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Abstract

Department  of Physics
Bangladesh  University of Engineering and Technology

Doctor of Philosophy

Effect of order-disorder on magnetization and magnetic phase transitions of some 3d
transition metal alloys

By

A.K.M.Abdul Hakim

Tllis thesis describes the experimental investigation of the magnetic
properties ofNi I-x Pty, 0.14 ~ x ~ 0.57, and pseudobinary Ni I_xFexPt, 0.02 ~ x ~ 0.2,
and Nil-x CoxI>t, 0.01 ~ x ~ O.lalloys in the ordered and disordered states. Tlle
specimens are prepared, using arc furnace, with high purity constituent elements. Tlle
characterization  of the samples are perfonned by'X-ray diffraction and Scanning electron
microscopy techniques. Tlle measurements have been perfonned using Superconducting
Quantum Interference Device (SQUID) magnetometer, Vibrating Sample Magnetometer

(VSM) and AC Susceptometer.

Ni-Pt system undergo order-disorder  transformation  from face centered cubic structure
in the disordered state to simple cubic (L 12) and face centered tetragonal (L 10) structure
in the ordered state at stoichiometric ratios Ni3Pt and NiPt respectively. 'nlC critical
concentrations  for the onset of ferromagnetism in the ordered and disordered states have
been detennined experimentally. A strong dependence of magnetic moment and Curie
temperature  is observed on ordering in Ni- Pt system. Tlle depression of magnetic
moment and Curie temperarure on ordering in L 12 phase and complete disappearance  of
ferromagnetism  in LI O phase is revealed through the present study. TIC observed
difference in the magnetic properties due to order-disorder transition in Ni-Pt alloys is

c"Jlained as arising from the associated change of local environment. Clustering effects



have been fowld in the alloys near the critical concentrations in both the ordered and

disordered phases.

A rapid increase in magnetic moment and Curie temperature is observed in the
pseudobinary Nil_xFexPt and Nil_xCoxPt alloys in the ordered and disordered states
when small amount of Fe or Co is substituted for nickel. Giant moments have been
observed in both the ordered and disordered phases of Fe and Co doped systems. Tlle
observed giant moments depend sensitively on Fe and Co concentration, and have higher
values per atom for lower concentration. Ordered pseudobinary alloys show hysteresis
effect with large coercivities which increase very rapidly with decreasing temperature.
Tlle ordered Fe and Co doped pseudobinary alloys display unusual stepping behaviour in
the initial magnetization process. Tlle form of the initial magnetization characterized by
critical field is explained in tenns of domain wall pinning concept. Tlle temperature
dependence of magnetization for the ordered alloys has been measured which shows

pronounced thermomagnetic history effect.
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CHAPTER |

Introduction

disorder on the magnetic properties of nickel-platinum alloys and iron and cobalt doped
equiatomic nickel-platinum alloys.

A large number of binary substitutional alloys are ordered at low temperatures and
disordered at high temperatures(J -7]. A binary alloy which is in the ordered state, the
constituent atoms A and B occupy definite lattice sites, but in a disordered state the
constituent atoms occupy the available lattice sites at random. In the disordered state, like
atoms are often adjacent to each other (AA or BB pairs), where as ordering commonly makes
all nearest neighbours unlike. Tlle order-disorder transition in magnetic alloys is interesting
because atomic ordering and magnetic ordering are closely related phenomena characterized
by well defined transition temperatures. Atomic ordering in alloys and compoungs changes the
local environment and consequently affect the intrinsic magnetic properties like magnetic
moment, Curie temperature and single ion anisotropy[3,4,7]. The extrinsic magnetic properties
like coercive field, remanence, penneability etc. are also affected by order-disorder
transfonnation[8-12j.  Tlle study of order-disorder phenomena is therefore important in
nnderstanding magnetic properties of alloys as well as in tailoring magnetic characteristics for
technological uses.

Many important magnetic materials have their magnetic hardness originating fi'om
lattice transfonnations. Both KS steel [13] and MT magnet steel [14] belong to this category.
. Tlle fonner is composed of iron, cobalt and tungsten, while the latter is composed of iron.
carhon and Aluminium. TIIC real mechanism of high coercivity is relatcd to ordcr-disordcr
transfonnations in these cases. More over, the equiatomic alloys of Fe and Co with Pl show
high coercivity and remanence which are the characteristic propellies of hard magnetic

matcrials and arise !Tom complete ordering of the alloys[8, 10, 12J. The maximum magnctic



hardness occurs when the alloy is fully tetragonal. Tlle interaction of domain walls with
lamellae bowldaries coupled with high anisotropy and the associated internal strains due to
lattice transformations are thought to be responsible for the magnetic hardness of these alloys.
Tlle degree of magnetic softness depends essentially on the freedom of the movement and
rotation of 180° and 90° magnetic domain walls. If the domain walls in a material can move
easily under the influence of an external magnetic field, the material is said to be magnetically
soft. On the otherhand when the freedom of the movement of domain walls is constrained by
inhomogeneities, precipitates, imperfections, internal strains or due to magnetocrystalline
anisotropy or magnetostriction, magnetically hard materials result.

Tlle state of development and the present interest in understanding the effect of atomic
ordering on magnetic properties and the kinetics of the mechanism of ordering phenomcna is
reviewed in chapter 2. Tllis includes the gcneral characteristics of the ordering processes. short
range and long rangc order parameters, fonnation of superlattices and thennodynamic
considcrations ofthc transformations in relation to differcnt alloy compositions.

Samplc preparation and thcir characterization is a vital part in the invcstigation of the
magnetic properties in thc ordered and disordered states. Small amount of impurity can affcct
the Ime evaluation of magnctic propeltics. Tllerefore, high purity constitucnt clcments with
purity 5 N have been used to prcpare good quality samples.

Ordering of the samples is another important parameter for comparing the magnetic
properties of the ordered and disordered phases quantitatively. Ordering of thc Ni-I't alloys
and their doped systcm have becn done on the basis of thc phase diagram and the infonnation
available from prcvious reports[7, 15-18]. Tlle knowledgc of the ordcring Kinetics of similar
systems have been made use of in thc preparation of ordcred and disordcrcd samples. Ordercd
and disordcrcd phascs can bc identified by X-ray, neutron and clcctron diffi"action[ 19,201. In

thc present work X-ray investigations have been employed to identify thc ordcred and



disordered phases. Tlle presence of sharp superlattice lines in the X-ray photograph and
diffractogram conclusively determines the ordered structure of the alloys. Scanning electron
microscope (SEM) has been used to detect if there is any surface dcfect, imperfection or
precipitated phase. Black precipitates, identified as second phase, have been observed for the
ordered Fe and Co doped NiPt system in this SEM studies. Tllese findings have the
compatibility with the magnetization and susceptibility measurements in which the effect of
these defects are manifested and have fruitfully been exploited to interpret the magnetic
behaviour of the alloys concerned.

A series of Ni]_xPtx alloys with x = 0.14, 0.24, 0.30, 0.44, 0.5 and 0.57 and the
pseudobinary  Nil_xFexPt (0.02~ID0O.2) and Ni] xCoxPt (0.0l~x~0.]) alloys have been
prepared in an arc fimlace. 11lealloy compositions have been shown to be very closc to thc
nominal values considering the negligible small losses during melting. Tllese are described in
dctail in chapter 3.

In order to dctclllline thc magnetic property of a substancc, magnetization and
susceptibility mcasurcments arc the powerfill techniqucs for thcir relative simplicity and
flexibility. From the magnetization measuremcnts it is possiblc to cvaluate quantitativcly
magnetic moment per atom, Curie temperature, susceptibility of the material, pClllleability,
cxchangc and anisotropy cncrgy and qualitatively thc spin and thc domain structures. AC
susceptibility is a special technique to identitY unambiguously magnetic phasc transitions in a
variety of magnetic matcrials, particularly for the alloys in which thc transition li'om thc
ferromagnetic state to the paramagnetic state occurs gradually, and also for multiphasc
materials and the alloys near the critical concentration where the statistical conccntration
variations are present. Atomic-scale e:>;pcriments, such as ncutron diffi'action and Mossbauer
spectroscopy arc required to reveal thc dctailcd microscopic structurc.

In the precsent thesis susceptibility and magnctization measurcments havc been



employed to investigate the magnetic properties of Nil-xPtx and pseudobinary Ni |-xFexPt
and Nil-xCOxPt alloys. DC magnetization and susceptibility havc been measured with
Vibrating Sample Magnetometers (VSM) and also with a Supcrconducting  Quantum
Interference Dcvice (SQUID) magnetometer. AC susceptibility mcasurements are carried out
with a Lake Shorc Susceptomctcr and a laboratory built AC susceptibility mcasuring systcm
based on mutual induction method. By using this tcchnique  magnctic phase transition
temperatures for the multiphase Co doped NiPt system have been detcnnined. Description of
the various techniques used in this thesis work for measuring the magnetic propclties are
dcscribed in chapter 4.

Binary Nil-xPtx and peseudobinary Nil-xFexPt and Nil-xCOxPt alloys havc been
studicd for their magnetic properties covering a wide range of composition, tempcrature and
magnetic field. Tlle nickel-platinum binary alloy system has been chosen for its continuous
range of solid solubility for all concentrations and for having ordcr-disorder transitions
affecting magnetic propcrties[7,21 ,22]. TIIC spontancous magnctization and the Curic
temperaturc of this intcrcsting system can be mcasured in thc disordcred and ordered phascs
dircctly without changing the degree of order, sincc the Curie tempcratures of the alloys with
different compositions are much lowcr than thc order-disordcr transition tcmpcraturc.

Atomic ordcring changcs the spatial distribution of atoms in thc latticc sitcs. Duc to
this change of the local environment magnetic moments and the Curie temperaturcs of the
alloys are affected. Tlle aim of this investigation is to mcasure and comparc thc magnctic
momcnt and Curie temperature in the two extreme situations; i.e. the most ordercd state
obtained after a long time annealing at a temperature below the order-disorder transition
temperature, and the most disordered state obtained by drastic quenching of the alloy from
disordered solid solution phase. A strong dependence of magnetic propcrties on atomic
ordering is observed, specially near the equiatomic composition. A deprcssion of maglletic

moment and Curie temperature is observed near the Ni3Pt composition whcre thc fcc (Al)



structure n the disordered phase changes to LI2 stmcture in the ordered phase. Around
equiatomic composition of nickel and platinum this effect becomes prominent and can evcn
changc the type ofmagnctic ordering associated with thc changc from fcc (A 1) structure to fct
(LIO) on ordering. 1llis is explained as due to thc change in the numbcr of nearest neighbours
of Ni atoms that is affectcd by the order-disorder phenomena. 1lle disappearance of
ferromagnetism in LI d phase indicates that a ncarest-neighbour numbcr of Ni atoms greater
than four is necessary to give rise to ferromagnetism inthe Ni-Pt System

1lle concentration dcpendence of magnctic moment and Curie temperaturc of the
disordcred alloys show that the critical concentration, the concentration of Pt at which Ni-Pt
system loses its ferromagnetism at zero kelvin, is approximately 57at.% 11 and is close to thc
repolted values of ™58at.% Pt[23-25]. For the ordercd Ni-Pt systcm it appears ft'om the
magnetization versus field curvcs and thcir Arrott Plots [26-28] that thc alloy "ith Pt
concentration 44at.% is also very close to the critical conccntration. Similar value has been
quoted in the recent study of the Ni-Pt phase diagram[22].

A dctail study of the magnetization as a function of magnctic fields at differcnt
temperatures for thc alloys near the critical concentrations suggest that clusters are formcd in
the critical alloys in the ordered and disordered phases. It appcars that magnetization is
inhomogeneously distributed in the alloys near the critical concentrations for both thc ordered
and disordercd phases. 1lllese are in agreement with[29] but disagrcc with[23-25] for the
disordered phases. 1IIC latter authors claimed that magnetization is homogcncously distributcd
for the disordered alloys ncar the critical concentration, In chaptcr 5 detail magnetization
measurements for Ni l-xPtx alloys are illustrated with results and discussion,

Pscudobinary Nil-xFexPt and Nil-xCOxPt system in the disordered states show that
magnetic moment and Curie temperaturc increase continuously with increasing Fe and Co

concentration. 1llis increase is faster at lower concentration and become  slower with



increasing x. Tlle saturation magnetization is observed for magnetic field H<4 kOe and there is
no hysteresis. Substitution of Fe and Co for Ni induce giant moments and the giant moment
inducement is larger for low concentrations of Fe and Co than for high concentrations.

Ordered Nil_xFexPt and Nil_xCOxPt alloys show unusual critical field behaviour in
magnetization process at low temperature in the zero field cooled condition i.e. stepping
behaviour in the initial magnetization process. Tlle magnetization could not be saturated even
with magnetic field of 50 kOe in contrast with the behaviour of the disordered alloys.
Hysteresis effects are observed with high coercivity. Tllis coercivity has a strong temperature
dependence which increases very rapidly with decreasing temperature. Tlle critical field is
found to be equal to the coercive field for all the Fe doped alloys. Tllese phenomena have been
interpreted in terms of domain wall pinning effect, high anisotropy and multiphase formation.
Tllis type of behaviour has been observed in many other systems and explained as due to
domain wall pinning effect[30-34j. But for Co doped alloys some anomalous results are
obtained. In the ordered Fe and Co doped systems giant moments have also been observed
whi9h decrease with increasing x. Tllis is explained as due to the polarization of the host
matrix by Fe or Co atoms. Tlle giant moment is considered as the sum of the bare localized
moment of Fe or Co atom and the induced moment of the matrix. One way to interpret the
results is to attribute the total moment to the Fe or Co atom. Giant moments of about 4-6 ~IB
associated with Fe and Co atoms have been found in the dilute alloys ofPtFe and PtCo due to
the polarization of Pt matrix[35-39j. Magnetic moment and Curie temperature increase with
increasing x as in the case of disordered phase. Chapter 6 and 7 describes the magnetic
properties of Nil-xFexPt and Nil-xCOxPt systems respectively in the disordered and ordered
states together with the possible interpretation of the nnusnal magnetic behaviour observed in
ordered phases of both the systems.

Tlle major conclusions are presented in chapter 8.
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CHAPTER 2
Order-disorder  phenomena and magnetic order
2.1 Order-disorder  phenomena
2.1.1. General characteristics:

Order-disorder plll:nomena, in metallic alloys and compounds, belong to the
class of cooperative' phenomena of considerable intrinsic interest to physicists. 11lerehas been
much interest in alloys which wldergo a critical phase transition from ordered to disordered
states since most of the physical properties of the alloys strongly depend on the atom
distribution on the lattice sites. In many binary alloys. usually those which exhibit complete or
nearly complete miscibility, at particular compositions there can exist below a critical
temperature, T, an "ordered” lattice (superlattice) and above Tc a "disordered” lattice [J -7).

First order-disorder phenomena was predicted by G.Tammann in 1919 [S) on
CuAu alloy on the basis of chemical evidence and latter on in 1925 Johansson and Linde [9)
confinned the ordered stmcture of CuAu from X-ray patten!. In the disordered state in most
substitutional solid solutions, the two kinds of atoms A and B are arranged more or less at
random on the atomic sites of the lattice. By "ordered" is meant that the lattice sites are
grouped into sublattices, each of which is occupied predominantly by one species of atoms.
Simple superlattices in binary alloys with cubic structure occur near composition
corresponding to stoichiometric ratios of atoms like A3B, AB, AB3 etc. Ideally, at sufficiently
low temperatures this long range order should extend throughout each single crystal.
However, at low temperature the ordering process is too slow and at high temperature the
disturbing thermal agitation is too large to allow the ideal condition ever to be attained. Tlle
ordered state in an actual single crystal (or grain) should be imagined as consisting of many
small volumes within which the order is very high but varying in a discontinuous manner at the
bowldary between these volumes. Each of these volumes can be thought of as separately
nucleated during tbe transition from a random to an ordered solid solution. Clearly, the over-

all degree of order in a crystal at equilibrium depends upon the size of these blocks of high
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order and it changes with temperature and with deviation /Tom the stoichiometric  composition
which corresponds to an ideal complete order.

For sometime it was believed that the order-disorder transfonnation is a
homogeneons  transformation; i.e, the two states cannot coexist in egnilibrium.  Now
mounting evidence [3, 10,11] points to the conclusion that this is not tme and that many. if not
all, ordering reactions are heterogeneous and similar to the conventional phase transitions.

Tlle ordering process is very conveniently described in terms of a change in the
number of nearest neighbours of each kind of atoms. Tlle ordering wusually leads to a
preferential fonnation of mixed bonds AB rather than AA or BB. In the disordered state like
atoms are often adjacent to each other i.e., they prefer AA or BB bonds. On the basis of
thennodynamics it can be shown that an ordered arrangement of atoms in an alloy may
produce a lower intemal energy compared to a disordered arrangement, pallicularly if the
segregation of atoms to designated atomic sites occurs at relatively low temperatures  where
entropy, associated with randomness, plays a lesser role. Tlle thennodynamic  criterion for an
alloy to be orderable is

EAB <YV, (EAA + EBB) (21)
where EAA and EBB represent energies of like pairs of atoms and EAB represents the energy
of the unlike pair. Tlle physical significance of this criterion is that atomic ordering is feasible
only when the bond energy of the unlike atom pair is less than the mean bond energy of the
two kinds of like atom pairs. On the other hand, if EAB > V,(EAA +EBB), the alloy system
will tend to form mixlures of two A- and B-rich solid solutions, in which like atom pairs

dominate.
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2.1.2. Long range order and short range order

With perfect order at a low temperature the mathematical probability of finding
an A atom on an A site and a B atom on a B site is unity. At higher temperatures, however,
the probability that an A site is occupied by an A atom will be reduced to a li-action of unity,
say p. Tllis departure rrom perfect order can be desclibed. according to Bragg and Williams by
means of the long range order parameter, S,

S=(p-ni( 1-r) (2.2)
where r is the rraction of A atoms in the alloy. According to expression(2.2), S varies rrom
one to zero as order decreases.

Tlle order-disorder transition, like the magnetic phase transition, is a
cooperative phenomena. As more atoms find themselves in wrong atomic sites due to thennal
agitation the energy difference indicated by (2. 1) decreases and it becomes easier to produce
further disorder. Eventually a critical temperature, Tc' is reached at which all distinction
between different sites is lost.

Tllis simple approach does not allow for the possibility of the existence of
magnetic domains and other types of intenuptions in the ordered array of atoms that may
cause a departure rrom perfect order which makes it possible for a high degree ;f local order
to exist even though its perfection is not absolute on a large volume scale.

In order to describe such situations an altemative method of defining the state
of order is possible which, instead of considering the probability of finding A or B atoms on
designated A or B sites, takes into account the number of unlike nearest neighbours around a

given atom. Tlle Bethes, short range order parameter i1 is defined by,

where g denotes the rraction of unlike nearest neighbours at a given temperature and gr and
gm correspond to the rractions of unlike nearest neighbours at conditions of maximum

randomness and maximum order. So It is defined in such a way that it would become unity for

11



perfect order and zero for randomness.Actually, instead of reaching zero on disordering ()'
usually remains a definite value above Tc. In tenns of the relationship between atoms ()’
measures the state of order in the immediate vicinity of a given atom wilike the long range

order parameter, S, which deals with the whole lattice.

2.1.3 Crystallography

Atomic ordering changes the crystal structures of the alloys and compounds.
FeCo alloy is bcc in the disordered state and fonns ordered L20(superlattice) structure after
atomic ordering. The ordered L20 structure corresponds to CsCl structure in which iron
atoms occupy only comer sites and Co atoms only the cube center sites. In this ordered
structure, each atom has eight unlike nearest neighbours. Again NiJFe, FeJPt, COJPt and
NiJPt alloys are fcc in the disordered state and fonn superlattices corresponding to L12
structures on ordering. 111isstructure is equivalent to four inter-penetrating simple cubic
lattices. In LI2 ordered structure all A atoms are accommodated at the comers of the unit
eells and all D atoms at the face centres of the unit cells. Another type of ordered structure
L1 0 is found in alloys of FeNi, FePt, CoPt and NiPt and they are all fcc in the disordered state.
Ordering of all these equiatomic AB alloys in the fcc lattice necessitates the segregation of
atoms of each species altematcly on the (00 1) planes leading to a change in the original
structure fTomfcc to an ordered face-centered tetragonal (fct) LI O superlattice. Each atom has
eight nearest neighbours of opposite kind in the adjacent (00 I) planes. and four of the same
kind in its ow11 (00 I) plane at a slightly greater distance, since the axial ratio. cia, is usually
less than unity. Another type of superlattice DOQJ, is found in ferromagnetic FeJAIl and FelSi
alloys in which the bcc lattice is accompanied by an enlargement of the unit cell by a factor of
8, i.e, unit cell of an ordered alloy in the bcc lattice contains 8 original unit cells of the
disordered bcc structure. Four common types of superlattices found in ferromagnetic alloys

are given intable 2.1[12].
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2.1.4. Kinetics of ordering

Tlle knowledge of the Kkinetics of the order-disorder transition  has been
provided by the investigation of the ordering processes of under cooled disordered alloys or
the disordering processes of overheated ordered alloys. Tlle kinetics may be inferred from the
evolution of heat, the change of some line on an X-ray photograph, or the variations of
electrical resistance, magnetic susceptibility, or some other physical property [13]. Tlle time at
which the equilibrium state is approached has been observed to vary markedly fi'Oll1lone
system to another and to depend on the actual temperature T and on the difference between T
and critical temperature, Tc of the system.

