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 Introduction     1

1.1   Order and Disorder 
In general, matter exhibits itself in different phases viz. solids, liquids, 

gases and plasma depending on the strength of interactions between the atoms. 

One may define a solid as any substance, which deforms elastically under 

small shear stresses. This definition evidently excludes gases and liquids; they 

exhibit only viscous resistance to shear. Viscosity opposes shear deformation 

but does not give rise to restoring forces that are at the origin of elasticity of the 

solids [1]. 

 

Crystalline order is the simplest way that atoms could possibly be 

arranged to form a macroscopic solid. Small basic units of atoms repeat 

endlessly, one placed next to the other, so that the whole solid can be described 

completely by studying a small number of atoms. It is remarkable that this 

simple structural model can be used to understand so much. But the world is 

built up of solids whose crystalline order is either defective, or absent 

altogether [2]. So, the study of disorder and its effect on physical properties of 

solids is important.   

 

It is common to consider order and regularity as equivalent. But in actual 

practice something termed as regular is geometric and is based on the premise 

that one or more geometric objects are repeated whereas order is probabilistic 

[3] and leads to the idea of uniqueness in that a given macroscopic structure 

corresponds to a single microscopic configuration. The concept of disorder is 

intuitive and, to some extent, primitive. It is easier to define disorder as state of 

absence of, or departure from, the condition of order.  In most cases, physical 

systems do not exhibit perfect order nor do they represent complete disorder. 

So, it is convenient to talk in terms of degree of order, which is quantified by 
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long-range or short-range order parameters.  Crystals are ordered and regular 

since they can be obtained by periodic translation of an elementary (geometric) 

cell in space. Long Range Order, which extends throughout the structure is a 

characteristic of crystalline solids whereas Short Range Order, which involves 

shell of the first neighbours of any atom chosen to be the origin [3,4,5], 

depending on the spatial extension of the structure, is the one that describes 

non-crystalline, amorphous solids and also liquids. Thus, in amorphous or non-

crystalline solids, crystalline-like order does exist but at very small length 

scales. In general, disorder is classified into three different categories, viz., site 

disorder, bond disorder and topological disorder [3,4,5]. The first two are 

relevant to crystalline solids whereas the last one pertains to non-crystalline 

solids. The experimental work carried out here mainly deals with the disorder 

in crystalline solids. In a perfect crystalline substance, the probability of 

finding an atom at a lattice site has the delta function form and this fixes the 

co-ordination number for the crystalline solids.  

 

a. Site disorder: The fluctuation in the co-ordination number arising from 

the random occupation of sites on a regular crystalline lattice gives rise to site 

disorder. Thus, the point defects such as vacancies, di-vacancies, interstitials 

and substitutional impurity atoms, F centers, result in this type of disorder. 

 

b. Bond disorder: Wild variations in the bond lengths and bond angles 

destroy the periodicity of the lattice or long-range atomic order leading to bond 

disorder. 

 

c. Topological disorder: The fluctuations in bond lengths as well as in the 

bond coordination give rise to dangling bonds and topological disorder. Thus, 
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complete absence of translational symmetry and the fluctuations in the nearest-

neighbour co-ordination number for a given atom constitutes topological 

disorder. This is the highest degree of disorder among the all the types of 

disorders, mentioned above [5]. 

 

d. Effect of disorder on magnetic properties: A magnetic moment 

exists on an atom whenever there are unpaired electrons. When such an atom 

becomes an ion in the solid, the existence and magnitude of its moment is 

decided by the extent of overlap of the wavefunctions of the electrons in 

different shells. The chemical and structural disorder present in a magnetic 

alloy affect the interaction coupling the magnetic moments as it depends on 

both the magnitude as well as the distance between the moments. It results in a 

distribution of the effective magnetic moments per atom thus affecting the 

magnetic properties of the materials in case of the localized picture. For an 

itinerant-electron ferromagnet, disorder smears out the otherwise sharp features 

of density of states curve and might even change the value of the density of 

states at the Fermi level leading to changes in the magnetic properties of the 

solids. However, it should be noted that inspite of the strong dependence of 

magnetic order on the distance and local environment, the structural disorder 

does not prevent the occurrence of the long range magnetic order such as 

ferromagnetism.  
 

