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ABSTRACT 

MAGNETIC AND LA TIlCE INTERACTION IN 3D TRANSITION 

METAL COMPOUNDS 

The importance and nature of magnetic and lattice degrees of freedom and 

their interaction in transition metal magnets has been investigated 

Two different alloy systems in which the magnetic 3d electrons either had 

localised or itinerant characteristics were chosen. As an example of localised 

behaviour, Heusler alloys in which the magnetic moment was confmed to Mn 

atoms were chosen, e.g. PdzMnIn. The manganese atoms are separated by 

more than 4.6A These materials provide a good approximation to a 

Heisenberg system, having long-range interactions. By systematically 

changing Pd for either Ag or Au the electron concentration can be varied in a 

continuous manner. Dependent upon the electron concentration several 

different antiferromagnetic structures consistent with an fee lattice are 

observed at low temperatures. The type of magnetic order gives rise to 

distinct lattice distortion characteristic of the magnetic symmetry. High 

resolution powder neutron diffraction was used to investigate the dependence 

of the lattice distortion on the magnetic structure as a function of temperature. 

A wide range of bulk measurements were carried out to characterise the 

materials, e.g. X-ray, neutron diffraction, magnetic susceptibility and 

specific heat (using both pulse and continuous heating techniques). From 

these measurements it was revealed that the magnetic structures were, in some 

instances, frustrated as may be expected for antiferromagnetism on an fee 

lattice. The results are discussed on the basis of current models. 

As an example of itinerant behaviour the Fe-Ni system was chosen. 

Fe1_x Nix alloy systems have long been of considerable interest since 

Fe65Ni35 shows an anomalously small thermal expansion below Tc. 

Numerous experiments have been carried out to understand this phenomenon, 

which has come to be known as the Invar effect. The effect is most 

pronounced close to the composition defining the phase boundary between the 

bee and fee structures. Thus the interplay between the magnetic and lattice 



degrees of freedom are of great importance, and so were investigated on an 

atomic scale using inelastic polarised neutron scattering. 

In this study, the polarisation dependence of the magneto vibrational scattering 

of the one phonon cross-sections have been investigated as a continuous 

function of q throughout the BriUouin zone in the Invar alloy Fe6sNi3S' and 

in two other FeNi samples outside the Invar region. The results show that the 

magneto vibrational scattering is strongly dependent on the energy and wave 

vector of the phonon, indicating that the effective magnetic moments are 

reduced as the phonon energy increases.The results also show the presence of 

a "forbidden" phonon mode propagating in the [001] direction. From the 

nature of the dispersion the "forbidden" mode was identified as being the 

transverse [001] phonon, the observation being made possibly by strong 

coupling of the two degrees of freedom. Possible mechanisms are proposed 

to account for this observation. 
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CHAPTER ONE 

INTRODUCTION 

Transition metal compounds provide good systems for studying 3d magnetism. 

By suitable choice of compounds it is possible to investigate localised 3d magnetism 

(Heisenberg model) as well as itinerant electron magnetism (band model) in metals. 

Band theory accounts for the ground state properties of metallic systems, in 

particular their non-integral magnetic moments. In this model exchange interactions 

between Bloch states give rise to an inbalance of up and down spins thus producing a 

nett moment. However, band theory is less successful at finite temperatures, 

particularly in accounting for the thermal variation of the bulk susceptibility. The 

strong thermal variations of many physical properties are easier to describe using a 

localised model. Consequently, the inclusion of many body effects are required to 

account for these observations. 

In localised magnetism, well-localised electron wave functions give rise to 

localised magnetic moments. The magnetism can then be discussed by concentrating 

on the magnetic degrees of freedom alone, i.e. via a Heisenberg Hamiltonian. For 

itinerant magnets, however, the possibility of the electrons to move around relatively 

freely through the crystal lattice means their wave functions are delocalised and thus 

their translational degrees of freedom cannot be separated from their magnetic degrees 

of freedom alone, making a Heisenberg description inadequate. The delocalised wave 

functions for the 3d type electrons are characterised by a band structure with bandwidth 

W, which for the 3d electrons (which carry the magnetism) is typically of order 

W = 5ev. The degree of itinerancy is measured by the band width Wand therefore the 

degree of overlap of the d wave functions. This may be controlled by choosing 

specimen in which the separation of the magnetic atoms are different or can be 

, 0 

systematicaIly varied, the radial extent of 3d functions is typicaUy of the order l-2A. 
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The magnetic and lattice degrees of freedom are closely related in magnetic 

materials through several properties such as volume, structure, and elasticity in 

transition metal compounds. These effects arise from the interatomic cohesive forces 

through the exchange interaction. 

In order to understand the nature of magnetic and lattice interactions, two different 

systems of the 3d electrons, itinerant or localised, have been chosen. 

We have selected Heusler alloys as typical materials with localised 3d moments. 
o 

This is because the magnetic atoms are separated by more than 4·6A. In the alloy series 

chosen the magnetic moment is large - 4JlB and confined to the Mn atoms. Heusler 

alloys with the chemical formula JSMnY are ordered 3d transition metal compounds 

with the cubic L21 type structure. The Mn atoms lie on an fcc sublattice, and each Mn 

atom has eight X atoms as nearest neighbours which form a simple cubic sublattice. 

The X atoms are either a noble metal or a transition metal with a nearly full outer d 

shell. The Y atoms are non-transition metal atoms, normally from one of the B 

subgroups 3, 4, or 5.: These Heusler alloys containing manganese are valuable in 

understanding magnetism and also provide an ideal test for investigating the long range 

exchange interaction in 3d metals. Additionally, the effects of immediate neighbours, 

average electron concentrations and lattice parameter changes can be investigated. 

Several theoretical models have been proposed to account for long-range exchange 

interactions in 3d metals and the magnetic properties of the Heusler alloys. Spin wave 

measurements [I] have shown that the long range magnetic interactions in Heusler 

alloys have an oscillatory nature of the RKKY type or the double resonance type 

proposed by Caroli and Blandin [2]. By Fourier transformation of the magnon 

dispersion curves, the Mn-Mn exchange interaction J(r) can be obtained. This was 

carried out for Pd2MnSn and Ni2MnSn by Ishikawa and Noda (1974) [3], who found 

that J(r) changed both in magnitude and sign as a function or r. 

In the present thesis, two new series of intermetaJlic compounds with 

compositions Pd2_xAgxMnIn and Pd2_xAuxMnIn for 0 :s; x :s; 2 have been investigated. 

A large amount of work has been devoted to determining the magnetic structure and 

thermal properties of compounds in this series. 
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.' 

Preliminary structural infonnation including lattice parameters were determined 

from X-ray and neutron diffraction measurements. Specific heat measurements were 

designed to provide infonnation relating to the magnetic entropy and to establish 

ordering temperatures. Susceptibility measurements have been made, and the extent 

and type of long range chemical and magnetic order has been determined from neutron 

diffraction measurements. A temperature dependent lattice distortion is also observed 

in some Heusler alloys which order antiferromagnetically. This is due to the 

magnetostriction which arises from the coupling between the crystalline lattice and the 

atomic moments. The results provide us with experimental suppon that the magnetic 

properties of the metallic system with localised moments can be analysed in terms of the 

Heisenberg model. 

As an example of itinerant behaviour we have selected the Fel_xNix alloy system 

with x = 22, 35, 50. The most interesting of these compounds Fe6SNi3S has an 

anomalously small thermal expansion below the Curie temperature. This phenomenon 

is known as the Invar effect and has been studied extensively. It is in fact one of the 

most important problems of the 3d magnetism at finite temperatures. These Invar 

characteristics are closely related to the magnetic anomalies such as deviation of the 

magnetic moment from the Slater-Pauling curve with increasing Fe concentration [4], 

large volume magnetostriction [5), the large pressure dependence of the Curie [6) 

temperature and the enhancement of the high field susceptibility [7). All these 

propenies suggest that the Invar effect is associated with the nature of the 3d 

magnetism. The Fe1_xNix system is also of fundamental imponance from the structure 

point of view since Ni has a fcc structure and Fe is bec. The bcc phase occurs below -

33 at % Ni and does not exhibit the Invar effect. In the concentration range 10 to 70% 

Ni there is a mixed phase (Cl. + y) region. The magnetic excitations in the Invar alloy 

consist of well defined spin waves up to an energy transfer of 80 meV, the spin wave 

disperion is well described by [114) 

2 2. A2 A2 l1w=Dq(l-~q ) wlthD = 143meV and~=0·12 . 

The magnon line width was found [115) to be significantly greater than those or normal 

ferromagnets and to increase linearly with q2. The fact that such damping is not shown 
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by the non-Invar alloy FesoNiso suggests that it is characteristic of the Invar effect, it's 

q dependence shows that it is not due to magnon-magnon interaction. The temperature 

variation of the magnetisation calculated from the magnon dispersion and intensities 

does not completely account for the temperature decrease in the bulk magnetisation. To 

account for these descrepancies a "hidden" mode was suggested [115], this mode 

should have a quadratic dispersioniiwq=Dq2 with D - 85 meVA2. 

Various models have been proposed to explain the Invar effect, and include latent 

antiferromagnetism, which is believed to be characteristic of fcc iron, or the collapse of 

the local moment, etc. Ultrasonic measurements on Fe6SNi3S reveal that the shear 

constants -i (Cn - C12) and C44 decrease below the Curie temperature [8]. On the 

basis of the bulk measurements, it may be concluded that a coupling of magnetisation to 

the lattice is essential for the Invar effect. Neutron scattering therefore provides a 

unique possibility of studying the temporal and spatial variation of the lattice and 

magnetic degrees of freedom and their possible interaction. Polarised neutron 

measurements on Fe6SNi3S, FesONisO and Fe78Ni22 are discussed. In our study, 

magneto-vibrational scattering has been investigated through the polarisation 

dependence in the Fe65Ni35 Invar alloy. The results sho,",: the presence of a 

"forbidden" phonon mode which is closely related to the Invar effect. This anomaly 

occurs due to a strong interaction of the lattice and magnetic degrees of freedom. 

1.1 SCOPE 

The magnetic and lattice interactions in metal compounds is the main topic 

of the thesis. It was decided to perform extensive studies on two different types of 

3d transition metal alloys. One is the Heusler alloy system and the other is the 

Fel_xNix alloys. 

Chapter 2 includes a brief discussion of excitation mechanisms, magnetic 

and lattice interaction, elastic constants, and vibrational modes. 

The theoretical work that provides the background for the neutron 

scattering is reported in Chapter 3. 
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Chapter4 is concerned with the various experimental techniques used in 

this work. It includes a description of the principles of the new polarised neutron 

triple axis spectrometer IN20 and other diffractometers such as DIA and D2B 

which are used at the Institut Laue-Langevin, Grenoble, France. This chapter also 

includes a description of the principles and apparatus used for magnetic 

susceptibility, specific heat and X-ray measurements. 

In Chapter 5 a review of the various types of magnetic order is presented. 

In Chapters 6 and 7 the results obtained for the two series of intermetallic 

compounds formed at the compositions Pd2_xAgxMnIn and Pd2_xAuxMnIn, 

where 0 ~ x ~ 2, are presented. 

In Chapter 8, the discussion and conclusions for the results of chapters 6 

and 7 are given. The results and discussion study of the dynamic form factor in 

Fel_xN~ alloys, are presented in chapter 9 

5 



CHAPTER TWO 

REVIEW OF MAGNETISM AND LATTICE DYNAMICS 

2.1 TRANSITION METAL MAGNETISM 

Elements in the 3d transition metal series have been the subject of intensive 

studies for many years. The magnetic behaviour of this series is to a large 

extent governed by the electrons ofthe 3d band. With increasing atomic 

number, the elements progress from those with a nonmagnetic ground state 

(Se, Ti, V) via the antiferromagnets er and Mn to the ferromagnets Fe, Co and 

Ni. The 3d electrons which give rise to the magnetic properties of these 

transition metals lie at the Fermi surface [116] and are therefore free to move 

through the metal. This electron itinerancy distinguishes the magnetism of the 

3d metals and their magnetic alloys from the localised magnetism of the 

transition metal insulating compounds, where the magnetic moments are due to 

the electrons with highly localised wavefunctions lying well below the Fermi 

surface. A good description of the ground state properties of itinerant 

ferrornagnets is given by the band model of magnetism based on the local 

density functional theory of Hohenberg, et al [117] which correctly predicts 

ferro-magnetism in Fe,Co and Ni and yields the observed non-integral 

magnetic moments. 

At finite temperatures the Stoner model predicts a transition to the 

paramagnetic state via the thermal repopulation of one-electron states. At the 
Curie temperature Tc' a Stoner ferromagnetic should resemble an exchange 

enhanced Pauli paramagnet. 

A general theory of spin fluctuations, in an attempt to produce a unified 

model for transition metal magnetism, has been presented by Moriya [118]. In 
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Moriya's model the temperature dependence of the longitudinal component of 

the spin fluctuations causes the susceptibility of a weakly ferromagnetic system 

above Tc to follow a Curie-Weiss law. 

The ferromagnetism of iron, nickel and their alloys is thought to arise from 

3d electrons which are not strictly localised (see for example: Herring 1966 

[16]). This "itinerant electron" approach involves correlated fluctuations in the 

3d shell configurations of each atom. Thus the average saturation moment per 

atom may be a non-integral number of Bohr magnetons. The saturation 

moments of the 3d series is thought to be largely due to electron spin or the 3d 

series. 

The behaviour of an itinerant magnetic system in the paramagnetic state 

became a controversial topic since Mook et al [11] and Lynn [12] reported the 

existence of spin wave excitations in Ni and Fe above Curie temperature, Te' 

The excitations were observed in neutron inelastic scattering studies performed 

using a triple-axis spectrometer. The reported observation of spin waves above 

Te and the paramagnetic diffuse neutron scattering data of Deportes et al [14] 

and Brown et al [13] provide the experimental evidence for short-range 

magnetic order (SRMO) above Te' 

In the fluctuating band theory Prange and Korenrnan [119], (Capellmann 

[17], Sokolloff [18]) transverse fluctuations, i.e. fluctuations of the direction of 

the moment, are responsible for destruction of large range magnetic order 

(LRMO). Capellmann [17,19] has obtained a value ofTe = 1050K for Fe 

which is very close to the measured value of I044K. Also he used his theory to 

obtain a Curie-Weiss law for the uniform static susceptibility [19] and to 

account for spin waves with wavelengths up to the characteristic length 

suggested by the SRMO. 

This chapter is concerned with a brief summary of fundamental concepts in 

the theory of Magnetism followed by a discussion of the difference in behaviour 

between a localised and itinerant magnetic material, and how these differences 

are revealed in experiments. 

2.1.1 Magnetic moment of free atoms 

In a simple model, magnetism can be visualised as originating from the 

motion of electric charges, i.e. moving electrons. Four quantum numbers, 

n, s, I and ms' are required to describe the state of an electron in an atom for 
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a single atom. The moment formation in a free atom is determined by the 

way these electrons combine in an atom to produce a stable state of least 

energy. It is found experimentally [20] that spin-spin coupling and orbit

orbit coupling predominate, i.e. the individual spin and orbital momenta 

combine to form a total spin and orbital momenta, S and L respectively. S 

and L can be determined by applying Hund's rules. These total orbital and 

spin momenta then combine via Russell-Saunders coupling to give a total 

angular momentum 1. 

The magnetic moment associated with this is [20, 21]: 

J: = b(J + 1)~ 

where g is the Lande factor given by: 

.J~(J:...+:.....::.:..1 )_+-,::..S (:::S....:.+-=l~) _-..=L:.,::(L=..+.:......:.:...I) g = 1 +-
2J(J + 1) 

(2.1) 

(2.2) 

2.1.2 Localized magnetic moment and the Weiss theory of 

ferromagnetism 

Modem theory of magnetism (Langevin) started with the concept of 

non- interacting local magnetic moments of fixed amplitude. By using this 

concept Langevin [25] (1905) derived the Curie law of magnetic 

susceptibility. In this model he considered a set of atomic magnetic 

moments each of which has fixed magnitude M, under an external magnetic 

field H applied along the Z direction. The statistical average of the 

magnetisation, parallel to the external field and its value per atom at 

temperature T is given by: 

.f dO Mcos9 exp (MHcos9)fKsT 
<M>= =ML(Z) 

Z f dO exp (MHcos 9 )/KB 1) 
(2.3) 

where Mcos9 is the Z component of the magnetic moment and the integrals 

are over the solid angle dO. The solution to equation (2.3) is called the 

Langevin function, which can be written as [20]: 
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L(Z) = CothZ - 1{Z - 'l/3 - Z3/45 (2.4) 

where: 

By using an expansion form for L(Z), the following expression for the 

magnetic susceptibility is obtained: 

x = Nlim <M >/H = NM
2
/3K T = err 

H~O z --a 

where N is the number of atoms in the crystal and C is called the Curie 

constant. Subsequently, Weiss [23] (1907) introduced an interaction 

(2.5) 

between the atomic magnetic moments in solids and approximated its effect 

by a mean molecular field which he assumed to be proportional to the 

average magnetisation. This is equivalent to the introduction of a term 

'YMz to the external field in equation (2.3), therefore: 

where 

The solution for <Mz > > 0 when H = 0 is the condition for feIT0-

magnetism and is satisfied when: 

M2 
L(Y) = 3~ for T<TC 

The susceptibility above the Curie temperature is: 

C 
X = T-T 

C 

where 

N ll!p,2 J(J + 1) 

C = 3~ 

9 

(2.6) 

(2.7) 

(2-8) 



However, molecular field theory is purely phenomenological and so 
gives no indication of the origin of the internal molecular field. The idea of 

exchange coupling between spins of two or more atoms first appeared in 

the work of Heitler and London [24] (1927) on chemical bonding. These 

ideas were applied to ferromagnetism by Heisenberg [25] in 1928. The 

interaction mechanism put forward by Heisenberg was a direct exchange 

between atomic spins localised on atoms and is essentially an electrostatic 

effect and, a consequence of the Pauli exclusion principle, the Hamiltonian 

being: 

I\teis =L 
i, j 

21. S. S. 
1J 1 1 

(2·9) 

where i, j specify atomic sites in the crystal, Jij the interatomic exchange 

interaction is constant 

The type of coupling depends on the sign of the exchange integral 

1. Slater [26 (1930) derived a relation between J and the interatomic 

distance, d, of metals with incomplete d or f shells. J changes from a 

negative value at small d to positive values at large d and vanishes rapidly 

with increasing d. 

Other forms of exchange have been proposed since Heisenberg's 

original paper, to account for ordered magnets in which direct exchange 

between well separated atoms is not possible. These include super 

exchange interactions in ionic solids, Anderson [27] (1950) and indirect 

exchange mechanisms via the conduction electrons in metallic systems, such 

as the RKKY interaction (Rudermann and Kittel [28]) (1954). 

2.1. 3 The Stoner Model for Itinerant Electrons 

Although the Weiss theory was successful in being able to account for 

ferromagnetism via exchange interactions, when applied to the transition 

metal ferromagnets, iron, nickel and cobalt, it was unable to account for a 

moment which is a non-integral number of Bohr magnetons. 

Stoner [35, 36] (1938, 1947) realised that an atomic orbital description 

of an electron in a metallic magnet was inadequate, and that a better 

description of the magnetic electrons could be obtained if they were 
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distributed in electronic energy bands. His model has one immediate 

advantage in that an electron in a band state had no orbital momentum. 

Stoner's basic premis was to assume that the electrons in a metal formed a 

free electron gas (Pauli [15] (1927)), in which the interaction was taken into 

account by a Weiss molecular field. The introduction of the molecular field 

causes the band to split into two sub-bands by an amount ~ex (called the 

exchange splitting). 

Thus at T = 0 all the electron states within the band are occupied up to 

the Fermi energy, while those above are empty. There is therefore a net 

excess population of electrons in one sub-band (the majority band), 

compared with the other (the minority band), resulting in a net 

magnetisation as shown in Fig (2.1). 

As in the theory ofWeiss [23] (1907), Stoner assumed the molecular 

field to be proportional to the magnetisation of the sample (i.e. to the 

difference in the number of electrons in the two sub-bands n+ - n_ ): 

yM = y(n+ -nJ ~B 

where y is the molecular field constant. Thus the exchange splitting 
~ex is given by: 

1 ~ = Et-El =--y(n -n ) = Im ex ,,' 2 + -

(2.10) 

(2.11) 

where I is the Stoner parameter. By considering a state with magnetic 

moment m and density of states per spin at the Fermi level NCEF)' m can 
related to the exchange splitting by: 

(2.12) 

The total energy of the system with magnetic moment m is given by: 

(2.13) 

where Ufm, Upm are the energy of the ferromagnet and paramagnetic states 

respectively. Thus the ferromagnetic state is stable if: 

IN(EF) > 1 (2.14) 

which is the famous Stoner criterion for ferromagnetism. 
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split band in a simple Stoner model. Thermal excitation 
of the electrons from the majority band to the minority 
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2.1. 4 Finite Temperatures and Excitation Mechanisms 

Although the Stoner theory of ferromagnetism is applicable to itinerant 

metallic magnets, severe difficulties occur at finite temperatures. 

In the Weiss model, with increasing temperature the moments maintain 

the same amplitude, but become increasingly disordered, until the Curie 

temperature is reached and < Mz > = O. Thus, above the Curie temperature 

the paramagnetic state can be described by the thennal disordering of well 

defmed atomic spins, resulting in a static susceptibility which follows the 

Curie-Weiss law as given by equ (2.8). 

The properties of a Stoner magnet at finite temperature are remarkably 

different; at any given temperature T the probability Pi of any given electron 

state i being occupied is governed by Fermi-Dirac statistics: 

(2.15) 

With increasing temperature in the Stoner model, electrons from the 

majority band are thermally excited into the minority band, and the ferro

magnetism is thus destroyed by the reduction of the exchange splitting. 

The Curie temperatlire Tc is then given by 

Tc-~ex (2.16) 

Above the Curie temperature the system becomes a simple PauIi para

magnet, in which the static susceptibility X is: 

X cxT{fp 

where T p is the Fermi temperature. 

(2.17) 

The excitation spectrum at low temperatures consists of the two types of 

excitation which are the single particle or Stoner modes in which just a 

single electron is excited and the collective mode or spin wave in which the 

excitation is shared by all the electrons. The single particle excitations 

which correspond to transitions from a spin-up to spin-down band, form a 

continuum (the Stoner continuum). 
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Excitations with small or vanishing energy transfer 0>, are in general 

possible for finite momentum transfer Q only; single particle excitations 

with zero momentum transfer (Q = 0) cost a finite amount of energy, the 

exchange splitting ~ex' The fact that no single particle excitations for small 

Q and 0> exist, leads to well defined collective excitations in that region, i.e. 

spin-waves in the ground state. For large Q, the spin-waves enter the 

single particle continuum and become damped and therefore disappear, as 

shown in figure (2.2). 

At finite temperatures the atomic moments can themselves fluctuate, and 

it is these fluctuations that are responsible for the phase transition from the 

ordered ferromagnetic state to disordered paramagnetic state. 

2.1.5 Instability at the (r - a) Transition in the Fex - Ni1_x 

In order to get a better understanding of the structural instability in the 

FexNi1_x alloy system, several physical properties have been investigated 

by others and are reproduced in figure (2·3). 

In this figure one achieves a continuous magnetic phase diagram, which 

starts from the (FM) FeNi system, through the Invar composition Fe6SNi3S 

to a Re-entrant-Spin-Glass (RSG) and Spin Glass state (SG) phase to 

around Fe6SNi3SMnlO' and reaches with increasing Mn concentration 

continuously a purely (AF) phase. 

In Fig. 2.3 a, b, we show the variation of the lattice constant at zero K, 

o 
ao [29, 30], which initially increases from ao = 3.57 A at Fe4SNiss (while 

Tc is falling), reaches an intermediate maximum at Fe6SNi3S and then 

decreases in parallel with Tc' until the SG state is reached. Because of the 

growing influence of Mn, ao afterwards rises continuously in the (AF) 

phase. 
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Spin wave spectra of an itinerant magnet. The spin-waves enter 
the Stoner continuum of single particle excitations and become 
overdamped. 
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A surPrising result is now that the average magnetic moment il per 

formula unit [29, 31, 32] shown in Fig (2.3c) follows the concentration 

variation of the lattice constant il increases along the Slater-Pauling curve 

in the FeNi system, and then deviates from the Slater-Pauling curve to 

zero average moment in the SG Phase, near Fe66Ni34 (1 - a transition). 

This transition is, however, suppressed here, because the f.c.c phase of 

FeNi is stabilised by Mn. 

The variation of the spontaneous volume magnetosttiction at zero 

T 

temperature, roso = 3 f am dT, where Tl is a reference temperature and ~ 
TI 

is the magnetic contribution to the thermal expansion coefficient. In ferro

and antiferromagnetic Invar, roso is large and positive, but in the sa 
phase roso is zero. This is seen from figure (2.3d). Maximum values of 

roso = 1·9 x 10-2 are reached on the ferromagnetic side in the FeNi system. 

Finally fig(2.3e) shows the concentration dependence of the electronic 

term of the specific heat 1 [130,131]. 1 reaches a maximum value of more 

than 25mJ mole k-2 in the SGand RSG range. For other concentrations it 

remains at normal level. The observed increase in 1 where roso vanishes has 

nothing to do with the Invar effect [33]. It is caused by low energy 

magnetic excitations associated with the SG or RSG phases, which are 

present at low temperature. 

Also several band calculations have shown moment instabilities in 3d 

elements. Roy and Pettifor [132] predicted the existence of two ferro-

magnetic states for fcc Fe using hybridized density of states. These authors 

[132] also showed, that the instability of the Fe moment in a fcc lattice is 

directly responsible for the very marked softening in the shear constants, 

observed experimentally in FeNi [120] and Fe3Pt [133]. 

2.2 INTERACTION BETWEEN MAGNETIC AND LATTICE DEGREES OF 

FREEDOM 

In this section, we tum from a consideration of magnetism to the lattice 

properties. The magnetic contribution to the elasticity of magnetic materials is 
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closely related to the magnetostriction, which arises from interatomic cohesive 

forces through the exchange interactions. The elastic moduli associated with the 

interatomic cohesive forces are closely related to the Invar properties as 

observed in ferromagnetic FeNi alloys. The elastic constant of these alloys 

changes quite sensitively with temperature; around and below the Curie 

temperature Tc the elastic constant decreases with decreasing temperature and 

the size of the change is large, as shown in Figure (2.4a) [38). 

Such anomalous elastic behaviour of Invar alloys, particularly that below 

Tc' is associated with their magnetic properties and is called the magnetoelastic 

effect However, the relation between magnetism and elastic properties is not 

simple. In Ni, for example, the elastic constant shows quite ordinary behaviour 

as shown in fig (2.4c) [39); with decreasing temperature the elastic constant 

slowly increases reflecting the volume contraction. 

In magnetic metals, thermal volume expansion also often shows anomalous 

behaviour, especially in the temperature region below Tc. In the case of FeNi 

alloys, fig (2.4d), the temperature dependence of the volume which drastically 

deviates from the simple linear extrapolation is called magneto-volume or 

magneto-striction effects. A system with a very small or negative thermal 

expansion coefficient, such as FeNi alloys, is called an Invar [39). 