An alloy as a thennodynamic system will tend to make its fi'ee energy
minimum. It will do so if sufficient time is given for this equilibrium to be attained. Now at
finite temperature, the enthalpy H is greater than the free energy G of the system by an
amount given by absolute temperature T times the entropy S

G = H-TS (1.4)
Al high temperatnre  the increase in entropy, hence the conesponding disorder  will be
riwoured so long as the associated increase in the intelllal energy is more than compensated
by the reduction of ITee energy by the entropic part.

A disordered state can be obtained if the alloy is cooled rapidly enough ITom
the high temperature so as to inhibit the fonllation and growth of order.~d regions. Tlle
nucleation for ordered regions involves the diffirsion of atoms. In order to overcome local
energy barners of the disordered alloy which is in a metastable state the atoms must get
sufficient thennal energy. The number of atoms available with necessary activation energy is
controlled by the Boltzman factor exp(-EafkT), where Ea is the appropriate activation energy

for diffusion. Tlle time required for ordering should thus vary e"llOnentially with temperature.
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'nlis is e)qdressed by thc Arrhenius law,
't(T)= 'toexp Ea/KT (2.5)

where 10 is a constant of the order of 10-13 _10-14second. Dahmani ct al [14] and Bcrg et al
[15] found 10 = 1.3X10-13 and 6X10-14 sec and Ea = 2.48 and 3.12 eV for NiO.SPtO.5 and
COO.25 PtO.7S respcctively. Tlle exponential dependencc of relaxation timc on temperaturc
makcs the choice of annealing temperature very critical. TIICannealing time on the other hand
has a linear relation with ordcring. Tllis is because annealing time is propOltioned to thc
number of attempts made by an atom to ovcrcome thc local energy barriers.

For a particular alloy number of distinct domains that can be fOl11lledplays an
important role in sustaining a metastable microstructure. An aggregate can not sustain a
metastable state when the number of different types of domains is less than four. When this
number exceeds four the system is more likely to maintain thc metastable microstructure
according to Bragg [16].

In order to prepare an ordered magnetic alloy properly we must know thc time
rate at which the equilibrium state of order or disorder is approached, since there are marked
variations in the rates at which superlattices form in different alloys. If the ordered statc is
preferred for the product of the alloy, the temperature and time for the ordering treatment
must be chosen according to the specific kinetics. On the other hand if a disordered state is
dcsired, we havc to know first whether or not the ordering transition can be suppressed by
guenching. So the knowledge of the kinetics of order-disorder transition is thus e>.tremely

important in thc preparation of the alloy product.
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2.2 Effect of atomic order-disorder on magnetic ordering
2.2.1 Introduction to Magnetic Ordering

Tlle onset of magnetic order in solids have two basic requirements:
0) individual atoms should have magnetic moments (spins)
(i) exchange interactions should exist that couple them together.
Magnetic moments originate in solids as a consequence of overlapping of the electronic wave
functions with those of neighbouring atoms. Tllis condition is best fulfilled by some transition
metals and rare-earths. Tlle exchange interactions depend sensitively upon the interatomic
distance and the nature of the chemical bonds, particularly of nearest neighbour atoms. When
the positive exchange dominates, which corresponds to parallel coupling of neighbouring
atomic moments (spins), the magnetic system becomes ferromagnetic below a certain
temperature Tc called the Curie temperature. Tlle common spin directions are detenllined by
the minimum of magneto crystalline anisotropy energy of the clystal. Tllerefore, ferromagnetic
substances are characterized by spontaneous magnetization. But a fenomagnetic material in
the demagnetized state displays no net magnetization in zero field because in the demagnetized
state a ferromagnet of macroscopic size is divided into a number of small regions called
domains spontaneously magnetized to saturation value and the directions of these spontaneous
magnetization of the various domains are such that the net magnetization of the specimen is
zero. Tlle existence of domains is a consequence of energy minimization. Tlle size and
fonnation of these domains is in a complicated manner dependent on the shape of the
specimen as well as its magnetic and thennal history. WIJen negative exchange dominates.
adjacent atomic moments (spins) align antiparallel to each othcr. and the substance is said to
be anti-ferromagnetic below a characteristic temperature, TN, called the Neel temperature. In
the simplest case. the lattice of an antiferromagnet is divided into two sublattices with the
magnetic moments of these in antiparallel alignment. Tllis results in zero net magnetization. i\

special case of antiferromagnetism is femmagnetism. In fenimagnetism there are also two
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sublattices with magnetic moments 1 opposite directions, but the magnetization of the
sublattices are of unequal strength resulting in a non-zero magnetization and therefore has net
spontaneous magnetization. At the macroscopic level of domain structures, ferromagnetic and
ferrimagnetic materials are therefore similar. The Curie and Neel temperatures characterize a
phase transition between the magnetically ordered and disordered (paramagnetic) states. From
these simple cases of magnetic ordering various types of magnetic order exists, particularly in
metallic substances. Because of long range order and oscillatory nature of the exchange
interaction, mediated by the conduction electrons, structures like helical, conical and

modulated pattems might occur. Examples of different types of magnetic order are shown in

Fig.2.1.
- mam - . - .
L kd
- 1
Simple  ferromagnet Simple antiferromognet Ferr;mognef
Canted ant/ferromagnet Helical ~ spi n array Paramagnet
Fig. 2.1. Examples af different types  of magnetic order using a linear
array of localized maments, including paramagnet.
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2.2.2 Magnetic Properties of Transition Metal Alloys

Transition metals iron, cobalt and nickel are three archetypal fcrromagncts and
the existence of partially filled 3d electron shells is the origin of the magnetic properties, I1le
magnetic properties of these threc ferromagnetic metals have extcnsively been studied for
many decades, but even now it is by no means the case that iron, cobalt and nickel are fiJlly
understood [17], Tlle eX1Jerimentai observed values of the fimdamental properties are as
follows: magnetic moments in Bohr magneton
Fe = 2.216~1B,C0o=1.716~IB, Ni = 0.616~IB and Curie temperatures, T, Fe = 1043K.

Co = 1400K, Ni= 631K [18].

Transition metals and their alloys display a rich variety of magnetic properties.
Among them alloys of 3d transition metals notably iron. cobalt and nickel with palladium and
platinum has dra\\11 considerable attention since the first reports of their magnetic properties
by Crangle et al [19-21] and Bozollh et al [22].

Although Pd and PI do not exhibit any ferromagnetism in the purc metallic
state but seem capable of ferromagnetic interaction when alloyed with elements of iron group
transition metals. Small concentrations(approximately | at.% or evcn much less) of Fe.Co or
Ni arc sufficient to give lise to ferromagnetism in the alloys and thc momcnt per 3d atom
considcrably cxceed the values characteristic of the ferromagnetic elements themsclves. Thc
moment pcr 3d atom is of thc order of 5-10 Bohr magnetons in thc I'd or I't alloys and is
larger than the 3d shell itself can posses. Neutron diffraction eXlleriments havc shO\vn that this
giant moment arises from the polarization of the Pd or Pl atoms in thc vicinity of a 3d atom
with a range of about oA and so includes about 200 host atoms [23]. 'lllis effect of
polarization is stronger in Pd matrix than in Pl matrix. It is because pure Pd is a nearly
ferromagnetic metal sometimes called an incipient ferromagnet [24,25]. Tlleir paramagnetic
susceptibility is rather high and accordingly easily polarized. Both Pd and Pl are exchange

enhanced and the enhancement factor for Pd,::!0 whilc for PI"3 [26]. Among these two
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elements Pl has special interest. Alloys of Pl with transition metals like Fe,Co,Ni,Mn and Cr
form wide range of solid solutions with the facc centered cubic stmcturc (A1) at high
tcmperature  and undergo atomic ordering below a critical temperature, Tc, fonning
superlattices as those found in Cu-Au system [3,4,7,27]. Tllerefore the alloys of 3d tranisition
metals with Pl has considerable interest in the study of their magnetic properties in the ordered
and disordered states.

Atomic or chemical ordering is strikingly analogous to magnetic ordering. Both
are cooperative phenomena characterized by a sharp critical temperaturc and both are
controllcd by intcractions between atoms or spins. Atomic ordcring change the local
environment or the relative numbcr of different kiuds of ncarest neighbouring atomic pair in a
large number of alloys. Tlle nature of the nearest neighbours in a particular alloy can influence
magnetic moments, single ion anisotropy and the exchange integral, and through the variation
of these parameters the magnetic propertics like magnetization, magnetic phase transition
tempcrature and anisotropy can be chauged dramatically. Tlle magnctic momcnt of au atom in
an alloy matrix is not only detennined by its chemical naturc but also by its atomic
cnvironment through thc loss or gain of orbital electrons and the polarization effect of the
conduction electrons. Tllis is observed in the manifestation of giant magnetic moment in the
alloys of 3d transition metal with f't or I'd [22,28-30]. Besidcs thc cffcct of order-disordcr on
primary magnetic properties, the secondary properties of a magnetic alloy is also drastically
influenccd by the state of ordering. Tlllis the penneability, remanencc. cocrcivity. hysteresis
loop etc. which characterize a magnetic material suitable for tcchnological applications arc
influenced by atomic ordering [31-35]. 'fllCunderstanding of the mechanism of cocrcivit y and
remanence in tenns of domain distribution, domain-wall pinning & domain nuclcation can bc
facilitated by invcstigating how the order-disorder affects the movement of the domain walls

and the magnetic hardness of au alloy.
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Saturation magnetization

The saturation magnetization is known to change with order in many transition
metal alloys and compounds. In Fe-Co binary system in the composition range 30-70 at.% Fe
show an order-disorder transition at™1000K[36]. Tlle disordered alloys have bcc and ordered
ones have B2 (CsCl) structure. An increase of 4% of the saturation magnetization on ordering
is observed [37,38]. Ni3Fe has order-disorder transition temperature of",820K [39] having fcc
structure in the disordered state and cubic LI2 (Cu3Au) structure in the ordered state.
Atomic ordering ofNi3Fe increases saturation magnetization by about 6% as compared to the
disordered stater 40].

Similarly an increase in saturation magnetization in Fe3Al and Fe3Si occurs on
ordering. Both of them have 003 type of stmcture in the ordered state and bcc stmcture in
the disordered state. In Ni3Mn, which orders like Ni3Fe, ordering has a profound effect. Tlle
disordered alloy is paramagnetic or weakly ferromagnetic depending on the degree of disorder
and slight compositional variation around stoichiometric ratio while the ordered alloy tS
ferromagnetic [41-44]. Tlle disordered samples of this alloy show an average moment of
O.1lIB per atom. After ordering the moment increases to 1.02fIB per atom. TItis large increase
in magnetization caused by atomic ordering in Ni3Mn has been interpreted in tcnns of the
coupling of magnetic moments.

Tlle Heusler alloys CU2MnSn and CU2MnAl, like Ni3Mn, are paramagnetic
when disordered and ferromagnetic when ordered. Noteworthy the Heusler alloys were the
first group of ferromagnets discovered to display sensitive dependence of saturation
magnetization and Curie temperature upon the degree of long-range chemical order [45]. TIIC
occurence of ferromagnetism on ordering in all these three alloys are based on the fact that
ordering makes the Mn-Mn distance large enough for the exchange interaction to become

positive.

20



Fe-Pt system orders like CU3Au(LIZ), CuAu(LIO) and CU3Au(LIZ) structures
at the stoichiometric composition A3B, AB and AB3 and their ordering temperatures are
1109K, 1S73K and 16Z5K respectively. Saturation magnetization decreases on ordering for
both Fe3Pt and FePt alloy [4,46). Tlle compound Fe3Pt is well-known for its Invar
characteristics and studied extensively. Tlle results of magnetization measurements showed
that both magnetization and high field susceptibility decrease with increasing degree of order.
In case of equiatomic FePt ordering decreases saturation magnetization by 15% but increases
the magnetic hardness of the alloy. A coercivity as high as 1.5 kOe has been observed [35]. It
is suggested that the high coercivity is associated with large internal strain duc to latticc
distortion and inhomogeneities of composition which decrease the freedom of movement of
the magnetic domain walls. The disordered FePt3 is fcrromagnctic and bccomcs
antiferromagnetic on ordering and again upon cold working becomes strongly ferromagnctic
[47-48].

Similarly Co-Pt system has face centered cubic structures throughout entirc
range of solid solutions. Ordcring changcs the crystal structures in thc scquence of LiZ. L10
and LiZ for the concentration ratios CO3Pt, CoPt and COPt3 [3]. Tllcir ordering tcmperature
is between 840 K and 1100 K. CoPt alloys have been thoroughly studied cspecially in thc
composition rangc \vith x=0.50i01 [49,50] because of thcir impoltancc as pcrmanent magnet
materials. Long anncaling below order-disorder transition temperature impart magnctic
hardness to the alloy characterized by high magnctocrystalline anisotropy (*,5x 107 erg/cm3 at
4 K) and high cocrcivity (6.3 kOe at 4 K and 4 kOe at 300K) [31.33.34]. 'lIC ordercd
tetragonal (LIO) phase is fonncd !Tomthe disordercd fcc(A I) phase by thc nuclcation within it
of a lamellar system of twin-oriented regions. Maximum magnetic hardness is obtained whcn
thc alloy is lidly tetragonal. It is assumed that the intcraction ofthc domain walls with lamellae
boundarics coupled with high anisotropy is responsible for the permanent magnet properties of
this compound.
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Chen and Buttry [51] measured the saturation magnetization of the ordered
and disordered Co |_xPtx'(x=0.50i0.05) alloys. It is observed that the saturation magnetization
decreases on ordering by about ,,30%. CoPt3 alloy is ferromagnetic in botb the ordered (L 12)
and disordered state (A 1). Magnetic moment per fOffillllaunit decreases with the increase of
degree of order [52]. For fully ordered material magnetic moment per fonnula unit is 2.43 ,IB
and for the disordered one magnetic moment per fonnula unit is 2.65pfl.

NiPt system is isomorphous with CoPt and CuAul system. having face centered
cubic (Al), stmcture at high temperature in the disordered phase and simple cubic. LI2
(Cu3Au). face centered tetragonal, LIO (CuAu), and simple cubic, L 12 (CU3Au),
structures below order-disorder transition temperature of approximately 900K at the
stoichiometric compositions Ni3Pt, NiPt and NiPt3 respectively [7.27.53]. It was found that
the disordered alloys are ferromagnetic up to platinum concentration of 58at.%.[54-59].
Cadeville et al [60] and Dahmani et al [7] determined the equilibrium chemical and magnetic
phase diagram of NiPt system in both the ordered and disordered states and found that in the
ordered phase magnetism disappears with appearance of L10 phase at platinum concentration
of 44 at.% instead of 58at. %Pt in the disordered phase. L 10 ordered stllicture exists between
approximately 44-60 at.% Pt.

Watanabe et al[61] found by magnetization measurement that Ni-46.7 at.% Pt
is ferromagnetic when disordered and paramagnetic when ordered. Tlle moment calculated
from saturation magnetization of the disordered alloy is only 0.06PB per atom and the
effective  moment, Peff of disordered and ordered alloys calculated !Tom temperature
dependence of susceptibility are 1.9 and 1.7 ,IS respectively per fonnula unit. Tlle infonnation
available until now on the magnetic behaviour and magnetization data are inadequate to
understand the effect of atomic ordering on the composition variation of magnetic propelties

of this interesting system.
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Curie Temperature

The Curie temperature, Tc, of a ferromagnetic alloy depend on the strength of
the exchange interaction which arises !Tomthe overlapping of the electronic wave functions of
the interacting magnetic atoms. The atomic ordering changes the local environment or the
relative number of different kinds of nearest neighbouring atomic pair, and thus is expected to
affect the Curie temperatures of the alloys. Although there is a close relationship bctween the
increasing effect of atomic order on saturation magnetization and that on the Curie
temperature, there are cases in which such a rclationship hreaks doWII. Tllis is particularly true
for the alloys whose Curie temperature are much higher than the order-disorder transition
temperatures. For example Ni3Fe and its neighbouring alloys have Curie tcmperatures much
higher than the order-disorder transition temperatures. So the Curie temperatures of these Ni-
Fe alloys are independent of the state of atomic order.

Curie temperature of the disordered Ni)Fe phasc has been detennined by
resistivity measurement and found to be ",860K which is slightly higher than ordct-disorder
transition temperature of", 820K [39]. Tlle Curie tempcraturc of the ordercd phase is also
higher than the order-disorder transition temperature. But its mcasurement is difficult since
some randomness take place in the ordered phase before the Curie temperature is rcachcd.
Similar is the situation with Fe-Co alloys whose Curie temperatures are above the order-
disorder transition temperature of 1000K. Tllerefore the Fe-Co and Ni-Fe alloys, it is
unrealistic and insensible to discuss the effect of atomic order on Curic tempcrature.

Cnrie temperature of disordercd and ordered Ni3Mn lies bclow the order-disorder
temperature of750 K. Curie temperature of the disordered alloy is 130 K but jumps to 690 K
after ordering [62]. Tllis large increase in Tc is consistent with the unusually large increase in
magnetization discussed previously. Tlle resistivity mcasurcments perfonned on highly ordercd
alloy show an anomaly both at Tc and at the ordcr-disorder transition temperaturc and the

measurements are extremely sensitive to the thennal history and order [39].
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Tlle effect of atomic ordering on the Curie temperature in Fe3Pt has been
studied by Suzuki et al [63], Mizoguchi et al [64], Sumiyama et al [4], and Sasaki et al [46].
Tlle fonner auther found that the Curie temperature of the disordered alloy is 280K and that of
the ordered alloy is 430K. Tlle results of other investigators are comparable slight deviation is
due to compositional variation and degree oflong range order parameter S. Similar increase in
Tc !Tom 540K in the disordered state to 750K in the ordered state has been found for the
equiatomic  FePt alloy [12]. Tlle alloy with the stoichiometric  composition I'ePt] chemical
disorder can only be achieved by the application of severe cold work. Curie temperature
measured on powdered specimen ofl'ePt] produced by filing is about 425K. Tlle alloy orders
antifenomagnetically on ordering below TN=200K [47,48,65]. An increase in Tc is also
observed in Pd3Fe from 497K to 529K on ordering [12].

Tlle Curie temperatures of Co-rich ferromagnetic side of Co-Pt alloys (around
CO]JPt) are independent of the state of atomic order. since their T¢ are much higher than
order-disorder  transition temperature. 11lle Curie temperature of disordered  Col'!l] is 460 K
and upon ordering Tc decreased to 320 K [52].Similarly T decreases on ordering for CoPt
alloy.

1lle Curie temperatures of NiJ-xPtx alloys are much lower than the order-
disorder transition temperature of about 900 K. 'niCrefore. if is convenient to measure the
dependence  of Curie temperature on the degree of long range order of Nil'l alloys. ;\
qualitative picture regarding the depression of Curie temperature in the ordered L 12 phase
and complete disappearanee  of fenomagnetism  in L 10 phase has been reported in the phase

diagram of the NiPt system[7,60].
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2.3. Purpose of this thesis

Magnetic properties of Nil-xPtx system have been studied mainly for the
disordered phases. Tlle effect of atomic ordering on the magnetic propellies of Nil-xPtx
system has not been studied in detail and the information available in this regard is less than
satisfactory to understand the role of atomic ordering on the magnetization and magnetic
phase transition of this system.

