende typen magnetisme bij

lage temperaturen. In het algemeen kunnen twee soorten

magnetisch geordende toestanden voorkomen in verdunde

legeringen waarin de magnetische atomen op een willekeurige

manier in het rooster verdeeld zijn nl. i) een zgn. "reuze

moment" ferromagnetische fase die veroorzaakt wordt door

indirekte, overwegend positieve wisselwerkingen tussen de

magnetische momenten en ii) een meer voorkomende/ wille-

keurig antiferromagnetische of spinglasfase die in de

meeste gevallen het gevolg is van een wisselwerking, die

van teken verandert met de afstand tussen de veront-

reinigingsatomen. Het is juist het evenwicht van de balans

tussen de ferromagnetische (positieve) en antiferro-

magnetische (negatieve) wisselwerkingen die aanleiding

geeft tot de spin glas toestand.

Het optreden van een ferromagnetisch geordende

toestand in verdunde palladiumlegeringen bij lage tempera-

turen, in plaats van de meer algemene spinglasfase, moet

worden toegeschreven aan het bestaan van een zg. "reuze

moment" in deze legeringen. In hoofdstuk II wordt een

kwalitatieve argumentatie aangevoerd voor de overeen-

komsten tussen de ferromagnetische ordening in Pd-legeringen

en spinglasordening, waarbij het percolatiebegrip een

belangrijke rol speelt.
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In hoofdstuk III wordt de theorie van de neutronen-

verstrooiing aan verdunde ferro- en paramagnetische

legeringen in hoofdlijnen uiteengezet en in hoofdstuk IV

wordt een korte beschrijving van de spectrometers gegeven

zoals deze gebruikt zijn in het onderzoek- Ook worden de

diverse correcties op de verstrooiingsintensiteiten

besproken.

Het ordeningsproces van enkele ferromagnetische PdFe-

en PdMn-legeringen is met behulp van neutronenverstrooiing

gemeten en de resultaten worden beschreven in hoofdstuk V.

De met kleine-hoekneutronenverstrooiingsmetingen verkregen

resultaten vertonen zowel kritische verschijnselen in de

buurt van de ferromagnetische overgangstemperatuur in deze

legeringen als een extra verstrooiingsbijdrage die ver-

oorzaakt wordt door het sterk inhomogene karakter van de

ferromagnetische fase bij lage temperaturen. Deze fase

kan met een verdeling van ferromagnetische clusters of

microdomeinen van verschillende grootte beschreven worden.

De aanwezigheid en groei van deze clusters is analoog

aan de ordening van een spinglassysteem. Door gebruik te

maken van de speciale eigenschappen van de magnetische

neutronenverstrooiing in een uitwendig magnetisch veld,

is de Q-afhankelijkheid van de magnetisatie van enkele

PdFe-legeringen gemeten en vergeleken met de resultaten

van macroskopische magnetisatiemetingen. Ook de ruimtelijke

uitgebreidheid van de geïnduceerde magnetisatie in het

palladium kon worden bepaald. De anomale kleine-hoekver-

strooiingsresultaten in de eerste metingen aan PdMn

legeringen kunnen met deze nieuwe metingen verklaard

worden als een gevolg van de kritische verstrooiing.

PdMn met meer dan 4 at.% Mn is een bijzonder voorbeeld

van een spinglassysteem. Hierin komen de lange afstands,

ferromagnetische interakties voor in combinatie met de

direkte, antiferromagnetische interakties tussen naburige

Mn atomen. Inelastische neutronenverstrooiingsmetingen
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aan PdMn 10 at.%, beschreven in hoofdstuk VI, tonen een

breed energiespectrum als een verdeling van excitatie

energieën van de afzonderlijke Mn atomen. Goede overeen-

stemming werd verkregen tussen de experimentele resultaten

en die van computersimulatieberekeningen.

In hoofdstuk VII wordt een serie susceptibiliteits-

metingen aan het ternaire systeem (PdFe), Mn gepresen-

teerd. Dit systeem is aantrekkelijk om het ontstaan van

de spin glas toestand te bestuderen vanuit een ferromag-

netische legering door eenvoudigweg de concentratie van

Mn te verhogen. Het opvallende resultaat van deze metingen

is het bestaan van een concentratiegebied tussen het ferro-

magnetische en spinglasgebied waarin beide typen magnetisme

afzonderlijk worden waargenomen als funktie van de tempe-

ratuur in een legering met vaste concentratie. De resul-

taten van de susceptibiliteitsmetingen als funktie van

temperatuur en aangelegd magnetisch veld, zowel als het

magnetische fasediagram kunnen op een bevredigende manier

beschreven worden met een spinglastheorie.