The origin of those anomalous magneto-elastic and magneto-volume effects 

are not yet satisfactorily understood [40). Electron Phonon Interaction (Epn 

can effect the volume of a ferromagnetic metal and cause negative thermal 

volume expansion [33). The free energy of a metal with magnetisation 

M = (n - n ) f(n - n ) and volume V can be divided into an electron part, FeI, + - + -

and the phonon part, Fph as [41): 

(2.18) 

The M dependence ofFph comes from the phonon frequency wq(V, M); wq is 

influenced by the M since the screening of the ion-ion interaction depends on 

the splitting of the energy bands of the screening conduction electrons. 
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The change in volume due to phonons is given as the product of the inverse 

of the bulk modulus B and the pressure Pp; both B and Pp are magnetisation 

dependent in the ferromagnetic state as [41,42]: 

aVp(M) = CM) _I_ 
V pp. B(M) (2.19) 

where PPCM) is the phonon pressure defmed by: 

PPCM) = (2.20) 

where 90 (M) is the magnetisation dependent Debye temperature, 'Yo(M) is the 

phonon Griineisen constant, N is the total number of atoms and B(M) is the 

bulk modulus of free electrons defined as: 

2 
B(M) = _1_ S CM) 

K(M) 2 
So 

(2.21) 

where K(M) is the electron compressibility [46], S(M) is the sound velocity in 

the magnetic state, and So is the Bohm-Staver sound velocity. 

Measurements of the phonon Griineisen constant 'YoCM) suggest the 

possibility of having a negative value in the ferromagnetic state of metal. With 

such behaviour phonons can play an important role in causing zero or negative 

thermal volume expansion often observed in ferromagnetic metals [43, 44]. 

In the following subsections we discuss the fundamental concepts of the 

Magnetic Lattice interaction 

2.2.1 The effect of magnetism on phonon frequencies in 

FeNi Invar. 

The unusual elastic softening as well as the lattice dynamical anomaly 

particularly for the [/;/;0] TA mode in the Invar FeNi alloys, are reasonably 

understood by the Electron-Phonon Interactions (EPI). This interaction is 

enhanced by the detailed structure of the d-bands in Invar alloys. The 
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argument that the d-band has a very important role in explaining Invar 

property was originally made by Kanamori et aI [45], who developed a 

theory to relate the electron structure with the crystal volume. 

The Hamiltonian ofEPI can be written as [43, 44]: 

(2.22) 

where gq)1 and ~ represent, respectively, the coupling coefficient and the 

normal coordinates of a phonon with wave number q and polarisation 

J.l; Pk is the electron density. 

The frequency wq of longitudinal acoustic phonon in the [111] 

direction, below Tc in the ferromagnetic state of a metal is given by [46]: 

2 2 2 e w q = Q q - Igql X q (2.23) 

where Qq is the bare phonon frequency and Xeq is the charge susceptibility 

at the Fermi energy. The expression to shows how the phonon frequency is 

renormalized from Qq to wq by the effect of EPI, or, the screening effect of 

conduction electrons. 

We next consider the enhancement of the electron-phonon coupling 

constant gqJ.l in equ (2.24). This constant depends on the density of states 

at the Fermi energy, n(EF) and is given by [47]: 

(2.24) 

where < 12 > is the matrix element averaged over the Fermi surface. In both 

Invar metals Fe6SNi3S and Fe72Pt28 the d electron density of states is large 

[46]. 

2.2.2 Elastic Constants 

Acoustic modes of a long wavelength propagate as in a continuous 

medium and their frequencies are related to the elastic constants of the 

crystal. 
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Hook's law states that for small deformation, stress components crij are 

linear functions of the strain components ekl of the form [49): 

(2.25) 

where Cijkl is the elastic constant which consists of 81 independent elastic 

constants. This number is reduced if the crystal possesses symmetry 

elements [48). 

In cubic crystals there are only three independent elastic constants, Cll , 

C 12 and C44' There are also three different modes i of propagation for a 

sound wave with velocities Vi (Vv VTl and Vn). These velocities are 

related to the elastic constants as indicated in table (2.1). One can see that a 

measurement of sound velocities in the (110) direction enables the three 

independent constants Cll , C12 and C44 to be determined .. Commonly one 

expresses the elastic properties of crystals with cubic symmetry through 

three elastic constants CL' C and C44 which are defined by linear 

combinations of Cij (see Table 2.1). 

For propagation in the (110) direction, the elastic constants are given by 

[50,48): (see figure (2.5) 

(2.26) 

where V L and V T are longitudinal and tranverse wave velocities, Cll, C12 

and C44 are the elastic constants of cubic crystals, and p is the density. 

For a wave parallel to the (100) direction: 
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Direction of Propagation Mode i p.v. = C .. 
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[lOO] T C44 

I 

[110] L 
"2 (C11 + C 12 + 2C44) = CL 

I -

[110] 
Tl 2 (Cll - C 1Z) = C 

[110] T2 C44 

1 

[lll] L "3 (Cll - Cl2 + CM) 

[lll] 
I 

Tl "3 (Cll + 2Cl2 + 4CM ) 

Table (2.1) 

Propagation of sound waves and rcspective elastic constants for a crystal with cubic symmctry 
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2' 2 
pV L = Cll and pV T = C44 (2.27) 

and for a wave parallel to the (111) direction: 

2 1 
pV L = '3(Cll + 2C12 + 4C44) 

2 1 
pV T = '3 (Cll - C12 + C44) 

(2.28) 

The bulk modulus is given by [50]: 

(2.29) 

er. expresses a compression mode accompanied by a change in volume, C 

corresponds to a pure shear mode with an expansion along the (110) axis 

(tetragonal distortion). C44 corresponds to a pure shear mode with an 

expansion occurring along the (111) axis (trigonal distortion). For ferre

magnetic Invar alloys, Hausch [51] (1974) found that the elastic constant 

shows anomalous behaviour, exhibiting a continuous decrease in the shear 
constants (Cll - C12)12 and C44 with decreasing temperature below the 

Curie temperature Tc. The origin of the anomaly could be magnetoeleastic 

coupling as suggested by Hausch [51] . The anomaly begins to occur 

around Tc, and is approximately proportional to the square of the relative 

magnetisation. 

Expressions for the magnetoelastic coupling constant and the pressure 

dependence of the Curie temperature aTc have been given by Shiga [52]: 
ap 

aTc = 1K Tc-JL 
ap 3 Tc 

where (2.30) 

where K are the compressibility, C is magnetoelastic coupling constant. 
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For positive C, the Curie temperature decreases under pressure as 

observed for all known Invar type materials. 

The volume magnetostriction corn and the spontaneous magnetisation M 

may be expressed as [53] 

(2.31) 

where A is the exchange stiffness constant, co is volume strain and 

1 
B ="3 (Cll + 2C12) is the bulk modulus. 

2.2.3 Specific heat contributions 

Specific heat is a successful probe for obtaining information about 

electronic and lattice contributions, magnetic entropy and transition 

temperatures. The thermodynamic concept of heat capacity measured at 

constant volume or pressure is defined by: 

C = lim l1U 
6T-+O l1T 

(2.32) 

where l1U is the quantity of heat given to the specimen and l1T is the 

corresponding rise in temperature of the specimen. A more useful 

quantity is the molar heat capacity which is defined by: 

c 
C =m 

(2.33) 

where m is the specimen mass in gram molecules. As a solid absorbs 

heat, its temperature rises and its internal energy is increased. The heat 

capacity of metals is zero at OOK, and rise rapidly as the temperature 

increases to an approximately constant value at higher temperatures. The 

total specific heat at low temperature proportional to the electrons and lattice 

contributions is written as: 

C = if + ~T3 (2.34) 

where y and ~ are coefficients related to the electron and lattice 
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contributions. Values ofy and ~ can be obtained by fitting equation (2.34) 

to measured values of specific heat. The electronic specific heat Ce is given 

by: 

(2.35) 

where N is Avogadros's number and K~ is Boltzmanns constant. The 

coefficient y is directly proportional to the density of states, n(EF)' at the 

Fermi level EO. The lattice specific heat is expressed by: 

12 4 -( 
T)3 

<;. = 51t NK BD = ~t (2.36) 

where BD is the Debye temperature. 

Elastic constant measurements may be used to derive the values of ~ and 

2.2.4 Magnetic Contribution to Elastic Constants 

The magnetic contribution to the elastic constants of fcc materials 

originates from the occurrence of a spontaneous magnetization. 

Considering only the nearest neighbour exchange interaction, the elastic 

constants can be expressed using a localised model by the following 

equations [39, 54]. 

(2.37) 

where C
44 

and C are the elastic constants, while Cp and Cp can be 

determined by extrapolation from the paramagnetic region. N is the number 
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of atoms per unit volume, ZI the number of nearest neighbours, ro the 

equilibrium interatomic distance, J 1 the exchange energy between nearest 

neighbour atoms, and J 1 and J 1 are the first and second derivatives of J I' 

with respect to the interatomic distance. 

Hausch and Warlimont [38] (1972) approximate the temperature 

dependence of the exchange contribution to the elastic constants using the 

Landau-Belov relation [55] 

(2.38) 

where A is a constant. From magnetization measurements, Belov found 

A = 6.75 for both Fe and Ni 

2.2.5 Magnetic entropy 

The change in magnetic order, as the temperature varies, is revealed by 

specific heat measurements. The relationship between the magnetic entropy 

SM' and the thenna! capacity C, follows directly from the thennodynamic 

equation: 

S =dQ=C dT 
M T 'T 

(2.39) 

where dQ is the amount of heat absorbed by the system. SM is the 

magnetic entropy which is a measure of the disorder or randomness of a 

system: the greater the disorder the higher is the entropy. In particular, 

sharp maxima in specific heat are expected near the transition 

temperatures. The variation of SM can be quantitatively estimated from 

the area under the specific heat curve near and above the transition 

temperature. By integrating the equation (2.39): 

T 

S = J C dT M T 
o 

(2.40) 

The entropy of the magnetic state is related to the spin quantum number 

s (and hence the magnetic moment) of the magnetic atoms by: 
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6SM = CR In (2s + I) (2.41) 

where C is the fraction of the atoms carrying magnetic moment and R is 

the gas constant. 

2.2.6 Vibrational Modes of a Monatomic lattice 

Atoms in a crystal do not in general move independently. The general 

motion is complicated even in simple crystals with high symmetry. This is 

panIy because there are significant force constants between each atom which 

extend to more distant neighbours than just its nearest neighbours. In three 

dimensions many subscripts are required to keep account of these forces. 

Consider a linear chain of monatomic atoms with forces only between 

nearest neighbours. If the force constant is ex and the atoms have small 

displacements Un the equation of motion of the nth atom is [56, 48]: 

md~ Id? = ex (U 1 - U + U 1 - U ) n n+ n n- n 

If we suppose a nonnal mode solution is u = Uo ei(nqa - wt) and 

differentiate, we obtain: 

-mw~ = ex [exp(qa) + exp (-iqa) - 2] U 
n n 

The frequency Wq is now given by [48, 50]: 

~ (qa) (qa) Wq = 'V m sin T = wm sin T 

(2.42) 

(2.43) 

(2.44) 

This is the dispersion curve for acoustic phonons. The frequency is a 

function of the wave vector q and fig (2.6) shows the results. The 

significant range of q for the periodic system is -re/a ~ q ~ re/a. This 

range of values of q is referred to as the first Brillouin Zone of the linear 

lattice in reciprocal space. 

If we now consider the chain with the different atoms of mass m and 

M, then the Wq is given by [48, 56] 
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· 1/2 

w'. = • (: + ~) ±.[(~ + ~r _ 4":;::,,)] (2.45) 

In equation (2.45) the modes corresponding to the negative sign before 

the square root are the acoustic ones, and those with the positive sign are the 

optical modes. An important feature of equation (2.45) is the zone 

boundaries defined by -1t/2a ~ 1t/2a. 

The acoustic and optical frequencies for M > m are given by: 

~ 
wacous = \/ M 

and (2.46) 

~a 
w - -opti - m 

The dependence of w on q is shown in fig (2.6c). It can be seen that 

an acoustic curve is not qualitatively different from the dispersion found for 

the monatomic case. The acoustic curve begins at the q = 0, w = 0 and the 

curve saturates at the value q = rc/2a. The optical curve begins at q = 0 with 

a fmite frequency w = and then decreases slowly, 

un til q = rc/2a. 

The frequency range between the top of the acoustic curve and the 

bottom of the optical curve is forbidden, and the lattice cannot transmit such 

a wave; waves in this region are strongly attenuated. 

2.2.7 Phonons and Magnons 

The motion of atoms in a crystal is described by the properties of the 

normal modes of vibration and in particular by their frequency, W(q), which 

depends on the magnitude and direction of the wave vector q of the 

normal mode. 
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Any dynamic problem that can be described as a collection of hannonic 

oscillators can be quantized in energy; this includes phonons and magnons. 

The energy quantized of the qth normal mode is given by: 

Eq = (nq + ~) 11 W q nq = 0, 1, 2 ... (2.47) 

When exciting the qth normal mode from nq to nq + 1, a magnon is 

created (or emitted) and the energy of vibrational system increases by 
1i.wq . When de-exciting a normal mode from nq to nq-l, a magnon is 

annihilated (or absorbed) and the energy of the vibrational system decreases 

bynwq. 

Magnons, just as phonons, are described by Bose-Einstein Statistics 

(2.48) 

where < nq> is the average occupation number for magnons or phonons at 
thermal equilibrium. 

At very high temperatures the oscillator is excited to very high quantum 

states since for KBT» 1iwq, < nq > and < Eq > become: 

< nq > ~ KBT /tWq 

and 

At low temperatures, hW q» KB T then: 

< nq > ~ exp(-iiw,fKBT) 

(2.49) 

(2.50) 

In spin waves, the spins precess around the equilibrium magnetization 

and their precessions are correlated tbrough exchange forces. The 

dispersion relation for spin wave-like phonons but with maximum 

frequencies of 4JS2/h and can be written as: 

( 
4JS2)' . 2 (aq) 

W= -- SIn -
h 2 

(2.51) 
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where a is the lattice spacing and q is the wave vector of the spin wave. 

For small q. w is also very small because the spins at long wavelengths 

are still almost parallel to each other. and hence the restoring exchange force 

is small. For long wavelengths. the dispersion curve of spin wave is w = A 

q2 differs from the case of lattice waves. in which w = q. This is because 

the phase and group velocities of the spin wave are unequal even in the long 

wavelength region. 
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CHAPTER THREE 

NEUTRON SCA TIERING THEORY 

3.1 INTRODUCTION 

In this Chapter a brief account of neutron scattering will be given. More 

detailed accounts of the various aspects of thermal neutron scattering are 

available in a number oftexts [57, 58, 59, 60]. 

The neutron beam is directed on to the sample and the scattered neutron 

intensity in various directions is measured. Unlike electrons, neutrons are 

uncharged and penetrate deeply into most solid materials. Diffraction patterns, 

characteristic of the crystal structure, occur as a result of the interaction of the 

neutron with the atomic nuclei. Furthermore, since the neutron possesses a 

magnetic moment, it may interact with any atomic moments in the sample to 

yield magnetic scattering. If long range magnetic order is present, the coherent 

magnetic scattering will enable the magnetic structure to be determined. 

Inelastic scattering of neutrons provides direct information about both nuclear 

and magnetic dynamical processes in condensed matter. In particular, direct 

measurements of the energy E and moment q of phonons or magnons is 

possible, i.e. by using a triple axis neutron spectrometer. The instruments 

used in performing the thermal neutron scattering experiments discussed in 

Chapter 4 were DIA, D2B, DlB, diffractometers and triple axes neutron 

spectrometer (IN20) which uses polarised neutrons, all located at the Institut 

Laue-Langevin, Grenoble, France. 

3.2 NEUTRON SCATTERING CROSS SECTION 

The incident neutrons may be considered to be plane waves characterised 

by their wave functions I > which interact via some potential V of the target. The 

neutrons are selected (monochromator, collimators, etc.) to have some well 

defined initial state I ki cri (Xi > where ki' cri, (Xi are the neutron's initial 

wavevector, spin state, and the scattering system respectively. The general 

arrangement of a scattering experiment is shown in figure (3.1). 
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The interaction of a monochromatic beam of neutrons (a neutron beam in 
which all the neutrons have the same wavelength or energy) may be defined in 

terms of three cross- sections. These are: 

(i) the total scattering cross-section 

cr = (total number of neutrons scattered/unit time) /~ 

where ~ is the flux of the incident neutrons (number of 

neutrons/cm2/sec) 

(ii) the differential cross-section of the system: 

dcr 

(3.1) 

dQ = (number of neutrons scattered/unit time/unit solid angle)/ ~ dIT (3.2) 

(ill) the partial differential cross-section: 

2 

~~ = (number of neutrons scattered/unit time/ unit solid angle with 

energies between Ef and Er + dEf / ~ dQE (3.3) 

In the Born approximation, the partial differential cross-section for a 

process in which the neutron changes its wave vector from Ki to Kf, its spin 

state from .01 to $If and in which the scattering system also changes from state 

Jl i to Jlf' is: 

where V is the interaction potential between the system and the neutron. B(X) is 

the Dirac delta function and represents mathematically the energy distribution of 

the scattered neutrons (i.e. energy conservation). EJli, EJlf are energies 

of initial and final states of the scattering system, and Ei, Ef are energies of 

initial and final states of the neutrons, il
2 

K2 . I 2m f respective y . 
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To evaluate equation (3.4), the manix elements must be calculated. If 

the potential V is assumed to be very short range then it can be shown that 

for a single fixed nucleus [57]: 

(3.5) 

where b is called the nuclear scattering amplitude, and has dimensions of 

length. At present b cannot be calculated but is often expressed in terms of 

potential and resonance levels in the compound nucleus. The potential term is 

always positive having a scattering length of the same magnitude as the 

nuclear radius. The resonance term is a function of energy. Under certain 

conditions, the resonance term may be negative and also sufficiently large 

numerically to outweigh the potential term, thus giving a resultant scattering 

amplitude b which is negative. The experimentally determined coherent 

scattering amplitudes for the different elements and isotopes have been 

tabulated by Sears [62]. 

Furthermore, since the nuclear interaction potential V nuel is short range 

(the radius of the nucleus r« A.), the scattering will be isotropic and there 

will be no form factor dependence. 

3.3 SPIN DEPENDENT INTERACTIONS 

If the spin state of the neutron is also considered, then sources of 

scattering other than the nuclear scattering mentioned above can occur. The 

additional scattering can be divided into two components: nuclear spin 

scattering and magnetic scattering. The nuclear spin scattering wiIl be 

discussed later. Magnetic scattering arises from the interaction of the neutron's 

magnetic moment with the electronic moments in the scattering system. To 

evaluate the partial differential cross-section (Equation 3.4» it is necessary to 

consider a magnetic interaction potential V mag- The matrix elements 

< Kr IV mag I Kj> are given by Squires [59]: 

(3.6) 

where!lB is Bohr magnetons, cr is the Pauli spin operator, Q.L is the magnetic 

interaction operator and r is the magnetic moment of the neturon, - 1·91 !lB. 
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The cross-section (Equation (3.4» after evaluating the matrix elements can be 

written 

(~~) 2 K. 2 
= (yr) ~<.Q:f.(!flcr.Q.LllI . .(!.> oCE .-E f+E.-E f ) o K. 1 1 .a. 1 .a. -I --. 

(3.7) 

where ro is the classical electron radius. 

The magnetic interaction operator ~.L can be written as: 

(3.8) 

where f( is a unit vector parallel to the scattering vector and the operator ~ 
represents the Fourier transform of the magnetisation density: 

1\ 1 J Q = -- M(r) exp (ik.r)dr 
2~ 

(3.9) 

The magnetic interaction operator ~ represents all the magnetic scattering, 

Le. both spin and orbital contributions. 

Thus, unlike nuclear scattering, magnetic scattering is a vector interaction. 

An important implication of equation (3.8) is that only magnetic 

components perpendicular to the scattering vector give rise to scattering. 

Furthermore, since the magnetic electrons have a finite radial extent, 
o 

comparable with a typical neutron wavelength (- 1 A), the magnetic 

scattering has a form factor dependence. This form factor falls off with 

sin9A, similar to X-ray scattering. 

3.4 COHERENT AND INCOHERENT SCATTERING AMPLITUDES 

A scattering system which is a single atom may consist of a mixture of 

several different isotopes each with a well defined abundance or relative 

frequency co. These isotopes will each have their own characteristic values 

of the scattering length b, and will be distributed at random among the atomic 
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positions, so that the average value of b for the system is: 

ii = L oo.b. 
ill 

and the average value of])2 is 

2 ~ 2 
b = £.. 00. b. 

ill 

(3.10) 

This effect will produce coherent and disorder nuclear isotopic scattering, the 

cross-section of which are: 

(3.11) 

and 

(3.12) 

It could be clearly seen from equations (3.11) and (3.12) that there is a 

marked difference between the coherent and disorder cross-sections. Whereas 

the coherent cross-section is proportional to the mean square of the scattering 

lengths bi' the disorder cross-section is proportional to the mean-square 

deviation of the scattering length from their mean value. If a system contains 

nuclei of equal scattering lengths then the phase shifts of the scattered waves are 

all equal and the scattering is said to be entirely coherent 

In addition to the isotopic disorder scattering (resulting from disorder 

amongst the various isotopes), incoherent scattering arises if the spin of the 

nucleus is non zero. A neutron of spin 1/2 may combine with a nucleus having 

spin I, to form one of two compound nuclei, having spins (I + 1/2) and 

(I - 1/2) respectively. Each of these compound nuclei will have an 

associated scattering length, labelled b+ and b_. The coherent and incoherent 

scattering resulting from this process are: 

(3.13) 

31 



and 

( d2cr ) Cl. (W b2 + W b2 ) - (W b + W b l 
dQdE ++ -- ++ -- (3.14) 

disorder 

The weighting factor of each spin is given by Bacon [57]: 

W = 1+1 
+ (21 + 1) , 

I 
W =-:::-::---:-:-

(21 + 1) 
(3.15) 

3.5 NEUTRON SeA TTERING BY PHONONS 

The neutron interacts with the target atom via nuclear forces, and the strength 

of interaction will depend on the isotope. If the nuclear spin is non zero, it will 

depend on whether the spins of neutron and the nucleus are parallel or 

antipara1Jel. 

If we assume the nuclear motion to be spin and mass independent, and the 

range ofthe nuclear interaction (-1O-12cm) to be small compared with the 

relevant neutron wavelength (-I<r'lcm), we can use a pseudopotential for the 

interaction of the form: 

21th2 
V = -- ~ b· oCr-R') nuc m £..J j -j 

J 

where Rj is the position of the ith nucleus and bj its scattering length. 

For harmonic solids where the atoms undergo oscillations given by 

R·(t) = L- + U· (t) -j ~j -j 

where the Lj define is the equilibrium positions, and!lj (t) are small 

displacements from Lj. 

(3.16) 

(3.17) 

The lattice displacement expressions considered in the previous chapter can 

be quantised (e.g. for details see Kittel [48]) so that the dynamics are discussed 

in terms of phonons (of characteristic frequencies ro and wavevectors q). 
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For a collection of nuclei, using the above approach, the one phonon 

coherent scattering cross-section is [58,59] 

C~~) = 
coh 
1 ph 

LO (Ej-Er -11Wj (q)] 
q.j 

2 
x 10. (Q)I 

J 
(3.18) 

where Q = Kj - Kc is the momentum transfer 1: is a reciprocal lattice vector and 

G(Q) is the structure factor for one phonon scattering and is given by: 

b 
G(Q)=L ; [Q.£(l)]exp[-Wk(Q)]exp(iQ.Rl) 

K 'l/m 

(3.19) 

where RI is the position of the Ith unit cell, 2 is the polarization vector of the I th 

atom, defming the direction of the displacement. Exp (-WJ is the Debye

Wailer factor originating from the harmonic motion of the ions, W depends 

on temperature and momentum tQ and is a measure of the mean square 

ionic displacements. 

The upper and lower. sign in Equation (3.18) refer to phonon annihilation 

and creation respectively. 

Two-phonons and higher order processes are usually regarded as background 

but can be important at higher temperatures. 

For coherent scattering the zero phonon term corresponds to the well known 

elastic Bragg scattering with cross-section: 

(~) + LOCQ-21tI)IF(I)1
2 

coh t 
(3.20) 

Equations (3.18) and (3.20) contain 0 functions for energy and crystal 

momentum conservation, and these conditions enable the determination of 

dispersion curves. The conservation equations are: 
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(energy) (3.21) 

(momentum) 

The measurement of phonon scattering, with the triple axis polarised 

neutron spectrometer (IN20) will be described in detail in the next chapter. 

The incoherent one-phonon cross-section does not involve a momentum cS 

function, and is given by [58, 59]: 

C~~} 
mcoh 
1 ph 

= 

where n(w) is the number of quanta in the mode and is given by: 

n(co) = [exp(hco)JKB T) - 1] (3.23) 

Z(co) is the phonon frequency distribution function, m is the mass of a 

nucleus and N is the number of atoms in the sample. 

3.6 POLARISED NEUTRONS 

3.6.1 Introduction 

The polarised beam technique has been widely utilized for the study 

of spin density distributions in ferromagnets, following the pioneering 

work of Shull and Nathans [63] in the 1950·s. This technique requires 

only a double axis configuration, without analyzer. Then in 1969. the 

-classic paper by Moon. Riste and Koehler [64] appeared, which 

advocated the use of polarisation analysis after scattering. 

Polarised neutrons provide a very precise method of separating 

magnetic from non-magnetic scattering, since a magnetic interaction 

can change the spin state of a neutron, whilst a non-magnetic 

interaction cannot. This is particularly valuable when the magnetic and 
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nuclear unit cells are coincident. If the magnetic moments of the 

sample all point upwards, neutrons with spin-up will be scattered with 

amplitude 1 b + e 12 and neutrons with spin-down with amplitude Ib -e 12 

(due to the presence of the orientation factor p.q.L). Measurement of 

the scattering amplitude for some reflection (hkl) with incident neutrons 

polarised fIrst parallel and then antiparallel to an external magnetic 

field applied to the sample, enables the ratio of magnetic to nuclear 

scattering e/b to be determined for that reflection. This ratio is of 

crucial importance in measurements of the magnetic form factor. This 

technique is employed using the polarised neutron diffractometer 
D3B at the ILL, Grenoble. 

The instrument used in . performing the polarised neutron scattering 

experiments is discussed in the next chapter. 