Tlle main purpose of this thesis is to investigate in detail the effect of atomic
order-disorder on the crystal structure, magnetization and magnetic phase transition
temperature of Nil-xI''x system covering a wide range of composition upto the critical
concentration, xc(concentration where Curie temperature goes dOWIlto absolute zero). It
would be interesting to see the effect of substituting Fe or Co for Ni keeping 11 50 at.%
throughout on the magnetic properties in ordered or disordered phases. Replacement of Ni by
Fe or Co is supposed to introduce magnetic disturbance in tenns of magnetic moment and
exchange integral. I'tFe and PtCo are well knoWIl giant moment ferromagnets [29]. So the
substitution of small amount of Fe or Co for Ni in the Nil't alloy in both the ordered and
disordered states is e)gJected to induce giant moment associated with Fe or Co atom. In the
pseudobinary Nil-xFexPt and Nil-xCOxPt alloys role of Fe and Co atom for the changes in
magnetization and Curie temperature as the matrix goes to ordered or disordered state would
be detennined and the e"glected giant moment associated with Fe or Co atom due to

polarization of the host matrix would be calculated in both states of order.
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CHAPTER 3
Sample preparation and characterization

3.1 Preparation  of samples
3.1.1 Nil-xI'tx

A series of polycrystalline Ni I-xPtx alloys with x=0.14,0.24,0.30,0.44,0.50  and
0.57 have been prepared from appropriate propOllions of Ni of 99.999% purity and I't of
99.99% purity in an arc filmace on a water-cooled copper hearth under al!l atmosphere of pure
argon. Tlle required amounts of the constituent elements were taken fTom pure metal bars or
wires and weighed carefully with a sensitive electronic balance and were placed inside the
fumace. Before melting the fillll3Cechamber has been evacuated (10—3 ton) and flashed with
argon gas, the process was repeated several times to get rid of residual air and finally kept in
an argon atmosphere. A substantial amount of pure titanium getter placed in one side of the
chamber was melted first in order to absorb any oxygen present in the fillllace chamber. Tlle
constituent elements were then melted in the shape of buttons and tumed upside down and
remelted three times to ensure homogeneous mixer and eliminate segregation. Tlle button
shaped alloys were then taken out of the fumace and weighed. Tlle samples were then sealed
in evacuated quartz tubes and heat treated at 1050 C for seven days for filllher
homogenization and water quenched. Tlle weight loss after mclting was less than 1% except
for the concentrated alloys, and weight loss for the alloys with higher percentages of nickel
have higher melting loss. However the actual composition of each alloy must be very close to
the nominal values, which are shown in Table 3.1

From each alloy small amount of powder was fl.ledfor X-ray measurements and
the remaining part was used for making spherical sample for magnetic measurements. Tlle
spheres of diameter 2-3mm weighing about 50-I00mg are f.1lbricated by the grinding

procedure in a rotating device.
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Table 3.1 Composition of Ni' _xPtx alloys
Platinum Content Weight Weight At % At. % % waight loss
X %Ni % Pt Ni Pt allor _meltinn
844 6458 3542 8583 1417 ]
0.24 48.82 51.18 76.02 23.98 1.32
0.30 41.25 58.75 70.00 30.00 1.04
| o 27 67 7231 56.00 44.00 0.73
0.50 23.08 76.92 49.93 50.07 0.51
0.57 18.54 81.46 43.06 56.94 0.26
Table 3.2  Composition of Nii-xFe, Pt alloys
CO!;X;:nt ‘VA‘;’/\::)ilglll?t_ %ti _WO‘Z*’%;* Ar\linu At|‘:enu AIF.’tnu .after -melting
0 23.08 76.92 49.93 50.07 0.51
0.02 22.66 0.44 76.90 48.99 1.0 50.01 0.30
0.05 21.98 1.09 76.93 47.5 2.49 50.01 0".42
0.10 20.85 2.19 76.96 45.02 4.98 50.0 0.32
0.20 18.56 4.40 77.04 40.03 9.99 49.98 0.87
Table 3.3 Composition of Ni'_xCoxPt alloys
Caobalt Weight Weight Weight Al 04 Al 04 Ad—9 Yo—weight—Ioss
Cor;:ent %Ni %Co % Pt Ni Co Pt after melting
0 23.08 76.92 49.93 50.07 0.51
0.01 22.9 0.23 76.86 49.50 0.50 50.00 0.60
U.ZU 22.0/ U.46 /b.0/ 49.02 1.00 49.96 1.1o
0.05 22.00 1.16 76.94 .47.51 2.49I' 50.00 0.88
0.07 2151 1.63 76.86 46.49 3.50 50.01 0.59
0.1 20.82 2.32 76.86 45.14 4.99 49.87 0.86
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3.1.2 Nil_xFexPt and Nil_xCoxPt

A series of pseudo binary alloys Nil_xFexPt with x=0.02,0.05,0.1,0.2 and
Nil_xCOxPt with x=0.01,0.02,0.05,0.075,0.1 based on equiatomic nickel-platinum have been
prepared by arc melting in an argon atmosphere as described. Tlle purity of the starting
material was 99.999% for Ni, Fe and Co and 99.99% for Pt. In these alloy preparation
platinum was taken in powder form and pressed with a hydraulic press in the fonn of pellets.
Iron and cobalt was placed inside the platinum powder before pressing. It was done so to
prevent any loss of Fe and Co during arc melting since the amount of Fe and Co was very
small. By arc melting button shaped ingots were prepared. Tlle ingots were remelted at least
four times in order to achieve homogeneity. Weight loss during the melting was much less
than 1% in weight. Tlle compositions of Nil_xFexPt and Nil_xCoxPt alloys are given m
Tables 3.2 and 3.3 respectively. The ingots were then heat treated for homogenization at
1050 C for ten days and subsequently quenched in water. Spherical samples of 2-3 nun
diameter weighing approximately 50-100 mg were made for magnetic measurements. Powders

for X-ray diffraction have been taken from each ingot.

3.2 Ordering of the sample

To get atomicallly disordered samples the spheres were sealed in evacuated
quartz tubes and annealed at 1000 C for 24 hours and were quenched rapidly by cmshing the
quartz tubes in the iced water or salt water. Tllis annealing also helps to eliminate the effects
of plastic defonuation resulting from grinding for shaping. By this drastic quenching method it
is assumed that the maximum degree of atomic disorder is attained although upon quenching it
is reasonable to expect the fonnation of some short-range chemical order[ I]. '111lisis a quite
general effect. Any solid solution which exhibits long-range order below a cellain temperature
exhibits some short-range order above that temperature. Moreover another kind of departure

from randomness in a solid solution is often found knOW11las clustering in which a tendency of
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like atoms to be close neighbours is observed. In fact, there is probably no snch thing as a
perfectly random solid solution. All real solid solntions probably exhibit either short-range
ordering or clustering to a greater or lesser degree simply because they are composed of
unlike atoms with particular forces of attraction or repulsion operating between them. Bardos
et al [2] pointed out that to inhibit the ordering process, a quenching rate of approximately
6000°C per second must be employed.

Kinetics of ordering in Ni-Pt and pseudobinary (Ni-Fe)-Pt and (Ni-Co)-Pt
alloys is slow since their superlattices have four and more than four distinct domains and hence
guenching has been proved effective to suppress ordering. In view of the above fact it is
plausible to assume that the alloys are disordered to a high degree which has indeed been
confirmed by X-ray diffraction.

Ordering of the Ni-Pt alloys have been done by prolong annealing of the
disordered spheres in a vacuum fumace (10-6 torr) at 525°C for 27 days and then cooled to
room temperature with the fumace cooling rate. Tlle fumace enabled to maintain the
temperature of the specimens within an accuracy of 1:2°C of the set temperature. When for
(Ni-Fe)-Pt and (Ni-Co )-Pt alloys annealing has been done at 580°C in vacuum (10-6 torr) for
2 days, then slowly cooled down to 525°C at the rate of approxmately 100C/hr, kept at this
temperature for 12 days and then cooled to room temperature. Ni3Pt and NiPt have an
ordering temperature of 585°C and 645°C[3]. Tlle annealing temperature for ordering was
chosen at 525°C on the basis of the knowledge of kinetics of order-disorder transformation of
NiPt and similar systems [4-7]. According to Greenholz et al [7] ordered NiPt was obtained
for 30 days annealing at 450°C with an order parameter, S, above 0.98. It was observed that
up to 592 1:3°C there exist a single phase ordered alloy. Between 592°C and 625°C 1:3°C a
two-phase region in which the ordered and disordered phases were in equilibrium. Above
6251:3°C a disordered fcc structure exists. In an earlier experiment Esch and Schneider [8]

obtained an ordered NiPt phase after very long annealing of 54 days at 610°C and 135 days at
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400 C. Similarly Gillespie et al [9] made a long time annealing of 37 days at 600 C to get
ordered NiP! phase. But Watanabe et al [10] found ordered NiP! by annealing at 580 C for 9
days. Dahmani et al [4] found that kinetics of ordering in NiP! system is much faster than
predicted by many earlier experimentalists. He claimed that 30 days annealing at ™ 450 C is
reasonably long time to get ordered NiP! alloys. Sasaki et al [II]] obtained an order parameter
of S",I for Fe3Pt alloy by annealing the specimen at 600 C for 30 hours, at 550 C for a week
and slowly cooled down to 450 C during 20 days. In the present work it was obsetved that
equiatomic NiPt alloy after 15 days of annealing at 525 C ordered state was identified with the
appearance of superlattice lines on the X-ray diffraction patten! but to be more confident
about the attainment of maximum order annealing was continued for 27 days. But for (Ni-Fe)-
Pt and (Ni-Co )-Pt alloys annealing was done initially at 580 C in order to make the ordering
kinetics faster since it has been reported [12,13] that ordering tcmperature increascs with

addition of these two elements. Ordered structures were confirmed by X-ray diffraction.

3.3 X-ray investigations

A direct way of investigating the ordering is by X-ray, neutron or electron
diffraction [14-16]. In these methods, long range ordering manifests itself by the appearance
of extra (superlattice) lines or ring on the X-ray, neutron or electron diffraction patten! in
addition to the fimdamental lines or rings. According to the theory of X-ray dillTaction by
crystals, the waves scattered by the A atoms in an ordered alloy will all be exactly in phase
with each other and exactly out of phase with those scattered by the B atoms. If the scattering
factors of the two kinds of atoms are different, the scattered waves will not cancel and hence
a superlattice line will appear on the X-ray patten!. On the other hand, if the atoms are
distributed at random over the lattice points, each point gives rise to a scattered wave whose

amplitude is the average for A and B atoms according to their atomic concentrations. Tllen the
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waves scattered by the successive net planes cancel each other completely owing to equal
amplitudes and no X-ray line is observed in the diffraction pattem.

The presence of superlattice lines on an X-ray or neutron diffraction pattem is
the decisive proof of the existence of the ordered arrangement of atoms in the alloys. X-ray
investigations have been done on Nil_xPtx alloys with x=0.24,0.50,0.57 to detennine lattice
parameters, crystal structures and also to confirm ordered lattice. X-ray measurements were
performed on alloy powders taken from the ordered and disordered samples by filing. A
Guiner-Hagg type focusing camera with CuKa radiation (1..=1.540598 A) calibrated with Si
powder (a=5.431065 A) was used for recording the powder pattem of all NiPt alloys at room
temperature. More over X-ray diffractogram was recorded at room temperature with a
Siemens D-5000 diffractometer in wide range of 28 values(IO <28<140) using a step
scanning mode with step size 0.02 and time per step 2 seconds. Tlte X-ray diffraction lines
were indexed in terms of hkl reflections. Tlle lattice parameters were determined by least
squares method using a standard computer programme.

X-ray measurements show that all the disordered NiPt alloys have face
centered cubic (fcc), A, structures and the lattice parameters increase with increasing
platinum concentration. The ordered alloy with x=0.24 crystalizes in the simple cubic, LI2
(isomorphous with CU3Au) structure and the lattice parameters are almost same in the ordered
and disordered states. There are average four atoms per unit cell distributed at random at 000,
W/'O, V,0Y,and OY,v, in the complete disordered state. On ordering each unit cell contains
one Pl atom at 000, and three Ni atoms at v,y,0, V,0v, and Oy,v,. Tlle alloys with x=0.50 and
0.57 in the ordered states crystalize in the face centered tetragonal (fct), L10 structure
(prototype CnAu). Each unit cell for equiatomic NiPt contains two Pt atoms, at 000, W/,0 and
two nickel atoms, at Y,Ov, and OY,v,. Tlle structure is built up of (00 1) planes altemately
containing only Ni or only Pt atoms. Each atom has eight nearest neighbours of the opposite

kind in the adjacent (00 I) planes and four of the same kind in its 0".11(00 1) plane at a slightly
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greater distance, since the axial ratio cia, is usually less than one. Fig. 3.1 (a,b) show the unit
cell ofLI12 and LIO ordered phases ofNiJPt and NiPt respectively. 1lle alloys are found to be
single phase.

Fig. 3.2 (a,b) show the X-ray diffraction patterns of equiatomic NiP! alloy
powders in the disordered and ordered states respectively at room temperature. In the
diffraction pattern of disordered NiPt(fig.3.2a), it is observed that no reflections of mixed
idices are present. 11lle diffraction lines (111), (002), (022), (113), (222) etc corresponds to
any face centered cubic lattice. 11lle diffraction pattern of ordered NiP! is shown in Fig. 3.2(b),
where the mixed index lines (001), (110), (201), (112), (221) etc correspond to superlatticc
reflections are obtained. 1llestructure of the ordered alloys have lower symmetry than those
of the corresponding disordered fcc alloys and their diffraction patterns havc, therefore, extra
Bragg reflections. 1lle presence of superlattice lines (mixed hkl) and their sharpness and no
diffilse intensity between the fundamental lines (200) and (002) and around thc (00 I) linc
togcther with thc knowledge of the kinetics of ordcring of this alloy systcm has convinced that
maximum degree of ordcr has bcen attained. Similar cx'tra lines have also bcen obselved on the
X-ray powder photograph for thc ordered powder. 1lle lattice paramcter of disordered (fcc)
NiP! alloy as calculated /Tom powder photograph is a=3.75IA and a little smaller value of
a=3. 741A is calculated from X-ray defractogram. 111lisdiffcrencc may be due to eXllcrimental
uncertainty. Similarly the lattice constants a and c detellllincd by both the techniques of the
ordered fct phase of NiP! is comparable. It is observed that the c/a= 0.943 for both the cases.

Inspite of structural change, the unit cell volume of the fet NiP! (52.564A3) is velY close to
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Fig. 3. I. Unit cell of (a) L1, type of superlattice found in NigPt
and(b) L1, type found in NiPt
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that of the fcc (S2.780A\  In case of non-stoichiometlic alloy with x=0.S7 lattice constant
and cia ratio increase in both ordered and disordered states. Results are shown in Table 3.4.
Tlle results of the prcsent X-ray mcasuremcnts are in reasonablc agrccment  with those
reported earlier [3,7,17]. According to thc second author NiPt alloy has c/a=0.94 1, whcre
c=3.S94A and a=3.819A. 11ICconesponding valucs for thc CoPt and CuAu arc ¢/a=0.981 and
c/a=0.931 respectively with the same crystal stmcture[14,16, 18]. It is calculated that in the
ordered (fct) NiPt alloy a Ni atom has 4 Ni and 8 Pt ncarest neighbours and a Pt atom has 4Pt
and 8Ni nearcst neighbours at a distance of 2.70 IA and 2.62SA respectively.

Similarly X-ray diffraction has been done on Nil-xFexPt with x=0.0Sby both
diffractometer and powder diffraction photographic techniques using CrKa radiation
(A =2.89976A). Tlle Guinier-Hagg camera with CrKa radiation was used in vacuum in order
to reduce air absorption. A detail X-ray analysis shows that the disordcred alloy is t1CC
centered cubic with a = 3.7S42 .1: 0.003A. The ordered alloy is face centered tetragonal with a
certain amount of disordered phase present. Moreover two reflection peaks on either side of
(11 1) line could not be indexed either by fcc or fct. Tllis might belong to a very small amount
of complex phase. Fig 3.3 (a,b) shows the diffraction patten! recorded for both ordered and
disordered Ni-Fe-Pt powder. It is obscrved that the reflections arc not so sharp as that of fct
NiPt alloy. So the alloy is not perfectly ordered and single phase. Tlle fct phasc has c/a=0.944,
whcre ¢=3.6096:1:0.0004A and a = 3.8220:1:0003A. Values calculated from both thc tcchniqucs
arc comparable. Table 3.S shows results of X-ray measurements. TIIClattice constants increase
slightly with substitution of Fe for Ni in either states of order and a slight reduction (~0.3%) in
cell volume occurs on ordering.

For the Nil-xCOx Pt alloys X-ray measurements have been perfonned on alloys
with x=0.01,0.02,0.0S.0.07 0.1 with siemens D-SOOOdiffractometcr at room temperature in

the ordercd and disordered states. For comparison a single composition with x=0.0S,a
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Guiner-Hagg focusing camera is used to take X-ray powder photograph with CrKa radiation
only for the ordered alloy powder. X-ray diffraction pattem recorded on diffactometer is
shown in Fig 3.4(a,b) for an alloy with x=0.05. It is observed that all the disordered alloys are
single phased with fcc stmctures. But the ordered ones are face centered tetragonal with some
disordered phases in an ordered matrix. Like Nil-xFexPt, the alloys may contain small amount
of second phase the composition of which could not be identified. Ex'tra reflections with weak
intensity occurs on either side of (I1l) line. So the ordered alloys are not single phase. I1ICre
is little increase in the lattice parameters with addition of cobalt in the both ordered and
disordered states. A small redction( "0.3%) in cell volume occurs on ordering for the (Ni-Co)
Pl alloys as in the case of (Ni-Fe)Pl alloys. Similar reduction (0.3%) in cell volume has also
been reported for the similar systems[ 12,13] \vith much higher concentrations of Fe and Co.

Table 3.5 summarizes the results of X-ray investigations.
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Table 3.4

X-ray results of Nil-xPtx alloys

Platinum Crystal Lattice Parameter Unit Cell Volume
A3
Content Structure
) a(A) CiA) cia
dis ECC 3.6449i0.0005 48.423i0.022
024
' ore sc 3 6440i0.0001 48.388i0.007
dis Fcc | 3.751 a0.0005 52.78010.021
Q.50
—okd- ECT 3.8192i0.000l 3.6036i0.0002 _ _0.943 >2-90AY).Ub
£2.140. 0010
dis FCC 3.759810.0004 IS HAE—003S
057 Lo 029 0019
ord FCT 3.810H0.0004 36285~0.0005 095 S99
Table 3.5 X-ray results of Nil-xFexPt and Nil-xCoxPt alloys
Content Crystal Laltice. —Raramaier Unit Cell Volume
X Structure N3
alAl CAl cia
0.05(Fe) dis FCC 3.7542t0.003 52.91 HO.121
ord FCIT 3.8220~0.0003 3.609610.0004 | 0.944 5Z.728100.011
0.05(Co) dis FCC 3.7525~0.0007 52.842t0.032
ord FCT 3.820a0.0008 3.6115100.001 0.945 52 70HO0 028
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CHAPTER 4
Magnetization = Measurement  Techniques
4.1 Introduction:

Tllere are various means of measuring magnetization of a substance. Tlle
magnetization of a substance is usually determined by measuring its magnetic moment divided
by the volume or mass of the substance. In the present thesis magnetization and susceptibility
measurements have been performed using a Vibrating Sample Magnetometer (VSM), a
Superconducting Quantum Interference Device (SQUID) magnetometer and a Lake Shore AC
Susceptometer covering a wide range of temperature and magnetic field. A laboratory built
AC susceptibility measurement technique based on mutual induction method has been
extensively used for quick determination of the magnetic phase tranisition temperature (T¢) of
the investigated samples in the temperature range 4.2-300K.

Most of the magnetic measurements have been carried out at the Department
of Solid State Physics (magnetism group), Uppsala University, Sweden. A few measurements
at room temperature and above are performed with the VSM designed and f.lbricated at
Magnetic Materials Division, Atomic Energy Centre, Dhaka[ I]. In this chapter a brief

description of different equipment are given below.

4.2 Vibrating Sample Magnetometer (VSM)

Vibrating Sample Magnetometer s a versatile and sensitive method of
measuring magnetic properties developed by S.Foner[2-3] and is based on the flux change in a
coil when the sample is vibrated near it. Tlle sample usually a sphere or small disc, is attached
to the end of a rod, the other end of which is fixed to a loudspeaker cone or to some other
kind of mechanical vibrator. Tlle current through the loudspeaker vibrates the rod and the
sample in a direction perpendicular to the applied magnetic field. Tlle flux change from the
sample induces an e.m.f in two pick-up coils connected in series and placed symmetrically on

both sides of the sample. Tlle vibrating rod also carries a small permanent magnet near its
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upper end. Tlle oscillation of this pennanent magnet induces another e.m.f as a reference
signal in the two reference coils connected in series. Tllis voltage is fed through a voltage
divider to a lock-in amplifier. Tlle voltages from the two sets of coils are compared in the
lock-in amplifier. Tlle voltage divider is set in such a way that its output becomes cqual to the
sample signal and the lock-in amplifier shows zero output.

Tlle VSM that has been used in this thcsis work at thc Department of Solid
State Physics, Uppsale University, has a primary coil as a reference instead of a pcnllanent
magnet. The primary coil is glned on the sample rod. Tlle primary coil oscillates with the same
frequency and amplitude as the sample. A magnetic moment is produced by this coil when the
current passes through it and this induccs an e.m.f (referencc signal) in the stationcry
secondary coils connected in series. Tlle reference signal is compared with the sample signal in
a lock-in amplifier. Tlle output of the lock-in amplifier is fed to a Proportional Integrating
Differentiating (PID) device which sends a current that compensates the sample signal to the
primary coil of the reference. Tllis current is used to measure the magnetization of the sample
[4]. Tllis procedure makes the measurement insensitive to changes in vibration amplitude and
frequency. A schematic diagram of the VSM is shown in fig. 4.1

Tlle sensitivity of the VSM's used in the present work is " 10-%emu and all of
them have the same working principle with slight deviation in their constructions. Tlle applied
magnetic field can be varied between 0 and 5.5 KOe.

A helium cryostat is used for measuring magnetization in the temperature range
4.2 K to room temperature using Au(0.07% Fe)- chromel and coppcr-constantin  thenno-
couple as thennometers. From room temperature and above a high temperature oven [5] with
a PID temperature controller has been used. The temperature is measured by a chromel-
constantin thermocouple placed adjacent to thc sample..In order to keep good thermal contact
between the sample and the thermocouple, continuous flow of helium exchange gas is

maintained. Tlle temperature gradient over 10mm of length in the wannest part of the oven is
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approximately 0.1% and independent of temperature. Tlle oven can be heated !Tom room
temperature to 1043 K in less than 15 minutes with a temperature difference between the
thermocouple and the sample of less than | K at final temperature. Moreover, a temperature
difference of the order of | K is established at a constant heating or coolling rate of
5 Kiminute. Tlle applied magnetic field has been measured using Hall probe. Tlle calibration
coefficient of the magnetometers have been detennined using a standard sphere of pure nickel
available 'Tomthe National Bureau of Standards (NBS), USA.