1.2   Itinerant magnetism 
Since the discovery of loadstone (about 625-564 B.C.), that attracts iron, 

in Magnesia, a city in northern Greece, mankind has been intrigued and 

fascinated by magnets. Eventhough magnet was used in compass for terrestrial 

navigation for many centuries, extensive research on the development of 
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microscopic models of magnetic properties of solids started in the late 19th and 

early 20th century. P. Weiss [6] postulated the existence of an internal field, 

MHm λ= , where M is the magnetization and λ  is molecular field constant, to 

account for the spontaneous magnetic order in a ferromagnet but the origin of 

Hm was unknown at that time. Using classical mechanics and concept of local 

moments having a fixed size, Langevin [7] explained the Curie law of 

susceptibility. Miss Van Leeuwen [8] then showed that classical mechanics, 

which was used to explain both dia- and paramagnetism of free atoms and 

molecules, failed to explain ferromagnetism.  With the advent of quantum 

mechanics, Heisenberg [9] formulated the exchange interaction between two 

spins, which, in turn, formed the theoretical basis for the existence of magnetic 

order starting with the Heisenberg Hamiltonian of the form  

 

∑
≠

⋅−=
ji

jiij SSH
rr

J2                                                                                  (1.1) 

 

where spins located at different sites (i and j), represented by the spin 

operators, iS
r

 and , interact via the exchange interactions of strength JjS
r

ij. Thus, 

he resolved the puzzle of Weiss molecular field interpreting it as an exchange 

field created by short-range exchange interactions between spins on the atomic 

sites. This picture, called the Heisenberg localized model, was successful in 

accounting for the ferromagnetic (antiferromagnetic) order when sign of the 

exchange integral J is positive (negative). When the magnetic anisotropies (of 

either dipolar or spin-orbit plus crystal-field origin) are taken into account 

adequately, Heisenberg Hamiltonian describes very well the ground state as 

well as finite-temperature properties of the localized-moment systems. In this 

model, the only form of collective excitations is the thermally-excited 
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propagating transverse spin fluctuations (spin waves) which have small energy 

dispersion and fill the entire Brillouin zone. Above the Curie temperature, TC, 

the atomic moments are randomly oriented and change their directions with the 

average frequency of ~ hTk CB / , where  and  are the Boltzmann and Planck 

constants, respectively. Thus, the Curie-Weiss susceptibility is temperature-

dependent and is given as 

Bk h

 

)(3
)1( 22

CB

B
CW TTk

NgJJ
−

+
=

µ
χ .                                                                                  (1.2) 

 

In the above expression, J is the total angular momentum of an atom, N is the 

total number of magnetic atoms, g is the Landé splitting factor, and Bµ  is the 

Bohr magneton.  This microscopic model was thus able to explain the 

magnetism of magnetic insulator compounds like transition metal oxides and 

the majority of the rare earth metals where atomic moments are localized at 

lattice sites and have integral values that are temperature-independent.  

 

However, the non-integral values of atomic moments (e.g., 2.2 Bµ  for Fe, 

1.7 Bµ  for Co and 0.6 Bµ  for Ni) and the temperature independence of exchange 

enhanced paramagnetic susceptibility of the transition metals and their alloys 

could not be explained on the basis of localized-electron picture [10]. This is so 

because, in these metals, the electrons responsible for the magnetism take part 

in atomic bonding and thus their wave functions, on the neighbouring sites, 

have appreciable overlap which allows these electrons to hop freely from one 

lattice site to the other. These electrons are called itinerant electrons. As the 

wave functions of itinerant electrons are delocalized, no truly localized 

magnetic moments exist [11]. The magnetism of these systems thus cannot be 
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explained by considering the magnetic degrees of freedom alone as is the case 

in the Heisenberg Hamiltonian. A separation of the magnetic degrees of 

freedom from the translational degrees of freedom is not possible in these 

itinerant systems. Therefore, Stoner [12] proposed a band model for itinerant 

magnetism where the magnetization is due to spontaneously spin-split bands. 