3.6.2 Elastic Coherent Scattering 

The polarisation dependence of the differential neutron elastic 

scattering cross-section may be written [65]: 

dcr 
dQ 

2 1If!. 22 
a[b +2beq.A. +p q] (3.24) 

where e and b are the magnetic and nuclear scattering amplitudes 

11 

respectively. A. is a unit vector in the direction of the spin of the 

incident neutron and q, the magnetic interaction vector. p is an effective 

magnetic scattering amplitude and, for a spin moment only, can be 

written as, p = 0·2695 10012 Il.f cm. Where f is the form factor and 11 

is the magnetic moment per magnetic atom. The crystal is 

magnetised perpendicular to the scattering vector and the Bragg 

intensities measured with the neutron polarisation both parallel and 

anti-parallel to the applied field directions. The ratio of the Bragg 

intensities for the two polarisation directions is given by [65, 66, 67]: 

R = (b + e)2 / (b - e)2 (3.25) 

= (1 + y)2 / (l_y)2 

where y = e/b is the ratio of magnetic to nuclear structure factors. 
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For 3d metals the solution I y I < I is usually correct, thus knowing 

the value of b, the magnetic structure factor can be obtained. This is, on 

the other hand, proportional to the neutron magnetic form factor f(k) 

whose Fourier transform gives information about the spatial distribution 

of the magnetic moment densities. 

This method is used extensively by Ziebeck, Brown, and their 

collaborators [68] in a series of pioneering studies of magnetic scattering 

from 3d metals and compounds. 

3.6.3 Inelastic coherent scattering 

The cross-section for the vibrational scattering of polarised neutrons 

from a magnetic crystal may be written [65, 66] 

2 
dO" 2 .L 2.L2 

dQdE a{by +2by myp.S +P (S )].o[K+q-21tt]. 

where bv is the nuclear vibrational scattering amplitude, q is the phonon 

momentum or propagation vector, mo is the neutron mass, "hw is a 

quantum of vibrational energy and mv is the magneto-vibrational 

scattering. It is again seen that the polarisation dependence of the 

scattered intensity is similar to equation (3.32). 

The polarisation ratios of the intensities of Bragg peaks associated 

with phonons propagating in the principle symmetry direction may be 

measured as a continuous function of ~ throughout the Brillouin Zone. 

For a ferromagnetic sample, the magnetic electrons are expected to 

follow the nuclei in their therma1 oscillation. Thus, in addition to usual 
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follow the nuclei in their thermal oscillation. Thus, in addition to usual 

coherent nuclear scattering by phonons there is also coherent magnetic 

scattering, called magneto-vibrational scattering, with the same 

dependence on energy and momentum transfer as for the nuclear 

scattering. 

3.6.4 Magneto-vibrational scattering 

The interaction between the vibrational and magnetic degrees of 

freedom are of great importance. Information about the way in which 

phonon modes are coupled to the magnetisation may be obtained by 

measurements of the phonon intensities of Bragg peaks. 

Consequently, the polarisation ratios may be measured for different 

phonon polarisations. To the extent that the magnetic electrOns follow 

the nuclei exactly, the form factor of the magneto-vibrational 

scattering will be identical with that obtained from the elastic scattering 

experiment. 

This technique was ftrst used by Steinsvoll et al to study iron and 

nickel [66]. Their measurements demonstrated that, whereas for 

nickel the magnetic density giving rise to the magneto-vibrational 

scattering was indistinguishable from that giving rise to elastic 

scattering, for iron there was a small but signiftcant difference. 

The ratio of the magneto-vibrational to the nuclear vibrational 

scattering is: 

(3.27) 

where f(K) is the magnetic form factor, ~ is the mean magnetic moment 

per atom and b is the mean nuclear scattering length. 
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CHAPTER FOUR 

EXPERIMENTAL TECHNIQUES AND EQUIPMENT 

4.1 ALLOY PREPARATION 

All the Heusle, alloys used in this project were prepared by P. J. Webster 

and M. R. M. Mankikar at Salford University in the Department of Physics. 

The alloys were prepared by arc melting the appropriate proportions of 

spectrographically pure constituents. After the initial melt, the alloys were 

turned over and re-melted to ensure good mixing. Care was taken to minimise 

any loss by vaporization. The resulting ingots were crushed into a fine powder 

using a steel pestle and mortar. These powders were used for X-ray, specific 

heat, neutron diffraction and magnetic susceptibility studies. All the samples 

were slow cooled after being sealed in a quartz tube under vacuum and annealed 

for 24 hours at 800°C. 

Single crystals of FexNi I-x alloys containing x = 66, 50, 22 and were 

prepared in the Department of Metal Science, Kyoto, Japan, and kindly supplied 

by Y. Nakamura. 

4.2 X-RAY DIFFRACTION 

The structure of the Heusler alloys were initially investigated using X-ray 

diffraction techniques at room temperature with a Philips diffractometer. A 

broad focus PW2103/l00 copper radiation (Cu(ka)) tube was used in 

conjunction with a PWI050/25 vertical goniometer. A compact amount of the 

finest fraction of the powder was enclosed in an aluminium sample holder, 

which was mounted at the centre of the goniometer. A proportional detector 

PWI965/20/30 was used with the diffractometer, and after electronic processing 

the ouput was displayed on a servoscribe pen recorder. 
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A small error in the measurement of the Bragg angle S produces an error in 

the calculated value of the lattice constant ao' To obtain the lattice parameter 

more accurately, the Nelson-Riley extrapolation is used [69]. 

This method uses a plot of the lattice constants, ao' against the functions 

1/2(cos2e/sinS + cos2S/S). The line is extrapolated back to S = 900 to give the 

exact value of ao . 

4.3 NEUTRON SeA TTERING MEASUREMENTS 

All the results presented in this thesis were obtained using the high flux 

reactor (HFR) at the Institut Laue-Langevin, Grenoble, France. The high 

neutron flux is provided by the nuclear fission of uranium 235 within a single 

fuel element. This fuel element consists of approximately 9kg of uranium 

enriched to 93% by uranium 235. The thermal neutron flux, in equilibrium with 
o 

the D20 moderator (300K), has a peak in the Maxwellian distribution at 1.2A 

The range of neutron wavelength is extended by the inclusion of a hot source (10 

dm3 graphite at 2400K) or the cold source (25 dm3 of liquid deuterium at 

25K) giving an enhancement of the neutron intensity in the wavelength range 
o 0 

0·4 < A. < 0·8 A and A. < 4·0 A respectively [70] (figure 4.1). The experimental 

data was collected mainly on three different thermal neutron instruments, D2B, 

DIA and IN20. 

4.3.1 Neutron diffraction and structural refinements 

Accurate determination of the magnetic and chemical order of the Heusler 

alloys were made using neutron powder diffraction techniques. Results 

were obtained on DIA and D2B at ILL, Grenoble. The D2B instrument 

is a high resolution, high intensity version of DIA and is installed on the 

thermal reactor beam HI!. The arrangement of the diffractometer is shown 

schematically in figure 4.2. A wide choice of the wavelengths from 1·05 to 
o 

3·155 A can be obtained by using different reflections from a germanium 

. monochromator. The instrument has 64He3 detectors which are spaced at 
2.50 intervals to cover the fu11165° scattering range [71]. The detector 

angle, sample angle, monochromator angle (wavelength) and sample 
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temperature range are set by individual microprocessor controllers 

receiving commands from a !'I>Pllj24 _compute~ 

The powder specimens was contained in a cylindrical sample can made 

out of vanadium, for which the coherent scattering is negligible. Cans of 

5 mm diameter and 40 mm length were used and were mounted in a 

standard orange ILL flow cryostat on the table of the diffractometer. A 

polaroid camera fitted with a LiP scintillator sensitive to thermal neutrons 

was used to position the specimen in the neutron beam. The safety window 

blocking the neutron beam was opened for approximately one second, 

sufficiently long enough for the neutrons to expose the film. Scans were 

made at several temperatures between 5K and room temperature. The 

2-theta angle covered in each scan ranged from 00 to 1650 with a step width 
o 

of 0.0250 in 2-theta. The wavelength of the diffractometer was 1·594 A 

which was produced by the (335) plane of the germanium monochromator. 

A fixed monitor count was used for each run and the integrated intensities 

were obtained by subtraction of the back-ground count from the count 

obtained for the Bragg peak. 

Manual integration of Bragg peak is unreliable for complex structures 

because of the overlap of adjacent Bragg peaks. For this reason, a structure 

refinement program was used to determine the structure of each Heusler 

alloy [72]. This program is in two parts which should be run separately. 

The first is the Multipattem Preprofile Program (MPREP). This particular 

program required the specification of an input file, containing the following 

information: 

(i) The number of phases (maximum of three) 

(ii) The unit cell parameters of each phase and the neutron wavelength 

(ill) The half width parameters U, V and W of the Bragg reflections 

which are described by a Gaussian peak of full width H 

viz: H2 = UtaJ9 + Vtan9 + W 

(iv) Background values from the original diffraction profile 

(v) 29 regions to be excluded from the calculations 

(vi) Approximate zero 29 angle of the counter. 
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The second pan is the Multipattem Rietveld Program (MPROF) [72). 

This program needed different parameters to constmct a model for a crystal 

stmcture such as: 

(i) space group 

(ii) atomic scattering factors 

(ill) site occupation factor 

(iv) atomic positions 

etc. 

The refmement was carried out using the appropriate space groups e.g. 

Fm3m, R3m and 14/mm, with the atoms located at positions as listed in 

Table 7.6. 

The space groups that we have used are suitable in describing the 

symmetry relationships which have fIxed magnetic moment orientations 

relative to the antiferromagnetic AF3A and AF2 stmctures. The AF3A 

magnetic stmctures occur as a result of the lattice distortion from the cubic 

cell below the Neel temperatures, with the magnetic unit cell being twice that 

of the chemical cell (using cubic indices). 

A program GETSFZ was used to generate a listing of the reflections 

expected for these space groups with relevant lattice parameters using the 

Cambridge Crystallographic Subroutine Library. These were compared 

with the data and it was found that all the reflections listed were present in 

the profile. 

The refined parameters included the positional parameters, peak shape 

parameters, temperature factor and the lattice constant, together with other 

parameters such as zero offset, scale factor etc. Altogether there were 15 

parameters to be determined by the least square fit for each diffraction 

pattern. The intensity of 52 nuclear reflections for both space groups were 

observed. 

The R factor is defined by: 

n 
L IS F. obs - F. calc I 

i = 1 1 I 
R = -'--"------

n 
L S F. obs 

i = 1 I 
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where 

Fj obs = observed structure factor 

Fj calc = calculated structure factor 

S = scale factor 

The scale factor S is defined by: 

n 
L F. calc 

j = 1 1 S= ~ __ _ 
n (4.2) 

L F. obs 
j = 1 1 

In a least square fit, one attempts to minimise the function M as: 

n 2 
M = L W. IS F. obs - F. calc I 

j=l 1 1 1 
(4.3) 

Wj is the weighting associated with each structure factor, where: 

W. = __ 1 __ 
1 2 (dF.obs) 

1 

(4.4) 

The agreement between the powder diffraction pattern and theoretical 

model is measured by the nuclear R factor ~. The R factor is defined 

as: 

n ( . )2 L FN ObS(l) 
j = 1 

(4.5) 

where FN(i) is the nuclear structure factor of the ith reflection out of a 

total number of n reflections with obs and calc indicating either the 

observed or calculated values of the nuclear structure factors. 
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The main technique used to separate the nuclear and magnetic 

contribution was to repeat the experiment twice; once above and once 

below the transition temperature. In magnetic scattering, the form factor 

falls off with sin9J).., and the detailed shape depends upon the distribution 

of the unpaired electron spins. The nuclear scattering amplitude shows 

no regular variation with atomic number, and does not change with the 

scattering angle 29. 

4.3.2 Inelastic Neutrons Scattering 

One very sensitive way to study the interaction between the magnetic and 

lattice degrees of freedom is through the polarisation dependence of the 

magneto-vibrational scattering. 

The instrument IN20 is ideal for this purpose; IN20 is a three-axis 

spectrometer equipped for polarisation analysis and is installed on the 

thermal beam Hl3 figure (4.3). The principle features of this instrument 

are described briefly as follows: 

The incident wavevector Iq is selected using a Cu(200) monochrometer 

crystal to produce an unpolarised monochromatic incident beam. If dM is 

the spacing between the appropriate scattering planes of that crystal, 

then by Bragg's law: 

(4.6) 

similarly, the (111) reflection of Cu2MnAI was used as analyser to define a 

final wavevector Kf for neutron reaching the detector where: 

(4.7) 

The neutrons scattered from the monochromator pass through a collimator 

towards the sample. This collimator is mounted in a drum of shielding 

which surrounds the monochromator to protect against radiation. The 

collimation used starting from the monochromator was 30', 40', 40', 40' 

and the spectrometer was operated in the constant Kf mode with Kf 

either 2·66 or 4·1 A-I. A graphite filter was used to eliminate higher 

order contamination of the beam, and a Mezei flipper was placed just in 

front of the analyser crystal. 

• 
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The instrument has a He3 detector, and most operations of the spectro

meter and power supplies are controlled by the instrument computer 

PDPlln3. 

The measurements were made with the sample placed in a vertical 

magnetic field provided by a superconducting magnet: the field at the 

sample was set to 2T which was sufficient to saturate the sample at 100 K. 

Dispersion curves for the phonon and magnon modes in the three 

principle symmetry directions of Fe65Ni35 were investigated. A series 

of constant E scans were carried out. In each scan the scattered 

intensity was measured at each point with the flipper on, and then with it 

off, to obtain the polarisation dependence of the scattered intensity. 

The ratio between the counting rates for the polarisation state is known as 

the "flipping ratio" is recorded for each reflection and these ratios are the 

data of the experiment. The polarisation ratio is given by: 

R= 
b
2 

+ 2be + e
2 

2 2 
b -2be+e 

= 
(1 + y)2 

(l-yl 

e 
where y = -

b 
(4.8) 

where band e are the nuclear and magnetic structure factors respectively. 

4.3.3 Production of a polarised Monochromator beam 

Neutrons are spin 1/2 particles whose direction are normally random in 

space. If the neutron beam can be polarised then a significant increase in 

information concerning the scattering process can be obtained. 

The technique of polarisation involves arranging for all incident neutrons 

impinging on the sample to have their spins aligned in the same direction. 

This is normally achieved by using a ferromagnetic monochromating crystal 

for which the magnetic and nuclear structure factors for a low angle 

reflection have the same amplitude i.e. b = e. The scalar product p . ~ in 
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the cross section for Bragg scattering (equation 3.24) becomes +1 for 

upward (+) and -1 for downward (-) pointing spin vectors, so that 

scattering amplitudes for upward and downward pointing spins will 

be (b + e) and (b - e) respectively. The corresponding intensities are 

proportional to (b + e)2 = (2b)2 and (b - e)2 = 0 respectively, so that 

the reflected beam will consist of upward pointing spins only. 

There are several monochromators which fulftl this condition, in 

particular the (002) reflection of Co92FeOg and (111) reflection of CU2MnAl 

(Heusler Alloy). The choice of monochromator is determined by the degree 

of polarisation, it's reflectivity and the resolution !!J.!).., required. 

Face-<:entered cubic cobalt containing 8% iron (Co92FeOg) has equal 

nuclear and magnetic cross sections for the 002 reflections. For this 
o 

reflection Y= 1, the d spacing is 1·767A and ')../2 contamination is small. 

Unfortunately, cobalt has a relatively high thermal neutron absorption 

cross-section (37 bams) so that only thin crystals can be used and hence the 

intensity of the polarised beam is limited. An alternative polariser that is 

sometimes used is the (111) superlattice reflection of the Heusler alloy 

CU2MnAl. The polarisation ratio for the (111) reflection is y - - 1 and 

- 95% polarisation is usually achieved. The Heusler crystal is much less 

absorbing and large crystals may be used to increase the intensity by a factor 

of 4 times the intensity achieved with Co/Fe. The Heusler alloy has 
o 

particular application for wavelengths greater than 2A because of the large d 

spacing of the polarising reflection. For long polarised wavelengths 

crystals are now being replaced by polarising mirrors and multi-layer 

devices (supermirrors) [37), for certain specialist applications. 

The spectrometer was aligned using a Heusler alloy (Cu2MnAl) as both 

monochromator and analyser. A Mezei flipper placed in front of the 

analyser crystal enabled the polarisation of the beam to be reversed. 

The polarisation of the instrument was checked by driving the spectro

meter into the straight through position and measuring the ratio of the spin 

up and spin down count in the absence of a sample. The ratio of the two 
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counts "flipping ratio" was found to be 16. An estimate of the polarisation 

was detennined using: 

R-l 
P=-

R+l 
(4.9) 

The ratios of the magnetic to nuclear structure factor y of the sample were 

obtained from the polarisation flipping ratios after making corrections for 

incomplete polarisation reversal in the manner suggested by Brown and 

Forsyth (1964) [67, 122]: 

2 2 
R = ( 1 + 2 P. Y + Y ) / (1 - 2 P. ey + y ) 

1 1 (4.10) 

where Pi is the incident polarisation and e = 2E-l, where E is the fraction 

of spins reversed by the flipper, and e is the flipping efficiency. Thus 

1/ 
P.(eR + 1) ± [P~ (eR + 1)2 _ (R _ 2)2] 2 

Y = 1 1 

R-l 
(4.11) 

The values of Pi using standard crystals of Cu2MnA 1 for which y = -1 

and Co/Fe for which y = + 1 in place of the specimen and a Cu(200) mono

chromator, and e were detennined. 

Thus 

I-P. 
R(1ll) (Heusler) = -:-1-+--=epo-1

• 

1 

and 

1 +P. 
R(200) (otFe) = l-eP~ 

1 

(4.12) 

Typically R(Heusler) = 0·029 and R(Co/Fe) = 16·0, yielding e = 0·94 

and Pi = 0·94. 
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4.3.4 Half wavelength contamination in the polarised incident 

beam 

A monochromator set to diffract neutrons of wavelength A from a set of 

Bragg planes (hid) will also be correctly oriented to diffract neutrons of 

wavelength i.J2 from the planes (2h. 2k. 21). If the structure factor for this 

reflection is not zero. there will be a Al2 contamination in the mono

chromatic beam. For a CU2MnAl monochromator. the nuclear scattering 

amplitude of the (222) reflection is more than twice that of the (111) used to 

polarise the beam and hence significant 1../2 contamination occurs. This is 

minimised to a negligible level by a suitable choice of filter which captures 

unwanted neutrons by a resonant absorption process. 

The Al2 component is very weak for a COO.92Feo.8 monochromator 
o 

working at A < lA on a thermal reactor hole. However in the case of a hot 

source instrument. the i.J2 contribution may need to be attenuated and 

corrected for. The maximum intensity in the neutron spectrum from the hot 
. 0 

source occurs between 0·4 - O·SA and the i.J2 contribution becomes 
o 

important for wavelengths greater than 0·7 A. 

By measuring the integrated intensity of the same reflection at both A and 

Al2 one obtains the fluxes J(A) and J(Al2) which allow corrections to be 

made in deriving a true value ofyfrom the observed flipping ratio [73]: 

C = J (i.J2) 

8J (A) 

4.3.5 Measuring Phonon Dispersion Relations 

(4.13) 

The advantage of a three axis spectrometer over a two axis diffractometer 

is that in addition to measuring the neutron intensity as a function of 

momentum transfer Q. the use of the third axis enables the neutron intensity 

to be measured as a function of energy hw. Le the inelastic in the 

scattering. 
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The energy transfer hw in inelastic neutron scattering meaasurement is 

given by 

r? 2 2 
llro = E·-Ef = - (K. -Kf ) 

1 2m 1 
(4.14) 

and the momentum transfer is deflned by: 

(4.15) 

where K; and Kc are the incident and flnal wavevectors and Ej and Ef are the 
corresponding energies of the neutron. From equation (4.14) the Bragg 

condition is obtained when IKjl = IKfl and the scattering vector Q = t, a 

reciprocal lattice vector. For inelastic scans, tiro ". 0, and either IKjl or IKt' 

is flxed. For flxed IKt' the measured intensity is directly proportional to the 

dynamic structure factor S(Q, 00). Inelastic scans are usually performed 

with either Q flxed and ]w varied oriiw flxed and Q varied. These two 

scans are diagrammatically represented in flgure (4.4). The choice of scans 

depends on the resolution in energy and momentum of the spectrometer and 

the nature of the scattering surface to be studied. 

4.4 MAGNETIC MEASUREMENTS 

The magnetic properties of the Heusler alloys were investigated using a 

Cahn RH Automic Electrobalance (as shown in flgure 4.5). The susceptibilities 

of the alloys were measured in flve applied flelds over the temperature range 

77K to 300K. The balance measured the force Fz exerted on a small specimen 

of mass m, by a magnetic gradient ( ~~). The force is given by: 

(4.16) 

where X is the susceptibility. 

The measurement of magnetic susceptibility by using equation (4.16), is 

called the Faraday method. Since it is difflcult to measure aH/aZ accurately the 

absolute value of the susceptibility was measured by comparison of the force 

acting on standard specimen of known susceptibility and with that of the 

specimen under investigation. 
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The instrument was calibrated using pure materials of known susceptibility 

for example solid cylindrical samples (4 x 3 mm) of pure palladium and niobium 

and a powder sample of Pd2MnIn. 

A Newport electromagnet was used to produce magnetic fields of 

sufficiently large gradient to measure magnetic susceptibilities of antiferro

magnetic materials. The magnet had 10 cm diameter plane pole tips separated by 

a 3·5 cm gap. The power supply for the electromagnet was a 240 VDC(ST-240) 

supply, which was capable of producing a maximum current of 20 amps. The 

. . al . . f h . . h . f H aH opttmum verttc posiUon 0 t e speCImen, I.e. t e regIon 0 constant az' 

was determined from a plot of H ~~ against the vertical position of a . 

fluxmeter. 

The copper specimen holder was suspended from the Micro-balance by a 

lightweight rod of material with high resistance, e.g. a thin walled stainless 

tube of length 52 cm and 4 mm diameter. The Micro-balance assembly was 

placed at the top of an aluminium supporting plate and this plate was fixed on a 

wall. The cryostat was sealed to the bottom of this plate by an '0' ring seal. The 

Micro-balance assembly was enclosed in an airtight glass Bell jar, as shown 

in figure (4.5). 

An ACF 1200 continuous flow cryostat and a 3120 temperature controller, 

both manufacrured by Oxford Instruments was used. Stable temperatures were 

determined using a gold-iron (Au-D·03% Fe) thermocouple. 

The vacuum jacket of the cryostat was maintained to a pressure of 10-5 

mbar. The vacuum equipment consisted of an oil diffusion pump and a rotary 

pump. The rotary pump was used to evacuate the cryostat to a pressure less than 

10-1 mbar, and the diffusion pump was used to achieve vacuums to less than 

10-5 mbar. 

Corrections for the specimen holder were obtained by measuring the 

magnetic forces exerted with the empty rod and these values were subtracted 

from readings observed with the sample. The magnetic susceptibility of a 

specimen can be determined from the following relationship: 
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· F (M) 
X Heusler = M F Slandard / 

(4.17) 

where X, M and F are susceptibility, mass and the exerted magnetic force 

respectively. 

4.4.1 Automation of Magnetic Susceptibility Measurements 

The experiment involves the measurements of the magnetic susceptibility 

of the specimen as a function of both field and temperature. IT carried out 

manually the measurements are time consuming with one run taking at least 

one day. For this reason, a computer control measurement was designed by 

W. Hussen. The data acquisition was controlled by a BBC micro

computer. A block diagram of the apparatus is given in figure (4.6). 

The temperature of the sample is set by a temperature controller through 

the computer and the electromagnetic current is set by the control unit 

through the user port of the computer. The voltage from the microbalance, 

which is proportional to the magnetic force acting on the sample for 

different magnetic fields, is measured by a DVM. The measured voltage 

signal is transferred from the DVM to the computer through an IEEE 

Interface. The magnetic susceptibility of the sample for several fields was 

then obtained by using equation (4.17). The same measured sequence 

procedure is repeated for the next temperature. 

Susceptibility and reciprocal susceptibility versus temperature curves 

were plotted for paramagnetic and antiferromagnetic Heusler alloys. Neel 

temperatures 9N were measured, and paramagnetic Curie temperatures 9p 

were extrapolated. From the slope of the reciprocal susceptibility the Bohr 

magneton numbers were obtained. 
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4.5 SPECIFIC HEAT MEASUREMENTS 

Two methods of determining the specific heats between liquid nitrogen 

77°K and room temperature have been used. The first method involved 
continuous heating using a Differential Scanning Calorimeter (fA 3000 System), 

and the second method involved a pulse technique. The principle procedure of 

using these techniques are described briefly as follows: 

4.5.1 The Differential Scanning Calorimeter (DSC) 

The DSC is a device for making rapid and accurate evaluations of the 

thermal properties of materials. The basic idea is that a sample which is 

enclosed in a small container (pan) and a reference pan, which is empty, 

are heated at a selected rate. The energy required to heat both sample and 

reference is monitored and the difference between them provides a measure 

of the energy needed to heat the sample through a known temperature step 

and hence its specific heat The basic output of the device is the difference 

in the energy flow rate as a function of temperature. The output can either 

be presented graphically or printed out in a table. 

In most measurements a blank run using an empty pan was done and the 

resulting data stored and subtracted from the results for the sample. 

4.5.2 Pulse Heating Technique 

Pulse calorimetry is a technique, in which a measured amount of 

electrical heating power is injected into the specimen over a fixed period 

of time. The sequence of operations of a pulse calorimeter is illustrated 

in terms of a temperature time curve in figure (4.7). 

During the period AB, the temperature is measured repeatedly whilst the 

specimen is maintained in good thermal isolation. During the heat pulse, 

BC, it is not necessary to measure the temperature, but the heating power 

(El) must be measured from the dc voltage drop E across the heater and the 

current I through a series resistor heater. The heating power (El) is almost 

constant, as the heater resistance changes slightly with temperature. 
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Following the heat pulse. the temperature is measured in the drift period 

CD. after which a further heat pulse DE can be applied. The temperature 

rise ~ T and the average temperature (T) are calculated at the mid-point of 

the heating period from a line extrapolation of the lines fitted to the 

temperature points in the pre and post drift periods. The calculated energy 

supplied to the specimen (EU~t) during the heating and the temperature rise 

(~T) yield the specific heat at the average temperature point (T) by [74]: 

rut 
Cp=-

~T 
(4.18) 

The specific heat system was automated by using a BBC computer using 
the above equation to calculate the specific heat as a function of 

temperature between 77-300K. 
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CHAPTER FIVE 

A REVIEW OF THE VARIOUS ORDERING SCHEMES FOUND IN 

MAGNETIC COMPOUNDS 

5.1 STRUCTURE FACTOR OF HEUSLER ALLOYS 

Heusler compounds X2Mn Y are intermetallic compounds which have the 

cubic type L21 structure and space group Fm3m [134]. The structure of the 

compounds may be visualised as a system of four inter-penetrating fcc sub

lattices A, B, C and D as shown in figure (5.1). 