For measuring magnetization at very high field and low temperature a VSM in
conjunction with a helium cryostat and a superconducting magnet, capable of producing
70 kOe field, has been used[6]. Tlle results of the experiment has been taken as continuous
graph in X-Y recorder or as data poiuts in the computer. Tlle available softwares
Kaleidagraph, Statview and Cricketgraph have been used for analyzing data and plotiug

graphs.
4.3 SQUID Magnetometer

Tlle Magnetic Property Measurement System or MPMS is a sophisticated
analytical instrument. configured specifically for the study of the magnetic properties of small
samples over a broad range of temperatures and magnetic fields. This standard system, made
by Quantum Design Inc.U.S.A, can measure the magnetic moment of a sample with a
differential sensitivity of 10-8 emu and has a maximum signal size of 1.25 emu[7]. A general
view of the MPMS with its system components is shown in Fig.4.2
Tlle system hardware has two major components.

M The dewar and probe assembly: the dewar is a,56 litre insulated vacuum vessel filled

with liquid helium; the probe is a cryogenic insert, suspended inthe helium
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vessel, containing the magnet, the temperature control module and the SQUID

detection system.

2 Tlle associated control system: automatic control and data collection are provided by
an HP computer and two independent subsystem controllers; most of the gas control
and other ancillary functions in the system are also automated.

The main component of the MPMS is the SQUID detection system. Tlle SQUID
consists of a superconducting ring with a small insulating layer known as the 'weak link' or
Josephson junction [8] as shown in Fig. 4,3a. Tlle SQUID, s a sensor of magnetic flux,
providing an output voltage that is periodic in wlits of the flux quantum <J)oin units of
2.067X 10.15 Wh, Connected to appropriate feedback circuitry, it becomes a linear sensor of
magnetic flux(Fig.4,3b). Tlle operating principles of SQUIDs combine the properties of
Josephson weak links or junctions with  the phenomenon of flux quantization in a
superconducting ring.

Tlle magnet is a solenoid, made of superconducting wire. Tlle magnetic field
can be set within a range of -55000 gauss to 55000 gauss(x5.5 tesla). In the high resolution
mode, the field is set to O.l gauss resolution for fields below 5000 gauss, and to | gauss
resolution above 5000 gauss.

The magnetic fields can be changed either by "oscillate mode™ or "no overshoot
mode”. Tlle "oscillate” mode is used to minimize the remanent field of the magnet, whenever
an accurate value of the magnetic field is needed, e.g. in case of zero field cooling. In the
hysteresis measurement the "no overshoot" mode has been selected, in which the field is
changed directly from one value to another, and the magnet is returned to its persistent mode.

Tlle temperature control unit is residing in the bore of the superconducting
magnet. Tlle temperature of the sample chamber can be,set within a range of 1.9 K to 400 K
For operation above 4.4K the system uses a combination of cold helium gas flow and heaters.

Responsible for the temperature measurements are two sensors: a germanium thermometer
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and a platinum thermometer. Tlle temperature stability is within:!: 0.1 K.

Tlle MPMS uses a second derivative detection coil as shown in Fig.4.4b. In this
coil the upper and the lower single tums are counterwound with respect to the two-tum centre
coil. This configuration strongly rejects interference from nearby magnetic background
sources and uniform gradients to first order.

When changing the magnetic field or the temperature, the machine rests the
sample at the lower end of its scan. To generate the SQUID output signal, the sample is pulled
upwards through the pick-up coils by the sample transport WIit. Tlle induced current in the
pick-up coils is transformed to give the typical SQUID output signal as displayed in fig. 4.4a.
Tlle curve shows the ideal output voltage as a function of the sample position assuming a
dipole point source. In a real scan the signal is only measured at a finite number of data points
along the z-axis. To fit a curve through these data points the "linear regression” mode is used.
Tlus method calculates an emu value by attempting to fit a theoretical signal to the actual
measured signal and using the amplitude of the point response to calculate the emu. Such a
method filters out noise more effectively. The number of data points in one scau should be at
least five times the scan length in centimetres to supply enough data to the regression formula
for accurate calculation of the response. In the present work consistently 32 data points were
used at a scan length of 6 centimetres.

Tlle data points are evenly spaced over the total scan length. Every time the
system stops to record a data point, it averages a pre-set number(in this case 15) of voltage
readings from the SQUID output. Tllis yields the average voltage at that point. An individual
reading of the SQUID output can be made in about 5 milliseconds.

The transformation from the SQUID voltage output curve to the magnetic
moment (in emu) has been determined in the factory by measuring a palladiulll standard over
a range of magnetic fields, and adjusting the system calibration factors to obtain the correct

moment for the standard.
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A sophisticated computer operation system is used to control the
measurements and to perfonn adjustment. By means of a program sequence it was possible to
instruct the system to execute a sequence of system operations. In this way, highly automatcd
measurements could be perfonned.

Tlle measured data were recorded into a data file. Such a filc gcnerally exists of
5 numbers for each measurement: the system temperature, the magnetic field value (in gauss),
the measured magnetic moment(in emu) and the time at which the mcasurement startcd and

ended.

4.4 AC Susceptomctcr

Lake Shore AC Susceptometer/DC Magnetometer Model 7225 is the most
vcrsatile magnetic measurements system. It has the capability to perfonn both AC and DC
magnetization measurements in a single instrument. Tlle system provides an absolute

measurement of both the real (X) and imaginary (X") components of magnetic susceptibility

as a fimction of temperature, amplitude and frequency of an applied AC field, with or without

DC bias fields of:l: 50 kDe. Tlle equipment has sensitivity of 10-8

emu in tenns of equivalent
magnetic moment for AC susceptibility measurement. The susceptometer can be operated in
the temperature range 4.2 K to 325 K with AC fields fi.om 0.00125 De to 20 De and
frequencies from | Hz to 10 KHz. Tlle temperature stability is within :1:0.I1K[9].

Lake Shore susceptometer allows the calibration coefficient to be detennined
without the use of standard materials. Tlle calibration can be detennincd directly from physical
geometry of the susceptometer coils. Tlle calibration of the susceptometer has becn checked
with a chromium potassium alum supplied by Lake Shore which obey Curie's Law. Figure 4.5
shows that the mass susceptibility of this paramagnetic salt is inversely proportional to

temperature. The measurements are perfonned automatically through data acquisition and

control software packages.
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Principles of Operation

Tlle principle of operation of AC susceptometer involves subjecting the sample
material to a small alternating magnetic field. Tlle flux variation due to the sample is picked up
by a sensing coil surrounding the sample and the resulting voltage induced in the coil is
detected. This voltage is directly proportional to the magnetic susceptibility of the sample.
Fig.4.6 shows schematically how the principles of AC susceptometry are incorporated in the
Lake Shore AC Susceptometer Model 7225. The alternating magnetic field is generated by a
solenoid which serves as the primary in a transformer .circuit. Tlle solenoid is driven with an
AC current source with variable amplitude and fTequency. Two identical sensing coils (S 1 and

S2) are positioned symmetrically inside of the primary coil and serve as the secondary coils in
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the measuring circuit. A cross-sectional view of the coil assembly is gemonstrated in Fig.4.7.
Tlle two sensing coils are connected in opposition in order to cancel the voltages induced by
the AC field itself or voltages induced by unwanted exlemal sources. Assuming perfectly
wound sensing coils and perfect symmetry, no voltage will be detected by the Lock-in-
amplifier when the coil assembly is empty.

When the sample is now placed within one of the sensing coils, the voltage
balance is disturbed. Tlle measured voltage is proportional to the susceptibility of the sample.
In order to obtain the intemal susceptibility of the sample demaguetization corrections are

made. Tlle true intemal susceptibility, Xi" is give n by the following relationship,

Xi,,'= I-DXX
where D is the shape-dependent demagnetization factor and X is the measured susceptibility
of the sample.

One of the most usefill features of the I\C Suseeptometer is that both the real
or i phase component X' and the imaginary or out of phase component X" of the
susceptibility can be measlH'ed. 11le proper separation of the two components requires an
understanding of how phasing is handled in a lock-in amplifier and how to make the
appropriate adjustment for the sample being studied. I11e control software associated with i\C

susceptometer is designed to make this separation with minimal elTOIt.
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CHAPTERS
Measurements on Nickel-Platinum alloys
5.1 Introduction

NiPt system exhibits complete solubility for all concentrations. Tllerefore,
Nickel and Platinum can be mixed in all proportions to fonn disordered solid solutions having
face centered cubic (A I) structure at high temperature.  Tllis high temperature  disordered
phase (fcc) can be retained at room temperature by rapid quenching ignoring slight tendency
for segregation[l-2] and atomic ordering. It is in fact possible because the atomic mobility in
this alloy system is very sluggish. Tllese disordered phases transfonn via first-order transitions
to ordered phases below about 900K in the sequencc of simple cubic (LI2), face -centered
tetragonal (L10), and simple cubic (LI2I structures at the stoichiometric compositions  Ni3Pt.
NiPt and NiPt3 respectively.like in the prototype Cu-Au system[3-6]. Tlle NiPt phase diagram
is almost symmetrical versus concentration.  Spin-orbit interactions have been account cd for
ordeling in NiPt alloys [7). Temperature dependence  of atomic relaxation time in both
ordered and disordered states have been measured for the Ni-Pt system [8). In the vicinity of
the order-disorder transition, important slowing do-vn effects are observed.

Ni-Pt alloys in the disordered phases have been investigated in detail earlier by
several investigators[9-14] and it was observed that the ferromagnetic-paramagnctic transition
takes place at a clitical concentration xc™58at.% Pt [10, Il, 14]. Alloys with Pt concentration
higher than 58at. % appear to he exchange enhanced paramagnets I 1), From detailed analysis
of the magnetization data the alloys near the clitical concentration have heen characterized as
homogeneous  weak itinerant ferromagnets in the sense of Edwards-Wohlf.1rth [151 and
Mathon[16].  Such conclusion has been drawn fi"Olnthe ohserved linearity and parallelism of
An-ott plots (M2 against HIM) of the magnetization M as a fi.1lllctionof magnetic field Hover

a wide range of concentrations, temperature and pressures and the proportionality  of Moo 2

(H:0, T;0), _1_and T.2 to concentration (where X, i~the initial susceptibility and Tc is the
X0

Culie temperature )[9-12,14]. But Ododo and Howarth [17] argued that these relationship
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(other than for Tcl arc a general propelty of any magnetic system in vicinity of the critical
concentration, Xc,to which Landau's theory of phase transitions applies and arc not restricted
to homogeneous itinerant magnets. It has been shO\wn that the magnetization appears
inhomogeneously at the critical concentration in NiPt in confinnity with the isoelectronie
NiPd[ 18) and other Ni-based system [19-22) which exhibit distinctly inhomogeneous-moment

distribution in the fonn of ferromagnetic clusters near the critical concentration. Acker and
Huguenin [23) found that the e""'perimental variation of magnetization at zero field and zero
temperature, Moo, and of the Curie temperature Te, with concentration and pressure docs not
agree with the predictions of the Edwards-Wohlfarth [15) and Mathon [16). He has also
proposed a model for NiPd alloys (where the local moments arc fonned by clusters of Ni
atoms only) and demonstrated that rather straight Arrott plots may be e"llected in spite of
obvious inhomogeneity. Tllerefore, one should be aware that a straight Arrott plot can not be
considered as a decisive proof for the material to be magnetically homogeneous.

'nle results of neutron diffuse scattering on disordered NiPt alloys indicate that
both Ni and Pt are magnetic. Tlle average Ni moment decrease with increasing Pt
concentration, while Pt has an average moment of about half that of Ni [24). It has also been
shown that moment disturbances are caused by the chemical-magnetic environment
corresponding to inhomogeneous moment distribution which may be described as
ferromagnetic  clusters.  Tlle polarized neutron  diflTaction measurements  showed
inhomogeneous distribution of magnetization persists from 50at. %Pt to higher percentages
[25). However, magnetization measurement by Gillespie et al [9,26) did not reveal any
magnetic clusters in Ni-Pt alloys near the critical concentratiou.

Although many properties of NiPt alloys by several investigators are in
agreement with the Edwards-Wohlfarth model some inconsistencies with experimental results

remam. Tlle major disagreement of the earlier experimentalists with Edwards and Wohlfarth
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theory is that the inverse of the paramagnetic susceptibility follows Curie-Weiss law

- =(T-Tc)/C rather than the predicted ..!-:(TZ-TCZ)/C. More over for the disordered Ni-I>t
X X

alloys some inconsistent values of the Curie temperatures near the critical concentration exist.
Beille et al [14] reported a Curie temperature of 12K for Ni-58.6at.% Pt while his quoted
critical concentration is xc=57. 9at. %. Bolling [27] found Tc=45K for Ni-60at. %Pt. For Ni-
57.1at.%Pt T¢ "™ 23-25K[10,11,14], 14-16K[28,29;.

The effect of atomic ordering on magnetic properties has been measured [6,30]
to determine the chemical and magnetic phase diagram and found a strong dependence of
magnetism on chemical order. Atomic order in Ni-Pt alloys around equiatomic composition is
associated with magnetic disorder. Tlle study of the magnetic hehaviour ofNi-Pt system in the
ordered phases has not been studied in much detail. Due to this reason and some of the
discrepancies of the reported results it is felt encouraging to measure magnetic propellies of
this system in the most ordered and disordered states to understand the role of spatial order on

the magnetic behaviour of the system.

5.2 Experimental

A series of Nil-xPtx alloys in the polycrystalline form have been studied for
magnetization and CUJ;etemperature as affected by order-disorder mechanism. Measurements
have been perfonned on six disordered with x=0.14, 0.24. 0.30, 0.44, 0.50 and 0.57 and five
ordered samples with x=0.24. 0.30, 0.44, 0.50 and 0.57.

Alloy specimens are prepared by arc melting in an argon atmosphere on a water-cooled
copper hearth. Disordered samples are obtained by rapid quenching fi'om 1000°C into water

and long range atomic ordering is attained by long annealing below order-disorder transition
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temperature. Tlle stmctural analysis is made and the ordered-disordered states are confinned
by X-ray diffiaction. A detail description of the sample preparation and characterization is

given in chapter 3.

Magnetization has been measured with a vibrating sample magnetometer
(VSM) at different temperatures in magnetic fields up to 5 kOe and a SQUID magnetometer
in the temperature range 2-300K and magnetic fields up to 50 kOe. AIll measurements are
done on sphere shaped samples whose demagnetizing factor is 411/3. In order to estimate the
effective intemal fields, demagnetizing corrections are estimated and subtracted fi'om the
values of the applied field according to the relation Ili~ Ila-41IMd/3, where 1li and lla is the
intemal and applied magnetic fields respectively, M is the magnetization per gram and d is the
density of the specimen.

A liguid helium cryostat has been used in conjunction with VSM for measurements in
the temperature range 4.2K to 300K using calibrated Copper-constantin and gold (0.07%Fe)-
chromel thennocouple. From room temperature and above, a high temperature oven has been
used with a calibrated chromel-constantin thenllocouple.

Curie temperatures are detenllined from low field DC magnetization data by kink point
method [31,32]. In addition, an AC susceptibility measurement technique based on mutual
induction method has been used' to measure the Curie temperature. In this method Curie
temperature is taken as the temperature where the rate of change of susceptibility with
temperature is maximum. A platinum resistor is used as thennometer. Arrott plots are also
utilized to detennine Curie temperature. Tlle isothenll that passes through the origin defines

the Curie temperature.
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5.3 Rcsults and discussion
5.3.1 Disordcrcd alloys

Magnctizatiion as a function of intemal magnetic fields for all the disordered samples
ofNi I-xPtx at 4.2 K measured with a VSM is ShOWIih rig. 5.1. Magnetization curves show a
good saturation under an intemalmagnetie field of 4 kOe, except for x=0.5 (not readily visible
in Fig.5.1) and 0.57. Tlte sample with x=0.57 do not show any spontaneous magnetization
even at T=2 K as discussed latter. Magnetization measurement up to magnetic field of 50 kOe
with a SQUID magnetometer could not saturate the sample with x=0.5 and 0.57.
Magnetization increases almost linearly trom 7 emu/g at 5 kOe to 7.72 emu/g at 50 kOe for
x=0.5. Tltis supports the results of Beille et al [9], who could not saturate them even with
applied magnetic field of 150 kOe. rrom the magnetization curves of Fig.5. 1, spontaneous
magnetization (MO) for each alloy is determined. Tlle spontaneous magnetization of a
ferromagnet is the value of its intrinsic, or domain, magnetization in zero applied field.
Because of the complications associated with the domain structure, it is not possible to
measure this quantity directly. Tlterefore some extrapolation procedure is adopted.
Spontaneous magnetization (MO) at 4.2 K is estimated by linear extrapolation of the
magnetization curves obtained in strong fields to zero intemal field (H=0). Tlle estimated
values of the spontaneous magnetization at 4.2K is found to be very close to the value of
spontaneous magnetization at zero kelvin, the difference being insignificantly small. Tlle
magnetic moment —per formula unit is calculated using the mean field theory and spontaneous
magnetization (MO) data at 4.2K with the equation

—~F AMOIN~IB, (5.1)

where A is the molecular weight of the sample, N is the Avogadro's number and J.IBis the
Bohr magneton. Tlle results are given in Table 5.1, together with spontaneous magnetization

at 4.2K and saturation magnetization Mg, at 4.2](, 77.3K and 293K. ror the x=0.50 sample,
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magnetic moment, ~l,is calculated from the magnetization value obtained at 50 kOe magnetic
field because the magnetization is not saturated and the extrapolated value of the spontaneous
magnetiztion may IUlderestimate the value of magnetic moment in Bohr magneton.

Variation of magnetic moment with Pt concentration in atomic percent s
shown in Fig.5.2. Suitable extrapolation of the magnetic moment ~Ito ~I=Oleads to a critical
concentration of approximately 57at. %Pt and that to x=0O gives a magnetic moment of pure
nickel comparable with the accepted value. TlJisvalue of critical concentration of 57at. %Pt for
the disordered Ni-Pt alloys in the present study is in reasonable agreement with the reported
values of 58at.%Pt [10, I1,14] and 56at.%Pt [30]. From Fig.5.2 it is observed that magnetic
moment decreases continuously and nonlinearly with Pt concentration. TlJese results are in
good agreement with those of Fisher et all 12] but disagree with those of Marian[ 13] who
fOlUlda linear dependence up to 40 at.%Pt. Such type of curvature of magnetic moment with
concentration has also been observed in Ni-Pd alloys with Pd concentration higher than
50at.% and is interpreted as a phenomenon of depolarization[33-35]. In case of Ni-Pd
magnetic moment vanishes at 97.3at.%Pd [36]. Tlle lower value of critical concentration for
Pt is probably due to the fact that Pt is not so near to be in fenomagnetic state as Pd, because
of its lower density of state [37,38]. Fig.5.3 shows the magnetic isothenlJals of the alloy with
x=0.57 up to 50 kOe magnetic field. Tlle magnetization isothenlJ for 2 K rises sharply at low
fields and then gradually bends over but still rising up to the maximum applied field of 50 kOe
where magnetization of 3.75 emu/g is reached. Tllis situation persists up to high temperature.
'nJe magnitude of the rate of change of magnetization with field indicates that this is not an
ordinary paramagnetic state. Even at 80 K magnetization is not a linear function of field. Tlle
nonlinearities of the M vs H curves may be attributed to the fenomagnetic clusters present in
the sample. Tlle clusters are randomly oriented in' the absence of any magnetic field.

Application of a magnetic field partially orients them in the field direction. Tlle size of the
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ferromagnctic clusters glve the charactcristic curvature to the magnetization curve. It is
noticed that the curvature is less pronounced at higher tempcrature magnetic isothenns due to
decreasing thc cluster size with tempcrature.

Arrott plots have been utilized in an attempt to detennine the spontaneous
magnetization. Arrott plots are based on straight line criterion and the extrapolation of the

straight M2 vs HIM curves to H1M=0Ogives square of the spontaneous magnetization (Mg2)

and M2=0 gives inverse of the initial susceptibility (_1 ). Arrott plots are demonstratcd in
Xo

Fig.5.4. It is evident that no spontaneous magnetization is observed even at 2 K when the
Arrott plots are extrapolated from high field as well as low field magnetization data (in set of
Fig 5.4) indicating the alloy to be paramagnetic at 2 K. But it seems quite reasonable to
assume from thc cxperimental evidence that this alloy is very close to the critical composition
for the onset of ferromagnetis111.
Tlle Curie temperature, Tc,is a basic quantity in the studies of magnetic phase

transitions of ferromagnetic materials. Low field DC and AC magnetization measurements as a
function of temperature have been perfonned on Ni-Pt alloys to detennine the Curie
temperatures. Temperature dependence oflow field DC magnetization measured with a VSM
is shown in Fig.5.5a for the sample with x=0.14 and 0.24 in the magnetic field of 58 Oe which
is the remanent field of the electromagnet. Tllis low field magnetization is essential in
determining the presence of a "kink point” in the magnetization [32]. Demagnetizing field
limits the magnetization to avalue ofM=Ha/D (where Hg is the applied magnctic field and D
is the demagnetization factor), producing a magnetization that is temperature independent
below the kink point. Tllis kink point is considcred as ferromagnetic Curic tcmpcraturc. TIHC
measurements have been performed for all Ni-Pt alloys ,and Curic tcmperatures arc dctennincd
during walming and cooling and the Tc values are reproducible within 1 1K.

Low frequency (37 Hz), low field (10-30c) AC susccptibility mcasurcments  as a
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function of temperature have been carried out for the samples in the temperature range 4.2 K-
300 K. In this method the set up with the sample is inserted into liquid helium dewar and

susceptibility has been recorded during wamling and cooling the sample. Fig.5.5b shows a

representative curve with x=0.44 sample. The maximum of %% has been taken as the Curie

temperature of the sample and found to be Tc = 155K. Tllis value is very close to that of 156K
determined by kink point method. In spite of back-ground signal from the applied field in the
AC measurements the transition temperature is found to be equally well defined as in the Low
field DC measurements.