This spontaneous band-splitting is caused by the intra-atomic exchange 

interaction that originates from the on-site Coulomb interaction between the 

electrons with unsaturated spins of the narrow d-bands.  This model is based on 

the following assumptions. (i) The carriers of magnetism are the unsaturated 

spins in the d-band. (ii) The effect of exchange interactions is treated within a 

molecular field framework. (iii) The Fermi-Dirac statistics has to be used. With 

these assumption, the Stoner equation [13, 14] is given by 

 

FFF EdEfENnn ∫
∞

±± =±=
0

),()()1(
2
1 ηζ                                                      (1.3) 

 

where 
1]/)exp[(

1),(
+−

=
±

±

TkE
Ef

BF
F η

η  is the Fermi-Dirac distribution 

function,  

 

HUn Bµζµη ±±=±

2
1 ,                                                                                (1.4)   

                                                                                                                                       

n  the number of electrons per atom,  the number with ±n ±  spin, ζ  the relative 

magnetization, )( FEN  the density of single-particle states per atom per 

magnetic moment, µ  the chemical potential and U  the effective intra-atomic 

Coulomb interaction between the itinerant electrons. U  may be of short range 
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and corrected for the electron-correlation effects and is better known as the 

Stoner parameter. The criterion for the occurrence of ferromagnetism, in the 

Stoner model, is derived in the following way [15].  

                                         

E

EF δ E

N(E) N(E)

Figure 1.1: Density of states showing spontaneous spin-splitting of 
energy bands in the absence of an external field [15]. 

 
If, in the absence of an external magnetic field, we take a small number 

of electrons with energy in the range EEF δ−  from the spin-down band 

(where FE  is the Fermi energy) and flip their spin and then place them in the 

spin-up band within the energy range EEF δ+ , as shown in figure 1.1, the 

number of electrons moved is 2/ )( EEN F δ  and they increase the energy by 

Eδ . Therefore, the total kinetic energy change is 

 

2
.. )()(

2
1 EENE FEK δ=∆ .                                                                                 (1.5) 

 

This energy cost makes such a process seem unfavorable. However, the 

interaction of net magnetization with the exchange field gives an energy 

reduction which can overweigh this cost. The number density of up-spins is 

2/])([ EENnn F δ+=↑  and that of down-spins is 2/])([ EENnn F δ−=↓ . 

Hence, the magnetization is )( ↓↑ −= nnM Bµ , assuming that each electron has 
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a magnetic moment of 1 Bµ . The molecular field energy, which equivalent to 

the potential energy, is given by 

 

22

0

2''
.. )(

2
1

2
1)( ↓↑ −−=−=−=∆ ∫ nnMdMME B

M

EP λµλλ                               (1.6) 

 

Writing, λµ 2
BU = , where U is a measure of the Coulomb energy, we have 

 

2
. ))((

2
1 EENUE FEP δ−=∆                                                                             (1.7) 

 

So that the total change of energy, E∆ , is 

 

)](1[))((
2
1 2

.. FFEPEK EUNEENEEE −=∆+∆=∆ δ                                         (1.8) 

 

Thus the spontaneous ferromagnetism is possible only if 0≤∆E , which 

implies that 

 

1)( ≥FENU                                                       (1.9) 

 

This condition for ferromagnetism is known as the Stoner criterion. The 

ferromagnetic state is stable only when the Coulomb effects are strong and the 

density of states at the Fermi energy is large. If there is spontaneous 

ferromagnetism, the spin-up and spin-down bands will differ in energy by ∆, 

where ∆  is the exchange-splitting in the absence of the external magnetic field. 