(
Ill) (333) X atoms occupy the A 444 and C 4 44 sites, manganese the B 

(
111) . 222 sites and the Y atoms the D(OOO) sites. The ordered structure gives 

rise to three different types of reflections, two of which are order-dependent 

The structure factors F(hkJ) are: 

1 

h, k, I all odd: F(lll) = I 4 [(fa - fc)2 + (fb - fd)2] 2 I 

(h+k+I)/2 odd F(200) = I 4 [fa - fb + fc + fd] I (5.1) 

(h + k + I) /2 even F(220) = I 4 [fa + fb + fc + fd] I 

where fa, fb, fc and fd are the average atomic scattering factors for the A, B, C 

and D sites respectively. F(ll1) and F(200) are order-dependent, but F(220) 

is independent of order. There are an infmite number of ways the system can 

disorder but there are 7 preferential ways which lead to other structures. Of 

particular importance in the present study is the disorder which leads to the B2 

structure. In the B2 structure Mn and Y atoms occupy the Band D sites 

randomly. 
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5.2 THE STRUCTURE OF THE FexNi 1_x ALLOYS 

The existence of an ordered structure for the alloy Ni 75 at % Fe 25 at % 

has been established by many techniques (e.g. Leech and Sykes (1939), 

CoIIins et al 1964) and Liaschenko et al (1957) [76,77]. The structure (which 

is of the CU3Au type) is an ordered face-centred cubic arrangement with iron 

atoms on the corners and nickel atoms on the face-centres of the cubic unit 

cell as shown in figure (5.2a). It may conveniently be described in terms of 

four inter-penetrating simple cubic lattices, three consisting of nickel atoms 

only, and one consisting of an iron atoms only. The space group is Pm3m with 

° a = 3.553A at 295°k. The basis of four atoms are [77] 

a 
Fe at 2 (000) 

Nil at ~ (I, I,D) 
.2 a 

NI at 2(0, 1, 1) 
.3 a 

NI at 2(1,0, 1) 

where a is the lattice constant of the ordered structure. 

For an ordered ferromagnetic alloy, the intensities of the superlattice 

reflections (100) and (110) are proportional to: 

(5.2) 

where b A and P A are the nuclear and magnetic scattering lengths for atoms A. 

S is the long range order parameter (S = 1 for perfect chemical order). For an 

unmagnetised sample the factor q2 is equal to 2/3. The crystallographic 
ordering 'temperature for the LIo structure is - 618 K and the Curie temperature 

is 783°C. On raising the temperature, the intensity of the superlattice reflections 

diminishes leaving diffuse scattering characteristic of short range order (fig 
5.2b). In the paramagnetic state, i.e. 805K any remanence of the superIattice 

reflection has disappeared. 
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5.3 ANTIFERROMAGNETISM OF THE FCC LATTICE 

At low temperature 3 different magnetic structures have been observed 

in the Heusler alloys consistent with antiferromagnetic order on an fcc lattice. 

The Heusler alloys described in the present thesis primarily order anti 

ferro-magnetically with the moment confined to the manganese atoms. 

The different possible types of antiferromagnetic structure for an fcc lattice 

are shown in figure (5.3). 

In all structures the Mn atom is surrounded by 12 nearest neighbour (n.n) 

a 
Mn atoms at a distance .fi and 6 next nearest neighbours (n.n.n) at distant 'a' 

as shown in figure (5.3). 

In ordering of the first kind, two thirds of the nearest neighbours of any 

moment are coupled antiferromagnetically i ,J.., while the other nearest 

neighbours are coupled ferromagnetically ii. 

The condition for magnetic reflections occurs is when h and k are even 

and I odd and may be indexed as (001), (003) ... etc. 

In this model, as can be seen from the diagram, the spins in the (001) plane 

are parallel so the propagation vector k is parallel to the tetrad axis (00 I) of the 

cubic lattice so the configurational symmetry is tetragonal. 

Ordering of the second kind is characterised by having half the nearest 

neighbour moments parallel and half antiparallel, and all next nearest neigh

bour moments are antiparallel. The magnetic reflections are characterised by 

odd integral values for h, k and I and may be indexed as (Ill), (311), (331), ... 

etc, indicating that Mn atoms along the cube axes are oppositely aligned. The 

magnetic lattice consists of parallel (111) planes within which all the Mn atoms 

are coupled ferromagnetically. Neighbouring (11l) planes are coupled anti

ferromagnetically. Since the postulated magnetic symmetry is rhombohedral, 

the orientation of the spin direction to the [111] axis can be determined. 
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Finally. ordering of the third kind has the same nearest neighbour 

configuration as ordering of the first kind. but only two thirds of the next 

nearest neighbours are parallel. The condition for magnetic reflections to occur 

is characterised by even integral values for h. k and odd for I. i.e. (201). 

(203) •... etc. In this configuration adjacent spins along two of the cube edges 

are aligned parallel and along the other antiparallel. producing tetragonal 

magnetic symmetry. 

In these magnetic structures. two types of space groups of rhombohedral (R3m) 

and tetragonal (14/mmm) structures are suggested to be consistent with anti

ferromagnetic structures on an fcc lattice. 

5.4 MAGNETIC STRUCTURE DETERMINATION OF VARIOUS 

MAGNETIC MODELS 

The unpaired electrons of the incomplete 3d shell in the transition metal 

ion give rise to a resultant magnetic moment. Interaction of atomic moments 

with the magnetic moment of the neutron. produces magnetic scattering which 

is additional to the nuclear scattering. 

In ordered magnetic materials the magnetic moments are usually parallel or 

antiparallel and coherent Bragg reflections occur. The total scattered intensity 

for any reflection is obtained by calculating the total structure factor F of the 

unit cell. The resultant intensity is proportional to F2 which is given by: 

(5.3) 

where q is the magnetic interaction vector defined by: 

q2 = (1 - (e . 102 = sin;' (5.4) 

where " is the angle between the scattering and magnetisation vectors. Thus if 

q2 is known for a particular reflection. the orientation of the magnetic moments 

may be determined. £ and k are unit vectors to the reflecting plane and 

direction of atomic magnetic moment respectively. 
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The spin direction with respect to the unique axis may be obtained from 

the formula derived by Shlrane (1959) [78]. 

and 

2 122..2.22222 
<cos'T\ > = [-(h +k )a* sm9 +1 c* cos 9]d 

2 

(5.5) 

which are for rhombohedral and tetragonal configurated symmetry respectively 

where 'T\ is the angle between the magnetic and scattering vectors; 

n = h2 + k2 + 12; r = hk + kl + lh and 9 is the angle between the spin direction 

and the unique axis. 

In magnetic crystals which have cubic symmetry there is no unique axis 

and it is impossible to determine the moment orientations from measurements 

using unpolarised neutrons, since q2 takes a mean value of 2/3 for all 

moment orientations. 

The magnetic moment I.!. per magnetic atom is calculated from 

p = 0.2695 x 1O-121.!.. fe cm, where p is the magnetic scattering amplitude 

and the magnetic form factor fe was obtained (as a function of (sin9JA.) for 

Mn) from Watson and Freeman [79]. 

5.5 APPLICATION OF MOLECULAR FIELD THEORY TO VARIOUS 

MAGNETIC MODELS 

The Heusler alloys are a particularly useful series for investigating long

range interactions in 3d metals in that they have well separated ordered localised 

moments .. 

According to the molecular field theory, the magnetic ordering 

temperature 9 is given by: 

2 N 
kB9 = -3 S(S + 1) L G.1.. 

i = 1 I 1J 
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where kJi is Boltzmanns constant, S is the magnetic spin, G j takes values +1 

when ith spin is aligned parallel or -1 when they are aligned antiparallel, 

Jjj is the exchange interaction between ith neighbours, and N is the number 

of sets of neighbours. 

Summing over all neighbours out as far as the third exchange interaction, 

the four possible fcc types of magnetic order (L21) can be written: 

k9
p 

'" k9
F 

= l2Jj + 6J2 + 24J3 

k9NI = -4JI + 6J2 + 8J3 

k9N2 = -6J2 

k9N3 = -4JI + 2J2 + 8J3 

(5.7) 

where k = 3KB/2S (S + 1) and 9p' 9NI, 9N2 and 9N3 represent the 

paramagnetic Curie temperature and the Neel temperatures for AFI, AF2 and 

AF3 structures respectively. 

Comparison of the stability of the observed structures show that the types 

of exchange interaction must be one that can take both positive and negative 

values for different neighbour distances. For AFI order to occur J3 must be 

negative and for AF2 J2ffiust be negative and relatively large. For AF3 J3 
must be positive. The only region in which ferromagnetism, antiferro

magnetism types AF2 and AF3 can all exist is when J I and J2 are negative and 

J3 is positive. 

For simplicity the phase stability diagram is shown in figure (5.4) as 3 

two dimensional phase diagrams. 

The details of the distance dependence of the exchange interactions in 

Pd2MnSn have been derived by Noda and Ishikawa [80, 81] from measure

ments of the magnon dispersion curves using inelastic neutron scattering. The 
o 

measurements have shown that the long range interaction (> l2A) have an 

oscillatory namre at large distances. The exchange constants determined from a 
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least square fit to the dispersion relation tw = 2S[J(0) - J(q)], where S is the 

~ iqR 
atomic spin and J(q) = .t.. 1. e 'is the Fourier transfonn of the exchange 

i 1 

integral. 

5.6 FRUSTRATION ON ANTIFERROMAGNETIC FCC LATTICE 

Antiferromagnetic interactions on a disordered lattice can produce results 

that are quite different from those in ordered systems. Frustration arises with 

antiferromagnetic interactions whenever the geometry of the lattice is such that 

the neighbours of a' given atom are themselves neighbours of each other [83]. 

Figure (5.5) illustrates the idea of frustration. The + sign refers to ferro

magnetic exchange and the - sign to antiferromagnetic exchange. The three 

aligned spins are shown by solid circles and the frustrated spin by an open 

circle. The spin on its left wants to point up, but the spin above it wants to 

point down. This given spin cannot satisfy all of these requirements and this 

is refered to as frustration [75]. 

The spin-glass state has been found in certain disordered magnets, which 

undergo transitions characterised by the absence oflong range order [75]. 

A spin-glass state can be defined as an interacting magnetic system where 

the magnetic atoms have positioned randomness, and is characterized by a 

freezing of the spin directions. 

Let < Si > be the thennal average of a spin at the ith site and 

< S >;: N-1L < Si > as the average of < Si > over all N spins. Then a spin 

glass is characterised as a system which is below T c has < S > = 0, but also 

< S >2;: N-l L < S? > ,j, 0. Thus, in a spin glass each spin is frozen in some 

specific direction but this direction varies throughout the alloy so that there is no 

macroscopic magnetization. 

A number of fascinating phenomena at temperatures below the ordering 

temperature are known to occur in spin glasses and they have been well 

documented [82]. 
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Temperature dependence of magnetic specific heat and susceptibility 

measurements ofCuMn alloys have been obtained by Wenger (1976) [83] and 

Martin (1980) [84] respectively. The results show that approximately 1/2 [83] 

to 2/3 [84] (of the magnetic entropy) is already frozen out at T f (freezing 

temperature), indicating completing short-range antiferromagnetic interactions. 

The present specific measurements of both gold and silver Heusler alloys 

indicates that the small magnetic entropy may be associated with the system 

when it is fully frustrated, i.e. in the spin glass phase. 

5.7 ANTIFERROMAGNETISM IN Fe - Ni INVAR 

The fITSt suggestion of the possible presence of antiferromagnetic exchange 

bonds in nominally ferromagnetic first row transition metal alloys was a 

proposal by Carr [91] that such a mixed exchange situation might explain all 

deviations from the Slater-Pauling curve [92,93]. Kondorsky and Sedov later 

proposed the mechanism for the case of Fe-Ni Invar and called it "Latent 

Antiferromagnetism" [95]. In its simplest form, latent antiferromagnetism 

assumes three near neighbour exchange constants: an antiferromagnetic 

coupling for Fe-Fe pairs and two ferromagnetic coupling constants corres

ponding to Fe-Ni and Ni-Ni pairs. The assumed antiferromagnetic bonds 

are consistent with the postulated antiferromagnetism of (fcc) y -Fe [94]. 

Given such mixed exchange, one might expect some form of antiferromagnetic 

order to establish itself at some temperature T N < Tc. There are, in fact, a 

number of reports that such an ordering does occur in the neighbourhood of 

10-80 K in 30-40 at % Ni of Fe-Ni Invar. 

The measured quantities which exhibit an anomaly or a relatively sudden 

change at the supposed T N are listed in table (5.1), 
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Physical properties Formula at%Ni 

The differential 
M1/.ill 36·8 

succeptibility at 43·8 
H=6·7KOe 

The field induced -~o.ill 36·8 
change in electrical 43·8 
resistance 

The forced linear 6.l/lo.ill 33·7 
magnetostriction 
coefficient 

The small-angle dcr/dn 16 
neutron scattering 22 
cross section 26 

30 

The Magnetisation M(T) atH~ 10 34 

KOe 35-4 

Ac susceptibility xac 30 
40 
45 

57 
Hhf Hyperfield on Fe 35 

Transferse sound Tsoond 34 
velocity 

Table!5.l) 

Measured low-temperature magnetic 
transitions (TN) in Fe - Ni Invar' 
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TN(K) Ref 

15 [85] 
<4·2 

15 [85,95] 
15 

15 [96] 

100 [97] 
95 
90 
75 

20 [98] 
20 . 

30 [99] 
40 
45 

26 [100] 

22 [101,102] 



CHAPTER SIX 

EXPERIMENTAL RESULTS - Pd2-X AgxMnIn 

6.1 INTRODUCTION 

No references were found to any previous investigations in the 
P~-x AgxMnIn system. The alloys discussed in this chapter are listed in table 
(6.1). 

All alloys were prepared by the same technique described in Section (4.1). 
Each alloy was annealed at 800°C for 24 hours and then was slow cooled (sc). 
X-my powder diffraction patterns were taken for all samples. The lattice 
parameters were determined from Nelson Riley extrapolations. The alloys 
discussed in this series were either antiferromagnetic or ferromagnetic at low 
temperatures. The majority of the alloys order in the L21 Heusler type 

structure, but some exhibited preferential (Mn-In) disorder, i.e. B2 disorder. 
In these series three types of magnetic structures are observed, antiferro
magnetic fcc type 2, AF2, antiferromagnetic fcc type 3A, AF3A, and ferro

magnetic. 

Similar behaviour has been observed in the series Pd2MnSnl_xSbx, 
Pd2MnInl_ySby and Pd2MnInl_zSnz [125, 126, 127]. 

The magnetic, thermal structural properties of each alloy are discussed in 
detail in the following sections. 
Table (6.1) Lattice parameters and electron concentration of Pd2_xAgxMnIn 

series 

Alloy a ~) Heat nc(e/ch. fonn) 
0 Treaonent 

Pd}vWn 6·369 "+ 0·003 sc 4·0 

Pdl.g Ag()'2 MnIn 6·397 "+ 0·003 sc 4·2 

pdl.6Ag()'4 MnIn 6·418 - 0·003 sc 4-4 + 

Rl1.4 AgO.6MnIn 6·441 + 0·003 sc 4·6 

P~ .2 Ag().g MnIn 6-470 - 0·003 sc 4·8 + 

RlO.gAgI.2MnIn 6·552 + 0·003 sc 5·2 

RlO.6 AgI.4 Mnln 6·576 - 0·003 sc 5-4 + 

RIo. 4 Ag 1.6 MlIn 6·647 - 0·003 sc 5·6 + 
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The susceptibility and reciprocal susceptibility versus temperature curves 

are shown in figures (6.1) and (6.2) respectively. The specific heat versus 

temperature obtained by using pulse and continuous heating techniques are 

shown in figure (6.3). 

Neutron scattering measurements have been carned out using the diffracto

meters DIA and D2B at the ILL. Scans were made at several temperatures 

between 5K and 293K. Figures (6.4) and (6.5) show the powder diffraction 

patterns of Pd1.g AgO.2Mnln obtained at a temperature of 5K and 190K using 

D2B and DIA respectively. At 5K, a mixture of the antiferromagnetic phase, 

fcc type 2, AF2 and antiferromagnetic phase fcc type 3A, AF3A is observed. At 

190K, above the Neel temperature, all antiferromagnetic peaks have 

disappeared. The powder refinement was carned out using the proposed space 

groups of the tetragonal (I4/mmrn) and rhombohedral (R3m) structures, with 

the atoms located at positions as indicated in table (6.2). In this refinement the 

integrated intensity of 52 crystallographically independent Bragg reflections 

were determined for both structures using the Rietveld refinement program 

[72]. The results of the refinements show that the measured and calculated 

nuclear intensities for both structures are in excellent agreement, indicating the 

proposed structures are correct. 

For simplicity, only the results of the refinement of 15 nuclear reflections for 

the tetragonal structures are presented in table (6.3) and shown in figure (6.6) 

At room temperature, the intensities of the odd and even nuclear 

superlattice peaks indicate that the alloy was highly ordered in the L21 structure 

with a small amount of preferential B2 disorder. The odd superlattice peaks 

have the most intensity and are very sensitive to (Mn-In) disorder. The effect 

of seven types of preferential disorder on the odd and even superlattice structure 

factors F2(111) and F2(200) are shown in figures (6·7), and (6·8) respectively. 
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Table 6.2 Configurational Symmetry of the Pd2 Ag MnIn alloys structure 1134, 135] 
-x x 

Structure Lattice paraIlleters Space Group Atom 

° 
fcc a=b=c=6·4A Fm3m Ag/Au 
(R.1) 

a=ll="(=90° 
I'd 

Mn 

In 

° Tetragonal a=b=4·52A I4/mIllm Ag/Au 
(L.1) ° 

c=6·4A I'd 

a=ll="(=90° Mn 

In 

° 
Rhombohcdral a = b =c = 4·5A R3m Ag/Au 
(L.1) 

a=ll="(=60° I'd 

Mn 

In 

Coordinates 

1/4 1/4 1/4 

1/4 1/4 1/4 

1/2 1/2 1/2 

0 0 0 

0 1/2 1/2 

0 1/2 1/2 

0 0 0 

0 0 1/2 

1/4 1/4 1/4 

1/4 1/4 1/4 

0 0 0 

1/2 1/2 1/2 



Table (6.3) The measured and calculated nuclear intensities for rhombohedral 
structures. The R factors are a measure of the quality of the fit, where Rn 

is the R factor for integrated intensities, Rp the profile R factor and 

Rexp the profile R factor expected by statistics (the definition of Rn is 

given in equation 4.1) 

Position h k I J(mult) lcal lobs 

-24·99 1 0 0 6 2123 2139 + 14 

25·04 1 1 1 2 705 714 - 6 + 

28·95 0 -1 -1 6 4207 4200 - 21 + 

41·38 1 0 -1 6 2426 2578 - 12 + 
-41-44 2 1 1 6 2420 2399 + 11 

48·95 1 -1 -1 6 603 674 - 5 + 

48·98 2 1 0 12 1205 1302 - 9 + 

49·03 -1 -2 -2 6 601 645 - 6 + 

51·29 2 0 0 6 1455 1443 - 12 + 

60·00 0 -2 -2 6 1275 1249 - 15 + 
-

65·98 2 0, -1 6 736 800 + 9 

66·05 3 1 1 12 367 396 - 4 + 

66·11 3 2 2 12 367 391 - 6 + 

67·93 1 -1 -2 12 1832 1910 - 10 + 

68,02 3 2 1 12 1829 1948 + 11 

a = b = c = 4·5050 ± 0·0002 

Temp effect Mn - In = 0·3877 ± 0,075 

R = 6·77 
n 

R = 3·82 exp 

R = 17·70 p 
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· The preferential B2 disorder corresponding to a(Mn-In) was determined 

as 0·093. 

At low temperatures the neutron diffraction pattern revealed additional 

antiferromagnetic peaks which could be indexed as (111), (311), (331), ... etc. 

using a magnetic unit cell with lattice parameter twice that of the chemical unit 

cell. In this structure the spins of Mn atoms along the cube axes are oppositely 

aligned. The proposed magnetic structure illustrated in figure (6.9a) agrees well 

with experimental data. The structure is similar to that suggested by Shull et al 

[8] (1951) for MnO. The magnetic lattice consists of parallel (111) planes 

within which all the Mn atoms are coupled ferromagnetically. Since the 

postulated magnetic symmetry is rhombohedral, the orientation of the spin 

direction to the unique [111] axis was determined by using the formula derived 

by Shirane [78] (1959) and explained in Section (5.4) . 

• 2 2 
'l. • 2 2 a d 

,cos T] = [en - r) SIn e+ (n + 2r) cos e] -3- (6.1) 

where T] is the angle between the magnetic and scattering vectors, 

n = h2 + k2 + 12 and r = hk + kl + hI. The value of sine obtained from several 

reflections using the above formula are shown in table (6.4) together with the 

measured and calculated magnetic structures for fcc type 2A antiferromagnetism 
at5K. 

Table 6.4 

h k I 
q2J p

2cal q 2.Lp2caJ q2P2obs a=2a position sine 
0 

(111) 12.30 0 13-451 13·343 - 0·3 -+ 

(311) 33.85 7-373 11·110 10·658 - 0·3 1·00 + 0·01 + 

(331) 31.55 5·210 9·982 9·500 0·3 0·99 - 0·01 + + 

(333) 37.90 0 7·314 7·510 - 0·3 + -
-(511) 37.90 3·2 5·660 5·519 + 0·3 0·99 + 0·01 

It is seen the values of sin e = 1, e = 90° obtained from the above formula 

(6.1), hence the moments are aligned at right angles to the unique [111] axis, in 

the (111) plane. 
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Figure (6.9) a) AF2 Face centred cubic antiferromagnetic structure type 2 

b) AF3 Face centred cubic antiferromagnetic structure type 3A 



The agreements between the measured and calculated magnetic structure 

factors are excellent, indicating that the postulated structure is correct. The 

magnetic moment of 3·7,+ 0·02 at 5K is confined to the Mn atoms. Any 

moment on the Pd atomswas estimated to be less that 0·04 '+ O·OIIlB. The 

(200) and (220) reflections are proportional to (2Ppd - PMn) and (2 Ppd+ PMn) 

respectively and are therefore sensitive to the moment distribution. There are 

additional reflections of antiferromagnetic origins in the low temperature 

diffraction pattern as shown in figure (6.4). These additional reflections are 

characteristic of fee antiferromagnetism type 3A and may be indexed as (201), 

(203), (241), ... etc, reflections of a magnetic unit cell with lattice parameter 

twice that of the chemical (L21) unit cell. The proposed magnetic structure 

illustrated in figure (6·9b) is in excellent agreement with the experimental data. 

In this configuration adjacent spins along two of the cube edges are aligned 

para1lel and along the other antipara1lel, producing tetragonal 

magnetic symmetry. 

The calculated and measured structures for fee type 3A antiferromagnetism 

at 5K are compared in table (6.5). 

Table (6.5) 

h k I position q2F2obs q
2
1.F

2
cal 2 2 

IlMn (~ a=2l\, q /IF cal 

(201) 15·90 0·6471 :;: 0·1 0·578 0·221 0·80 

(241) 33·05 0·3524 + 0·1 0·357 0·297 0·80 
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The susceptibility and reciprocal susceptibility versus temperature curves 

are shown in figures (6.1) and (6.2) respectively. The specific heat measure

ments versus temperature are also shown in figure (6.10). 

The neutron diffraction pattern obtained at several temperatures between 

5K and room temperature, using DIA and D2B diffractometers. Figure 

(6.11) shows the nuclear powder diffraction pattern obtained at 5K using a 

D2B diffractometer. It shows peak splitting at high angle reflection which 

decreases with increasing temperature, disappearing above the Neel 

temperature as shown in figure (6.12). The splitting is a result of tetragonal 

distortion induced by the magnetic structure. The refinement for the 

tetragonal structure was carried out using the proposed space group 

(I4/mmm) with the atoms located at positions as explained in table (6.2). The 

measured and calculated nuclear intensities obtained using a Rietveld 

refinement program [72] at 5K are compared in table (6.6). 

The effect of seven types of preferential disorder on the neutron structure 

factors have been determined as explained in the previous section. The 

preferential B2 disorder in a(Mn-In) was determined as 0·10. 

As in Pd1.gAgo.2MnIn, the additional antiferromagnetic peaks belong to 

fcc type 3 antiferromagnetism and may be be indexed as (201), (203) '" etc, 

as shown in figure (6·13). These peaks disappear above the Neel 

temperature. 

The calculated and measured magnetic structures at 5K are compared in 

table (6.7). 
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Table (6.6) The measured and calculated nuclear intensities for tetragonal 

structure. The R factors are a measure of the quality of the fit, 

where Rn is the R factor for integrated intensities is given in 

equation 4.1 

Position h k 1 J(mult) I ca! lobs 

-:-

1 0 1 3021 3066 +- 34 24·92 8 
1 1 0 2657 2702 +- 26 28·76 4 
0 0 2 1304 1272 +- 21 29·04 2 
2 0 0 1639 1784 + 20 41-13 4 
1 1 2 3249 3286 -:: 27 41·33 8 
2 1 1 1733 1639 + 34 48·69 16 
1 0 3 856 1220 +- 21 49·05 8 
2 0 2 1841 1843 +- 30 51-13 8 
2 2 0 859 755 +- 22 59·57 4 
0 0 4 422 358 +- 20 60·19 2 
3 0 1 531 514 + 18 65·59 8 
2 1 3 1056 1235 +- 22 66·88 16 
3 1 0 1175 1172 +- 18 67-48 8 
2 2 2 1172 1190 + 12 67-62 8 

a = b = 4·5378 +- 0·0001, c = 6·3574 +- 0·0002, a, blc = 0·7137 +- 0·500 

Temp effect Mn - In == 0·4230"+ 0·0221 

R 
n = 4·73 

R = 7-84 exp 

R = 11-57 
p 

, 
69 
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Table (6 7) , 

h k 1 2 2 2 2 2 2 2 
a =2110 q II q2.i q .iF cal QIlFcal Q Fobs 

P
Mn ~Mn(~ 

(201) 0·529 0·9707 12·038 6·560 11·009 :; 0·1 0·800 3·65 

(203) 0·680 0·8205 7·025 5·822 7·802 :; 0·1 0·795 3·65 

(241) 0·506 0·9938 7-422 3·779 7-427:; 0·1 0·683 3·65 

(243) 0·550 0·950 8·855 3·390 8·954 :; 0·1 0·621 3-65 

(205) 

The temperature dependence of the magnetic order was examined by 

observing the temperature dependence of the magnetic Bragg reflections. An 

example of such a temperature dependence for the (1,0, t) magnetic Bragg 

reflection of Pd1.6Ago.4Mnln is presented in figure (6.14). The Neel 

temperatures suggested by magnetic susceptibility and specific heat data are 

. also shown in figure (6.14) and are in good agreement with the value 

obtained by the neutron measurements. Figure (6.15) shows the observed 

behaviour of the reduced magnetisation with reduced temperature, compared 

with that predicted for the Brillouin function J = t, 3 and 2. From figure 

(6.15) it may be seen that the observed and calculated variations is in poor 

agreement 

The susceptibility and reciprocal susceptibility versus temperature curves 

are shown in figures (6.1) and (6.2) respectively. The specific heat measure

ments versus temperature are also shown in figure (6.16). 

The neutron diffraction pattern was obtained at several temperatures 

between 5K and room temperatures, using the diffractometers DIA and D2B. 
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iemperature dependence of magnetic intensity Pd1.6Ag0.4Mnln 
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Figure (6.17) shows the powder diffraction panems obtained at 5K using D2B. 

The high angle peaks show less splining than that of the observed in 

Pdl.6A~4MnIn. The splining is a result of tetragonal distortion induced by the 

AF3A magnetic structure as reported in the previous section.' As expected the 

peak splitting decreases with increasing temperature. The refinement for the 

tetragonal structure was carried out using the same method as explained in 

previous sections. The measured and calculated nuclear intensities at 5K are 

compared in table (6.8). The preferential B2 disorder was also determined as 

before and the value a(Mn - In) was found to be 0·08. 