Tlle results of low field (20 Oe) DC magnetization taken with a SQUID
magnetometer for the alloy x=0.50 are demonstrated in Fig.5.6 together with the AC
susceptibility measurements (in set of Fig.5.6). Tlle Curie temperatures are 77K for DC
measurement and 80K for AC measurement. TIlis is to note that DC magnctization
measurements have been perfonned on this disordcred sample with a time gap of three years
to look for any possible ordering effect due to aging at ambicnt temperature. It is not clear
whethcr this small difference in Tcis duc to some atomic ordering that might take place during
this period of time or due to different techniques used including e:-glerimental errors. But
magnetization per gram at 4.2 K with magnetic field of 50 kOe have almost thc samc valuc of
7.75 and 7.72 before and after aging respectively. Tlle Curie tempcraturcs of thc alloys with
x=0.14, 0.24 and 0.30 have also been detennined by Arrott plots and are found to bc in good
agreement ("' 1K) with other methods. Tlle results of all Curie temperature detenninations arc
given in Table 5.1. Since the thennocouples in all methods of measurcments are not directly
attached to the sample and the reproducibility of the data is within™ 1 K, it is fclt that thc
absolute value of the Curie temperature may be considcrcd as Tc ™ 2K. When all the various
Tc data for disordcrcd Ni-Pt alloys are collccted as in Fig.5.7, a linear variation ofT¢ with 11

concentration is obscrved. Lincar ex'trapolation of the Clllie temperatures Tg to Te =0,
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Table.5. | Magnetic properties of disordered Ni I-xPtx

Platinum content 0.14 0.24 0.30 0.44 0.50 0.57
X
MO(H=0).T=4.2K 38.54 28.10 22.2 12.5 6.82
(emu/g)
4.2K 39.09 28.50 22.39 12.69 7.n2 3.752
Ms (emu/g)
77.3K 38.15 27.45 21. 15 10.65 3.03
203K 3237 | 1865 | 5mP
—_(IIB/fu.) 0.54 0.46 0.40 0.27 0.176
TC<K) 484 367 292 156 79

a Value corresponding to H=50 kOe

b Value corresponding to H=5 kOe
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indicates a critical concentration of 57.2at. %Pt which is in good agreement with the critical
concentration detennined by extrapolation of magnetic moment J1 = 0 in the present work and
previous reported results [10, 11,14,30,39]. A least squares fitto the present Ni-Pt data shows
that Tc with concentration is given by the empirical relation

T = 11.06 (57.2-X) (5.2)
where X is the concentration of Pt in atomic percent. TlJis linear dependence is valid over the
whole ferromagnetic regime extrapolated to pure nickel indicating Tc = 633K, agrees quite
well with the accepted value of 631K [40]. Tllis is also what Albert et al [10] have pointed out
that for a localized model of ferromagnetism Curie temperature should very linearly with
concentration, i.e. Tc = K(xc-x), where K is an arbitrary constant and Xc is the critical
concentration of Pt in atomic percent. Ododo [36] collected the existing eX1Jelimental data on
Curie temperatures of disordered Ni-Pt alloys including that of weakly ferromagnetic alloys
and demonstrated a linear dependence of Curie temperature "'ith concentration appropriate for
the localized model as proposed by [10] and in contrast with the square-root dependence, i.e.
Tc = K(xc-x) V, proposed for an weak itinerant model [161 and claimed by previous authors
[10,11].

Temperature  dependence of magnetization and reciprocal susceptibility
measured with magnetizing field of 10 kOe in the temperature range 5-300 K for Ni l-xPtx
alloys with x=0.50 and 0.57 are depicted in Fig.5.8 and 5.9. From the general shape of the M
vs T curves for x=0.50 sample, it seems likely that the transition occurs between a
fenomagnetic and paramagnetic state around 80 K. Ifhigh field (10 kOe) M vs T data in
Fig 5.9 for x=0.57 is scrutinized carefully one can identify an inflexion point around 15 K
which may mistakenly be taken as the Curie point. But low-field (20 Oe) DC magnctization
(sce inset Fig.5.9) 10111 2-20 K docs not show any ihflexion or kink and its temperature

dependence is typical for a paramagnet. AC susceptibility measurement dOW1!to 4.2 K did not
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show any magnetic transition. A slight discontinuity at 4.6 K in the low field magnetization IS
due to sudden boiling of liquid helium which is a characteristic feature of the SQUID
magnetometer used. Tlle earlier reported inconsistent values of Tc, as mentioned before near
the critical concentration may be due to the use of high field (in some cases greater than 20
kOe) for the determination of the transition temperature as mentioned by Ododo [36]. It has
been suggested that very low field AC or DC measurements arc satisfactory for the
detennination of the Curie temperatures of weakly fenomagnetic alloys [41].

'nle temperature dependence of the inverse mass susceptibilities of the sample
X = 0.50 and 0.57 as shown in Fig 5.8 and 5.9 can be well fitted to a Clllie-Weiss law,
X = CIT-O above 240 and 170 K with paramagnetic Curie temperature 0 = 139 and 53 K
respectively. The molar Curie constants are 0.29 and 0.25 emuKimole, leading to effective
paramagnetic moments (Peff) of 1.42~IB/f.u. and 1.52 ~IB/f.u. respectively. Paramagnetic
Curie temperature exceeds ferromagnetic Curie temperature by 75% for x = 0.5 sample

implying the existence of large amount of shott range ordering above Tc.
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5.3.2 Ordered alloys

Magnetization as a function ofintemalmagnetic  field ofNi I-xPtx with x=0.24
and 0.30 measured at 4.2 and 293 K for the ordered and disordered phases are displayed for
comparison in Fig.5. I0a and 5. 10b respectively. Magnetization of the ordered alloys are well
saturated with an internal magnetic field of 3.5 kOe like those of disordered alloys at 4.2 K.
But Arrott plots do not show any spontaneous magnetization at 293 K for the ordered and
disordered phases of the sample x=0.30 indicating that they are paramagnetic at 293 K.
Ordering decreases magnetization by about 13% at 4.2 K for both the samples. 'l1Je Curie
tcmperatures  for thc samples with x=0.24 and 0.30 have been deterlllined by low field DC
magnetization and AC susceptibility measurements and are depicted in Fig.5. 11a and 5.11h
respcctively. Tlle Curie temperature decrease !Tom 367 and 292 K in the disordercd state to
357 and 278 Kin thc ordcrcd state for thc samples with x=0.24 and 0.30 rcspcctivcly.Tablc
5.2 shows the result of the ordcrcd Nil_xPtx alloys. Fig.5.12a and 5.12b show thc
magnetization versus intemalmagnetic field curves for x=0.44 and 0.50 respcctively of
Ni I-xI'tx alloys in the ordcrcd states and thcir Arrott plots are. displaycd in Fig.5. 13a and
5.13b respectively. Tlle magnctic isotherms at 5 K for x=0.44 and 0.50 samplcs show a vcry
rapid initial rise and then slowly hends but continuc to increase with no sign of saturation at
thc maximum magnctic ficld of 50 kOe giving magnctization per gram 3.72 and 0.95 cmu/g.
111e magnetic isothermals at highcr tcmpcratures also display thc samc trend. '11list}11Cof
magnetization vcrsus field behaviour at different tempcraturcs havc becn obselved for thc
disordercd alloy with x=0.57 (sce Fig.5.3) as dcscribcd bcfore. '11gsc alloys are paramcgnctic
in the sensc that no spontaneous magnctization (MO)is obselved at 5 K in their Arrott plots
(rig. 5.13a,b) and no transition tcmpcraturc could bc dctectcd in the tcmpcraturc  dcpendence
of magnetization with low ficlds. '111Capid initial incrcasc in magnctization at vcry low ficld is

most likcly due to the prcsencc of some small amount of randomly orientcd fenomagnctic
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region rich in Ni atoms in the solid solution which align regularly with respect to each other
with the application of magnetic field giving rise to magnetization. Fig.5.14 shows a simple
analysis of this type of behaviour in which M vs H Curve (A) at 5 K for x=0.5 in the ordered

state is used. Tlle curve A is the sum of the curves Band C. C is the magnetization curve of
the small amowlt of ferromagnetic phase or ferromagnetic clusters which is saturated at a field
of less than 10 kOe. The curve B represents the field independent susceptibility of the sample
which has the same slope as the straight line portion of the curve A. Tlle magnetization curves

of this nature can be expressed with the following equation [42],

M = XH +NJg.uBB; ( Jg:;H) (5.3)

The first term of the above expression gives the magnetization from non-interacting atoms

having a field independent susceptibility X and the second term gives the average
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magnetization ~ from clusters containing small region rich in fen'omagnetic atoms and coupled
felTomagnctically  with the application of field. Magnetic isothennals for the sample x=0.57
show field independent susceptibility as generally observed for the paramagnets.

111e temperature  dependence of magnetization  of the ordered samples with
x=0.44,050 and 0.57 is shown in Fig.5.15-5.17. Tlle sample with x=0.57 shows(Fig.5. 17)the
Curie-Weiss  behaviour with 8 = -134 K indicating antifelTomagnetic interaction. Tlle molar
Curie constant is 0.38 leading to effective paramagnetic moment of 1.74 ;IB/fu. Sample with
x=0.44 and 0.50 does not follow Curie-Weiss law. Temperature dependence of magnetization
for x=0.5 sample shows anomalous behaviour. From M vs T curve it is noticed that around
200 K there is a discontinuity of the curve. Upto 200 K magnetization of ferromagnetic
clusters and average magnetization of the sample is observed. Little above 200 K
felTomagnetic  phase passes through ferromagnetic-paramagnetic transition  (I'M-PM),  so
magnetization  decreases faster. Above 200 K magnetization  originates mainly o'om non-
interacting atoms term of the above equation and hence shows a temperature  dependence
typical for a paramagnet.

1llerefore it is understood that ordered samples near the critical concentration
are magnetically  inhomogenous. Some randomness and hetcrogeneity  persists up to high
temperature.  l'elTomagnetic  clusters are there in the both the ordered and disordered alloys
ncar the critical concentration. 'nle results show that effect of atomic ordering on the magnetic
properties of Ni-Pt system around the composition  Ni31>t is small . Around equatiomic
composition  NiPl. atomic ordering changes the magnetic order. i.e. atomically disordered
alloys are ferromagnetic. but ordered alloys are paramagnetic (magnetically disordered). It is
interesting to notice that ferromagnetism  disappears on the ordered samples throughout the
composition range in which  LIO(fct) stmcture exists. 'So LIO structure might be responsible

for the unusual magnetic behaviour of the alloys near the critical concentration, One of the
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possible interpretation of such peculiar magnetic behaviour might be related to the distortion

of the crystal lattice [Al(fcc)~LIO(fct)  which is obvious from present X-ray measurements.

This lattice distortion is likely to change the exchange integral by its dependence on the
interatomic distances of magnetic atoms. Our experimental data show that in the disordered
fcc Ni-50at% Pt alloy has lattice parameter a=3.751 A, while ordered fct state has a=3.819 A
and ¢=3.604 A. Ni atoms have a nearest neighbour distance of a/..,j2in both the ordered and

disordered states. It is rather difficult to explain that the increase of only 0.048 A in the nearest

neighbour distance of a Ni atom in ordered state than from a disordered one is sufficient to

decrease the exchange integral to such an extend that it results in paramagnetism. Tlle most
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likely interpretation of the obsetved magnetic properties could be glven through local
environment  effects. Tlle magnetic state of a transition metal atom is very sensitive to its
local environment [43-45]. Tllis has been shown by a large numher of eXllenmental data on
dilute alloys, intermetallic compounds near stoichiometry, concentrated alloys near the
composition at which the alloy becomes  ferromagnetic, ferromagnetic  alloys for different
states of order. Tlle moment on the Ni atom is dependent on the number of Ni nearest
neighbours. In the ordered Ni-50%at Pt each Ni atom has four neatest neighbours. where as in
the disordered state it may have up to twelve but on average six. Tlle average number of Ni
nearest neighbours at the critical concentration (x=0.57) is approximately five in the
disordered state. So the reason for the absence of ferromagnetism in the atomically ordered
Ni-50%at Pt alloy with a Ni atom having four Ni nearest neighbours is clearly understood, i.e.
a nearest neighbour nnmber greater than four is necessary for the Ni-It alloys to be
ferromagnetic  at absolute zero. Again for the disordered fcc Ni-24%at Pt alloy. a Ni atom may
have on average nine Ni nearest neighbours and in the ordered L 12 cubic stlllcture Ni has
eight nearest neighbours. It is clear that in both the cases the number of Ni nearest neighbours
in the atomically ordered alloy is less than in the disordered alloy. TlICrefore if it is assumed
that nearest-neighbour ~ Ni-Ni interactions are dominant then a reduccd value of the molecular

field coefficient is eXllected on ordering with a consegnent rednction in Tg.
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Table 5.2 Magnetic properties of ordered Ni I-xPtx

Platinum content
X 0.24 0.30 0.44 0.50 0.57

MO(H=0)T=4.2K 24.6 19.4
(emu/g)

4.2K 24.80 19.63 3.n4 0.952 0.782
Ms (emu/g)

293K 17.17 1960
~1(~IB/fu.) 0.40 0.35
Tc (K) 357 278

a Value corresponding to 11=50kOe

b Value corresponding to H=5 kOe
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CHAPTER 6
Measurements on Nil_xFexPt alloys

6.1 Introduction

TIC equiatomic  binary alloy of nickel-platinum  exhibits interesting magnetic
properties. Atomic ordering in NiPt alloy destroys magnetic ordering i.e. the disordered alloy
is ferromagnetic and the ordered one is paramagnetic. Tllis suggests that the magnctic state of
thc equiatomic  NiP! alloy dcpcnds scnsitively on its local cnvironment.  '111C disordcred
ferromagnetic  alloy has a Curie temperature of 79 0f 2 K and magnetic moment of 0.176
fIB/fu. Tlle susceptibility is greatly reduced on ordering fi'om 15X 10-° emu/g Oe in thc
disordered statc to 1.9X 10-° emu/g Oe in the ordered statc.

Platinum is an cxchange cnhanccd paramagnet and thc cnhancement  factor for
Pt ~ 3 while that for I'd ~ 10 [I). TIlis mcans that the platinum host “ill producc thc giant
moment polarization.  Similarly Parra and Medina [2] determined thc magnetic cnhanccment
factor for pure platinum /Tom neutron scattering data obtained \\ith Ni-Pt alloys and found
that Pt is a highly polarizablc metal. TIlis polarizibility is rcsponsiblc  for the onsct of giant
momcnts by thc prcsencc of a fcrromagnetic  impurity such as iron. Dilutc PtFc alloys havc
been considered as typical cxamples of giant moment ferro magnets and have bcen confirmed
by magnetization and unpolarizcd neutron seattering mcasurcments  [3-5 J. From magnetization
measurement  Crangle and Scott [3] calculated giant moments of 4.9-6.2 PH per iron atom
in PtFe alloys \\ith Fe concentration  1-6 at.% indicating  that each Fe atom significantly
polarizes the surrounding Pt matrix. In order to see the effect of Fe in equiatomic NiPt alloy
a range of pscudobinary  Ni l_xFcxPt (0.02 :<>x:<>0.2) alloys havc been chosen in which
platinum is kept at 50at.% throughout and Ni is replaced by incrcasing amount of iron.
11lc magnetic and crystallographic  propcrties of pseudobinary  Ni |_xFexPt (0.2:<>x :<¥) alloys

have been studied only at room temperature [6] in the ordered and disordered states. An

87



increase of Cnrie temperature and magnetization  with incrcasing amount of Fe is found and
that these values are higher in the disordered phases than in the ordered ones. llle disordered
alloys show coercivity increasing with Fe content reaching a maximum valuc of 1.5 kOe at
x=1i.e. in FePt. Kawamiya et al [7] observed substantial increasc of Clllie temperaturcs \\ith
thc addition of small amount of Fe.

‘nle aim of this work is to study in detail the effcct of atomic order-disorder on
the crystallography, = magnetization and magnetic phasc transition of Ni |l xFcxI"t alloys. The
role of an Fe atom in the inducement of giant moments is persucd in thc ordcrcd and
disordcred  phases. Particular attention has bcen given to understand  thc mcchanism  of
magnetization  process by measuling the zcro field coolcd (ZFC) and field cooled (FC)
magnetization.  Field and tcmperature dcpcndencc  of hysteresis  Joopmeasuremcnts in the zero

field cooled state are perfonned to fully understand the coercivity mechanism.

6.2 Expcriment:11

'nle Ni I_xFcxPt polycrystalline  samples with x=0.02, 0.05, 0.1 and 0.2 have
been prepared in an arc fumace wunder inert gas atmosphere. Ordercd and disordered phases
have been obtaincd by suitable heat treatment described in chapter 3.

X-ray diffraction studies reveal that disordcred samples arc single phase Mth
fcc stlllcturcs and ordcrcd oncs are fct structurc Mth a sma;II amount of sccond phasc
(composition  unidentified)  together Mth traces of disordered phases. Scanning electron
microscopy in thc back scattered electron mode has been utilized to detect surface defects of
the sample with x = 0.05 in both the ordered and disordered phases. 1llis study revealed some

precipitated  phascs in the ordered alloy. A fbll account of X-ray investigation is givcn in

chapter 3.
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Magnetization measurements on Nil ~lexPt alloys in the ordcrcd and
disordered states have becn perfonned with a VSM in thc tcmperaturc rangc 4.2-300 K and
magnetic fields up to 5 kOe. Some measurcments up to magnctic fields of 50 kOe have been
performed at 4.2 K with a VSM in conjunction \vith a superconducting magnet. i\ SQUID
magnetometer has extcnsively been used to measure field and tempcraturc depcndcncc  of
magnetization from 5-300 K and magnetic ficld 0-50 kOe. Magnctization mcasurcments arc
carried out under zero field cooled (ZFC) and field cooled (FC) condition. Hysteresis loops
have been measured at differcnt temperaturcs for thc ordered samplcs including thc initial
magnetization cuives undcr zcro field cooled condition fi"Olrwhich lempclturc dcpendence  of
cocrcivity, "c(T), and critical ficld, J-lp(T), and rcmancncc, Mr(T) arc estimated.

I1lle magnetization versus temperature measurcments of the samples have been
done under the following conditions:

a) Ille zero field cooled magnetization (ZFC) curves are obtained by cooling the samplcs
ITomabove the Curie temperature (Tc) in zero applied field down to 5 K. lllen the magnetic
field is applied and the measurements are recorded as the temperature is raiscd up to above Tc
with the constant applied field. When zero field cooled magnetization curves for differcnt
applied magnetic fields are important, then each time the samples have to be thennally
dcmagnetized by wanning it up above Tc and then cooled down to cryogenic temperaturc
without field and repeat the measurements with necessary applied magnetic field.

b) In the following, the tempcrature is decreased to 5 K without changing the magnetic field
and measurcments are recorded. lllis gives the so called field coolcd (FC) magnctization
curves. Both ZFC and Fe measurements are realized at the same rate.

¢) Illennorcmanent magnetization (TRM) is obtained by cooling the samplc in the constant
chosen field to 5 K, switching ofT the field and taking the measuremcnts with increasing
temperaturc up to abovc Tc.

d) Initial magnetization curves are obtained by cooling the sample in zero magnetic field 'Tom

above Tc to the chosen cryogenic temperature and at this constant tcmpcraturc magnetization
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is measured as a function of magnetic field.

6.3. Results and discussion
6.3.1 Disordered alloys

Magnetization as a fimction of internal magnetic field measured with a VSM at
4.2 K for Nil_xFexPt alloys are shown in Fig.6.1. Measurements have been taken as the field
is slowly swept automatically from zero to 5 kOe and back to zero again with the same swecp
rate in order to see any hysteresis effects. No noticeable hysteresis has bcen observed.
Magnetization seems to be saturated with an internal magnetic field of 3 kOe. From these
measurements magnetic moments JI in Bohr magneton havc been calculated and are listcd in
Table 6.1 together with magnetization per gram at 4.2 K and other magnetic paramcters.

Temperature dependence of magnetization and invcrse susceptibility of the
disordercd Nil_xFcxPt with x= 0.05 m the temperature range 5-300 K and in an applied
magnetic field of 5 kOe is ShOW11lin Fig.6.2. In set of the figurc shows the low field DC
magnctization measurcd \\;th a field of20 Oe. From thcsc measurcmcnts magnetization of
15 emu/g at 5 K or 0.341 JI,.Ifu. and T.=189 K fi'om the kink of DC magnctization arc
obtained. A non-linear least-squares fitting shows that magnetizations has a T2 dependence at
least up to 0.75 T;' Tlle inverse susceptibility is well dcscribed by Curie-Weiss law above
240K with a paramagnctic Curic temperature O = 205 K. Tlle Curie constant is
0.43 emu K/mole which is compatible with a paramagnetic effcctive momcnt (I'eff) of
1.87 JiB/fu.