If the Stoner criterion is not satisfied, spontaneous ferromagnetism will not 

occur but the susceptibility gets altered. The Stoner enhancement in the 
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susceptibility can be calculated by the combined effect of an applied magnetic 

field, H, and the interactions. The spontaneous magnetization produced due to 

the energy shift Eδ  is simply EENnnM FBB δµµ )()( =−= ↓↑ . The net change 

in energy E∆ , in the presence of magnetic field, is 

 

HMEUNEENE FF −−=∆ )](1[))((
2
1 2δ     

       HMEUN
EN

M
F

FB
−−= )](1[

)(2 2

2

µ
.                                                         (1.10) 

 

∆E has the minimum value when  

 

0)](1[
)(2 =−− HEUN

EN
M

F
FBµ

                                                                    (1.11) 

so that the magnetic susceptibility χ is given by  

)(1)(1
)(2

F

P

F

FB

EUNEUN
EN

H
M

−
=

−
==

χµ
χ .                                                             (1.12) 

 

where Pχ  is the Pauli spin susceptibility in the absence of  Coulomb 

interactions. Thus, χ  is larger than Pχ  by a factor 1)](1[ −− FEUN , a 

phenomenon known as the Stoner enhancement. This mechanism is responsible 

for the enhanced Pauli susceptibility [16] measured in the metals Pd and Pt, 

which can be considered to be on the verge of ferromagnetism. Pd and Pt have 

a large value for the parameter )( FEUN  to cause significant enhancement in 

susceptibility but not close enough to unity to cause spontaneous 

ferromagnetism. 
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In the above discussion, the effect of temperature has been neglected 

completely. The Stoner theory was able to account for the rational values of the 

magnetic moments in the ground state but it had the following drawbacks 

[10,11]. (i) The values of Curie temperature, CT , predicted by this model were 

higher by at least an order of magnitude. (ii) The temperature dependence of 

spontaneous magnetization could not be described correctly. (iii) It failed to 

account for the Curie-Weiss susceptibility for temperatures above the 

ferromagnetic-paramagnetic transition temperature. These inadequacies stem 

from the basic assumption of the Stoner theory that holds single-particle spin-

flip excitations as solely responsible for the decline of magnetization with 

temperature [10, 17]. It neglects the collective excitations, such as the 

propagating and non-propagating spin fluctuations completely. Slater [18] was 

first to bring out clearly the importance of the interaction between the excited 

electrons and holes in his theory of spin waves, as excitons or bound collective 

modes in the ferromagnetic insulators. Later, Herring and Kittel [19] showed 

the importance of these excitations in itinerant-electron ferromagnetic 

transition metals using dynamical Hartree-Fock Approximation (HFA).  But 

these theories were not able to explain the thermodynamic properties at finite 

temperatures [11]. 

 

Edwards and Wohlfarth [20] extended Stoner theory to explain the 

magnetism of weak itinerant-electron ferromagnets such as ZrZn2 and Sc3In 

with low TC (25 K and 6 K) and low moments (0.12 Bµ  and 0.04 Bµ ) without 

much success especially for the Curie-Weiss susceptibility that persists over an 

extended temperature range, TC < T < 10 TC. Curie-Weiss behaviour of 

susceptibility had been hitherto attributed solely to the local moments. Later, 

Murata and Doniach [21] developed a phenomenological theory for weakly 
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ferromagnetic materials in which mutually coupled modes of spin fluctuations 

were treated self-consistently with renormalized thermal equilibrium state. This 

theory was followed by a quantum statistical mechanical theory of self-

consistent renormalization (SCR) of spin fluctuations put forward by Moriya 

and Kawabata [22]. The SCR theories were able to explain the discrepancy 

between the effective moment, deduced from the Curie constant, and the 

magnetic moment calculated from spontaneous magnetization at very low 

temperatures and provide a new mechanism for the Curie-Weiss susceptibility. 