At low temperature, theadditional antiferromagnetic peaks belong to fcc 

type 3 antiferromagnetism as observed for Pdl.gAg()'2MnIn and 

Pdl.6Ag04MnIn. This is shown in figure (6.18). The calculated and measured 

magnetic structures at 5K are compared in table (6.9). 

Table (6.9) 

h k I q2F20bs q2.LF2cal ef// F2ea! IlMn(~ a = 2a 
0 

(201) il·170 -
+ 0·2 13·048 7·1l1 3·8 

(203) 7·7854 - 0·2 8·614 6·310 3·g + 
(241) 6·633 -

0·2 6·945 4·096 3·g + 

(243), 7-676 -+ 0·2 7·346 3·874 3·g 

(205) 

The susceptibility and reciprocal susceptibility versus temperature curves 

are shown in figures (6.1) and (6.2) respectively. The specific heat measure

ments are shown in figUre (6.19). 

It may be noted from the magnetic measurements that a saturated range 

exists below the ordering temperature. This phenomenon is due to the onset of 

71 

I 
I 

I 

I 



I 
n 

l 

a 

n 

~ 

l 

U 

480.8 

'. 

JOO.O 

, 

200.11 

IUo.O 

, , , , . . , 

8. UO 5&.0 ID9. 

Figure (6.17) D2B measurements (points) and resultant fit (line) with the 
difference (lower line below the spectrum) of 
Pd1.4 AGo.6 Mn In at 5K. The wavelength of the neutrons was 
determined to be ;. = 1.594 A. 



Table 6 8 The rIl'"..2.Sured and calculated nuclear intensities for tetragonal 

structure 

Position h k I J(mult) lcal lobs 

24·79 1 0 1 8 3083 3460 + 

28·63 1 1 0 4 2527 2556 + 

28·84 0 0 2 2 1247 1230+ 

24 

18 

14 

40·96 2 0 0 4 1522 1644 +- 13 

41·12 1 1 2 8 -3024 2924 + 18 

48·49 2 1 1 16 1737 1663 - 17 + 

48·76 1 0 3 8 860 1104 - 15 + 

50·90 2 0 2 8 1729 1726 - 12 + 

59·35 2 2 2 4 789 740 + 16 

59·82 0 0 4 2 390 365 + 15 
-65·33 3 0 1 8 - 524 478 + 12 

65·56 2 1 3 16 1042 1149 -+ 15 

67·23 3 1 0 8 1087 1077 - 12 + 

67-34 2 2 2 8 1084 1098 - 7 + 

67-66 1 1 4 8 1076 1069 -+ 15 

a = b = 4·5499 + 0·0001, c = 6·3914 + 0·0002, a, b/c = 0·712 + 0·500 

Temp effect !'-1n-In = 0·4230 + 0·221 

R = 7·66 
n 

R = 7·16 exp 

R = 17·94 
p 
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ferromagnetism. It is . also noted from the results Pdo.gAg j.2MnIn, 

Pdo.6Agj4MnIn and Pdo4Agj.6MnIn that when the amount of Pd is decreased 

to below 1.2, ferromagnetism is established as shown in figures (6.1) and 

(6.2). 

The neutron diffraction pattern obtained at 5K using D2B at the ILL with 
o 

A. = 1·594A is shown in figure (6.20) for Pd1.2AgO.gMnIn. At 5K there are 

no additional magnetic peaks as expected since the magnetic and chemical unit 

cells are the same size. Therefore the magnetic and nuclear peaks are super

imposed at the same Bragg angle 9. Since the magnetic symmetty is cubic and 

there is no unique axis so it was not possible to determine the moment 

orientation for ferromagnetics. Down to 5K there was no evidence of any type 

of antiferromagnetic order. 

The calculated and observed magnetic structure factor are in good agree

ment as shown in table (6.10). Thus the alloy is predominantly ordered in the 

L2j structure. The B2 disorder corresponding to n(Mn-In) was determined as 

before and the value found to be close to 0·01. This means a perfect occupation 

of all lattice sites (i.e. no vacancies) are predicted. 

It is noted from the neutron diffraction results that the ferromagnetic 

ordering increases considerably with increasing x composition for x ~ 1.6. All 

the alloys in this range of composition are chemically ordered in the L21 

structure. 
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Table (6.1 Q) 

h k 1 position q~~,MObS q2F~ ca! 2 2 
q FM obs 

111 24·65 18·85 -+ 1 9·125 9·130 + 0·05 

200 28·55 27·95 -
+ 1 6·987 6·840 + 0·05 

220 40·90 27-151 -+ 1 3·352 3·510 + 0·05 

3 1 1 48·40 11·980 -+ 1 2-145 2·259 + 0·05 

222 50·65 22·706 -
+ 1 1·642 1-602 + 0·05 

400 59·25 24·359 - 1 0·709 0·720 + 0·05 + 
3 3 1 65·20 10·183 - 1 0·434 0·462 + 0·05 

+ 
420 67·15 21·317 - 1 0·263 0·265 + 0·05 + 
422 74·15 23·803 -

+ 1 0·162 0·162 + 0·05 
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CHAPfERSEVEN 

EXPERIMENTAL RESULTS - Pd2-X AuxMnln 

7.1 INTRODUCTION 

The Pd-based series are particularly rich, both in the range of their 

magnetic properties and the variation observed in their chemical order. The 

basic B2 unit of the structure AuMn is itself antiferromagnetic, with sc type A 

order and a Neel temperature TN = 503K. On cooling below TN there is a 

slight tetragonal distortion. Neutron diffraction studies of the alloy system 

AU2Mn2--xAIx have established the co-existence of antiferromagnetic and ferro

magnetic structures between the compositions of AuMn and AU2MnAI [86]. 

The attainment of perfect Heusler type ordering near the composition 

AU2MnAI causes the appearance of a spiral spin structure for which the spiral 

axis is parallel to a (100) direction [86]. 

The alloy Au2Mn2--xZnx was reported to be non-ferromagnetic by 

Morris et al (1956) and was confirmed by Bacon and Plant (1971) to be 

of the CsCI type [112, 87]. The absence of the odd superlattice reflection 

in neutron diffraction data suggests that the Mn and Zn atoms are 

completely disordered [87]. 

In an attempt to obtain details of the effects of continuous, discrete changes 

in electron concentration, a series of new alloys were investigated with the 

compositions Pd2_xAuxMnln. No references were found to any earlier 

investigations of these alloys. All the alloys were prepared by the technique 

described in Chapter (4.1). X-ray powder diffraction patterns were taken for 

slow cooled alloys and single phase alloys were found to form for all 

compositions of 0 S x S 2. 

The lattice parameters were also deiermined. In this series four types of 

magnetic structures are observed; at low temperature, namely antiferromagnetic 

fcc type I, AF l , antiferromagnetic fcc type 3A, AF3A, antiferromagnetic fcc 

type 2, AF2 and ferromagnetic. 
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Most of the alloys were highly ordered in the Heusler (L21) structure with 

some B2 disorder. 

The alloys discussed in this chapter are listed in table (7.1). The magnetic. 

thermal and structural properties of each alloy are discussed in detail in the 

following sections. 

TableO.U 

0 Heat Alloy aoCA) Treatment nc(e/ch. form) 

~Mnh 6·369 - 0·003 sc 4·0 + 

6·341 - 0·003 sc 4·2 Pd1. gAllo.2MnJn + 

Pdl-6AIlo.4MnJn 6·349 + 0·003 sc 4·4 

Pd14AIlo.6MnJn 6·413 - 0·003 sc 4·6 + 

Pd1.2AIlo.gMnJn 6·448 +- 0·003 sc 4·8 

PdAuMnIn 6·463 +- 0·003 sc 5·0 

Pdo.gAu1.2Mnh 6·522 +- 0·003 sc 5·2 

PdO.6 Au1. 4 MnJn 6·544 +- 0·003 sc 5·4 

PdO.4Aul-6MnJn 6·566 - 0·003 sc 5·6 + 

PdO.2 Au1. g Mnh 6·599 + 0·003 sc 5.8 
-

A~MnJn 6·644 + 0·003 sc 6.0 

7.2 Pdu Auo.zMnIn 

The susceptibility and reciprocal susceptibility versus temperature curves 

are shown in figures (7.1) and (7.2) respectively. The specific heat measure

ments versus temperature obtained by using continuous and pulse heating 

methods are shown in figure (7.3) Neutron scattering measurements have been 

carried out at the ILL using the diffractometers D2B and DIA. The neutron 

diffraction patterns obtained at 40K and 290K using the DIA diffractometer 

with 1·909 A are shown in figures (7.4) and (7.5) respectively. Figure (7.4) 
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shows in addition to the nuclear reflections, magnetic reflections associated with 

two types of antiferromagnetic structures. The magnetic reflections may be 

indexed as (111), (311), (331), etc and (201), (203), (241), etc. using an 

enlarged magnetic unit cell with lattice parameters twice that of the chemical 

unit cell. These peaks are characteristics of the antiferromagnetic fcc type 2 and 

AF3A structures respectively. Both magnetic structures were described in the 

last chapter. 

Above the Neel temperature, all antiferromagnetic peaks have disappeared 

from the neutron diffraction patterns. The calculated and measured magnetic 

structure factors for both types of order, AF2 and AF3A are compared in tables 

(7.2) and (7.3) respectively. 

Tablel7 2) 

h k I 2 2 q 2.Lp2cal a=2a position q UP cal q2~obs sin a 
0 

(111) 14.644 0 11·118 11·210 i- 0·3 -

(311) 28.531 4·311 6·412 5·913 + 0·3 0·99 + 0·01 

(331) 37.881 3·152 5·988 4·871 -
+ 0·3 0·98 + 0·01 

(333), 45·658 0 4-124 3·178 + 0·3 -

(511) 2·171 3·961 3·178 + 0·3 1·00 + 0·01 

Table (7.3) 

h k I position 
2 2 2 2 

q2P2obs 
a=2lb 

q /lP calc q.LP calc 

(210) 18·975 1·171 2·671 2·551 - 0·2 + 

(303) 30·837 0·901 2-441 2·20 - 0·2 + 

(241) 39·806 0·752 1·852 1-817 - 0·2 + 

(243), 47·231 1·133 2·415 2·315 - 0·2 + 

(205) 
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The calculated q2F 2 values are based on the assumption that all the 
mag 

measured moments reside on the Mn atoms, and the magnetic form factor for 

Mn is that derived by Waston and Freeman [79]. 

The results indicate that the moment per Mn site at 40K are 2·9J.LB and 

1·5 J.LB for the AF2 and AF3A phases respectively. The maximum moment 

associated with the Pd site estimated to be 0·06 + 0·01 J.LB. 

The large peak at a 29 position 47·2° (figure 7.4) consists of a contribution 

from the Al holder and the AF3(243) reflection. According to P W G 

Wyckoff [113], AI has a fcc structure at 25°C, with ao = 4·0493 A. The 

program GETSFZ was used to determine the expected reflection for AI with 

space group Fm3m and the (111), (200) reflections were to be expected at the 

position above. This Al peak is very prominent in the nuclear structure refine

ment program because the program is carried out for one phase only. However 

the 29 region of the AI reflection has been excluded to avoid producing large 

errors in the R-factors. 

The powder refinement was carried out by the "Rietveld Profile technique" 

using space groups of tetragonal (14/mmm) or rhombohedral (R3m) symmetry, 

with atomic positions as indicated in the last chapter (Table 6.2). The program 

GETSFZ was used to generate a listing of reflections expected for these space 

groups using the Cambridge crystaIlographics suroutine library. The 

calculated and measured nuclear intensities for both structures are in good 

agreement, indicating the proposed structures are correct. The intensity of 15 

nuclear reflections for the tetragonal structure were chosen from a total of 52 

values for simplicity and are compared in the table (7.4) with calculated values 

obtained from figure (7.6). 

The preferential B2 disorder (Mn-In) was also determined and the value 

of ex found to be 0·07. 
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Table 0.4) The measured and calculated nuclear intensities for tetragonal 

structure 

Position h k I leal c lobs 

30·01 1 0 1 872 1173 - 28 + 

34·78 0 1715 1785 - 20 1 1 + 

34·80 857 887 - 10 0 0 2 + 

50·01 2 0 0 1058 1082 - 9 + 

50·02 1 1 2 2115 2160 - 18 + 

59·43 2 1 1 529 701 - 13 + 

59·45 1 0 3 265 354 - 7 + 

62·37 2 0 2 1275 1293 - 20 + 

73·43 2 2 0 598 595 - 14 + 

73·47 0 0 4 299 290 - 7 + 

81.31 3 0 1 175 254 - 8 + 

81·33 2 1 3 351 504 - IS + 

83-89 3 1 0 880 893 - 11 + 

83.90 2 2 2 880 889 - 11 + 

83·93 1 1 4 880 882 - 11 + 

a=b=4·515 + 0·0002, c = 6·383 "+ 0·0007 

Temp effect Mn-In = 0·4231 "+ 0·0221 
R = 4·83 

n 

R = 7-85 exp 

R = 12·67 
p 
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The susceptibility and reciprocal susceptibility versus temperature curves 

are shown in figures (7.1) and (7.2) respectively. The specific heat as a 

function of temperature, obtained by using continuous heating and pulse 

techniques, is shown in figure (7.7). 

Neutron diffraction patterns were obtained at several temperature using 

DIA and figure (7.8) shows the powder diffraction patterns obtained at 40K. 

From figure (7.8) it is noted that all AF2 reflections are absent except the 

AF2 (333) reflection, but the AF3A reflections are still present. The measured 

and calculated antiferrornagentic structures are compared in table (7.5). 

The magnetic moment per Mn site is found to be 3·827 "+ 0·2 ~~ and 

1·201 "+ 0·01 ~~ for AF3A and AF2 at 40k, with a very small magnetic 

moment confined to the Pd sites to be 0·037"+ 0·001 ~~. 

The configurational symmetry indicated by the magnetic structure is 

tetragonal. Thus the refinement of the crystallographic structure was carried out 

using the Rietveld technique and tetragonal symmetry of the space group 

14/mmm. The measured and calculated nuclear intensities at 40K are compared 

in table (7.6) and the calculated and observed profiles are shown in figure (7.9) . 

The preferential B2 disorder in a(Mn-In) was determined to be a = 0·075. 

At 270K above the Neel temperature, all powder antiferromagnetic peaks 

have disappeared and the crystallographic structure is cubic. 

Table (7 5) 

h k I position 2 2 2 2 q2F2
0bs 

a=2!b q I/Fca'c ql.Fcai 

(201) 18·906 1·222 2·257 -2·411 + 0·2 

(203) 30·619 0·179 2·196 2·257 -+ 0·2 

(241), 39·806 0·917 1·317 1·219 + 0·2 

(243) (205) 47·241 0·881 1·07 0·988 + 0·2 

(333)(5\1) AF2 45·751 0·965 -
2·271 2·176 + 0·2 
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Table (7.6) The measured and calculated nuclear intensities for tetragonal 

structure 

Position h k I lcal c lobs 

30·00 1 0 1 630 872 + 21 

34·78 1 1 0 1650 1608 - 17 + 

825 801 - 8 34·79 0 0 2 + 

50·00 2 0 0 1019 1003 + 7 

50·01 1 1 2 2037 2006 - 14 + 

59·42 2 1 1 382 507 - 10 + 

59·43 1 0 3 191 259 + 5 

62·35 2 0 2 1227 1215 - 16 + 

73·42 2 2 0 576 579 - 10 + 

73·44 0 0 4 288 291 - 5 + 

81.29 3 0 1 127 195 - 5 + 

81·30 2 1 3 253 396 - 9 + 

83·87 3 1 0 847 413 - 7 + 

83.88 2 2 2 847 907 + 7 

83·89 1 1 4 847 908 - 7 + 

a=b=4·516 + 0·0003, c = 6·3855+ 0·0008 

Temp effect Mn-In = 0·449 + 0·022 
R = 8·06 

n 

R = 7·12 exp 

R = 16·55 
p 
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The susceptibility and reciprocal susceptibility versus temperature curves 

are shown in figure (7.1) and (7.2) respectively. The specific heat measure

ments versus temperature are shown in figure (7.10). 

Figure (7.11) shows the nuclear and magnetic powder diffraction patterns 

obtained at 7K using the D2B diffractometer. As in Pd1.g AUO.2MnIn. 
PdHi AugQ4MnIn. the additional antiferromagnetic peaks belong to the fcc type 

3 antiferromagnetic structure and are well established, whereas AF2 peaks have 

disappeared. The calculated and measured magnetic structures at 7K are 

compared in table (7.7). 

T bl (77) a e 

h k I 2 2 2 2 2 7 
a =2l1o position. q Fobs q .L F calc q" F calc 

(210) 15·95 2·861 + 0·3 2·877 1-130 

(421) 33·05 1·223 + 0·3 1·201 0·817 

(423). 38·80 1·761 + 0·3 1·861 1·417 

(205) 

However. from figure (7.11) it may be seen that additional peaks occur in 

the low temperature diffraction pattern. These peaks may be indexed as (001). 

(003) ... (310). (510) .. which are characteristic the fcc type L21 antiferro

magnetism with a magnetic unit cell equal to that of the chemical (L21) unit cell. 

In this structure. the magnetic configuration consists of ferromagnetic sheets of 

atoms on (001) planes. adjacent planes being antiferromagnetically coupled. 

The configurational symmetty is the same as AF3A which is a tetragonal and 

there are three different configurational domains each of which gives rise to a 

separate group of reflections. There are 3 equivalent [100] directions in 

the cubic lattice hence 3 different configuration domains. Their K-vectors are 

(lOO). (010) and (001). Therefore the conditions for magnetic reflections are 

[128]: 
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(100) domain kandl even h odd 

kand I odd h even 

(010) domain h and I even k odd 
h and I odd k even 

(001) domain handkeven I odd 
h and k odd I even 

The results are identical with the conditions h, k are even and I odd or hand k 

are odd and I even from (001) domain. The calculated and measured magnetic 

structures are compared in table (7.8). 

Table (7 8) 

h k I position 2 2 2 2 2 '} 
q Fobs q .iF calc q 11 F calc 

(001) 2·217 
- 0·2 2·327 1-171 14·50 + 

(310) 1·297 - 0·2 1·573 0·971 46·50 + 

The results indicate that the moment per Mn site are 2·811 IlB and 1-481 

at 7K for AF3A and AFl respectively, with a small moment on the Pd sites 

approximated to be 0·07 "+ 0·01 IlB at 7K. The measured and calculated 

nuclear intensities at 7K are compared in table (7.9) and the calculated 

profiles are shown in figure (7.12). The powder refinement was carried out 

using a tetragonal space group with the atoms located at positions as 

explained in the last chapter. It is noted that, the peaks at high angle 

reflection at 7K sho w a little peak splitting due to a result of tetragonal 

distortion which disappears above the Neel temperature. Figure (7.12) also 

shows that the intensity of the odd superJattice peaks (111), (311), etc is very 

small, indicating the disorder between Mn-In does exist. The effect of the 

various types of disorder or the nuclear superJattice peak intensities of Pd14 
AUO.6MnIn are shown in figures (7.13) and (7.14). It can be seen from 

figures (7.13) and (7.14), in general one of above types of disorder 

predominate in alloys at the Heusler composition. The type of order that 

predominates, if any, is usually clear from graphs of F2 versus IX. In 
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particular, disorder of type a(Mn-In) which often occurs in alloys containing 

In, AI, Ga is easily recognised as it only effects the odd superlattice peaks. 

The preferential B2 disorder in a(Mn-In) was determined as 0·139. 

In the least square refinement, it was assumed that palladium remained 

highly ordered on the Band D sites, and an,occupation of 0·8557 + 0·0087 

Mn and 0·8107 + 0·000735 In lattice sites were detected. The following 

effective scattering amplitudes were obtained for A and C atomic sites: 

- -12 
bA = -0·336+0·01 x 10 cm 

- -12 
be = 0·420 + 0·02 x 10 cm 

These values can be compared with the well established values [129]: 

-12 
bMn =-0·373 x 10 cm 

-12 
bIn = 0·406 x 10 cm 
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Table (7.9) The measured and calculated nuclear intensities for tetragonal . 

structure 

Position h k 1 I cal c lobs 

24·81 1 0 1 317 447 -+ 

28·67 0 0 2 1041 1010 -
+ 

28·75 1 1 0 2066 1938 -+ 

41·05 1 1 2 2355 2412 -+ 

4J.11 2 0 0 1172 1168 -
+ 

48·52 1 0 3 93 145 -+ 

48·61 2 1 1 185 259 -+ 

50·89 2 0 2 1422 1352 -
+ . 

59·38 0 0 4 307 376 -+ 

59·54 2 2 0 608 679 + 
65·43 2 1 3 116 195 -+ 

65.51 3 0 1 58 138 -+ 
67·29 1 1 4 892 989 -+ 

67041 2 2 2 888 958 -
+ 

67.44 3 1 0 887 955 -+ 

a = b = 4·5395 + 0·0006, c = 6·436+ 0·00015 

Temp effect Mn-In = 0·463 + 0·022 

R = 6·931 
n 

R exp = 7·162 

R = 17·94 
p 
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7.5 Pd 1.Z Auo.gMnIn 

The susceptibility and reciprocal susceptibility versus temperature curves are 

shown in figures (7.1) and (7.2) respectively. The specific heat versus 

temperature obtained by using continuous heating and pulse techniques are 

shown in figure (7.15). 

The neutron diffraction patterns were obtained at several temperatures 

using the diffractometers DIA or D2B. Figure (7.16) shows the nuclear 

powder diffraction patterns obtained at 40K using D2B. 

Peak splitting is observed for the high angle reflections due to tetragonal 

distortion induced by the AF3A structure. The splitting decreases with 

increasing temperature and disappears above the Neel temperature as shown 

in figure (7.17). The refmement of the tetragonal structure was carried out as 

explained in the last chapter. The measured nuclear intensities obtained at 7K 

and those calculated using a Rietveld refinement program are compared in 

table (7.10). It is noted from the neutron diffraction measurements, as 

shown in figure (7.18), that the fcc type 3A antiferromagnetism c<H:xists 

with fcc type 1 antiferromagnetism. 

The broad peak at the position = 14·46 consists of a contribution from 

(001) AFl and (201) AF3A peaks as shown in figure (7.18). The calculated 

and measured magnetic structures for both types of antiferromagnetic AF3A, 

AFl are compared in tables (7.11) and (7.12) respectively. 

It can be seen also from figure (7.18) that the intensity of the odd nuclear 

reflections is very small indicating the existence of disorder between 

Mn-In (Cl = 0·211) 

The magnetic moments per Mn site at 7K are 3·1:;: 0·02 IlB and 

1·007 IlB for AF3A and AFl respectively. The moment on the Pd atom was 

estimated to be 0·04:;: O·OIIlB' 
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Table (7. IQ) The measured and calculated nuclear intensities for tetragonal 

structure 

Position h k 1 Ical c lobs 

24·78 1 0 1 193 289 -+ 

28·52 1403 1429 -
0 0 2 + 

28·78 1 1 0 2793 2671 + 

40·96 1 1 2 3369 3473 + 

41-15 2 0 1681 1719 -
0 + 

48·30 3 56 55 -
1 0 + 

48·63 112 128 -
2 1 1 + 

50·83 2 0 2 1966 2275 -+ 

59·03 448 468 -
0 0 4 + 

59-60 2 2 0 892 921 -+ 

65·54 2 1 3 71 162 -+ 

65.98 3 0 1 35 118 -
+ 

66·98 1 1 4 1261 1464 -+ 

67·37 2 2 2 1257 1343 -+ 

67.50 3 1 0 1256 1655 + 

a = b = 4·536 '+ 0·0003, c = 6·4714 '+ 0·0006 

Temp effect Mn-In = 0·471 '+ 0·271 
R = 7-98 

n 

R = 6·917 exp 

R = 15·41 
p 
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· Table a.11) 

h k I position q2F2obs q
2
.LF

2
cal 2 2 

a=28u 
q /IF cal 

(201) 14·96 3·375 - 0·3 3·575 1·175 + 

(421) 32·35 1·763 
-+ 0·3 1·558 0·963 

38·85 - 0·915 (423), 2-301 + 0·3 2·317 

(205) 

Table (7.12) 

h k I position q2F2obs 
2 2 2 2 

q l.F calc q jjF calc 

(001) 14·40 1·932 -+ 0·2 1·531 0·732 

-
0·705 0·441 (003) 43·80 0·841 + 0·2 

7.6 PdAuMnln 

The susceptibility and reciprocal susceptibility versus temperature curves 

are shown in figures (7.1) and (7.2) respectively. The specific heat versus 

temperature obtained by using continuous heating and pulse techniques are 

shown in figure (7.19). 

Neutron scattering measurements were carried out at several temperatures 

using D2B and DlA. Figures (7.20) shows the powder diffraction patterns 

obtained at 7K indicating that both antiferromagnetic AF 1 and AF3A 

structures are still present The calculated and measured magnetic structure 

factors for both AF3A and AFl are compared in tables (7.13) and (7.14) 

respectively. The magnetic moments are 3·3 + 0·02 and 1·0231ls + 0·02 per 

Mn site at 7K for the AF3 and AFl phase respectively. 
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It is noted also, that odd nuclear peaks (111), (311) are absent, indicating 

that the alloy is completely disorder into the B2 structure. 

Table (7.13) 

h k I q,.20bs 
2 2 2 '} 

a=2a position q .iF calc q"Fcal c 

(201) 15·21 2·953 -+ 0·2 3-654 2·765 

(421) 32·15 2-430 - 0·2 2·637 1·665 + 

(423), 38·70 2·965 -
+ 0·2 3·213 1·379 

(205) 

Table (7.14) 

h k I position 
2 2 2 2 2 '} 

q Fobs q .iF calc q"F calc 

(001) 14·250 1·543 -+ 0·1 1·651 0·610 

(003) 43-60 0·962 
-
+ 0·1 0·931 0·513 

(310) 46·45 0·651 0·1 0·710 0·295 

The susceptibility and reciprocal susceptibility versus temperature curves 

are shown in figures (7.1) and (7.2) respectively 

Neutron powder diffraction patterns were obtained at several 

temperatures using D2B and DIA at the ILL. Figure (7.21) shows the nuclear 

powder diffraction patterns obtained at 7K using the diffractometer D2B. It 

may be noted that the peaks are split at high angles due to the result of 

tetragonal distortion induced by the AF3 structure. The splitting decreases 

with increasing temperature and disappears above the Neel temperature. The 

measured and calculated nuclear intensities for tetragonal structure at 7K are 

compared in table (7.15). 

89 



1 
n 

L 

" 
n 

" 
l 

!J 

(,'OO' I-

300 I-

ZOO 

100 

0, 

i ,:1 t' :Il",rl' '~i\ 
~ \ ~lAJ J 11' r 

" '.', . 11 j, . f" .. fi "1\ 
I-----'J'J .) , . 1/- ... : . ".: \.L.J 'r>../',: . L \ , J,\..f '>;- .J 

, , 

o 50 100 

Figure (7.21) DzD measurements (point) and results fit (line) with the difference 
(Iow line) below the spectrum of PdO.8 Aul.2 Mn In at 7K. The 
wavelength of the neutrons was determined to be ). = 1.594 A. 