De resultaten van dit onderzoek aan de ferromagne-

tische palladiumlegeringen hebben duidelijk gemaakt dat

i) de ruimtelijke uitgebreidheid van de zgn. reuze

momenten alleen na zorgvuldige correcties van de experi-

mentele gegevens kon worden vastgesteld, ii) in deze

verdunde legeringen waarin de magnetische momenten op een

willekeurige manier in het rooster zijn gesubstitueerd,

duidelijk kritische verschijnselen konden worden waarge-

nomen en iii) de ferromagnetisch ordenende palladium-

legeringen beschouwd moeten worden als een bijzonder geval

van een spinglas.
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STUDIEOVERZICHT

Na de Koningin Juliana MULO te Katwijk aan Zee,

waar mijn interesse voor de natuurkunde ontwaakte,

doorlopen te hebben, werd mijn vooropleiding in 1967

voortgezet aan de Chr. Scholengemeenschap Leiden-Zuidwest -,
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In hetzelfde jaar begon ik aan mijn studie aan de
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werkgroep "Metalen MtlV", destijds onder leiding van

Dr. G.J. van den Berg.
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de rooster dynamica van verdunde legeringen bestudeerd.

Op 28 januari 1975 legde ik het doctoraal examen experi-

mentele natuurkunde met bijvak wiskunde en informatica

af, waarna ik op 1 februari als wetenschappelijk medewerker

in dienst trad van de Stichting voor Fundamenteel Onder-

zoek der Materie bij de groep"Metalen MtiV"mefe als
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van verdunde legeringen. De resultaten väfi het sindsdien |

verrichte onderzoek zijn grotendeels in dit proefschrift

beschreven.

Vanaf 1972 was ik werkzaam als assistent en later

als hoofdassistent bij het werkcollege behorende bij het

college "Inleiding Natuurkunde" voor ie jaars studenten.
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NAWOORD

Het zou een misverstand zijn te veronderstellen dat

de resultaten die in dit proefschrift beschreven zijn,

het werk is van één persoon, zoals de voorpagina suggereert.

Integendeel, het vormt het resultaat van een vruchtbare

samenwerking met medewerkers van verschillende instituten,

waarbij ik geprofiteerd heb van de kennis en ervaring van

velen die mij tijdens het onderzoek steun hebben verleend.

Veel dank ben ik aan hen verschuldigd.
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groot enthousiasme het onderzoek begeleid heeft en in vele
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heeft, terwijl ik de waardevolle opmerkingen van Prof.

Dr. J.A. Goedkoop zeer gewaardeerd heb. Van de kennis en

enthousiaste begeleiding van Dr. C. van Dijk, die mij

ingewijd heeft in het vak van neutronenverstrooiing, heb

ik veel geleerd. Mijn dank gaat ook uit naar Dr. G.J.

Nieuwenhuys die veel heeft bijgedragen in de interpre-

tatie van de metingen en de simulatieberekeningen.

De afgelopen jaren heb ik met plezier gewerkt in de

metaalfysikagroep en heb de steun van de medewerkers van

de groep en,van het Kamerlingh Onnes Laboratorium gewaar-

deerd. In het bijzonder noem ik Dr. B. Knook, C E . Snel,

T.J. Gortenmulder, H.J. Tan en G.L.E. van Vliet.

Veel experimenteel-en rekenwerk is uitgevoerd aan

het Energie-onderzoek Centrum Nederland te Petten. Van de

groep Vaste Stof Fysika onder leiding van Dr. J. Bergsma

heb ik veel gastvrijheid ontvangen en heb met de leden

van de groep zeer plezierig samengewerkt. Tijdens de

metingen heb ik de assistentie van W. van der Gaauw,

A.D.M. Brandt-van Rede en H.H.A. Plas zeer gewaardeerd.

Dr. F.R. de Boer en Drs. W.C.M. Mattens van het Natuur-
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kundig Laboratorium te Amsterdam en Dr. H. van Kempen en

C. Beers van het Fysisch Laboratorium van de Katholieke

Universiteit te Nijmegen ben ik zeer erkentelijk voor de

magnetisatiemetingen aan enkele PdFe legeringen.

It is my pleasure to acknowledge Dr. T. Amundsen of

the Oslo University for his stimulating support during

the beginning of this work. I have benefited from the

cooperation with and support of Dr. A.P. Murani,

Dr. B.D. Rainford and Prof. B.R. Coles of Imperial

College London, during the experiments at the Institute

Laue Langevin in Grenoble. Their interest in this work

and our discussions were most helpful.

Mijn dank gaat ook uit naar de heer W.F. Tegelaar

die de tekeningen op vakkundige en originele manier

vervaardigde en naar mevr. J.M.L. Tieken voor het snelle

en accurate typen van dit proefschrift.

Tenslotte, maar niet in de laatste plaats, mijn

echtgenote, die zo vaak ook de vaderrol op zich moest

nemen gedurende de perioden dat ik vaak weken achtereen

van huis was om de metingen uit te voeren.
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