Recent investigations on Ni3Al and MnSi have given strong support to the SCR 

theory [23]. Detailed description of the SCR theory and its variants is given 

elsewhere [10, 11]. The itinerant magnets can be divided in to two categories 

such as weak itinerant-electron ferromagnets and strong itinerant-electron 

ferromagnets depending on the position of Fermi level in the spin-up and spin-

down bands, as shown in figure 1.3. The following table shows the 

characteristic features of strong and weak itinerant-electron ferromagnets. 
 

Weak itinerant-electron ferromagnets Strong itinerant-electron ferromagnets 

1. At Fermi energy level EF, empty states 
exist in both the spin-up and spin-down 
bands. 

 
2. Low magnetic moment (< 0.1 Bµ ) and 
low Curie temperature (≤ 100 K). 

 
3. Very large high-field susceptibility. 

 
4. Thermal demagnetization occurs because 
of propagating and non-propagating spin 
fluctuations. 

1. At Fermi energy level EF, empty states 
exist in only the spin-down band. 
 
 
2. Large magnetic moment (> 0.1 Bµ ) and 
high Curie temperature (≥ 300K). 

 
3. Small value of high-field susceptibility. 

 
4. Thermal demagnetization is mainly due 
to Stoner single-particle excitations. 

   
Next section gives a brief introduction to the magnetic excitations in 

itinerant- electron ferromagnets. 
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1.3   Magnetic excitations 
1.3.1 Spin waves 

In a wide variety of spin systems regardless of whether they are 

crystalline or amorphous, insulating (localized-electron) or metallic (itinerant-

electron), ferromagnetic or antiferromagnetic, or even ferrimagnetic, spin 

waves exist as well-defined low-lying (in energy) collective magnetic 

excitations from the ground state. Spin wave excitations, involving energy 

transfer typically of the order of (~) 100 meV, are amenable to direct detection 

in the inelastic neutron scattering experiments on bulk samples [23, 17]. The 

transfer of an electron-hole pair excitation, which results from a spin-flip on an 

atom, from atom to atom gives rise to spin-wave excitations (figure 1.2). The 

typical spin wave energy is about ≈ 100 meV, nearly two orders of magnitude 

smaller than the band width and hence the time scale associated with this 

energy is stsw
1310−≈ [10]. In itinerant-electron ferromagnets, spin waves exist 

as well-defined collective excitations only in the small q and small qqE ωh=  

region in the Brillouin zone (figure 1.4), where the Stoner single-particle 

excitations require high energies of the order of intra-atomic exchange splitting 

; U is the intra-atomic exchange interaction and  ( ) is the 

population of the spin-up (spin-down) band (figures 1.2 and 1.3).  

)( ↓↑ −=∆ nnU ↑n ↓n

 

Regardless of the nature (localized or itinerant) of magnetic electrons, the 

spin wave dispersion relation has the form 

)1()()()( 22 qqTDTTE SW βω −+∆== qq h                                                  (1.13) 

where TkB/1=β  and  is an effective energy gap in the spin-wave 

spectrum originating from dipole-dipole interactions, magnetic anisotropy and  

SW∆
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Figure 1.2: Schematic representation of spin-wave excitations in weak 
itinerant-electron ferromagnet [17]. 

 
external magnetic field (if present) and the spin-wave stiffness, D, renormalizes 

with temperature according to the relation 

 

)1()0()( 2/5
2/5

2
2 TDTDDTD −−=                                                              (1.14) 

 

for both localized-electron [24,25] and itinerant-electron [20,24]  models. 

Within the framework of the Heisenberg model, the 2T  term is appreciable 

only when the localized spins interact with one another via the spin of 

conduction electrons and this term is normally several orders of magnitude 

smaller than the 2/5T  term, which arises from the magnon-magnon interactions. 