I I 

150 
2.t ll,etn 



Figure (7.22) shows that the antiferromagnetic AF3 and AFl phase 

co-exist at low temperatw'es. It can be seen also from figure (7.22» that the 

intensity of the nuclear odd reflection are larger than in the other alloys 

indicating that the ordering in the L21 stmcture increases with the 

composition of gold. The preferential B2 disorder was also determined as 

before and the value found to be 0·09. 

The measured and calculated magnetic stmctw'es for both types of anti

ferromagnetic stmctures AF3A. AFl are compared in tables (7.16) and 

(7.17) respectively. The results indicate that the moments per Mn site are 

2·93 + 0·21lB and 0·981 + O·IIlB at 7k for AF3 and AFl respectively. with a 

small moment on the Pd sites of approximately 0·05 + O·OIIlB 
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Table (7.15) The measured and calculated nuclear intensities for 

tetragonal structure 

Position h k I lcal c lobs 

24-71 1 0 1 74 46 "+ 
-

28·57 0 0 2 1660 1669 + 

28·62 1 1 0 3310 3344 + 
-

40·89 1 1 2 3546 3896 + 
-

40·92 2 0 0 1920 1898 + 
-

48·32 1 0 3 22 38 + 
-

48·39 2 1 1 43 71 + 

50·67 2 0 2 2272 2769 -+ 
-

59·14 0 0 4 499 559 + 

59·26 2 2 0 995 1000 -+ 

65·14 2 1 3 27 105 -
+ 
-

65·19 3 0 1 13 77 + 

67·00 1 1 4 1420 1685 -+ 

67·09 2 2 2 1418 1761 -+ 
-

67·11 3 1 0 1417 1924 + 

a = b = 4·5679 "+ 0·0006, c = 6·4675 "+ 0·0017 

Temp effect Mn-In = 0·4471 "+ 0·0311 
R = 7·961 

n 

R = 5·312 
exp 

R = 16·951 
p 
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Table (7.)6) 

h k I 
position 

2 2 2 2 2 7 
a=2a q Fobs q .iF calc q" F calc 

0 

(421) 32·70 2·771 + 0·2 2·907 1·217 

(423), 39·63 1·930 - 0·2 1·917 1·021 + 

(205) 

Table (7.17) 

h k I position 
2 2 

q Fobs 
2 2 

q .iF calc 
2 1 

q" F calc 

(001) 14-40 1·631 - 0·2 1·791 0·953 + 

(003) 43·80 0·892 - 0·2 0·791 0·631 + 
-(310) 46·80 0·765 + 0·2 0·862 0·451 

The susceptibility and reciprocal susceptibility versus temperature curves 

are shown in figures (7.23) and (7.24) respectively. It is noted that when the 

amount of Pd is decreased to below 0·6, ferromagnetism is established. 

The neutron diffraction pattern was obtained at several temperatures 

using D2B at the ILL. The neutron diffraction pattern obtained at 7K for 

Pdo-6Aul.4MnIn, is shown in figure (7.25). It is noted that both antiferro

magnetic structures AF3A and AFl co-exist with the ferromagnetic phase. 

Above the magnetic ordering temperature, the intensity of the odd nuclear 

peaks was very high, indicating that the ferromagnetic alloys are 

predominantly ordered in the L21 structure. At 170K, which is close to the 

Neel temperature (SN= 152 + 3K), there is still a clear trace of type 1 anti

ferromagnetism with the ferromagnetic structures shown in figure (7·26). 
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The neutron diffraction results show that all alloys with x > 1·4 are 

ferromagnetic consequently the nuclear and magnetic Bragg scattering is 

superimposed. 

The ferromagnetic magnetic moment per Mn atom remains essentially 

constant at approximately 4·1 + 0·01 !lB. Since the magnetic symmetry of 

the ferromagnetic structure is cubic and there is no unique axis, it was not 

possible to determine the moment orientation. 
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----------------------_ .. _- _. 

CHAPTER EIGHT 

DISCUSSION AND CONCLUSION 

8.1 INTRODUCTION 

The main carriers of the magnetic moment in both series described in the last 

two chapters are Mn atoms. In the L21 structure the Mn atoms are arranged on a 

fcc lattice and are widely separated by non-magnetic Pd and Y atoms. Therefore, 

the Mn atoms have been considered to have a well defined localised moment and 

they are coupled via the conduction electrons, either by the double resonance type 

interaction proposed by Caroli and Blandin [2] or by the s-d interaction of the 

RKKY type. 

Kasuya [121] (1974) considered a simple picture using the free electron 

model for the s-p electrons assuming zero conduction electrons are supplied by 

the Pd atoms, one from the Mn atom, and 3, 4 and S from IITh, !Vb and Vb sub-

group elements respectively. He pointed out that all the alloys with ne = S and 6 

are ferromagnetic but for ne = 4 antiferromagnetism is predominant. 

8.2 DISCUSSION 

The work presented in the last two chapters was concerned with establishing 

the structure, magnetic and thermal properties of two series of intermetaIlic 

compounds formed at the composition Pd2_xAgxMnln and Pd2_xAuxMnIn with 

OSxS2. 

By mixing group 1B elements represented by Ag47(4d10Ss1), 

Au79(4f14Sdl06s1), with a group VIII element Pd46(4dl~ gives rise to a gradual 

change of the number of electrons per chemical formula unit (nc from 4 to S to 6). 

94 



Thus, it was possible to determine the relationship between the continuous 

change in ne and the change between the different types of antiferromagnetic and 

ferromagnetic stmctures. 

All the alloys in the Pdz-xAgxMnIn and Pd2_xA~MnIn series have a 

complicated magnetic phase diagram in which the existence of the different types 

of antiferromagnetic stmctures consistent with an fcc lattice are observed at Iow 

temperatures. 

A summary of the stmctural, thermal and magnetic features for both series are 

given in tables (8.1) and (8.2). The results obtained provide additional evidence 

for the importance of the electron concentration in determining the type of 

magnetic ordering. Alloys in both series with ne = 4· 2(x = O· 2} e/chem. form are 

antiferromagnetic and both fcc type 2, AF2 and AF3A stmctures are well 

established at Iow temperatures. In the silver series with 4·4 ~ ne ~ 4·6, the 

AF3A stmcture is stable and the AF2 peaks have disappeared, whereas in the gold 

series at ne = 4·4 both AF3A and AF2 stmctures are still present. At ne = 4·8 

and above, all the alloys in the silver series are ferromagnetic. Thus in the silver 

series, magnetic order changes from a mixed (AF2 + AF3A) region to AF3A and 

then to F as the electron concentration is increased. In the Pd2_xAuxMnIn series, 

at ne = 4·6 (x = 0·6) a new antiferromagnetic phase AFl appears and the AF3A 

stmcture is still present. The alloys with ne ~ 5·6 are all ferromagnetic. The 

sequence of magnetic stmctures found in this series is (AF2 + AF3A), 

(AF! + AF3A), (AFl + AF3A + F) and then F, ferromagnetism. 

At room temperature, the symmetry of all Heusler alloys is cubic with space 

group Fm3m. The variation of the lattice parameters, 'a', at room temperature, as 

a function of ne for both series is shown in figure (8.1). It is noted that the lattice 

parameters increased slightly in proportion to nc with a gradient of da/dne 0·174 

and 0·168 Ne/cheJorm for the silver and gold alloys respectively. This increase 

may be due to the different atomic radius of Au, Ag(= 144 Pm} and 
Pd(= 137 Pm}. 

At Iow temperatures there is a small crystallographic change in the stmcture to 

either tetragonal or rhombohedral stmcture dependent upon the antiferromagnetic 

stmcture as shown in figure (8.2 b,c). 
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For the tetragonal structure a small change due to the distortion caused 

splitting of the cubic nuclear reflections at high Bragg angles. Below the Neel 

temperature, the splitting increased with decreasing temperature as shown in 

figures (6.10) and (6.17) for Pd1.6AgO.4MnIn and Pd1.4AgO.6MnIn 

respectively and figures (7.17) and (7.21) for Pd1.2AuO.gMnIn and 

Pdo.gAul.2MnIn respectively. Figure (8.3) shows the high angle nuclear peak of 

Pdl-6AUo4MnIn versus temperatures. It shows that the splitting increases below 

the Neel temperature. 

This splitting is a result of tetragonal distortion induced by the AF3A 

structure. However, AF2 structure does not show any rhombohedral deformation 

below Neel temperature and the profile of the nuclear peaks remain essentially 

unaltered. 

1 
The temperature dependence of the magnetic reflection AF3A (10 z) of 

Pd1.6AgO.4MnIn is shown in figure (6.13). It may be seen that the Neel 

temperature is in good agreement with that suggested by magnetic susceptibility 

and specific heat data. 

The lattice constants (a = b;c c) for the tetragonal structure of Pd2_xAgxMnIn 

have been refined from high resolution neutron diffraction data. Figure (8.4) 

shows the variation of the lattice constants a, b with temperature. A significant 

anomaly around the Neel temperatures may be seen. The lattice constant c does 

not show any anomaly at Neel temperature but it changes slightly with increasing 

temperature. The unit cell volume also does not show any anomaly but it 
increases slightly with increasing temperature. 

The anomaly in a and b could arise from the magnetosttiction due to the 

coupling between the atomic moments and the crystalline lattice. This effect 

occurs because the magnetocrysta11ine energy depends on the strain in such a way 

that a stable state is obtained by deformation of the original lattice. 
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Above .. the ordering temperatures of all the alloys in both series show Curie

Weiss behaviour. The extrapolated paramagnetic Curie temperature 9p are shown 

in figures (S.5) and (S.6) for Pd2_xAgxMnIn and Pd2_xAuxMnIn respectively. 

Paramagnetic and ferromagnetic Curie temperatures ep, eF and Neel temperatures 

eN for both series are shown in figures (S.7) and (S.S). It can be seen that there is 

a very slight increase in ep with increasing nc' At nc ~ 4·S and nc ~ 5·4 for the 

silver and gold series respectively, ferromagnetic ordering is observed with 

increasing n c· 

The measured susceptibility of both series with x ~ O·S and x ~ 1·4 for 

Pd2_xAgxMnIn and Pd2_xAuxMnIn are shown in figures (6.1) and (7.25) 

respectively. It is noted that a saturation magnetisation below the ordering 

temperature occurs. The Faraday balance technique is not appropriate for such 

materials since the forced exerted becomes too large. The effective magnetic 

moments per atom P efT versus composition x for both alloy series are shown in 

figures (8.9) and (S.10). P ff changes slightly with increasing n but generally e c 

takes a mean value of 4·4 J.13 + 0·2 J.13 and 4·49 + 0·2 J.13 for the silver and gold 

alloys respectively. There is no evidence in all the alloys investigated throughout 

this work that the magnetic moment resides on any atom other than Mn. Neutron 

diffraction measurements set in upper limit of close to 0·04 + 0·001 J.13 for a 

moment on the Pd atoms. 

Ishikawa and Noda [4) (1974), Johnson et al [123) (1982), using polarised 

neutron techniques, have shown that the magnetic moment in PdzMnSn and 

Pd2MnSb are well localised on the Mn atoms, with no observable moment on 

the Pd sites. 

All the phase transitions determined from specific heat measurements are in 

good agreement with neutron diffraction and magnetisation measurements, as 
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shown in figure (6.14) and tables (8.1) and (8.2) respectively. There is 

significant difference between the spin entropy SM of the magnetic Mn atoms 

compared with the value of the spin quantum number s obtained from 

susceptibility measurements. The difference is thought to be due to the fact that 

the magnetic entropy is already frozen out at T N' indicating competing short-range 

interactions or possibly from frustration associated with fcc antiferromagnetism . 

This phenomenon was reported by Wenger [83) (1976) and Martin[84) (1980), 

who found that the magnetic entropy of CuMn alloys is already frozen out at the 

freezing temperature. An alternative explanation may be that the entropy comes 

out over a wide range of temperature. The variation of spin entropy with 

composition for silver alloys is shown in figure (8.11). It is noted that for alloys 

with x :s; 0·8 the compounds have a degree of B2 disorder. The greater the 

chemical disordered the higher the entropy. Consequently, the nearest neighbour 

Mn distances are changed some will be a/2 and others a/.,fi . 

All the specific heat curves, obtained by a continuous heating method (DSC), 

show almost constant reading above the ordering temperature. This constant 

reading is at variance with the Debye theory of specific heat which approaches the 

classical value of 3R at high temperatures. However, the specific heat measured 

using the pulse method agrees with Debye's theory as shown in figure (8.12) for 

Pd2_xAuxMnIn alloys. 

It is noted from the neutron diffraction powder data that all alloys in both 

series, have the Heusler L21 type chemical structure but with some B2(Mn-In) 

disorder. 

It is seen from figures (7.11) and (7.18) for Pd1.2AuO.gMnIn and 

Pdl-4AuO-6MnIn that at 29 = 14·64, the magnetic contributions appear 

significantly broader than the nuclear peaks at low temperatures. It may arise from 

spin glass behaviour where the occurrence of localised freezing gives rise to a 

broad peak due to the effect of short range magnetic order. This broadening 

consists of the two mixed magnetic (001) peak, AFl and (201), peak AF3A. 

The width and the intensity of the (001) AFl peak decreases with increasing 
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The width and the intensity of the (001) AF, peak decreases with increasing 

composition x. For x = 0·6, two magnetic peaks which correspond to two 

different magnetic sttuctures are clearly seen. 

The neutron diffraction and specific heat measurements did not show any 

evidence for the existence of more than one transition temperature. However, it is 

noted from 1/X versus T curve for Pd,.SAgo.2Mn1n (figure 6.2), where the fcc 

type 2 and 3A structures exist, that there is a small hump around = 143K. This 

may be due to the existence of separate ordering for the AF2 or AF3A structures. 

This is not confirmed by neutron diffraction. 

In the ordered Heusler sttucture the Mn atoms are located on an fcc sub-lattice 

with a lattice parameter - 6A and nearest Mn-Mn distances - 4·U. This is 

normally considered to be too large for direct exchange and so several indirect s-d 

exchange mechanism of a RKKY type or of the double resonance type have been 

postulated as possible exchange mechattisms [80]. Spin wave measurements (81) 

have shown that the long range magnetic interactions (r> 12 A) in Heusler alloys 

have an oscillatory nature at long distances which can be well accounted for by 

s-d interactions. 

It was shown that both Pd2_xAgxMnIn and Pd2_xAuxMnIn alloys were 

ordered in L2, sttucture in which the Mn atoms form a fcc lattice or were panially 

disordered in the B2 sttucture. In the B2 phase the magnetic order has been 

shown to be simple cubic antiferromagnetic [124]. In the L2, structure, the 

nearest neighbour Mn-Mn distance is larger than 4·6A and therefore, the localised 

model should be a good approximation for these materials. 

According to the molecular field theory, the magnetic ordering temperature e 
is given by the equation (see 5.6 Chapter 5): 

N 
KBe = 2!3S(S + 1) L, e.1 .. 

i=' 1 1) 
(8.1) 
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where Jij is the exchange interaction between a magnetic atom j and one of its Nth 

neighbours. £j takes account of the spin orientation and has the value +1 or-l 

depending upon whether the moments on atom i and j are parallel or antiparalleI. 

For simplicity to solve equation (S.l), we assume here that the exchange 

interactions extends only up to the third neighbours. We assumed also that the 

moment exhibited by each Mn atom is the same whether the alloy is ordered in the 

L21 or B2 structure. By substituting the values from tables (S.l) and (S.2) in the 

equation (S.1) and summing up to the third neighbour interactions, the exchange 

integrals for L21 structure can be, determined for four possible types of magnetic 

order. The exchange integrals calculated from the measured data are tabulated in 

tables (S.3) and (S.4) for the Pd2_xAgxMnln and Pd2_xAuxMnln series 

respectively. 

From the results it can be concluded that ferromagnetism prevails when J2 
and J3 and J1 are all positive, for AF3A, J3 must be positive and J 1 negative, 

for AF3, J2 must be negative. For AF1, J3 must be negative. The condition for 

ferromagnetism, AF2 and AF3A to co-exist is that J 1 and J2 are negative and J3 
is positive. 

8.3. CONCLUSION 

Two series of intermetallic compounds formed at the compositions 

Pd2_xAgxMnln and Pd2_xAuxMnln with 0 !5: x !5: 2 have been investigated. 

X-ray, neutron diffraction measurements (used to determine chemical and 

magnetic ordering), specific heat and magnetic susceptibility measurements 

provide useful information in the analysis of the degrees and types of long-range 

exchange interactions in the 3d metals. 
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The full angular range and high resolution capacities of D2B were employed 

to determine simultaneously both the magnetic structures and any related lattice 

distortion, observed in both series as a function of temperature. 

Both series are highly ordered in the L2l structure with a partial disorder 

into the B2 type structure. 

Manganese the element common to all the alloys, carries in every case a large 

magnetic moment (usually about 4·3 JlB) which is coupled via some form of 

neighbouring Mn atoms in an ordered magnetic structure. 

In all the alloys investigated, the electron concentration appears to have an 

important influence on the magnetic properties. The magnetic structure for 

Pd2-xAgxMnIn alloys, with increasing silver concentration was observed to 

progress from AF2 + AF3A to AF3A and then to F. For Pd2_xAuxMnln, with 

increasing gold concentration, the magnetic structure was observed to progress 

from AF2 + AF3A to AFl + AF3A to AFl + AF3A + F and then to F. 

In the gold series, an additional magnetic structure was identified to be fcc 

antiferromagnetism type 1. 

A generalised molecular field theory has been employed as a first step in the 

theoretical analysis to describe the magnetic phase diagram. The existence of 

negative and positive exchange interactions suggests that both the Caroli-Blandin 

theory of the double resonance scattering or the RKKY theory based on the free 

electron model could be applicable. 

In order to obtain more information related to these compounds, the 

following experiments are suggested for future work: 
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1 Specific heat and magnetic susceptibility measurements from helium 

temperature to 77K. 

2 Due to the difficulty of using Faraday balance technique to study the 

ferromagnetic structure, the vibrating sample magnetometer technique could 

be used. 

3. Neutron spin wave scattering to determine the exchange constants in these 

compounds further than 3 neighbours. 
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Table (8.1) Structures, Magnetic and thermal properties of the Alloys Pd2- Ag Mnln x x 

Alloy a (A) 
6 NorOF PcnOln) Phase 

Op(K) S Transition 
0 Neel or CUlie (I/X;n from Cp Temp (K) 

Pd2MnIn [127] 6·373 + 0.003 52+ 6 141 + 4 4·9+ 0·2 - -

"Ourrcscarch" 6·369 + 0.003 51+2 143+3 4·7+ 0·2 1·95 143+ 2 

Pd,.sAgo.2MnIn 6·397 + 0.003 71 + 3 168+ 3 4·5+ 0·3 1-803 173+ 2 

Pd,.~gO.4MnIn 6·418 + 0.003 106+ 3 174+ 2 4-48+ 0·2 1·781 172+ 2 

Pd'4 Ago6MnIn 6·441 + 0.003 123+ 2 176+ 3 4·31 + 0·2 1·715 173+ 3 

Pd'.2AgO-SMnIn 6·470 + 0·003 129+ 3 148 + 3 4·24+0·2 1-648 139+ 2 

Pdo.sAg,.2MnIn 6·552 + 0·003 136+ 2 151 + 3 4·27 + 0·3 1·701 153+ 3 

PdO<iAgI4MnIn 6·576 + 0·003 139+ 2 146 + 3 4·48+ 0·2 1·788 144+ 2 

Pdo4Ag'<iMnIn 6·647 + 0·003 137 + 3 140+ 3 4·51 + 0·2 1-829 138+ 2 

Spin ne 
entropy Magnetic !l (i.tu) 
from Cp structure (e/ch.[olln) 

- AF 4'8+-0·2 4·0 2 

0·153+0·1 - - -

0·169+ 0·1 AF2, AF3 4·82 + 0·2 4·2 

0·184+ 0·1 AF3 4·74 + 0·2 4·4 

0·200+ 0·1 AF 3 3·8+ 0·2 4·6 

0·122+ 0·1 F 4·16 + 0·2 4·8 

0·058+ 0·03 F 4·13 + 0·2 5·2 

0·050+ 0·03 F - 5·4 

0·046+ 0·03 F - 5·6 



Table nU) Structures, Magnetic and thermal properties of the Alloys Pd2 Au Mnln 
-J( J( 

Alloy a (A) 
ON orOp 

Pcf~) Phase Spin 
Op(K) S Tmnsition entropy Magnctic ~(JlD) IIC 

0 Neel or CUlie 
Tcmp (K) 

(l/X,T) fromCp from Cp structure (c/d1. fun 11) 

PdH Au(}2MnIn 6·341 + 0·003 75+ 3 142+ 3 4·50+ 0·02 1-804 145+ 2 0·269+ 0·02 AF2, AF3 5·40+ 0·2 4·2 

Pdt.6Au04 MnIn 6·349 + 0·003 85+ 2 145+ 3 4·60+ 0·02 1-853 143+ 3 0·257+ 0·02 AF3, AF2 3·921 + Q.2 4·4 

Pdt.4 AUO.6 Mnln 6·413 + 0·003 98+ 2 143+ 3 4·52+0·02 1·816 146+ 2 0·317+ 0·02 AFt' AF3 4·98 + 0·2 4·6 

Pdt.2 AUO.8 Mnln 6·448 + 0·003 109+ 3 148+ 2 4·75+ 0·03 1·928 150+ 2 0·279+ 0·02 AFt' AF3 4·11 + 0·2 4·8 

PdAuMnIn 6·463 + 0·003 117+ 3 150+ 3. 4·67+ 0·02 1-889 151 + 3 0·333 + 0·02 AFt' AF3 4·32 + 0·2 5·() 

PdO.8Au t.2MnIn 6.522 + 0·003 126+ 3 152+ 2 4·68+ 0·03 153+ 2 0·367+ 0·02 AF\, AF3, 
i 

1-895 3·91 + 0·2 5·2 

PdO.6Au\.4MnIn 6·544 + 0·003 131 + 3 155+ 2 4·78+ 0·02 1·943 159+ 3 0·371 + 0·02 AFt' A1\, F 4·73+0·2 H i 

Pdo.4Au\.6MnIn 6·566 + 0·003 139+ 3 158+ 2 4·85+ 0·02 1·977 163+ 3 0·332+ 0·02 F 4·1 + 0·2 5·6 

PdO.2Au\.8MnIn 6·599 + 0·003 146+ 2 146+ 2 4·99+ 0·03 2·047 161 + 3 0·291 + 0·02 F 4·12+ 0·2 5·8 

Au2MnIn 6·644 + 0·003 152+ 2 168+ 2 5·04+0·03 2·070 164+ 2 0·317+ 0·02 F - 6-() 
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Table 01.3) The Exchange Integrals calculated from measured data for the series Pd Ag Mnhl 
2-x x 

Alloy 
1

J 12 13 
1 et 12 ) 

3 
S - P 2+'4 +13 p - 25(5+ 1) p p P 

Pd2Mnhl 1·95 16·0833 -23·833 0·0417 - 0·2608 

PdJ.l!AgO.2Mnhl 1·803 -18·042 -28·000 18·9792 - 0·2968 

Pdj<iAg04Mnhl 1·781 -17·333 0·0000 13·0833 - 0·3029 

Pdj4AgO<iMnhl 1·715 -16·875 0·0000 13·5625 - 0·3222 

Pdj.2AgO.gMnhl 1·648 - - - 6·1667 0·3437 

PdosAgt.2Mnhl 1·701 - - - 6·2927 0·3265. 

Pd06Agt.4 Mnhl 1·788 - - - 6·0833 0·3009 

Pd04Ag j.6Mnhl 1-829 - - - 5·8333 0·2899 

°N(K) 
nc Magnetic 

Op(K) or 
e/ch.form order O(K) F 

51 + 2 143+ 3 4·() AI' 
2 

71+3 168+ 3 4·2 AF2, AF3 

106+ 3 174+ 2 4·4 AF 
J 

123+ 2 176+ 3 4·6 AI' 3 
129+ 3 148+ 3 4·8 F 

136+ 2 151 + 3 5·2 F 

139+ 2 146+ 3 5·4 F 

137+ 3 140+3 5·6 F 
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Table (8,4 ) The Exchange Integrals calculated from measured data for the series Pd2- Au MnIn series x x 

Alloy 
Magnetic Op 0 OF 11 J2 
order nc S N 

(K) (K) (K) p p 

Pdl.gAuo.2MnIn AF2, AF3 4·2 1·804 75+ 3 142+ 3 - -15·38 -23·67 

Pdl.6Au04 MnIn AF2, AF
J 

4·4 1·853 85+ 2 145+ 3 - -14·58 -24·17 

Pd 1.4 Auo.(j Mn In AF1, AF3 4·6 2·816 98+ 2 143+ 3 - -13-79 -23·83 

Pd l.2Auo.gMnln AF1, AF
J 

4·8 1·928 109+ 3 148+ 3 - -13·96 -24·67 

PdAuMnIn AFl, AF
J 

5·0 1·889 117+ 3 150+ 3 - -13·88 -25·00 

Pdo.gAu 1.2MnIn AF1, AF3 5·2 1·895 126+ 3 152+ 2 - -13-75 -25·33 

Pd06 Au1.4 Mnln 5·4 l3l +3 
- 155+ 2 -13-92 -21·83 

AF1, AF3, F 1·943 

Pd04 Au 1.6 Mn In 5·6 139+ 3 
- 158+ 2 

F 1·977 - -

Pd02Au1.g Mnln F 5·8 2·047 146+ 2 - 163+ 3 - -

Au2MnIn F 6·0 2·070 152+ 2 - 168+ 2 - -

13 1(2+~+J ) 
p P 2 4 3 

15·98 -
16·88 -

-28·85 -
-30·02 -

-30·31 -

-31·12 -

-18·88 -

6·58 
-

6·79 
-

7·00 -



CHAPTER NINE 

DYNAMIC FORM FACTOR IN THE INV AR ALLOY Fe6SNi3S 

9.1 INTRODUCTION 

Alloys which exhibit Invar behaviour have a small thennal expansion 

coefficient below the Curie temperature, a large forced volume magneto

striction and show a substantial pressure dependence of the magnetisation 

and Curie temperature, etc. For alloys in the Fe-Ni system, local fluctuations 

in composition resulting in heterogenous magnetisations are believed essential 

for the Invar effect, which shows a maximum at the composition Fe6SNi3S' 

This is not the case for Fe3Pt, which orders in the L12 structure and exhibits a 

more pronounced Invar effect than in Fe6SNi3S Both alloys are iron rich with 

an fcc structure. Iron rich alloys in the Fe-Ni series which have a bee 

structure do not exhibit Invar behaviour. 