Tlle Curie temperatures (Tc) of all the diso.rdered samples have bcen
detennined by different methods and thcy are found to be in good agreement. Fig 6.3a and
6.3b demonstrate the low field( 10-3 Oe), low frequc.cy (37 Hz) AC susceptibility and low
field (58 Oe) DC magnetization measurements of disordered Nil_xFcxPt alloys with differcnt

concentrations. Both the methods of measnrements indicatc well defined transition from
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ferromagnetic to paramagnetic state and the sharpness of the transitions confinns the
metallurgical homogeneity of the alloys. Low field DC magnetization (Fig.6.3b) tends to the
limiting value of HalO, where O is the shape-dependent demagnetizing factor of the specimen,
just below the ferromagnetic Cuire point. Whose magnitude is determined solely by the shape
of the specimen. Accordingly the susceptibility shown in Fig.6.3b should diverge just below
the Tc so that it is limited by I/D to the lowest temperature. A gradual decrease in the AC
susceptibility at temperatures below the ferromagnetic Curie point is perhaps not peculiar to
Nil_xFexPt alloys. Similar observations have already been reported in the present work for Ni-
Pt system and others for the PtCo [8] and PtFe [9] system. It is likely that the gradual
decrease of AC susceptibility below Tc is a manifestation of the Hopkinson effect, according
to which the initial susceptibility increases to a shalll maximum just below the Tc and then
drops off to a small value [10] which is due to intrinsic magnetic anisotropy and domain wall
mobility. AC measurements indicate a Curie temperature of 190 K for x=0.05 sample and
compares well with 189 K and 188.5 K determined by kink point method and Arrott plots
respectively. All the determined T values ofNi |_xFexPt alloys are collected in Table 6.1.
Fig.6.4 shows the Arrott plots of the disordered sample with x=0.05 for the
temperatures below and above T which have been constmcted from a series of magnetic
isotherms. Only some of the curves ex"tracted from the magnetic isothenns are presented for
the sake of clarity. Tl,e Arrott plots indicate a gradual transition between ferromagnetism and
paramagnetism and it is obselved that the transition temperature is between 188 and 189 K. It
is noticed that the Arrott plots are non-linear at least up to little above Tc. Tllerefore parabolic
ex"trapolation is employed instead of linear extrapolation fi.om high field linear pOllion to the
ordinate and the abscissa to obtain the values of Mgp2 and X~'. Even for the crystalline Fe, Co
and Ni Arrott plots are non-linear at low fields [11-14]. When the Arrott plots are non-linear
extrapolation overestimates the true value of Tc [l 1,121. By contrast a parabolic extrapolation
yields a Tc value that agrees remarkably well [12] with the values determined by other

methods. Kaul [IS] has given a theoretical justification for the parabolic ex"trapolation of the
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Arrott plots on the basis of molecular field theory. [n set of Fig.6.4 shows the temperature
dependence of the spontaneous magnetization, MO, which is determined by the parabolic
extrapolation of Arrott plots ofFig.6.4. and the extrapolation ofMO = 0 gives a T, =188.5 K.
[t has been mentioned before that this value of Tc is in excellent agreement with those
determined from low field DC and AC measurements. Tlle critical isothenns have been
analyzed following the relation M ocH"1 where8 =3 in the molecular field approximation and
8= 5 in the Heisenberg model [[5]. Tlle isotherms at T=188 and 189 K suggest a value of

8 ~.  4.20 from log-log plots of magnetization and field. Tllis value is consistent with the
value of 4.20 obtained for pure Ni [I1].

[t is observed that the magnetic moment and the Curie temperature both
increase as Fe concentration increases (see fig. 6.27 & 6.28) and that the increase of both the
parameters are larger with smaller concentration of Fe and gradually reduccs i.e. the curvcs
bend slowly downward. Enhancement of Curie temperaturc with the rcplaccment of Ni with
Fe is due to the increase of the average exchange interaction among thc magnetic moments
and this increases as Fe concentration increase. Substitution of Fe for Ni in fenomagnctic
NiPt alloy produccs a giant enhancement of magnetic moment. Fig. 6.29 shows that thc
moments per Fe atom are very large and their concentration dcpendence is significant. For
example when x=0.02 which is equivalent to | at.% Fe enhances magnctic moment fi'om
0.176Ji, to 0.247Jil per fonnula unit resulting a moment of 7.4Ji/ per Fe atom. Tlis largc
momcnt can not bc duc to Fe atom only. Tlle largc momcnts obscrved in these alloys arc a
consequence of the polalizability of the NiPt matrix. Fllither discussion on this will continuc at

the cnd of this chaptcr.
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Table 6.1 Magnetic properties of disordered Ni l-xFexPt alloys

Iron Content x=0 x=0.02 x=0.05 x=0.1 x=0.2
X

Mg(emu/g) T=4.2K 7.728 10.89 15.00 20.75 28.40

~I~IB/fu.) 0.176 0.247 0.341 0.47 0.643

TC<K) 79 138 189 269 326

8(K) 139 205

C (emu/mole) 0.25 0.43

Peffi~IB/f.U.) 1.42 1.87

~I(~1BIFe) 7.4 6.9 6.16 4.95

avalue corresponding to 50 kOe magnetic field
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6.3.2  Ordered alloys
Magnetization  versus field curves for all the ordered

Ni |_xFexPt alloys at 42 K measured with a VSM under zero field cooled condition are
demonstrated  in Fig.6.5. A complex initial magnetization  process is noticed. A relatively
insignificant increase of magnetization occurs up to a certain critical field, (4 kOe for x=0.02
and 6 kOe for x= 0.05 samples respectively) a rapid increase thereafter and approaches slowly
to saturation in higher fields but even at field as high as 50 kOe the magnetization is not
saturated. A strong hysteresis effect is observed with Mr/Ms;::0 0.5. Tllis behaviour is
incontrast with the disordered samples which are saturated only under an intemal magnetic
field of)] kOe with no hysteresis. Tllis slow approach to saturation up to the magnetic field of
50 kOe for the ordered samples is assumed to be associated with very high magnetic

anisotropy of the samples and consequently narrow domain walls since the domain wall width
1

is given by <%r.( _), where A and K are the exchange and anisotropy constant respectively.

Tllis behaviour may either be the result of metamagnetism or due to maguetic hardness alising
from domain wall pinning effects. Tlle latter is more likely since all the alloys arc
ferromagnetic ~ with large remanences. Tllis type of critical field behaviour in magnetization
versus field have been observed in systems like DY3 A12[ 16),Tb0O.27DyO. 73l'e2[ 17].

R(Fe 1_xAlxh,R=Dy,Er,Tb[ 18-20),R2(I'e  I_xMnx) 14B:R=Nd,Pr,Y[2 lland
C03.51'e0.5CuCelJ.09[22) and have been e'lllained as domain wall pinning effects.

Tlle magnetization of all the ordered samples are not saturated. So an estimate
of the saturation magnetization,Mg'  has been made by plotting M vs IlI-l1 and e'lrapolating  the
data to infinite field. Mg values obtained in this way show that only 80% of the saturation
magnetization  is achieved at fields as high as 50 kOe. Due to the large difference in
extrapolated Mg value and magnetization value at 50 kOe and considering the unccllainty ill
the extrapolation procedure to infinite field, e'llerimen'tal values of magnetization at 50 kOe

for all the samples have been used to calculate the magnetic moments!, in Bohr magneton of

the samples. Initial susceptibility has been calculated from the linear part of the initial
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Fig.6.5. Magnetization versus internal magnetic field of the
ordered Nil xFexPt alloys at 4.2 K.
magnetization curve for H<200 Oe. Magnetic momentl' , saturation magnetization, M

magnetization at 50 kOe, remanence, and other relevant magnetic parameters are summarized
in Table 6.2.

Tlle complete hysteresis loops including the initial magnetization curves are measured
for all the samples with a SQUID magnetometer at differeut temperatures. Two representative
curves of the samples with x=0.05 and 0.2 measured at 5 K are depicted in Figs. 6.6 and 6.7.
From the hysteresis loop coercivity (Hg) and the Critical field (Hp) have been estimated.
Coercivity is defined as tbe field value corresponding to null magnetization ignoring the slight
magnetic relaxation effect with time and to overcome this effect hysteresis mode (faster mode)
has been used in the measurements with SQUID magnetometer. Critical field (Hp) has been
taken to be the field at which the differential magiletic susceptibility dM/dH attains its

maximum value since this appears to be more precisely measurable than the field at which
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Table 6.2 Magnetic properties of ordered Nil-xFexPt alloys

Iron Content

X 0 0.02 0.05 01 02
M(emulg) T=5 K 0.95 453 8.60 13.56 2153
H=50 kOe
Ms(emulg) T=5 K 5.76 10.42 15.96 25.52
H(!Bffu.) 0.103 0.19 0.31 0.49
Te(K) 38 100 179 261
6(K) 37 105 218 343
C(emulmole) 0.30 0.37 0.33 0.31
Pefl(!1Bffu.) 1.54 1.72 1.61 1.57
Mr<emulg) T=5 K 2.59 5.97 9.64 14.24
Hc(kOe) T=5 K 4.238 6.050 2.218 3.165
Hp(kOe) T=5 K 4.000 5.800 2.000 2.800
Xo(emulgOe)X 10- 0.83 1.05 1.2 2.43
1(~IBfFe) 10.3 7.6 6.2 49
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departure from linear dependence is evident. In set of Figs. 6.6 and 6.7 display dM/dH curves
for x=0.05 and 0.2 samples respectively. As can be seen from the Table 6.2 that Hp is nearly
equal to He at 5 K for the samples studied.

It is evident that the hysteresis behaviour ofthc sample with x=0.2 differs from
that ofthc sample with x=0.05. TIICinitial magnetization curve rises slowly, crosses thc cyclic
loop at a field, H=3.6 kOe, slightly greatcr than Hg' cxtcnds outsidc aud again coincidcs “With
the cyclic hysteresis loop at H>20 kOc. This behaviour persists for all hystcrcsis loops
measured up to the temperature of 0.65 Tc. As thc temperaturc is raised thc initial
magnetization curve crosses and coincides the cyclic hysteresis loop at lower magnctic fields.
A hystcresis loop including initial magnetization curve for x=0.2 measured at 170 K is sho"WII
in Fig. 6.8. Similar situation has becn observed for the samplc x=0.l. Tllis typc of behaviour
havc bcen found in re-entrant spin glass magncts [23-26]. But the initial magnctization curvcs
for thc samples x=0.05 (Fig.6.6) and 0.02 are situated well insidc thc hysteresis loop. TIIC
hysteresis loops at different tcmperatures for x=0.05 are shown in Fig.6.9. Tllis means that
there arc two different mcchanisms govcming the initial magnetization procescs of this systcm.

Initial magnetization curvcs as a filllction of magnctic field at diffcrent
tcmpcratures betwcen 5 K and 101 K are presentcd in Fig. 6.10. All CUIVCS&re not shown for
clarity. THCSQurvcs arc part of complctc hystcresis loops measurcd at diffcrent tcmpcraturcs
with magnetic ficld up to 50 kOc. At each tempcrature thc sample is thellnally dcmagnctized
prior to the mcasurement by heating it above the Curie temperaturc (T.) and coolcd in zcro
ficld (H=0) to the measurcmcnt temperature and then hystcrcsis loop measurcment pcrfollncd.
In this way the critical field (Hp) and the coercive field (H¢) are dctellnined as a function of
tempcrature. In thc initial magnctization curves (particularly at low tcmpcratures)
magnctization remains closc to zero until J-lrcachcs a limit /-Ip bcyond which rapid incrcasc in
magnctization is obscrvcd. Hp and H. increasc with dccrcasing tcmpcraturcs. At all
tcmperaturcs it is nccessary for thc applicd ficld to rcach thc valuc of thc cocrcive forcc to

changc thc magnetization substantially. As a rcsult ofthcsc mcasurcments it appcars that thc
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magnetization  process is governed by domain wall pinning. Domain wall motion is inhibited
wllill the field reaches the critical field Hp, the field regnired to free (unpin) the domain wall
from the pinning centres. Thus increase in H; at low temperatures implies that the
effectiveness  of the pinning centres impedding the domain wall motion 1llcreases as the
temperature  decreases to 5 K. With this model it is predicted that HcCXHp‘

Tlle values of Hp and H. at different temperatures are collected in Fig. 6. 11. A
linear least squares fitting with the experimental data shows that H; = 1.05 I—Ip' Folks et al
[17] found the similar results from their analysis of the zero field cooled hysteresis loops for
Terfenol-D  at low temperatures. Tlle magnetization  process in this material appeared to be
governed by domain wall pinning.

Tlle domain wall pinning mechanism of magnetie hardening can be deduced
from the morphology and lor the behaviour of initial magnetization cUlves and/or applied field
dependence  of coercivity [27,281. A study of field dependence of coercivity (ll) and
remanence (M) measured at 5 K for all the ZFC ordered alloys of Ni I_xFexP!" obtained fi'om
a series of hysteresis loops by successively increasing applied field. are demonstrated in
Figs.6.12 and 6.13. H; and M, remain very small below a celtain critical field indicating thal
only reversible magnetization process occur in this field range. Beyond this field magnetization
is irreversible where M, and He lises sharly with magnetic field (1-1)and then levels ofT at a
magnetic field slightly greater than H.' Tlle field at which dMr/dll and dllclclll have maximum
value appears to be almost equal to the critical field (Hp) of the initial magnetization curve at
5 K. Tllere is no significant change in the value of Il and M, when magnetic field is increased
up to 50 kOe i.e. H; and M, are saturated. Tllis indicates that the domain nucleation is not the
governing factor of the magnetization process inthe ordered Ni | xFexPt system From
Fig. 6.12 it is seen that for the sample with x=0.1 and 0.2, H; increase beyond the value
corresponding  to maximum field (Hpax) and then decrease and level off "nlis phenemena s
understood fi'om the fact that initial magnetization cUIlve of the sample x=0.2 crosses the

cyclic hysteresis loop at H=3.6 kOe and again merges at H>20 kOe (see Fig.6.7). Similar
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situation prevails for the sample x=0.1 where the initial magnetization curve intersects the
cyclic hysteresis loop at H=6 kOe and again coincides at H> 10 kOe. Such type of dependence
ofH. and M, on magnetic fields have been observed by Chin et al [28] and Ding et al [29] in
hard magnetic materials where the coercivity is thought to be controlled by domain wall
pinning.

From the study of initial magnetization processes and field dependence of M, and H'
it is understood that domain wall pinning type of magnetic hardening occurs in thcse alloys.
Now let the phenomena observed in the present system be understood in terms of coercivity
mechanism. In real crystals, the magnetization reversal takes place through nucleation of
reverse domains, followed by displacement of domain walls. lllerefore, one of the two
mechanisms, either hard nucleation of reverse domains or pinning of domain walls, has to
account for the coercivity. In the case of nucleation-controlled coercive force, initial
magnetization increases steeply with magnetizing field, indicating the existence of easily
movable domain walls. Coercive force is developed, depending on the maximum applied
magnetizing field, shO\ving that once reverse domains are eliminated in a grain, nucleation of
reverse domains can not occur easily. In the case of a pinning-controlled coercive force, the
magnetization remains nearly zero up to a value Hp' the pinning field. before increasing
steeply to saturation. llle coercive force is independent of the applied magnetizing field
greater than critical field (Hpl [30].

To understand the magnetic behaviour of the ordered Nil_xFexPl system more closely
temperature dependence of magnetization have been measured in detail. Fig.6. 14 shows M vs
T curves for the Nil xFexPt alloys at constant applied magnetic field 11=500 Oe in ZFC and
FC condition. llle behaviour of the M vs T curves for all the samples depends on whether a
sample is cooled ,vith or without an applied field. 1lle ZFC cUIves are irreversible, in contrast
with the FC curves which are reversible. A big thennal hysteresis is obselved between FC and
ZFC magnetization curves. For the zero field cooled samples magnetization increase with

decreasing temperature and after passing through a broad maxima magnetization decrease
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with decreasing temperature. For x=0.02 and 0.05 magnetization decrease very quickly and
become almost zero at still lower temperature in contrast with x=0.1 and 0.2 samples in which
magnetization decrease very slowly down to 5 K. From the curves in Fig. 6.14 it seems that
the decrease in magnetization at higher temperatures after thc maxima corrcspond to the
ferromagnetic-paramagnetic  transition temperatures becausc they are comparable \\ith thc
values of the Curie tcmperatures detennined by AC susceptibility measuremcnLllle  low
temperature decrease of magnetization may be due to increasing magnetic hardncss with
decreasing temperature. To clarify this effect of decreasing magnctization at clyogenic
temperature M vs T curves at diffcrent applied fields have been measured. Figs. 6.15 and 6.17
show the temperature dependence of magnetization at various applied fields in ZFC and FC
condition for x=0.02 and 0.05. Tlle maxima in the ZFC curves dcpend strongly on the applicd
magnetic fields which become broader and shift to lower tcmpcrstures as thc applicd magnetic
field incrcases and finally disappear in stronger magnetic fields whcn ZFC and FC
magnetization arc idcntical. Fig. 6.16 prescnts a ZFC magnctization CUI'VGwith applied
magnctic field of 50 kOc which docs not show any maxima and identical with FC
magnetization curvc. But it should be noted that the field in which the maxima disappears is
larger than thc coercivity of the alloys investigated.

Tlle ZFC magnetization versus temperture cUlves show that with small applicd
fields in the order of few oersted up to few hundred oersted magnetization below ccrtain
temperature down to 5 K is nearly zero and remains constant before rising quickly and passing
through a maximum. Tlle range of temperature in which magnctization is almost constant
again decreases as the applied magnetic ficld increases. Tllis is becausc the domain wall can
not move \\ith such small applied fields to give rise to magnetization due to wall pinning. Tlle
magnetization values increase only when the wall energy is high enough to detach the domain
wall from pinning due to thermal energy. For the magneitzation versus ficld curve a similar
effect occurs, but in this case the energy is provided tl;rough the extemal magnetic field and

moments intcraction. It appears that the dccrease in magnctization in ZFC condition at low

107



[ S P l————. .r——.[
o0
L BN ]
e FC
L]

. Ni, ., Fe PI

. . 1. X

. (ordered)

FC
° 11=5011 Oc
x=0,2

Fig.6.14. Zero field cooled and field cooled rnagneti7~li()1%s
a function of temperature of the ordered Iil-xFexPl ~lloys
at constant magnetic field H~500 Oe.

g P u—
ey ~~~€€,., < kO
000600~ -
O~0~— e
A a. e
" 3kOc \. o,
y) | I n_ o,
n ' n o~ hd
F -0 P —
e ....00 . m X ,
- Ni 1 rCX11
. T x=11.112
A A oo , 'wu P Tordered)
I~ ! A ' B
’ . ‘il .
" N It—It. ===
ZFC 02\ koc " "
0 ! oo [(ERED)
' ]
1 L 1
10 20 30 40 50 GOT (1<) 70

Fig.6.15. Temperature dependence of the ZFC and FC
magnetization of the ordered Nil xFexPt with x~0.02 at
different magnetic fields; inset: ZFC and FC magneliz.1lion

of this alloy at H~IO Oe.

108



==

~MIlm

S y— -j---- 0.8
\: 11~10 D¢
" IZL 1238 K °
4 I I I I o == Nil_xFc,cP t
lo ~0.02 0.6
(ordered)
’ o et 3 M(50kOe)
3 - 'e‘, e @y 0 M(3kOe)
" 4. 1.4
[ J..
A e 1x(.50kOr)
Cﬁf‘ e Ifx(kOn
1 ,1.,/‘ ! . ! 6 I
----- e My 0.2
1- A
~4..... / 73 A o,
(o]
) "tttox000200Q0_O 0O _OLO O .o_0-01.0 0
00 50 100 150 200  T(K)
Fig. 6. 16. Temperature dependence of the ZFC magnetil.1ltion
and the reciprocal susceptibility of the ordered Nil-xFe:yt with

,=0.02 at H=3 kOc and 50 kOc; inset: the first derivativc of the

a function of temperature
x=0.05 at various applied magnetic fields.

109

of the ordered Ni |-xFexPlI

magnetizlltion with respect to temperature at H= 10 Oe
7 1-———- ,———
Ni s -xrex Pt
« 10 kOc x=0.0~
. (ordered)
L]
5 °
[ ]
[ ]
.« . 025kOC '
L} L} L] .
roc
1000c
2
500c
y{ (R
Fig.6.17. Zero field cooled and field cooled magnetization as

with

L)

exEO 2

0 Xo



temperature may well be a magnetic hardness effect suggcsting an incrcase in cocrcivc force at
low tcmpcraturc. 1lle origin of thc thchnnomagnetic history cffects in thc tcmpcraturc
dependence of the magnetization in the ordered samples is thc thennally activated
magnetization process which givcs rise to a strong temperature dependence of the coercive
force. 11le applied field corresponds to the coercive field at that temperature where dM/dT
attains its maximum value in the low temperature side, i.e. below the maximum.

In the M vs T measurements, no correction has been made for demagnetizing
effect. So writing

M=x(Ha-DM)

where M is the magnetization, Ha the applied field, X thc susccptibility and D IS the

demagnetizing factor, it can be written

M=  XHa
(I + XD)

which for high permeability matcrials, tends to the value,

unless D is very small. 111113he value of M will remain approximately constant in any givcn

applicd field when ever the condition XD» 1 applies. 11le fall off in M from the constant
value, which occurs at high and low temperatures, thus indicate a decrcase in susceptibility,
such that the condition XD» | is no longer fulfilled. This effect is to bc expcctcd on
approaching the Curie temperature, but not at low temperatures. 1llerefore, a drop in X
requires a rapid increase in magnetic hardness. 11le ZFC magnetization and inverse
susceptibility as a function of temperature are presentcd in Fig.6.16 and 6.18 in a wider
temperature range for x=0.02 and 0.05. 11lle susceptibility follows the Curie-Weiss law above
245 and 145 K with paramagnetic Curie temperaturese = 37 and 105 K for x=0.02 and 0.05
respectively. 11lle Curie constants are compatiblc with averagc cffective paramagnetic momcent,
Pefll.54  and 1.72 n1 /fu. respectively.