In recent years attempts have been made using ultrasonic [51], neutron 

scattering [88,98 ] and other techniques to elucidate the microscopic origin of 

the Invar effect, but as yet no clear understanding has been reached. Neverthe

less, in all models of the Invar effect it is recognised that the relationship 

between magnetic moment and the atomic volume or interatomic distance plays 

a crucial role, and hence the interactions between the vibrational and magnetic 

degrees of freedom are of great importance. One very sensitive way to study 

such interactions is through the polarisation dependence of the magneto

vibrational neutron scattering. The polarised neutron technique was first used 

by Steinsvoll et al [65] to study magneto-vibrational scattering in metallic iron 

and nickel. They were able to show that whereas for nickel the magnetic 

density giving rise to magneto-vibrational scattering was indistinguishable from 

that giving rise to elastic scattering, for iron there was a small but significant 

difference. We have now used this same technique to study magneto

vibrational scattering on Fe-Ni alloys, for which it is expected that the magnetic 

moment is strongly coupled to the atomic vibrations. 
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Fe6SNi3S alloy which shows the largest Invar anomaly among the iron 

and nickel alloy systems was chosen for the first experiment. At this 

composition the sample can be cooled down to SK without the risk of a 

martensitic transformation from a fcc to a bec structure. 

In addition to the Fe6SNi3S alloy, two other samples, FesoNiso and 

Fe7SNi22 have been studied. The relevant properties of the three samples are 

listed in table (9.1). 

9.2 INELASTIC NEUTRON MEASUREMENTS 

The experiments were carried out on a single crystal of Fe6SNi3S in the 

form of a cube 12 x 12 x 12mm with edges parallel to [1-10], [001] and [110]. 

The Fe6SNi3S crystal was held at lOOK in a vertical field of 2T (sufficient to 

saturate the sample) provided by a pair of superconducting coils mounted on the 

IN20 polarised triple axis spectrometer at ILL reactor, Grenoble. 

Measurements were made with Kf fixed at either 2·662 or 4·1 A-I. 
Experimental details and uses of the instrument are presented in Chapter 4. 

Dispersion curves for the major symmetry directions for which complete 

measurements were made are taken from Endoh (1979) [88] and Onodera, ... , 

etc (1981)[89] as shown in figure (9.1). 
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Table (9.1) Properties of the fcc alloys at 296K 

Properties Feo~s~s Feso Ni SO Fe7SNi22 Ref 

Average atomic 560 90 57·28 56·31 -
mass (amu) 

Lattice constant 3·596 3·586 3·586 [103,104] 
( A) 

- -
Melting temperature 1740 1710 1750 [105] 

(K) 

Saturation magnetic 1·85 1·68 1·25 [31] 
moment 

~/atom) 

Curie temperatuure 538 790 340 [104, 106] 
(K) 

Debye temperature 
(K) 

346·63 407·8 315 [104, 106] 

Elastic constants 
12 2 (10 dyn/cm) 
cll 1-432 ± 0·4 1·90 1·463 . 

c12 1·000± 0·3 1·34 0·881 [107, 108] 

c14 0·994 ± 0·14 1·08 1·132 

fcc fcc bec 
Structure 

y-phase y-phase Cl. -phase [103, 104] 
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A series of constant energy scans were carried out. In each scan the 

scattered intensity was measured at each point with the flipper on, and then 

with it off, to obtain the polarisation dependence of the scattered intensity. 

The scattered intensity for both polarisation states measured in the scans was 

fitted to a sum of Gaussian peaks superposed on a linear background. The 

fits were constrained so that the centres and widths of the peaks for both 

polarisation states were the same, and the centres of peaks in scans at the 

same energy for 1: + q and 1: - q (where 1: is a reciprocal lattice vector) were 

also at the same value of q. When one of the peaks in a scan was identified 

with a magnon, it was constrained to have the same intensity for both 

polarisation states. This fitting for a series of constant energy scans at the 

three principle symmetry directions have been made. 

The spin wave dispersion relation was calculated in all the symmetry 

directions for the Fe65Ni35 alloy, using a dispersion relation E = Dq as shown 

by triangles in figure (9.1). 

9.2.1 The [111] and [001] directions. 

The polarisation dependence of the intensity of neutron scattering by 

the LAlll and LAl00 magneto-acoustic excitations at lOOK have been 

measured. A series of constant E scans which were made in these 

directions are shown in figures (9.2), (9.3), (9.4) and (9.5) for LA 11 1 

and LAl00 respectively. 

The ratio of the scattered peak intensities for the two polarisation states, 

after correction for incomplete polarisation of the beam, were used to 

calculate the ratio yofmagnetic to nuclear scattering in the phonon peaks. 

The results are given in tables (9.2) and (9.3) for both directions. 

The centres of the fitted peaks in the [001] and [111] directions are 

shown at the dispersion curves as squares (ph on on) and triangle (magnon) 

in figure (9.6). They show that LA111 branch is displayed in the positive 

Q direction and the LAOOl branch in the negative one. Figure (9.6) also 

shows that the magnon mode crossing the LA[111] phonon mode at 

:: 12 mev and the LA [100] and the LA[l00] phonon mode at :: 7 mev. 

lID 



Table (9.2) LA 100 phonon 

0-1 
Emev KfA q Fm R QIOO sinS I').. 

4 2·662 1·94 0·89 2·60 3-40 0·269 
2·06 0·85 2·47 3·60 0·287 

6 2·662 1·832 0·71 2·14 3·20 0·255 
2·102 0·71 1 3-863 0·293 

9 2-662 1·84 0·63 1·96 3·22 0·258 
2·16 0·52 1·74 . 3·78 0·300 

9 4·1 2·15 0·20 1-46 3·77 0·300 . 
1·85 0·62 1·93 3·24 0·26 

15 4·1 2·27 0·49 1·96 3·98 0·32 
1·73 0·53 1-75 3·03 0·24 

Table (9.3) LA ll1phonon 

Emev 0-1 Fm R QIl1 sinS I').. KfA q 

4 2-662 0·97 1·18 3·57 2·94 0·23 
1·03 1·04 3·05 3·12 0·25 

9 2-662 0·92 0·49 1·83 2·79 0·22 
1·08 0·56 1·73 3·28 0·26 

15 4·1 0·876 0·38 1·50 2·65 0·21 
1-124 0·64 1·98 3-40 0·27 

20 4·1 0·82 0·65 2·00 2·49 0·20 
1·18 0·66 2·02 3·58 0·28 
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These results indicate a deviation in the fonn of the dispersion curves from 

their ideal fonns around the magnon phonon crossover. which may 

indicate anti-crossing behaviour due to interaction between them. 

Measurements were also made for the LAOOl phonon and TAIIO 

phonon in the 002 zone using a series of constants energy scans as shown 

in figures (9.7). (9.8) and (9.9) for the LAOOl and TA110 modes 

respectively. The main energy scans for both directions are listed in tables 

(9.4) and (9.5). 

9.2.2 The [lOO] direction 

A series of constant energy scans were made along the [100] 

direction first with [111] and then with [001] perpendicular to the plane 

of scattering. In both geometries only phonon scattering from the LA100 

branch should be observed, since the polarisation of the degenerate 
transverse modes are perpendicular to the scattering vector ~·K = 0) 

and therefore the cross-section for these modes is O. 

However. three excitations were observed which disperse as shown 

in figure (9.10) The curves represented by circles and triangles can be 

identified with the LAIOO phonon and the magnon respectively. The 

observed dispersion of these modes is in good agreement with that 

published previously [107]. The third excitation (represented by crosses) 

has the same dispersion as the TAIOO phonon which should not be visible 

in the scattering geometry used. 

The polarisation dependence of the intensity scattered by all three 

excitations was measured. As expected. the magnon intensity had no 

polarisation dependence. The polarisation dependence in terms of an 

effective nonnalised moment ~N defined as the fraction of the mean atomic 

moment which should be needed to give the observed polarisation 

dependence for magneto-acoustic scattering. Because of overlap with the 

magnon only three reliable measurements are available for the LA 1 00 

phonon as shown in figures (9.11) and (9.12). At 15 and 18 mev the 

whole moment effectively contributes. but at 20 mev there is evidence for a 

112 



Table (9.4) LA 100 at lOOK for Mode 1 and Mode 2 

Emev 0-1 
KfA q sine lA. ilN FM 

3 2·662 1·954 0·274 0·79 0·81 
1/ 1-913 0·269 0-43 0·43 

7 II 1·878 0·263 0·60 0·64 
1·816 0·255 0·54 0·59 

8 II 1·862 0·262 0·44 0·47 
1·786 0·251 0·53 0·59 

10 1/ 1-806 0·254 0·59 0·65 
1·717 0·241 0·50 0·57 

15 If 1·719 0·242 0·95 1·09 
1·596 0·224 0·50 0·61 

18 1/ 1·653 0·232 0·99 1-17 
1-489 0·209 0·19 0·24 

20 II 1·614 0·227 0·83 1·00 
1·407 0·198 0·16 0·21 

Table (9.5) TA 110 phonon off 200 

Emev 0-1 F ilN KA q sine lA. M 
f 

5 2·662 0·0834 0·282 0·68 0·76 

7·5 II 0·1297 0·282 0·29 .0·32 

10 II 0·1797 0·283 0·94 1·04 
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significant reduction. The "forbidden" TAl00 mode (9.11) differs in that 

at low energy transfers, only about one half the moment is observed in the 

scattering; this again falls off above 15 mev. The presence of the 

"forbidden" magnon mode could be explained by a strong coupling of the 

magnetic and lattice degrees of freedom. In table (9.4) a list of the main 

energy scans is presented. 

9.2.3 The [110] direction 

The TA2 110 mode, that with polarisation parallel to [110], has been 

shown [107] to exhibit significant softening at the Invar composition. We 

have investigated the polarisation dependence of neutron scattering by 

this mode and also of the LAII0 mode. A (001) crystal orientation was 

used and the modes were measured from the (220) Bragg position. The 

energy constant scans are shown in figure (9.13). 

The longitudinal mode can only be measured uncontaminated by the 

magnon at energies above 15 mev and the value of IlN at 18 and 20 mev 

are not significantly different from unity as indicated in table (9.6). 

Because of its softening the TA2 110 mode is well separated from the 

magnon at energies above 3 mev but no significant deviation of IlN from 

unity was observed up to 15 mev as given in table (9.7) and shown in 

figure (9.14). 

9.2.4 Temperature Dependence 

Measurements at 5K were made following the observation of Shiga 

[109] of anomalous changes in the elastic constants below 5K. Several 

constant energy scans were made in the [100] direction off 200 at ID, 

IS, 18 and 20 mev, and in the [110] direction from 220 at 5, 10 and 15 

mev as shown in figures (9.15), (9.16) and (9.17) for [100] and [110] 

directions respectively. The results are given in tables (9.8) and (9.9). 
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Table (9_6) L 110 off 200 

Emev q sin9A FM ~ R Y 

18 1·788 0-355 0-65 1-03 1-939 0-179 

20 1·762 0-350 0-57 0-89 1-78 0-157 

Table (9_7) TA2 100 mode 

Eme:v q FM sin9A ~ 

5 1-816 0·52 0·399 1·02 

10 1·661 0·50 0-403 0-98 

25 1·523 0-47 0-409 0-90 
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Table (9.8) L 100 at 5K 

Emev q Fm 
0-1 

• KfA 

10 1·838 0·56 4·1 
1·7401 0·53 

15 1·805 0 4·1 
1·727 1·12 
1·596 0·59 

18 1·784 0 4·1 
1-664 0·93 
1·483 0·44 

20 1·768 0 4·1 
1-623 1·16 
1-420 0·25 

Table (9.9) T 110 at 5K 

Emev 0-1 
KfA q Fm 

5 4·1 1·808 0·57 

10 4·1 1·656 0·65 

15 4·1 1·522 0·69 
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9.2.5 Polarisation Dependence 

Measurements of the polarisation dependence of the scattered indensity 

have been made for two other Fe-Ni alloys at lOOK. One Invar sample 

with concentration below % 35Ni, Fe78Ni22 and a second non-Invar 

compound with 50% Ni, FesoNiso were chosen. The measurements 

are repeated under the same conditions as for Fe6SNi35, and several 
constant energy scans were made in the [100] direction. The main energy 

scans for these alloys are shown in figures (9.18), (9.19) and (9.20) for 

FesoNiso and Fe78Ni22 respectively. The results are summarised in tables 

(9.10) and (9.11). 

9.3 SPECIFIC HEAT MEASUREMENTS 

The specific heat Cp(T) for two Fel_xNix alloys (x = 35, 50) have 

been measured using the Differential Scanning Calorimeter (DSC) from 

300 to::! 870K. The experimental results are shown in figures (9.21) and(9.22) 

for Fe6SNi3S and FesoNiSOrespectively. The figures reveal a broad bumb in 

Cp(T) occuring in both alloys. Similar effects have been seen by W Benwick 

(1978) [90] in other Invar alloys such as Feso(NixMnl_x)50. Table (9.12) 

summarises the thermal properties in both alloys. 

9.4 ELASTIC CONSTANTS DETERMINATION 

The cubic elastic constants Cll , C44, Cl2 and Cll - C12/2 were 

determined from the dispersion curves in the major symmetry directions using a 

calculated molecular weight M and the lattice parameter observed in this 

experiment. The lattice parameters a and the density p, calculated using a at 

room temperature are displayed in figure (9.23). It is noted that the lattice 
constant decrease linearly with the decrease of Ni concentration. A minimum 

value of the lattice constant occurs at::! 40%Ni. A minimum value of the lattice 

constant occurs at 40%Ni. It has already been mentioned that the spontaneous 
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Table (9.1Ol L 100 at lOOK forFesOl\\O 

0-1 
sinsjA. Emev KfA q R Q 

. 

10 4·1 1·8403 4·933 3·224 0·257 
1·8934 1·453 3·318 0·264 

15 4·1 1·7546 3·561 3·047 0·245 
1·8646 1 3·267 0·260 

18 4·1 1·6950 3·852 2·970 0·236 
1·8467 1·2162 3·236 0·258 

20 4·1 1·6555· 4·575 2·901 0·231 
1-8318 1 3·210 0·255 

Table (9.11) L 100 at 100K for Fe78 Ni22 

Emev 0-1 
KfA q R Q

11l sinSjA. 

10 4·1 1·8526 2·52 3·25 0·26 
1·9240 1 3·37 0·27 

15 4·1 1·715 1·18 3·11 0·25 
1·9295 1·02 3-38 0·27 

Table (9.12) 

Ref (90) 
e 

Alloy series Anomaly Temp Curie Temp -
(K) (K) Anom Curie a 

(K) (K) 

Fe65 Ni35 - 478 455 8·7 -

Fe50 Niso 640 760 525 790 9·0 
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magnetisation of the alloys deviates slightly at 60%Ni from the linear region and 

then falls sharply below 40% Ni [31). 

The initial slopes of the phonon dispersion curves enable the velocities 

of sound to be determined. The values so achieved are compared from the 

ultrasonic data as in table (9.13). 

The results are plotted in figures (9.24) and (9.25) along with curves 

determined by Y. Endoh (1979) [110) from ultrasonic measurements. The 

elastic constant of Fe65Ni35 Invar calculated from neutron measurements at 

lOOK are listed in table (9.13). 

9.5 DISCUSSION AND CONCLUSIONS 

In the adiabatic approximation, and under the assumption that the 

magnetisation density around an atom is independent of its thermal displacement 

from its equilibrium position, the ratio of the magneto- vibrational to the nuclear 

vibration scattering is: 

(9.1) 

where f(Q) is the magnetic form factor, jl the mean magnetic moment per atom 

- -
and b the mean of the nuclear scattering lengths. Using the value b =0·981 

x 10-12 cm, the product jl f(Q) was evaluated and is plotted against Q in 

figure (9.26). From this figure it may be seen that the product jl f(Q) varies 

much more rapidly with Q than does the static form factor f(Q) indicated by the 

dotted line. It is not a monotonic function of Q but appears to decrease with 

increasing energy transfer as q increases on either side of the Brillouin Zone 

centre for both phonon batches that were measured. This behaviour suggests 

that the mean magnetic moment J.l. contributing to the magneto-vibrational 

scattering at high Q and E is reduced by a factor of about two with respect to 

the mean periodic moment [10). The full and dashed curves of figure (9.26) 

correspond to a crude model in which the moment drops to zero in that part of 

the phonon vibration in which the near neighbour distance is reduced from its 

equilibrium value by a critical fraction corresponding to about 0·01 for the curve 

shown. The reduction of the effective moment contributing to the magneto-
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Table (9.13) The low temperature (lOOK) values of the Elastic Constants of Ni-Fe as measured by various investigators. 

The values of Cll , C12, C44, Bulk Modulus p and the Compressibility K are calculated from the qualities 

pv:, pv; and pv;. All units are 10
12 

dyne cm-
2 

except for K which is 10-12 cm2/dyne 

2 2 2 P pV
1 pV2 pV3 

References 1 '2 (Cu +CI2 +C44) C44 
1 '2 (Cll - C12) Cl1 

C
I2 

1 "3 (Cll + 2C12) K 

Present research 2·179 1·079 0·161 2·610 2·288 2·395 0·417 

Endoh, Noda and - - 0·187 ± 3 - - - :.. 
Ishikawa [107] 

Hausch and 2·182 1·017 0·162 - - - -Warlimont [104] 

Endoh [110] 2·193 - 0·162 - - - -

Bower ancl . 
Claridge [111]* I HI 1·006 0·169 - - - -

*The measurements were made at 4.2 K 
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vibrational scanering at high energy transfers may be due either to a collapse of 

the localised moment itself or to a reduction in the mean moment through an 

increased anti-para11el coupling. The fonner explanation would imply coupling 

with the stoner modes, whereas the latter may involve coupling with the 

magnons. The experimental evidence does suggest the existence of some 

magnon-phonon coupling, particularly in the [001] direction as shown in fignre 

(9.6). 

On the basis of the lattice and spin dynamics, it is clear that the Invar effect 

is associated with the coupling of the magnetic and lattice degrees of freedom 

in a dynamic process. Support for this interpretation is provided by measure

ments of the dynamic fonn factor, which not only reveal a deviation from the 

elastic fonn factor, but also the presence of a "forbidden" phonon mode as 

shown in figure (9.11), rendered observable by a strong magnon phonon 

interaction. 

The results of the measurements, carried out at lOOK, were compared with 

equivalent scans at 5K (fable 9.14). Very little difference was found between 

the [lOO] scans at the two temperatures but the intensities of the peaks in the 

[110] scans were significantly reduced and the corresponding value of the 

effective moment il N increased at lower temperature as indicated in table 

(9.14C). 

In order to investigate the origin of the forbidden phonon further measure 

ments were perfonned on two other Fe-Ni alloys which were x = 50 and 

x =22. The results show that the forbidden phonon is absent in both alloys. 

Table (9.15) summarises the compared intensities in these alloys. It is noted 

that the intensity of the Fe5oNi50 Non Invar at lOOK is much bigger than alloys 

and this corresponding the values of the il N increased at the high concentration 

of Ni (Non Invarrange). 

These experiments also indicated some anomalies in the spectrum of 

excitations observed at lOOK for example L[l00] in the Invar alloy Fe65Ni35 

and non Invar Fe50Ni50 alloy at the same direction shown in table (9.15) and 

figures (9.11), (9.12) and (9.18), (9.19) for Fe65Ni35 and Fe50Ni50 

respectively. 
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Table (9.14) Temperature comparison of 5K and lOOK 

(a) L 100 

q Fm 
Emev 5K lOOK 5K lOOK 

10 1-838 1·806 0·56 0·65 
1·7401 1·717 0·53 0·57 

15 
1·805 1·797 0 0 
1·727 1·719 1-12 1·09 
1·596 1·596 0·59 0·61 

18 1·784 1·770 0 0 
1-664 1-653 0·93 1-17 
1-483 1·489 0·44 0·24 

20 
1·768 1·764 0 0 
1-623 1-614 1-16 1·01 
1-420 1·407 0·25 0·21 

(b) T 110 

q Fm 
Emev 

5K lOOK lOOK 5K 

5 1-808 1·816 0·57 0·52 

10 1-656 1·661 0·65 0·50 

15 1·522 1·523 0·69 0·47 

(c) Intensities T 110, 5K, and lOOK 

Emev q 

5K lOOK 

5 665 1106 
1013 1878 

10 197 296 
382 543 

15 107 143 
217 232 
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Table (9.15) 

. Ca) L 100 FesoNiso Non Invar 100 K 

Polarisation Ratios 

Ernev Phonon 

10 296 60 

15 146 41 

18 104 27 

20 92 20 

Cb) LA 100 Fe
6S

Ni
3S 

Jnvar100 K 

10 93 52 

15 110 36 

18 67 14·92 

20 71 25·36 

Cc) LA 100 Fe
6S

:-"i
3S 

JnvarS K 

10 149 87 

15 97 31 

18 75 29 

20 65 19·95 

Cd) LA 100 Fe, 8 Ni22 Jll\'arlOO K 

.10 

15 

255 

47 

101 

40 

123 

Magnon 

250 172 

101 101 

90 74 

72 72 

115 59 

69 37 

45 33 

34 34 

174 98 

45 45 

35 35 

32 32 

64 64 

32·57 32 

Anorn 

43 

14 

3 

0 

0 

37 

57 

56 

0 

60 

47 

54 

61 

16·37 

Phonon 

11 

5 

1 

0 

0 

32 

57 

45 

0 

33 

30 

42 

30 

10·63 



The specific heat results shown in figures (9.21) and (9.22) reveal an 

anomalous temperature dependence. At Fe5oNi50, Cp curve is characterised by 

two distinct maxima, one at about 760K and the second reveals an anomalous 

maximum at about 640K. The positions of this anomalous maxima is only 

slightly concentration-dependent, whereas a strong decrease of the Curie 

temperature as well as of the magnetic heat of transformation occurs with 

decreasing nickel content so that the alloy with 35% Ni reveals only a single 

maximum composed of both Curie peak and the maximum caused by the 

anomalous excess heat. 

In conclusion, we can summarise the results and discussions as follows: 

Measurements have been made of the polarisation dependence of the 

intensity of neutron scattering by the LAlOO and LAlll magneto-acoustic 

excitations at lOOk on the Invar alloy Fe65Ni35· The results suggested that the 
magnetic moment contributing to the scattering in these excitations decreases 

with energies above 15 mev. The results also indicated some anomalies in the 

spectrum of excitations observed in the 100 direction. 

Measurements were repeated at 5k and the results compared with 

equivalent scans at lOOk. The intensities of the peaks in 110 scans are 

significantly reduced. Polarisation dependence results show that the intensity 

of non-Invar alloy (Fe50Ni50) is bigger than other Invar alloys. 

In both Fe65Ni35 and Fe78Ni28 the decrease in magnetisation at low 

temperature with increasing temperature is more rapid than that observed in Ni. 

Spin waves have been observed in both compounds with well defined magnon 

groups resolved up to 80 mev. The Stoner continuum was therefore assumed 

to lie above this energy. Consequently single particle excitations were not 

believed to be responsible for the Invar effect or for the rapid decrease in the 

magnetisation at low temperature. Furthermore the thermal population of spin 

wave was also unable to account for this rapid decrease. The present results . 

which indicate the existence of strong magnon-phonon coupling, as evidenced 

by the presence of a "forbidden" phonon mode, suggests that this mechanism 

must be taken into account in any description of the magnetic properties. 

Preliminary model calculations based on the band structure of Fe65 Ni35 in 
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which both lattice and magnetic degrees of freedom are taken into account 

suggest that this mechanism will account for the properties of Invar alloys. 

Furthermore, on the basis of the spin and lattice dynamics, it is clear that 

the Invar effect is associated with the coupling of the magnetic and lattice 

degrees of freedom in a dynamic process. Support for this interpretation is 

provided by measurements of the dynamic form factor, which not only reveals a 

deviation from the elastic form factor, but also the presence of a "forbidden" 

phonon mode, rendered observable by a strong magnon phonon interaction. 

In order to further the investigation of the Invar effect, it would be of 

interest to perform additional measurements on the Fe65Ni35 alloy so that the 

effect of chemical order could be determined. 

It is also important to compare the results with other Invar systems such as 

Fe3Pt alloy. The Invar effect in Fe3Pt is more pronounced than in Fe6SNi35 

and is independent of the degree of order. The low temperature magnetisation 

varies as T3!2 and the high field susceptibility is less than half that observed in 

Fe6SNi35' So the information about the way in' which the magnetisation is 

coupled with Fe-Ni alloys. 
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Abstract. - Polarisa.tion dependence of one phonon cross sections has been investiga.ted in the In''af alloy Fe5~Xb5' 
The \-a..ri.a.tion of tbe polarisation ra.tios suggests that the magneto ,,;brational scattering is strongly dependent on the 
energy and Wave \'ectOl of the phonoD, indica.ting tha.t the effective magnetic: moments are reduced as the phonoD energy 
increases, 

Introduction 

The thermal expansion anomaly associated Vo·ith 
the onset of ferroma£;Detism in cer.-ain alloys, notably 
Fel_~Ni= vdtb % = 0.35 1 and k!J.o"\\"Il as the Invar ef. 
feet, bas been tbe subject of much experimental and 
theoretical study [1]. In recent years attempts have 
been made using ultrasonic [2J, neutron scattering [3, 
4] and other techniques to elucidate the microscopic 
origin of the effect, but as yet no clear understand
ing has been reached. :\'evertheless, in all models 
of the InVaI' effect it is recognised that the relation
ship between magnetic moment and the atomic vol. 
ume or interatomic distance plays a crucial role, and 
hence the interactions between the vibrational and the 
magnetic degrees of freedom axe of great importance. 
One very sensitive "\\'ay to study such lntera.ctions is 
through the polarisation dependence of the magneto
vibrational neutron sca.ttering. The polarised neutron 
technlque '9,'as first used t.o study magnet~vibrational 
scattering by Steinsvoll et at. [5] "'ho made measure
ments on metallic iron and nickel. They "\\'ere able 
to show that v\"hereas for nickel the magnetism den. 
sity ghi.ng rise to magneto-vibrational scattering was 
indistinguishable from that giving rise to elastic scat· 
tering, for iron there ""as a small but significant differ ... 
ence. \Ve have noV\.' used this same technique to study 
magneto-vibrational scattering in Fe5SNbs, for v\"hich 
it is expected tha.t the magnetic moment is strongly 
coupled to the atomic vibrations. 

Experimental 

The experiments we:e carried out on a single cryst.al 
of Fe"Nb. in tbe form of a cube 12 x 12 x 12 mm 
.. -jtb edges parallel to [110], [001] and [110]. It was 
aligned .. ;th the [liD] edge vertical and in the verti
cal field of a superconducting pair of Helmholtz coils 
On the 1:\,20 polarised triple axis spectrometer at ILL, 
Grenoble. The field at the sample was set t·o 2 T which 
""as sufficient for saturation at 100 K, the temperature 
or the experiment, 

The spectrometer l\"'8S set up with a vertically fo
cussing Cu (200) monocbrometer to produce an unpc>
larised monochromatic incident beam, the polarisatio!l 
of the scattered beam was analysed using the (111) re
flection of a Cu,) ... lnAl Heusler alloy and a Mezei flipper 
placed just in front of the analyser crystal. Tbe col
limation used starting from the monochromator was 
30', 40' , 40' , 40' and the spectrometer ?t'as used in the 
constant K, mode witb K, either 4.1 or 2.55 A-I and 
a graphite filter to eliminate high order conta.miDation 
of the beam. 

Dispersion curves for the phonon and magnon modes 
in the [111] and [001] directions taken from the pub
lished "'ork [3, 4] are shown in figure 1. They sbow the 
magnoll mode crossing tbe LA [111] phonon mode at 
"" 12 meV and tbe LA [100] phoMn mode at "" 7 meV. 

\ 
\ 

~=\ 
\ 
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-0'6 -Q-4 -0-2 

20 

o 0·2 
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Fig. 1. - Dispersion curves for the magnon (dashed 
curve) and LA 111 and LA 001 phonons (full curves) in 
FeO.6SKio,l5. The LA 111 bra.nch is displayed in the pos. 
hive Q direction and the 001 bra.och in the Degdive one, 
The horizontal oblongs indicate the &cans carried Out. The 
squa..res a..nd triangles within the obloDgt show the p06itions 
determined for the phoDon and ma-gnoD pe.a.k& respectively. 
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A !'E:rie~ 0: con.S:a.!lt E scans we:e ca.-ried out which a:e 
indicat.ed by t!l(! horizo!l:al oblong! in fig-J.re L T~os.e 

:n the 1111] d::ection Weie base-d on the 111 recijJ:-Oo
cal lattice poi" and those in tbe [OOIJ direction on 
002, In each scan the scattered intensity was measured 
at each point with the flipper on, and then "'ith it 
off, to obtain the polarisation dependence of the sca.t
tered intensity. For the scans in the [DOl) direction 
the mag!lon and phonoD peaks were observed partia.l!y 
resolved from ODe another iD the scans at 4 and at 
6 meV; iD the former the magnon peak! identified by 
its lack of polarisation dependence, was at higher q. 
These results indicate a deviation in the form of tbe 
dispersion curves from their ideal forms around the 
magnon phO:lOD crossover, which may indicate anti
crossing behaviour due to inte:a.:.tioD between them. 

Analysis 

The scattered intensity for both polarisation states 
measured in the scans lJ,'as fitted to a. sum of Gaus
sian peak' superposed on a linear background. Tbe 
fits ~'ere constrained so that the centres and Vioidths of 
the peaks for both polarisation states were the same, 
and the centres of peaks in scans at the same energy 
for T + q and T - q (where T is a reciprocal lattice 
vector) "'ere also at tbe same value of q. \Vhen one 
of the peaks in a scan was identified vdth a magnoD, 
it Vio"as const:a.ined to have the same intensitv for both 
polarisation states. The centres of the fitted" peaks are 
plotted as squares (pbonon) and triangles (magnon) 
in figure 1. The ratios of the scattered peak intensi
ties for the tv .. o polarisation states, after correction for 
incompiete polarisation of the beam, lIo'ere used to cal
culate the ratio l' of magnetic to nuclear scattering in 
the pbo~on peaks, 

Discussion 

In the adia.batic approximation, and under the as
sumption that the magnetisation density around an 
atom is inde;>endent of its thermal disp!acement fro:n 
its equilibnum position the ratio of the magneto
vibrational to the nuclear scattering cross-section is 

'12 = (J (Q) ill ii)2 

where f (Q) is the magnetic form factor, ii tbe mean 
magnetic moment per atom and 0 the mean of the nu
clear scattering lengths. Using tbe ,-alue ii = 0,981 X 

10-12 c:n toe product jj.1 (Q) "'as evaluated and is 
plotted a&a!nst Q in figure 2. It is clear from this figure 
that the product ill (Q) varies much mo,e rapidly ,,;jth 
Q tban does tbe static form factor f (Q) [6J indicated 
by the dotted line. Indeed it is Dot a mODotonic func
tion of Q but apears to decrease \\;th increasing energy 
transfer as q i:lcreases on either side of the Bragg peak 
for both phonon branches that ';l,'ere measured. 

0-4 

3 3,5 
Q 

, 
'~" '1 

4 
[I:j 

Fig. 2. - Experimental values of the product pi (Q) plotted 
a&a.inst Q. The points ma.rked with squares a.!l.d triangles 
are for the LA 111 phonon a.t Kr = 2,66 and 4.1.la. -1 respec· 
tivelYi those marked v.itb circles and crosses are similarly 
for the LA 001 phonon measured from 002. The dotted 
line indicates the moment varia.tion due to the form factor 
I (Q ) and the full a.nd dashed curves show the predictions 
of the simple model described in the text. 

As yet a fully quantitative treatment of this be
haviour cannot be given,· but qualitatively it suggests 
tha.t the mean moment Jl contributing to the magneto
vibrational scattering at higb q and E is reduced by a 
factor of about tVl'O with respect to the mean periodic 
moment. The full and dasbed curves of figure 2 co,· 
respond to a crude model in Vio'hich the moment drops 
to zero in that part of the phonon "ibratio!l in Vio'hich 
the near neighbour distance is reduced from its equi
librium \-alue by a critical fraction which corresponds 
to about 0,01 for the curves sho""D. The reduction of 
the effective moment contributing to magneto vibra
tional scattering at higb energy traIlSfers may be due 
eitber to a collapse of the localised moment itself, or 
to a reduction in the mean moment though increased 
anti· parallel coupling. The former e>""Planation implies 
coupling Vlith Stoner modes, whereas the latter would 
imply coupling "iI.ith the magnons. As yet the e\idence 
is insufficient to permit a cboice to be made between 
the two possibilities a1tbough tbe data given in figure 1 
suggest that there is at least some magnon, phonoD 
coupling. 
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~eutron ~caHcring exrcrimc:n~s frcm invar arloys are reviewed, ne dbcllssion is r!.'!;tri.::ted 1('1 re~u!!s 0btained on 
Fe~~Ni.,~ and Fe.,PI alloy!>, Particular atlcntion is gh'en to polaris.ed neutron techniques ..... hich enilr.le a detailed te!;! of 
rele"ant theories to be made. The!'e mea.surements suggest that many of"the theories PUI for ..... ard to exr1ain the in\"ar effect 
aTe inappropriate. Finally. the results of :i.ome recent polarised-neutron measurements are presented. 

1. Introduction 

Alloys which exhibit invar behaviour have a 
small thermal expansion coefficient below the 
Curie temperature, a large forced volume mag
netostriction and show a substantial pressure de
pendence of the magnetisation and Curie tem
perature, etc. For alloys in the Fe-Ni system. 
local fluctuations in composition resulting in 
heterogenous magnetisation are believed essen
tial for the invar effect, which shows a maximum 
at the composition Fe"Ni". This is not the case 
for Fe,Pt. which orders in the Ll, structure and 
exhibits a more pronounced in"ar effect than in 
Fe"Ni". Both alloys are iron rich with an fcc 
structure and have compositions close to the 
phase boundary between fcc and bcc structures. 
Iron rich alloys in the Fe-Ni series which have a 
bcc structure do not exhibit invar behaviour. 
Various models have been proposed to explain 
the invar effect, and include latent antiferromag
netism, which is belie"ed to be characteristic of 
fcc iron. or the collapse of the local moment, etc. 
Whereas Fe"Ni" has been classified as a weak 
itinerant ferromagnet, Fe,Pt does not exhibit 
such characteristic properties, since the low tem
perature magnetisation varies as T" and the 
high field susceptibility at low temperatures is 
less than half that observed in Fe"Ni" [1). 
Ultrasonic measurements on both Fe":\"i,, and 
Fe,Pt reveal that the shear constants !< ClI -
C,,) and c., decrease below the Curie tempera
ture [2). 

On the basis of the bulk measurements. it may 
be concluded that a coupling of the magnetisa
tion to the lattice is essential for the invar effect. 
Neutron scattering therefore provides a unique 
possibility of studying the temporal and spatial 
"ariation of the lattice and magnetic degrees of 
freedom and their possible interaction. Further
more, if polarised neutrons are employed, then 
the various scattering mechanisms contributing 
to the total cross-section can be identifi ed and 
placed on an absolute scale. Consequently, the 
importance of antiferromagnetism, moment 
stability. etc. to the invar effect can be estab
lished. and the validity of theories rigorously 
tested. Neutron scattering measurements on 
Fe"Ni". Fe,Pt and y·Fe are discussed. 

2. Static form factor 

Polarised neutron diffraction enables the spa
tial distribution of magnetic electrons to be es
tablished and provides a unique method of estab
lishing the ground state wave function. Meas
urements carried out on Fe and Ni have revealed 
that the magnetisation density localised around 
each atomic site is greater than the atomic mo
ment given by the magnetisation measurements. 
and in the region between atoms the spin density 
is essentially constant but oppositely directed to 
the total magnetisation. The observed radial de
pendence of the density is almost exactly the 
same as that obtained for 3d electrons in a spin 

0921-4526189/S03.50 © Elsevier Science Publishers BV. 
(North-Holland Physics Publishing Division) 
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polarised Hartree-Fock calculation for a free 
atom, although Fe does show some deviation 
from the self-consistent calculations using a spin 
polarised exchange correlation potential. An im
portant feature of the spin density distribution in 
both Fe [3] and Ni [4] is the large deviation from 
spherical symmetry. For spherical symmetry, the 
occupation of the T" and E, orbitals should be 
in the ratio of 60: 40, whereas in the case of Fe 
and E, population is 53% and in the case of Ni, 
19%. Measurements taken at high temperatures 
have revealed no change in the asymmetry of the 
spin density in Fe [5]. In the case of Ni it would 
appear that the spin splitting of the E, and T" 
sub-bands have different temperature dependen
ces [6]. A recent pOlarised neutron experiment 
[7] on Ni which extends above the Curie tem
perature has shown that the constant negative 
ba.ckground density falls to zero at the Curie 
temperature. 

Determination of the spin density distribution 
has been carried out on a chemically disordered 
sample of Fe.sNi" at 300 and 77 K [8]. Analysis 
of the data was carried out in a similar manner to 
that used for Ni and Fe, and it was found that a 
satisfactory agreement with the observed form 
factor could be obtained using spherical Fe and 
Ni form factors. A projection of the spin density 
onto a [11 0] plane showing the approximately 
spherical distribution around the atoms is pre
sented in fig. 1. Since measurements were only 
made in the zero layer of the [1, -1, 0] zone, it is 

Fig.!. A projection of the spin density in Fe65Ni3S onto the 
[11 OJ plane [8J. 

not possible to calculate a section of the spin 
density. Quenching of the orbital contribution in 
comparison to the ionic state is consistent with 
spin resonance data [9] which indicates a de
crease of the gyromagnetic ratio near the invar 
region. The amount of asphericity, as indicated 
by the percentage of 3d electrons in E, orbitals, 
was small, e.g., 44.6% at 300 and 47.9% at 77 K. 
The level of constant negative background was 
found to be essentially temperature independent 
and of a level consistent with that observed in 
Fe. The average local moment associated with Ni 
atoms exhibits little temperature dependence 
below room temperature, so that the observed 
variation of the bulk magnetisation in this tem
perature range can be entirely attributed to that 
of the Fe atoms. 

3. Paramagnetic state 

The thermal variation of the static suscep
tibility in both Fe.sNi" [10] and Fe,Pt [11] is 
substantial, indicating that a significant moment 
persists above the Curie temperature, and that as 
in other transition metal systems, the paramag· 
netic state is characterised by the thermal vari
ation of long wavelength spin fluctuations. In the 
case of bcc iron, [12, 13] the polarised neutron 
measurements revealed that the long wavelength 
component of the response was enhanced above 
that expected for local disordered moments. Fur
thermore, at wave vectors greater than half the 
Brillouin zone boundary value, the energy width 
of the response was found to be small, 40 meV, 
and the total weight anomalously low. The ob
served scattering, when integrated throughout 
the Brillouin zone, yielded an amplitude per Fe 
atom lower than that observed in the ground 
state. The region in which the response becomes 
suppressed corresponds to the same region in the 
ground state in which the spin waves appear 
damped by single particle excitations. In the case 
of nickel [14], the long-wavelength response is 
significantly more enhanced, as might be expec
ted on the basis of the large stiffness of the spin 
wave in the ground state. At large wave vectors, " 
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a small paramagnetic response was found, unlike 
the case of iron, to persist up to very high energy 
transfers, i.e., >200 meV. Consequently the am
plitude on the nickel atom was found to be 
substantially larger than the ground state mo
ment. The response at large wave vectors was 
attributed to quantum fluctuations associated 
with states at the top of a hole band, and there
fore having a long life-time. Thus, as may be 
expected, the paramagnetic state is characterised 
by thermal fluctuations of the spin density to
gether with quantum fluctuations. The itinerant 
nature of the magnetic electrons characterises 
the degree of spatial correlation of the magnetic 
fluctuations and the importance of quantum 
fluctuations within the thermal energy range 
is determined by the details of the band 
structure. 

The measurements on bcc iron were carried 
out on polycrystalline and single crystals in which 
the alpha phase has been stabilised by the addi
tion of a few atomic per cent impurity atoms. 
Silicon, which is non-magnetic, was used as the 
impurity, with only 5 at% being necessary to 
stabilise the alpha phase beyond 1600 K. Pure 
iron undergoes a structural phase transition at 
1183 K from the alpha (bcc) to the gamma (fce) 
phase. Considerable effort, both theoretical and 
experimental, has been expended in an attempt 
to account for the alpha-gamma structural pha~e 
transition in pure iron. In general, it has been 
suggested that the driving mechanism for it, as 
well as more generally for the invar anomaly, 
originates from the differences in the magnetic 
character of iron in the two phases: the iron 
moment in the alpha phase is stable; in the 
gamma phase either its possible instability, or 
alternatively antiferromagnetic interactions be
tween magnetic moments have been considered. 
The polarised neutron scattering measurements 
revealed that the scattering in pure gamma iron 
was characterised by spatial correlations of a 
ferromagnetic nature (fig. 2) [15]. Although the 
forward scattering in gamma iron was signifi
cantly reduced from that observed at the same 
temperature in the stabilised Fe9l Si" the corre
lations remained strongly ferromagnetic. The ex
periments did not reveal the presence of any 
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Fig. 2. The wave vector dependence of the paramagnetic 
scattering in pure 'Y·Fe at 1320 K, indicating the strong 
ferromagnetic correlations [15]. 

antiferromagnetic correlations, as is often quoted 
in literature on the basis of indirect experimental 
arguments. Consequently, the~e results indicate 
that if pure gamma iron were to order magneti
cally, it would do so ferromagnetically, not anti
ferromagnetically. Since the static susceptibility 
in the gamma phase is found to vary slowly with 
temperature, it was concluded that the spatial 
correlations do not vary significantly with tem
perature. Similar measurements on the invar al
lo)'s Fe.,Ni" and Fe,Pt also indicated the ab
sence of any antiferromagnetic correlations. 

Polarised neutron scattering experiments on a 
single crystal of Fe"Ni" in the paramagnetic 
phase at a temperature of 1.25 Te have been 
carried out in the momentum range covered 0.1 
to 0.9 A -I [16]. Constant q-scans carried out in 
the [111] and [100] directions indicated that the 
response was isotropic and that r = .1q' with 
.1 = 41 meV A'. In fig. 3 the wave vector depen
dence of the scattering is displayed, together 
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Fig. 3. The wave vector dependence of the paramagnetic 
scattering in Fe()SN(\S at 1.25 re. The horizontal dashed line 
corresponds to the level of scattering expected for local 
disordered moments. and is given by ,u;u = g:S(S + 1) (16]. 

with the level expected for completely disor
dered local moments corresponding to I-',rr = 
331-'., It was concluded that the amplitude of 
the spin fluctuations could be described satisfac
torily by a localised model in which the param
eters were deduced from the measured spin wave 
dispersion at low temperatures, the magnetisa
tion and uniform susceptibility, Measurements at 
larger wave vectors approaching the Brillouin 
zone boundaries were not reported, and it is in 
this region that the itinerant nature of the system 
can, depending upon the band structure, become 
important. At wave vectors corresponding to the 
zone boundary, the response is dominated by 
fluctuations on an atom whereas at small q, the 
response over large distances is being explored, 

The paramagnetic scattering from Fe,Pt has 
been determined throughout the Brillouin zone 
[17], The forward scattering corresponding to the 
ferromagnetic correlations was found to be tem
perature dependent, as shown in fig, 4, and 
significant scattering was observed at large wave
vectors towards the zone boundary, As in the 
case of Fe"Ni", these measurements revealed 
that the momen t persisted into the paramagnetic 
phase and that the response was dominated by 
ferromagnetic correlations, Consequently, mod-
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Fig. 4, The temperature \'ariation of the paramagnetic scat
tering in Fe)Pt. The enhanced forward scattering indicates 
the presence of strong ferromagnetic correlations [17}. 

els put forward to explain the invar effect, and 
based upon moment instability and/or the exist
ence of antiferromagnetic correlations, are not 
supported by the above experiments, 

4. Inelastic measurements 

Inelastic neutron scattering measurements re
veal that both Fe"Ni" and Fe,Pt exhibit similar 
phonon anomalies, A large . softening of the 
[110] T, acoustic phonon mode occurs below 
the Curie temperature, but no significant shift in 
the phonon frequencies with changing tempera
ture occurs in the paramagnetic phase, thus sug
gesting that the softening originates from mag
neto elastic coupling [18,19], The sound vel
ocities obtained from the slopes of the dispersion 
curves agree with those obtained using ultrasonic 
techniques, and it has been suggested that the 
softening is associated with a fast relaxation pro-
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cess. However, no appreciable softening was 
found in the longitudinal acoustic phonon 
modes, although ultrasonic measurements have 
demonstrated a significant decrease of the veloci
ty associated with this mode. It was therefore 
concluded that a slow relaxation mechanism 
would be responsible for the variation in the LA 
mode. 

Magnetic excitations in both alloys have been 
studied using inelastic neutron scattering 
[20, 21}. Well-defined magnon groups were ob
served up to the highest energies at which meas
urements could be carried out, i.e., 80 meV. The 
Stoner continuum was therefore assumed to lie 
above this energy, and single particle excitations 
could not be responsible for the invar effect, 
particularly at low temperatures. The spin wave 
stiffness constant is found to be isotropic in both 
compounds, with a thermal variation which may 
be accounted for using two magnon Heisenberg 
theory for temperatures up to 0.8 Tc. Over the 
temperature range covered by the experiment, 
the intensity of the magnon spectra is wave
vector independent, with a thermal variation in 
agreement with the magnetisation. However, the 
spin wave spectra can only account for half of 
the decrease of magnetisation with temperature 
(fig. 5). This is in contrast to Pd,MnSn (a local
ised system) and Ni and Fe"Ni", which are 
itinerant ferromagnets but do not exhibit invar 
behaviour. On the basis of these results, it may 
be concluded that Stoner excitations are not the 
primary mechanism controlling invar behaviour 
and that a dynamic effect involving magnon 
phonon interaction is responsible. 

5_ Dynamic form factor 

In all models of the invar effect it is recognised 
that the relationship between magnetic moment 
and atomic volume or interatomic distance plays 
a crucial role. Hence the interactions between 
the vibrational and magnetic degrees of freedom 
are of great importance. Information about the 
way in which the magnetisation is coupled to the 
ph on on modes may be obtained by measure
ments of the phonon intensities in much the 

IKI 

Fig. S. The thermal variation of the magnetisation in 
Fe~oNi~o' Ni, Fel>5Ni3S and Fe;lPt. The solid lines are calcu
lated using spin wave theory and the open circles represent 
values obtained from magnetisation measurements [21]. 

same way as the time averaged magnetisation 
density can be obtained from the polarisation 
dependence of the intensities of Bragg peaks. 
Consequently the polarisation ratios may be 
measured as a continuous function of q through
out the Brillouin zone and for different phonon 
polarisations. This is in contrast to elastic scatter
ing measurements of the spin density distribution 
which are restricted to discrete values of q given 
by T, i.e., Bragg peaks. To the extent that the 
magnetic electrons follow the nuclei exactly, the 
form factor of the magneto vibrational scattering 
wiII be identical with that obtained from the 
elastic scattering experiment. However, if par
ticular components of the magnetisation density 
such as the E, or T" components couple more 
strongly to particular vibrational modes, then 
this wiII be shown by differences between the 
effective magneto vibrational form factor and the 
elastic one. This technique was first used by 
SteinsvoII et al. to study iron and nickel [22}. 
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Their measurements demonstrated that, whereas 
for nickel the magnetic density giving rise to the 
magneto vibrational scattering was indistinguish
able from that giving rise to elastic scattering, for 
iron there was a small but significant difference. 

The magneto vibrational scattering in Fe6,Ni" 
has recently been investigated [23). These meas
urements reveal that there is indeed a strong 
coupling of the magnetic density to the lattice. In 
the adiabatic approximation, and under the as
sumption that the magnetisation density around 
an atom is independent of its themal displace
ment from its equilibrium position, the ratio of 
the magneto vibrational to the nuclear vibration
al scattering is: 

")'2 = (f(K)pJb)2 

where f(K) is the magnetic form factor, JL the 
mean magnetic moment per atom and b the 
mean of the nuclear scattering lengths. Using the 
value b = 0.981 X 10- 12 cm, the product JLf(K) 
was evaluated and is plotted against K in fig. 6. 
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Fig. 6. Experimental values of the product JLf(K) plotted 
against K. The points marked with squares and triangles are 
for the LA 111 phonen. measured using final wave vectors of 
2.66 and 4.1 A-I, respectively. Those marked with circles and 
crosses are for the LA 001 phonon measured in the 002 zone 
with final wave "cetoTs of 2.66 and 4.1 A -I, respectively. The 
dotted line indicates the moment variation due to the form 
factor obtained from static measurements [81 and the full and 
dashed curves show the prediction of the simple model 
described in the text [22]. 

From this figure it may be seen that the product 
JLf(K) varies much more rapidly with K than 
does the static form factor f(K) indicated by the 
dotted line. Indeed, it is not a monotonic func
tion of K but appears to decrease with increasing 
energy transfer as K increases on either side of 
the Brillouin zone centre for both phonon bran
ches measured. This behaviour suggests that the 
mean magnetic moment JL contributing to the 
magneto vibrational scattering at high q and E is 
reduced by a factor of about 2 with respect to the 
mean· periodic moment. The full and dashed 
curves in the figure correspond to a crude model 
in which the moment drops to zero in that part 
of the phonon vibration in which the near neigh
bour distance is reduced from its equilibrium 
value by a critical fraction corresponding to 
about 0.01 for the curves shown. The reduction 
of the effective moment contributing to magneto 
vibrational scattering at high energy transfers 
may be due either to a collapse of the localised 
moment itself or to a reduction in the mean 
moment through increased anti-parallel cou
pling. The former explanation would imply cou
pling with the Stoner modes, whereas the latter 
may involve coupling with the magnons. Work is 
in progress to elucidate the origin of this reduc
tion, but experimental evidence does suggest the 
existence of some magnon-phonon coupling, par
ticularly in the [001) direction. 

A series of constant energy scans made along 
the [001) direction with either [1,-1,0) and 
then the [1,0, 0) perpendicular to the plane of 
scattering revealed 3 excitations in the momen
tum range q = 0.1 to 0.25. In both geometries, 
only phonon scattering from the LA 001 branch 
should be observed, since the polarisation of the 
degenerate transverse modes are perpendicular 
to the scattering vector (e· K = 0) and therefore 
the cross-section for these modes is O. The exist
ence of the forbidden transverse mode was con
firmed using two different orientations of the 
crystal and by repeating the scans using two 
different final wave vectors. The dispersion of 
the 3 modes is shown in fig. 7, in which the 
curves represented by circles and triangles can be 
identified with the LA 001 phonon and the mag
non respectively. The observed dispersion of 
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Fig. 7. The observed dispersion in the 001 direction indicat
ing the expected magnon (6) and LA 001 (0) modes and the 
"forbidden" transverse acoustic mode TA 001 (X). The 
measurements were carried out at 100 K with a magnetic field 
of 2 T applied perpendicular to the scattering plane [22]. 

these modes is in good agreement with that 
published previously. The third excitation, repre
sented by crosses, has the same dispersion as the 
TA 001 phonon, which as mentioned above 
should not be visible for the scattering geometry 
used. The polarisation dependence of the inten
si ties scattered by all 3 excitations was measured. 
As expected, the magnon intensity was found to 
have no polarisation dependence. The polarisa
tion dependence of the other two modes was 
analysed as described above in terms of an effec
tive normalised moment, defined as the fraction 
of the mean atomic moment which would be 
needed to give the observed polarisation depen
dence for magneto acoustic scattering. For the 
LA 001 phonon, effectively the whole moment 
contributes for measurements below 18 meV, but 
for increasing energy transfers there is evidence 
for a significant reduction. The "forbidden" TA 
001 mode differs in that at low energy transfers 
only about one half the moment is observed in 
the scattering; this again falls off above 15 meV. 
The presence of the "forbidden" phonon mode 
could be explained by a strong coupling of the 
magnetic and lattice degrees of freedom. How
ever, it must be emphasised that the intensity of 
the mode is substantial, as may be seen in fig. 8. 
Measurements made in the [110] direction, in 
which the TA, mode with polarisation parallel to 
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Fig. 8. A constant energy scan E = 15 meV carried out along 
the 00 1 direction indicating the 3 peak structure referred to 
in the text. The peak identified by 1 represents the magnan 
and therefore does not have a flipping ratio associated with 
it, Peak 3 is the LA phonon expected for the scattering 
geometry used in the scan. Peak 2 represents the "forbidden" 
TA mode [22]. 

[1, -1, 0] was reported to soften significantly 
with temperature, revealed that the effective mo
ment contributing to the magneto vibrational 
scattering was close to unity. The results of these 
measurements, carried out at 100 K, were very 
similar to the results obtained at 5 K, except that 
the intensities of the peaks for measurements 
made in the [100] direction were significantly 
reduced and the corresponding values of the 
effective moment increased. 

6. Summary 

In the ground state of Fe.,Ni", the spin den
sity distribution is essentially spherically symmet
ric, and there is no evidence of significant nega
tive density. A substantial moment persists into 
the paramagnetic phase of both Fe.,Ni" and 
Fe,Pt, and the properties are characterised by 
thermal fluctuation of the long wavelength com
ponents of the spin density. There is no evidence 
of the existence of antiferromagnetic correlations 
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in these compounds. Moreover, paramagnetic 
scattering experiments on y-Fe reveal strong fer
romagnetic correlations, indicating that if the 
system were to order it would do so ferromag
netically and not antiferromagnetically, as often 
quoted in literature. It may be concluded from 
these measurements that single particle excita
tions are not predominant in characterising the 
paramagnetic state. This is consistent with the 
observation in the ground state that the spin 
waves propagate up to 80 meV, which again sug
gests that .the spectrum of single particle excita
tions lies outside the thermal range. However, 
the magnon density of states is unable to account 
for the observed decrease in the magnetisation 
with temperature, indicating that other degrees 
of freedom must be involved. On the basis of the 
spin and lattice dynamics, it is clear that the 
invar effect is associated with the coupling of the 
magnetic and lattice degrees of freedom in a 
dynamic process. Support for this interpretation 
is provided by measurements of the dynamic 
form factor, which not ony reveal a deviation 
from the elastic form factor, but also the pres
ence of a "forbidden" phonon mode, rendered 
observable by a strong magnon-phonon inter
action. 
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