In Nil_xFexPt ordered system ferromagnctic-paramagnctic transition is rathcr broad.

11lerefore it is difficult to dctennine T, accurately. In sct of Fig.6.16 shows thc dM/dT ofthc

110



field cooled M vs T (1-1=100e) curve depicted in the inset of Fig. 6.15 for the sample x=0.02.
Tc is found to be T, = 38 K comparable with the value of 37.3 K detennined trom Arrott
plots (Fig.6.19) and 39K trom AC susceptibility measurements. Tc detenllined by dM/dT of
the ZFC magnetization vs temperature for x=0.05 with an applied of 50 Oe is Tc=100 K,
while T,= 101 K found by AC susceptibility measurements.

Tllerrnoremanent magnetization (TRM) for all the samples have been measured
from 5 K up to above Tc to observe how TRM decays with temperature and to have idea
about the transition temperature. TRM should vanish maximum at Tc. Tllenlloremanent
magnetization for Ni]_xFexPt alloys are presented in Fig 6.20-6.22. Measurements are taken
by switching off the fields of the FC magnetization with different applied magnetic fields at
5K and increase the temperature up to above Tc and simultaneously recording the
magnetization data. From these curves it is noticed that TRM decays with temperature and
vanishes little above Tc for small applied fields and have still finite value further away trom Tc
for higher applied fields. Tllis is easily understood trom the fact that the superconducting
magnet with the SQUID magnetometer retain little remanent field when the applied field is
switched off. Tllis remanent field of the magnet is higher when switched off fTom higher
magnetic fields. So the small finite TRM observed even at Tc and above is clearly understood
and it reflects the temperature dependence of magnetization with the small remanent field of
the superconducting magnet. However trom these measurements transition temperatures (Tc)
are well estimated. From these measurements it is leamt that the ordered Nil xFexPt alloys
display strong hysteresis behaviour which persists up to the ferromagnetic Ctnie temperatures.

Tlle pinning of domain walls by, in principle, all kinds of defects (intemal
stresses, grain boundaries, inhomogeneities and precipitates, phase boundaries, dislocations.
etc.) contribute to the coercive field. A powerfill method to ascertain the origin of the coercive
field is to study its dependence with temperature. Temperature dependence of coercive field of
Nil_xFexPt alloys are presented in Figs.6.23-26. Tlle thennal variation of the coercive field of

all the samples in the present system are not similar. For the sample with x = 0.02 and 0.05 a
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strong dependence of the coercive field with temperature is observed which can be fitted by an
exponential. Tlle rapid decrease in H¢ with increasing temperature is assumed to be related to
the strong thermally activated process of domain wall unpinning. Tlle coercive force
corresponding to a particular temperature is obtained from the M vs T curves using different
constant fields. Tlle field for which the low temperature inflection occurs in these curves at a
particular temperature gives the coercive field at that temperature. Tlle coercive fields
determined in this way are shown Fig.6.23 as open circles. These results are in excellent
agreement with the coercive fields measured from hysteresis loops at different temperatures.
From the exponential fitting coercive field at zcro kelvin are determined and found to be 8.34
and 7.59 kOe for x = 0.02 and 0.05 compared with 4.24 kOe at 4.2 K and 6.05 kOc at 5 K

respectively. Temperature dependence of coercive force for x = 0.1 and 0.2 are much slower
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wherc thc contribution of thcnnal activation of the domain wall unpinning is much weaker. It
is observed that for the sample x=0.1, the coercive field increases rapidly like those of x=0.02
and 0.05 at very low temperatures and then slows dO""Il. If the coercivity at zero kclvin is
considered then it is found that the coercivity decreascs with increasing Fe concentrations.

An analysis of the origin of the coercive field requircs some knowledge about
the defects present in the samples. Tlle defects obselved through X-ray analysis and SEM
study arc assumcd to be the possible sources of domain wall pinning and hence of coercive
field in this system. Tllese' defects which lead to the creation of energetic baniers for the
magnctization process at low temperatures are responsible for low temperaturc magnetic
hardncss. Tlle coercive field found in this systtm can be undcrstood by Kersten's [31,32]
theory of critical bowing and irreversible displacement of the domain walls pinncd by the
diffccts. In this model the domain wall, pinned by lines of defccts, bows until a critical radius,
ITomwhere it moves irreversibly under a critical field equal to the coercive ficld.

Concentration dependence of magnetic moment, !" , and Curie tempcraturc, Tc' are
shown in Figs. 6.27 and 6.28. It is noticed that magnetic moment and Curie temperature both
incrcase with increasing Fc concentration X, but this incrcase of!, and Tc "ith x is fastcr at
low concentration than for the higher concentrations. Gaint moments have bcen found to be
associated \\ith an Fe atom when a small amount of Fe is substitutcd for Ni in thc
Fenomagnetic and paramagnetic NiP! alloys. Fig. 6.29 shows thc magnctic momcnt pCl' Fc
atom as a filllction of Fe concentration x in both the ordcrcd and disordcrcd phascs. 'llic
values of the giant momcnts for the ordered phasc arc found to be vcry large compared to the
disordered phase at low iron concentrations. Tllc giant moment pCl' Fe atom for both thc
phases depend sensitively on the Fe concentrations and have higher valucs for lowcr
concentrations. Tllis can be explained according to thc work of Kim and SChWat1Z[33] who
examined the spin polarization around a localized momcnt in a magnctizecd banel. nICY
concludcd that the polarizability decreases '""ith incrcasing polarization This effect has

cxpetimentally becn obsclved in I'd and P! bascd alloys \\ith Fc by a decrcase of avcragc
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magnetic moment per 3d atom with increasing concentrations of 3d elements [1,34]. 'nle giant
moment per Fe atom in the iron doped alloys is calculated ITom the increase in magnetic
moment due to the replacement of Ni atoms by Fe atoms and by attributing net increased
moment to the Fe atoms taking into account the moment ofNi atoms which are replaced.

In this connection it may be mentioned that small amount of Fe dissolved both
w ferromagnetic and in paramagnetic alloys in the Ni3Al and Ni3Ga phases lead to giant
moment inducement[35,36]. The composition of these two alloys are close to the critical
cOllcentration and their exchange enhancement factors are of the order of 35. Supergiant
moments of80~B have been observed in these alloys with smallamount of Fe dissolved in the

matrix. The evidence for these is obtained by magnetization, neutron and Mossbauer
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mcasurcments[37-40]. 1lle effect of dissolving Co in thesc alloys is weakcr.

11le giant moment varies from 10.3 fiB per Fe atom for x=0.02 to 4.9 fill per
Fe atom for x=0.2 for the ordered phases compared to that of 7.4 fiB and 4.95 fiB per Fe
atom for the disordered phases with x=0.02 and 0.2 respectivcly. Obviously this large moment
can not possibly be only associated with the Fe atoms, because the maximum moment arising
from 3d electrons can not exceed 5fIB' 1llerefore, part of the observed moment must be due
to polarization of the matrix parallel to the moment of the Fe atom rigidly coupled to the Fe
moment. 1lle polarized moment is thought to be fairly localized at the Fe sites. So the total
effective moment is the sum of the localized moment on the Fe atom and induced moment in
the host matrix. 11lis moment has been considered as one magnetic moment and attributed to
Fe atom which is then called a "giant” moment. When the concentration of Fe atoms is
increased the polarization clouds begin to overlap affecting a decrease of the total moment
per Fe atom because two overlapping polarization clouds contribute less to the magnctization

than two separate clouds.
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CHAPTER 7
Measurements  on Nil_xCoxPt alloys
7.1 Introduction

Pseudobioary Nil-xFexPt alloys based on equiatomic NiPt display interesting
magnetic properties in terms of magnetization process, coercivity mechanism and giant
moment ioducement by substitutiog small amount of Fe for Ni io both the ordered and
disordered phases and have extensively been studied in the previous chapter. Similar studies
have now been performed on the pseudobinary Nil_xCOxPt with O.0l:'O:x.sO.lI see the effect
of Co in the equiatomic NiPt in the ordered and disordered phases.

It is also well known that Pt is an exchange enhanced paramagnet and capable
of producing giant moment polarization in the presence of 3d transition metals likc Fe or Co.
Concentration as low as 0.76 at.%Co makes the PtCo alloys ferromagnetic at absolute zero
[I] and the same concentration of Fe is also required for the onset of fcrromagnetism in PtFc
alloy. Dilute ferromagnetic alloys of PtCo are giant moment ferromagnets and giant moments
of ™ 4~IB have been found by a number of iovestigators [2-4]. Giant moments of
approximately 611B have been reported in dilute PtCo alloys by Swallow et al [5] and Tsiovkin
et al [6] with Co concentration little less than the critical concentration.

Rudman [7] measured the magnetic properties of pseudobinary  Co I-xNixPt
alloys based on equiatomic CoPt with O:Sx:'O:(aR room tempcraturc with a vicw to obselve
the effect of composition changes outside the range of the binary constituents on the magnetic
hardness of the simple binary alloy. Substitution of Co by Ni adversely affect the magnetic
hardness of the binary CoPt alloy. Tllere are no reports available on the effect of Co in NiPt in
particular with very small concentrations of Co in the ordered and disordered phases.

Tlle pnrpose of the present work is to investigate thoroughly the changes in
magnetic moments and Cnrie temperatures inthe ordered and disordered phases of
Nil-xCOxPt with increasing x. From ZFC and FC magnetization measurements magnetization

process would be ascertained. Tlle giant moment which is eX'jlected due to polarization of the
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host matrix by Co atoms would be calculated and compared with the related magnetic system.

7.2 Experimental

The Nil_xCoxPt polycrystalline samples with x = 0.01, 0.02,0.05,0.07 and 0.1
have been prepared by arc melting in an argon atmosphere. Disordered samples were obtained
by rapid quenching from 1000°Cand ordered ones by long annealing at temperature below
order-disorder transition temperature details of which are given in chapter 3.

X-ray diffraction studies show that the disordered alloys are fcc and single
phase while the ordered ones are fct with little amount of precipitate second phase
(composition not identified) together with disordered phase.

Scanning Electron Microscope (SEM) in the back scattered electron mode has
been used to defect any precipitate or defects in the ordered sample with x=0.05, since X-ray
investigations indicate the presence of second phase in the ordered samples. SEM study
distinctly shows precipitated phase black in colour randomly distributed in the matrix of the
ordered phase while no such evidence could be detected in the disordered phase. 11lisfinding
will become relevant for the analysis of the hysteresis behaviour and coercivity mechanism of
the alloys concemed.

Magnetization in the ZFC and FC condition have been measured with the
SQUID magnetometer in the temperature range 5-350 K and magnetic fields 0-50 KkOe.
Hysteresis loops have been measured including the initial magnetization under ZFC condition
at different temperatures from which the temperature dependence of coercivity, HC<T), and

critical field, Hp(T), are estimated.

Tlle temperature dependence of the real component (X) and the imaginary

component (XU) of the AC susceptibility are measured by Lake Shore AC susceptometer,
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Model 7225 in order to detennine the onset temperatures of the magnetic phase transitions.
These measurements allow an wlambignous determination of the magnetic phase transition
temperature. For highly anisotropic and multiphased materials like ordered Nil-xCOxPt alloys,
the value of X' is mainly determined by the magnetic anisotropy energy and the domain wall
energy. The value of X" reflects the energy absorption by the sample, which mainly arises from
the domain wall movement. In the present investigation a field of | Oe and frequency 125 liz
are used. Tlle onset temperature for the magnetic phase transition is identified to be the
temperature where dX'/dT achieves a maximum.

From the detailed experimental study thc following charactcristic magnctic
parameters have been detennined, (@) saturation magnctization, Ms, (b) magnetic momcnt, -,
in Bohr magneton, (c) ferromagnetic Curie temperature, T¢, (d) paramagnetic Curie
temperature, €, (e) Curie constant per mole, C, (f) effective paramagnetic moment, Pcff, (g)

Remancnce, My, (h) Coercivity, Hc, (i) Critical ficld, Hp, Ul giant moment pcr Co atom.

7.3 Results and discussions
7.3.1 Disordered alloys

Magnetization curves measured at 5 K with a SQUID magnctomctcr as a
fimction of magnctic ficld for the disordered Nil-xCOxPt samplcs are presented in Fig.7.1.
Magnetization show a good saturation with magnetic field of 10 kOe. No noticeable increase
in magnetization occur with magnetic field up to 50 kOe. In order to check whethcr any
hysteresis effects are there in the magnetization, measurements have been taken during
increasing and decreasing of magnetic fields. Magnetization is found to be revcrsible with no
hysteresis for the samples studied. Magnetic moments, —i.are calculated with these saturation

values at 5 K.
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Fig.7.1. Magneti7~1tionas a function of intemal! magnetic field
of the disordered Nil-xCaxP1 alloys at 5 K.

Ferromagnetic ~ Curie temperatures for the samples have been mainly
determined from low field DC magnetization with the SQUID magnetometer using the kink
point method. Figs. 7.2a,b show the ZFC magnetization of the samples with magnetic field as
low as 20 Oe. Tlle samples exhibit clear kink point at Tc reaching there the demagnetizing
field limited magnetization. No decrease in magnetization of the ZFC (low field) cUIVesbelow
Tc also indicate that the alloys are magnetically soft. Ferromagnetic-paramagnetic  transitions
look quite sharp showing that the disordered phases are metallurgically homogeneous.
Saturation magnetization Mg, magnetic moment f and Curie temperature Tc together with

other relevant magnetic parameters are summarized in Table 7.1.
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Temperature dependence of the saturation magnetization measured with
applied fields of 5 and 10 kOe are demonstrated in Fig,7,3, A nonlinear least squares fitting
show that magnetization follow T2 dependence up to O,STc. As can be obselVed from Fig.7,3,
increase of the Co content results in strengthening the interactions among the magnetic
moments with the net outcome the appearance of the ferromagnetic phase being effected at
higher temperatures,

Tlle high field and high temperature susceptibility of the disordered samples are
presented in Fig. 7.4. Tlle data show excellent fit to the Curie-Weiss law using a least squares
fitting routine from which the paramagnetic Curic temperatures, Curie constants and effective
paramagnetic moments are deduced, The results are demonstrated in Table7,l.Tlle Curie-
Weiss behaviour occur from temperature little above T¢ until 350 K for the samples, It is
noticed that the values of the € and Peff increase with increasing x again showing that the
exchange interaction increase with increase of Co concentration. Tlle difference between € and
Tc is quite small which means that the short range ordering above Tc for the samples is not so
strong,

A large number of magnetic isotherms from 5 K to far above Tc have been
measured from 0-5 kOe magnetic field for the sample x= 0,05. Fig, 7.5 demonstrates the
Arrott plots for some of the the isothenns close to Tc, From these plots spontaneous
magnetization, Mo, initial susceptibility, %. and Tc (isotherm that passes through the origin)
are determined, It is evident that the Arrott Plots are nonlinear from low temperature until
little above Tc, Tllerefore parabolic extrapolation procedure has been adopted to determine
the relevant magnetic quantities, Tlleoretical justification for the parabolic extrapolation is
mentioned in previous chapter, From the Arrott Plots T¢ is found to be 15Sol®.5 K in good
agreement with the values determined by kink point method Tc = 157 K. In set of Fig, 7,5
shows the temperature dependence of spontaneous magnetization detennined fTOmFig 7,5,
Tlle critical isotherm at T = 157 K is analyzed with the ;elation M = H!18 with a log-log plot

which gives avalue of 8= 4,9 compatible with the Heisenberg model (8= 5) but incompatible
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Table 7.1 Magnetic properties of disordered Ni I-xCoxPt

Cobalt _content

X 0 0.01 0.02 0.05 0.07 0.1
Ms (emu/g) T=5K 7.n8 9.69 11.07 14.02 15.46 17.55
—(3IB/fu) 0.176 | 0.221 0.252 | 0.319 0.352 0.40
Tc (K) 7 132 157 212 245 285
€ (K) 139 147 In 228 258 305
C (emuK/mole) 0.25 0.327 | 0.343 [ 0.373 0.425 0.45
Pefl(~1B/fu.) 1.42 1.60 1.66 1.73 1.84 1.9
~I(3.1B/CO 9.28 7.88 6.04 5.31 4.76

a Value corresponding to H=50 kOe
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with the molecular field model where <5= 3.

It tUniS out fTom these measurements that the substitution of Co for Ni in the
disordered  NiPt results in substantial increase of magnetic moments and ferromagnetic
transition temperatures.  Increase of Curie temperature and magnetic moment is stronger for
the low concentration of Co and gradually decrease with x. It is obselved fi'om the
dependence of I' and Tc with x which initially increases with greater slopes but bend slowly
downward with decreasing slopes. It should be mentioned that with increasing X, increase of
Tc and -1 is less rapid than proportional to x because then the polarization is becoming
saturated and the magnitude of the moment per atom decreases. In fact it is understood that

the substantial increase ofT¢ and Jl in Nil_xCOxPt with raising Co content are related to the
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enhanced exchange interaction and polarization of the host matrix through the overlapping of
the 3d electronic wave functions and the polarization clouds. If the total increased magnetic
moment is attributed to the Co atom alone then a giant moment 0f9.28~B/Co atom for

x =0.01 is obtained which decrease with x and finally a moment of 4.76~IB/CO atom for

x = 0.1 is attained. Tllese values are much larger than the bare magnetic moment of the Co
atom. Therefore the occurrence of this giant moment is understood by assuming that the bare
magnetic moment of the Co atom polarizes the NiPt host matrix. TII"is polarization gives rise
to a net magnetic moment whose magnitude is much greater than the bare moment of the Co
atom. TlItis giant moment is considered as the sum of the Co moment and the induced moment
of the matrix which has been attributed to the Co atom. Similar effect has been observed in

Ni IxFexPt alloys in the present study and in many other systems described in Chapter 6.

7.2.3  Ordered alloys

Ordered Nil-xCOxPt alloys show unusual magnetic behaviour like that of Ni 1-
xFexPt alloys with attendant peculiarity of pronounced stepping behaviour in the initial
magnetization process. Tllis behaviour is in sharp contrast with that of the disordered alloys
discussed so far. Hysteresis loops have been measured with a SQUID magnetometer at 5 K
including the initial magnetization for all the samples with the maximum available magnetic
field of 50 kOe. Figs. 7.6-7.9 display such measurements for x = 0.01, 0.05, 0.07 and 0.1. For
x = 0.05, 0.1 and 0.02 show peculiar multi stepping behaviour. For x = 0.07 the hysteresis
behaviour is similar to that of Fe doped system. Here the initial magnetization cUIve reside
inside the cyclic hysteresis loop. Hysteresis loop for the sample x = 0.01 is a typical for nonnal
ferromagnetic material with a small coercive field. A coercive field as high as 13.44 kOe is
observed at 5 K for x = 0.07 with a corresponding critical field of Hp = 13 kOe. Tlle samples
with x = 0.05 and 0.1 show high critical fields but very low coercive field.

Tlle most striking feature of the demagnetization process in the sample x= 0.05
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Fig.7.7. Hysteresis loop with the initial magnetization curve of the
ordered Nil_xCoxPt \~ithx=0.05 at 5 K.

133



8 |

Ni, -’Co ,PI
x=0.07
4 (ordered)
T=5 K
0
~ (d) If "13kQc
"
-4
Il (kOd"
I --=-5-1h>:---m-.5J
—EESO -- ..—_3LO————.~10————1—O.— 30 50

I-1 (kOe)

Fig.7.8. Hysteresis loop with the initial magnetization curve of the
ordered Nil_xCOxPt with x=0.07 at 5 K.

12 I
Ni, , Co PI e-g :__Q-
m
x=0.1 -
(ordered)
~ T=5 K
0
(e)
6 -
-2 L
0 -30 10 10 30 S0
Il (kOe)

Fig.7.9. Hysteresis loop with the initial magnetization eurve of the
ordered Nil_xCOxPt with x=0.1 at 5 K.

134



and O.l is the large instability of magnetization when the magnetizing field is reduced from the
maximum value. 11lis is characterized by sharp reversal of magnetization and can be regarded
as a large single Barkhausen jump associated with the maximum volume of the crystal
occuring at a field equal to the coercive field. It may be assumed, for the purposes of
discussion, that the instability in the magnetiztion curve corresponds to the passage of domain
wall from one position of stable egnilibrium to another. It appears that there are two energy
minima positions corresponding to two angular positions of the magnetic domains. The
domains may be unstable under the influence of external magnetic field with a consequent
reversal of magnetization vector from its previous direction to new angular position. It is not
possible to say exactly what rearrangement of domains correspond to this large Barkhausen
jump. But the size of the jump makes it clear that large domain with a substantial volume of
the sample is involved in this magnetization reversal process. Stewart [8] and Williams et al.
[9] observed such type of Barkhausen jump in the rectangular hysteresis loops of Fe-Si and
Fe-Ni-Co soft magnetic alloys with uniaxial anisotropy.

111ree critical fields for the sample x = 0.05 have been observed. First jump
takes place at 7.3 kOe followed by 14.6 kOe and 18.6 kOe and finally merges with the cyclic
loop at around 40 kOe. But for x=0.I, two prominent jumps are observed at 8.6 kOe and 14.5
kOe and finally coincides with the cyclic loop at 15.5 kOe. 11lere is another small jump at
around 2 kOe. It should be mentioned that the stepwise increase of magnetization with field
are completely repeatable if the samples are thermally demagnetized by heating them up above
the Curie temperature and cooled without a field. 11lerc is no traces of this peculiarity left if
the sample is investigated a second timc without thennally demagnetizing it or in thc ficld
cooled condition. 11lis seems to exclude crystal-field effect as a source for this stepwisc
increase. 1lle stepwise incrcase in magnetization could be in principle, connccted with a
multiphasc material which has indeed been confinned by x-ray and SEM investigations. Each
critical field is assumed to correspond to a particular phase which is necessary to overcome the

energy barrier to give rise to magnetization. 11le magnitudc of the critical field depends on the
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height of the energy barrier up to which the domain wall is pinned. None of these samples
could be saturated with magnetic field up to 50 kOe indicating that the samples have high
anisotropy at low temperature. Magnetization after showing first sign of saturation still
increases slightly at higher fields in an almost linear fashion. This manifests in some curvature
in the plots of M vs I/H. 11lerefore the saturation value should be taken with caution and has
not been used in the calculation of magnetic moment, —1in Bohr magneton. High remanences
(Mrl with MrIMs = 0.1 - 0.83 with increasing x have been observed for the samples studied.
From all these observations it is believed that the domain wall pinning effect, anisotropy and
heterogeneity (muitiphase) of the samples are responsible for the stepwise increase of
magnetization with field, high remanence and almost linear increase of magnetization in very
high magnetic fields. From these peculiar magnetization process, it is felt encouraging to
investigate the temperature dependence of magnetization more closely.

Initial magnetization curves at different temperatures have been measured with
magnetic fields up to 50 kOe for all the samples in the ZFC condition. Figs. 7.10 - 7.12
present initial magnetization curves for the samples x = 0.0 1, 0.05 and 0.07. For x = 0.01
show a nonllal magnetization behaviour with no critical fields. In Figs. 7.11 and 7.12 it is
observed that the stepwise increase in magnetization is relaxed with little rise in temperature
and the critical field at which magnetization rises very sharply shifts to lower fields with
increasing temperature. For x = 0.05, three step increase in magnetization reduced to one step
at 15 K and finally stepping behaviour disappears above 35 K. For x = 0.07 the critical fields
decrease with increasing temperature and comparable \vith the trend found in Nil-xFexPt with
x=0.05 and 0.02 and many other system described in Chapter 6. Critical field (Hp) and
coercive field (He) show strong dependence with temperature. 11lese phenomena are
interpreted as due to thermal activation processes. It is possible that at finite temperature T the
wall can be unpinned in a field H less than the critical field Hp for a temperature lower than T
if the balance of the energy barrier and magnetic energy !Tom H is available from thenllal
energy kT.

136



2 - J 1 ______ 1____,

Nil X COXPl
05 K
x=0.0l __ ., 10K
15  (ordered) e L 20K
0<..:~
_.Q":' .",_ . 40 K
121 oK
|
"
Joi
0.5

10 20 30 40 50 60
Hi (kOc)

Fig.7. 10. Initial magnetization culVes of the ordered Nil_xCoxPt
with x=0.0I at various temperatures.

6 e o _ {3
Ce Ty T 35K
#\rpfIfrl.,.~ DA e T e 60 K
e 3 tIlI .
15 K » Nil , Co,PI
x=0.05
(ordered)
| | |
20 30 40 SO
-1 (kOc)

Fig.7.11. Initial magnetization culVes of the ordered Nil_xCoxPt

with x=0.05 at different temperatures. "
€~

137



A series of ZFC hysteresis loops for the sample x=0.07 have been measured at
different temperatures and from these measurements Hc(T) and Hp(T) are detemlined. H¢ and
Hp increase as the temperature decrease. At all temperatures it is observed that applied
magnetic field must reach the value close to Hp to free the domain wall from pinning to give
sharp rise to magnetization. These measurements permit to conclude that domain wall pinning
controls the magnetization process in this system. Hc(T) is plotted against Hp(T) in Fig. 7.13.
A least squares fitting with the experimental data show that He¢ = Hp implying that the domain
wall is pinned upto the energy associated with the critical field Hy

Temperature dependence of coercive field is given in Fig. 7.14 for the sample
x=.0.07. A strong temperature dependence is observed which is fitted by an exponential. Such
type of dependence has been fowld in Nil xFexPt with x = 0.02 and 0.05 and can be
interpreted as due to strong depencence of the critical field Hp with temperature connected to
the thermally activated process. Magnetic moments ~1 have been calculated using
magnetization data at 5 K. Table 7.2 summarizes all the detennined magnetic parameters.

Magnetization have been measured as a function of temperature with low applied DC
field in order to find magnetic phase transition temperature. Figs. 7.15-7.16 display FC and
ZFC magnetization curves for x = 0.0 | and 0.02, while Fig. 7.17 shows only ZFC clllve for
x = 0.05. Mvs T curve for x = 0.01 (Fig. 7.15a,b) shows that it is a disordered ferromagnet
where competing interactions between ferromagnetic and antiferromagnetic phases co-exist. It
seems from FC and ZFC curves that ferromagnetic phase undergo a phase transition at
temperature around 20 K. In set of the Figure shows dM/dT of the ZFC magnetization data
and defines a Curie temperature of Tc = 20 w | K. It is seen from the Fig. 7. 15a that the
ferromagnetic state is dominant with small applied field. At this low field antifenomagnetic
interaction does not play an important role, but as the applied field is increased
antifenomagnetic ~ interaction  becomes prominent and dominates the ferromagnetic
interaction.(See  Fig.7.15b). Inset of Fig 7.15b shows magnetization as a fimction of

temperature at H=5kOe where the ZFC and FC magnetization curves are identical. Tlle curves
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Fig.7.14. Variation of coercive field with temperature of the ordered
Nil_xC<>xPtwith x=0.07 which is fitted by an exponential.

do not show any sign of ferromagnetic transition indicating that the antiferromagnetic
interactions have overcome the ferromagnetic ones. From Figs. 7.16 and 7.17 it is evident that
the samples are multiphase and both the phases are ferromagnetic with two different Tc. Tllis
supports the results of x-ray and SEM. It is quite difficult to detennine precise value of Tc
from these measurements. Curie temperatures of the two phases can be estimated from these
curves. It appears that the Curie temperatures detennined for the two different phases of the
sample with x=0.02 are 20 and 50 K while 85 K and 105 K for x = 0.05. Tllennoremanent
magnetization also demonstrate that the samples are multiphase with two different Curie
temperatures for the samples x = 0 02 and 0.05, but for the sample x = 0.1, TRM

measurement shows a single Curie point and x-ray analysis could not detect second phase in
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this composition. Estimation of the Tc from TRM seems quite agreeable with those of the low
field DC magnetization measurements. Fig. 7.18 and 7.19 present TRM CUIVesfor the samples
x =0.05 and 0.1.

High field magnetization vs temperature CUIVesare shown in Figs. 7.20 - 7.22
for x = 0.01, 0.07 and 0.1 respectively. Fig. 7.20 shows that susceptibility does not follow
Curie-Wiess law for a larger temperature range. It is only above 220 K that the Curie-Weiss

law is obeyed. Below 220 K the alloy show progressive deviations from high temperature

Curie-Weiss behaviour. A linear extrapolation of the linear part of the ~ vs T gives € = -89 K
X

and Peff = 1.70 ~IB. Tlle negative value of € implies antiferromagnetic interactions. 1llis
confirms the result of the magnetization vs temperature at H= 5 kOe where antiferromagnetic
interactions are considered to be dominant.

Tlle temperature dependence of magnetization for x = 0.07 and 0.1 show
normal ferromagnetic behaviour obselVed in ferromagnetic materials showing a transition from
ferromagnetic to paramagnetic state. The Curie temperatures for these samples are detennined
from dM/dT of their respective M vs T CUIVesand are presented in the inset of Figs. 7.21 and
7.22. Due to the scattering of the data broad maxima are obselVed from which Tc may be
determined within an accuracy of :I.: 5 K. Tlle temperature dependence of the Illverse
susceptibility of the samples x = 0.05, 0.07 and 0.1 are shown in Fig. 7.23 and can be
described well by Curie-Weiss law. The magnetic parameters extracted from the linear fitting
are collected in Table 7.2.

AC susceptibility have been measured for the samples x=0.01.0.02.and 0.05
with a lake shore AC susceptometer with AC field of I Oe and frequency 125 Hz, in order to
determine magnetic phase transition temperatures more accurately and to have a better idea
about the domain wall effect of these materials. Tlle real X' and the imaginary X" components
of the AC susceptibility of the Nil_xCoxPt alloys wid! x=0.01,0.02 and 0.05 as a filllction of

temperature are shown in Figs.7.24-7.26. From these CUIVesnagnetic phase transition
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Fig.7.18. Thermoramanant magnetization of the ordered
Nil_xCOxPt with x=0.05 cooled with H=50 kOe.
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Fig.7.19. Thermoramanant magnetization of the ordered
Nil_xCOxPt with x=0.I cooled with H=50 kOe.
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Fig.7.20. Variation of magnetization and reciprocal susceptibility

with temperature of the ordered NiJ xCoxPt with x=0.0J with
applied field H=10 kOc.
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Fig.7.21. Temperature dependence of.magnetization of the ordered
NiJ_xCoxPt with x=0.07 with applied field H=50 kOe; inset: the
first derivative of the magnetization with respect to temperature.
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Fig.7.23. Temperature dependence of the inverse susceptibility of
the ordered Nil XCOxPt with x=0.05 and 0.07 with H=10 kOe
and with 0.1 with H=50 kOe.
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temperatures of the samples have been determined from the maxima of the dX of these
dT

CUtves. It is obsetved from the cutves that the Curie temperatures of the composition having
two ferromagnetic phases can be determined more accurately than the DC magnetization
measurement. Figs.7.24a and b show that the magnntude of X' and X" are depeudent on the
frequency which increase with increasing frequency. But the Curie temperature of the sample
remains unchanged varying the frequency from 15 Hz to 1000 Hz. It is also obsetved that the
alloy with x=0.0 | shows a single transition temperature while x=0.02 and 0.05 have two well
defined Curie temperatures, i.e., they have atleast two phases and both of them are
ferromagnetic. It is obsetved that the AC susceptibility of all the samples increase
dramattically with decreasing temperature and after passing through the ferromagnetic
transition temperatures they attain their maximum. values. Further lowering of the
temperature the AC susceptibility decreases sharply to a very low value and remains almost
constant upto the lowest temperature. Tllis low temperature decrease of the AC susceptibility
suggests that the domain wall movement becomes increasingly difficult \\;th decreasing
temperature and also implies that at this low temperature the domain wall is pinned. llle
domain wall can not move WIder the excitation of the exlelllal AC field, therefore making no
contribution to the AC susceptibilty. For the sample x=0.01it is observed that X' decreases at
low temperature and again increases below 10K. This can be explained that at still lower
temperature there might be a ferromagnetic state.

Dependence of magnetic moment ! and Curie temperature Tc with Co
concentrations are displayed in Figs. 7.27 and 7.28. Addition of Co increases magnetic
moment and Curie temperature. Tlle increase of magnetic moment and the Curie temperature
is more for the low concentration of Co. It is obsetved that the substitution of Co for Ni
induces giant moments in the ferromagnetic and paramagnetic NiP! alloys. Fig. 7.29 shows the
magnetic moment per Co atom as a function of Co cgncentration X i?\ both the ordered and

disordered phases. Tlle values of the giant moments for the disordered phases are large

compared to the ordered phases particularly at lower Co concentrations. TIlis is in contrast
147



X' (51)
%,_"__r__'.__’____r____,__1__ _
I =80 A/l

0.05 -  ° 1000 1z N, Co T
f= o 125 Hz x=0.0 |
15 Hz (ordered)
0.04
(a)
0.03
0.02
0.01

T (K)
X" (51)
0.025
Il =80 win 00°d:>\ Ni C"I"-I-l
0.02 e -p Q0" 1 |
N ol Ct xdacad)
o 1000 Hz TITE Y4 e
0.015 f o 125 Hz
o 15 Hz b {
0.01 ®)
0.005
0
-0.005 P, P
0 5 10 15 20 25 30 35 40

T (K)

Fig.7.24. Temperature dependence of (a) real component x'and
(b) imaginary component x"ofthe AC susceptibility of the
ordered Nil_xCo,,;Pt with x=0.0I at.an applied AC field of | Oe
(80 Aim) at different frequencies.
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with the result obtained for the Fe doped system. The giant moment per Co atom for both the
phases are sensitive to the Co concentrations and have higher values for lower concentrations.

Tllis can be explained according to Kim and Schwartz( 10) that the polarizability decreases
with increasing polarization. Tlle effect has experimentally been observed in Pd and PI based
alloys with Co by a decrease of average magnetic moment per Co atom with increasing its
concentration. Tlle giant moment per Co atom in the Co doped alloys is calculated trom the
increase in magnetic moment due to the replacement of Ni atoms by Co atoms and by
attributing net increased moment to the Co atoms taking into account the 1110mentofNi atoms
which are replaced. Tlle giant moment varies trom 8 ~IBper Co atolll for x = 0.01 to 4.68 ~IB
per Co atom for x = 0.1 for the ordered phases compared to that of 9.28 ~IBand 4.76 ~IBper
Co atolll for the disordered phases with x = 0.01 and 0.1 respectively. Tllis large moment
associated with a Co atom is interpreted as due to the polarization of matrix parallel to the Co

moment and the net moment is attribnted to the Co atom.
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Fig.7.29. Magnetic moment J| pef Co atom of the ordered and
disordered Nil_xCaxPt alloys as a function of Co concentration x.
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Table 7.2 Magnetic properties

of ordered Ni l-xCOxPt

Cobalt content

X 0 001 002 0.05 0.Q7 0.1
M(emu/g) T=5K 0.95 1.17 3.07 6.76 7.8 10.28
H=50kOe
Mr<emu/g) T=5K 0.09 1.53 5.41 5.71 8.56
~1(=IB/fu) 0.04 0.07 0.154 0\77 0.234
Tc(K) 22 20 85 \37 175

52 106

8(K) -87 19 92 135 174
C(emuK/mole) 0.36 0.28 0.313 0.338 0.358
Peffi~IB/fu.) 1.70 1.50 1.58 1.65 1.69
11(1IB/Co) 8.0 7.0 6.16 5.06 4.68
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CHAPTER-8

Conclusion:

Nickel-platinum system has been widely studied mainly for the disordered
phases inspite of the fact that it undergoes order-disorder transition. Even for the
disordered phases the understanding of whether the magnetization is homogeneous or
inhomogeneous near the critical concentration is incomplete. Moreover the existing
reports on the concentration dependence of the Curie temperature for the disordered
alloys have given rise to a controversial picture. It appears that the values of the Curie
temperatures as determined by previous workers for the disordered alloys near the
critical concentration are also in disagreements. In the present state of the above
mentioned discrepancies and also for an understanding of the effect of atomic ordering
on the magnetic properties, which hitherto has not been studied in much detail, Ni-Pt
system offers a good opportunity to investigate in detail the magnetic properties in both
the ordered and disordered phases.

A systematic investigation of the magnetic properties ofNi I-xPtx alloys with
x=0.14, 0.24, 0.30, 0.44, 0.50 and 0.57 has been performed on polycrystalline samples
by means of magnetization measurements in the ordered and disordered phases using
SQUID magnetometer, Vibrating Sample Magnetometer and AC Susceptometer in the
temperature range of 2 K and above the Curie temperature and magnetic field upto
50 kOe. Particular attention has been given to the alloys near the critical concentration.
The very high sensitivity of the SQUID magnetometer opens new possibilities for the
study of magnetic phenomena than have been possible until now. Special emphasis is laid
on the determination of the Curie temperatures in which different methods like AC
susceptibility, kink point method and Arrott plots are employed for a good comparison

of these diverse techniques.
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Magnetic moments in Bohr magneton and Curie temperatures for the alloys
w both the phases have been determined. From the concentration dependence of
magnetic moments and Curie temperatures, critical concentration for the disordered
phases is determined and found to be approximately equal to 57 at.% Pt. It is found that
the magnetic moment decreases continuously and non linearly with Pt concentration and
vanishes at around 57 at.% Pt. A linear dependence of Curie temperature with Pt
concentration is observed. Linear extrapolation of the Curie temperature Tc=O indicates
a critical concentration of 57.2 at.% Pt. Two independent methods employed for
determining the critical concentration provide a consistent picture by giving identical
values. The linear dependence of the Curie temperature with concentration is valid over
the whole ferromagnetic regime upto pure nickel. This linear dependence of Tc with
concentration agrees well with the proposed localized model and disagrees with the
square root dependence proposed for an weak itinerant model as reported by previous
workers for the disordered Ni-Pt system. The magnetic isotherms for the ordered alloy
with x=0.44 have been analyzed in terms of Arrott plots and show that this aHoy must be
very close to the critical concentration for the onset of ferromagnetism. Tlle value of this
critical concentration for the ordered Ni-Pt alloys is in agreement with the value shown in
the recent phase diagram. Clustering effects have been observed rrom the analyses of the
magnetic isotherms for the alloys near the critical concentration for the ordered and
disordered alloys. This implies that the magnetization appears inhomogeneously at the
critical concentration region for both the phases and disagrees with the previous reported
results where the appearance of homogeneous magnetization have been claimed for thc
disordered aHoys near the critical concentration rrom the observed linearity of the Arrott
plots. However, the present result is in conformity with the Ni-Pd and many other nickel
based binary alloys in which magnetization appe~rs inhomogeneously in the fonn of
ferromagnetic clusters near the critical concentration. For the Ni-Pd alloys near the

critical concentration it is therefore claimed that linear Arrott plots have been observed
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inspite of inhomogeneous magnetization. It has been demonstrated in the present study
that the inconsistent values of the Curie temperatures for the alloys near the critical
concentration are due to the use of high magnetic fields in measuring the Curie
temperatures. 11lis shows why it is essential to use very low field for the determination of
the Curie temperatures of the alloys close to the critical concentration.

Tlle depression of the magnetic moment and the Curie temperature in LI2
phase and the vanishing of the ferromagnetism in the LID phase around the
stoichiometric compositions Ni3Pt and NiPt respectively on ordering have becn
explained in terms of the change in local environment. In an ordered phase a Ni atom has
nearest neighbour number of Ni atoms which is always less than that in the disordered
phase. Assuming Ni-Ni interactions dominant, a reduced value of the molecular field
coefficient is expected on ordering with a consequent reduction in Tc. In the LI 0 phase
of the equiatomic NiPt, a Ni atom has 4 Ni nearest neighbours. Since at the critical
concentration of the disordered alloy a Ni atom has on the average 5 Ni nearest
neighbours, it is understood that the nearest neighbour number of a Ni atom must exceed
four to have ferromagnetism in NiPt system. In other words Ni atoms belonging to
nearest neighbour groups of approximately 5 Ni atoms or more gct ferromagnctically
ordered.

Pscudobinary Nil_xFexPt alloys with x=0.02, 0.05, 0.1 and 0.2 and
Nil_xCoxPt alloys with x=0.0l, 0.02, 0.05, 0.07 and 0.1 havc bccn studicd for thc
disordered and ordered phases together to sec the effect of an Fe or <;30 atom in tcrms of
exchange interaction and moment disturbance in the equiatomic NiPt and also thc
behaviour of these 3d atoms in the inducement of giant moments as eX1Jected.

In the pseudobinary Nil xFexPt and Nil xCoxPt alloys, substitution of small
amount of Fe or Co rapidly increases magnetic moment and the Curie temperaturc in the
ordered and disordered states and is interpreted as due to the polarization of the host

matrix by the substituting elements and enhanced exchange interactions among the
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magnetic moments. Tllis increase in magnetic moment and Curie tcmperature is fastcr for
the lower concentrations of Fe or Co than for the higher concentrations. Giant moments
have been observed in both the ordered and disordered phases of Fe and Co doped
systems. Tllese giant moments are sensitive to Fe and Co concentrations and have higher
values per atom for lower concentrations. TIlis is understandable from the fact that the
polarizability decreases with increasing polarization. As the concentration of Fe or Co
increases the substituted atoms find themselves in a region which are already polarized
and can not contribute more to the polarization. As a result the magnetic moment per Fe
or Co atom decreases. Disordered Fe and Co doped pseudobinary alloys behave as soft
magnetic materials with no hysteresis effect and the magnetization is saturated with
magnetizing field H<4 kOe. But the ordered alloys show hysteresis effect and the
magnetization is not saturated with magnetic field of 50 kOe implying that high
anisotropy energy is associated with the ordered alloys and consequently have narrow
domain walls.
Domain wall pinning effect is found in the pseudobinary Nil xFexPt and

Nil xCoxPt alloys. Precipitated phase as identified by X-ray and SEM studies s
considered as the source of pinning centres. Initial magnetization behaviour and the field
dependence of coercive field and the remanence of the ordered Nil xFexPt alloys
strongly suggest that the domain walls are pinned upto the value of coercive field after
which magnetization increases sharply and approaches toward saturation indicating that
the magnetization process is governed by domain wall pinning. Temperature dependence
of coercive field Hc(T) and critical field Hp(T), the field required to free the domain wall
from the pinning centers, have been measured and fOUIlldthat they are proportional to
each other, i.e., Hc(T)OC Hp(T) and the constant of proportionality is almost equal to

one. Temperature dependence of coercivity of the ordered Nil_xFexPt alloys and
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Nil_xCoxPt with x=0.07 is explained as due to thermal activation process of the domain
wall unpinning and the temperature dependence of the height of the energy barriers

created by the defects in these alloys.
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