By contrast, the 2T  term in the band model results from the interaction 

between spin waves and single-particle excitations and dominates over the 2/5T  

term, which originates from the magnon-magnon interactions, as in the 

localized-electron case. Thus, the expressions  and 

 essentially denote the variation of the spin-wave 

stiffness with temperature for the itinerant- and localized-electron models, 

respectively. 

)1()0()( 2
2 TDDTD −=

)1()0()( 2/5
2/5 TDDTD −=
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1.3.2   Single particle excitations 
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Figure 1.3: Schematic representation of spin-flip stoner single particle 
excitation in (a) weak itinerant electron ferromagnet and (b) strong 
itinerant electron ferromagnet [17].
     

t low temperatures, the spin-flip excitation spectrum consists of single-

e excitations and collective excitations. Spin-up holes and spin-down 

ns are created by intra-atomic spin-flip transitions of electrons from a 

p band to a spin-down band (as sketched in figure 1.3 for weak and 

 itinerant-electron ferromagnets). These spin-up holes and spin-down 

ns move independent of one another in a common mean (exchange) 

nd constitute the single-particle excitations. Such excitations form the 

r continuum, which, at finite momentum transfer q, extends from 0=qE  

re 1.3(a) (  in figure 1.3(b)) to high top
Fq EenergyFermiEE ↑−=∆′= )(

Spin waves
∆′
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Figure 1.4: Schematic representation of magnetic dispersion and magnetic 
excitations in a (a) weak itinerant electron ferromagnet and (b) strong 
itinerant electron ferromagnet [17]. 
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energies, as schematically depicted in figure 1.4(a) (1.4(b)) for weak (strong) 

itinerant-electron ferromagnets. Single-particle excitations with zero 

momentum transfer ( ) cost an energy equal to the exchange splitting 0=q ∆  

(figure 1.4).  
 

1.3.3   Spin fluctuations 
As the momentum transfer q increases from zero, the energy gap between 

the Stoner continuum and spin-wave spectrum reduces rapidly so much so that 

beyond a certain threshold value of SBqq = , where SB is Stoner Boundary of 

the single particle excitations, the spin wave dispersion curve enters the Stoner 

continuum. For , the spin waves get damped with the result that the 

collective magnetic excitations in the Stoner continuum are the overdamped 

(non-propagating) modes of exchange-enhanced longitudinal and transverse 

spin-density fluctuations. For spin fluctuations of given q, in the longitudinal 

mode, the magnetic moments point in the same direction but their amplitude 

fluctuates from one lattice site to the other whereas in the transverse mode, 

amplitude of the magnetic moments remains nearly constant while their 

direction varies from site to site. Since spin wave modes of larger and larger q 

are excited as the temperature is raised from T = 0, the transition at 

SBqq >

SBqq = , 

from well-defined spin waves to non-propagating exchange-enhanced 

transverse spin fluctuations should be observed at a certain finite value of 

temperature. By contrast, the thermally-excited non-propagating exchange-

enhanced longitudinal spin-density fluctuations persist down to 0=q  and 

coexist with, but are swamped by, spin waves for SBqq ≤  [26, 27].  

 

Physical quantities that describe the equilibrium state of a macroscopic 

system are very close to their average values. However, there are always small 
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deviations from average values even at equilibrium, variables fluctuate and one 

has to deal with the probability distribution of these fluctuations that is 

generally taken into account using Gaussian statistics [28]. The probability 

distribution of frequency )(xω  is related to entropy though the Boltzmann 

formula 

 

))(exp(.)( xSconstx ×=ω                                                                                (1.15) 

 

Since the entropy )(xS  has to be maximum for the equilibrium, the first 

derivative of )(xS  with respect to x must vanish and second derivative should 

be negative. At equilibrium, 0== xx  (where x is the average value of x) 

and hence both the derivatives of )(xS  vanish while approaching the critical 

point. Therefore the Gaussian statistics for the fluctuations are restricted to 

those parts of the phase space that are far from critical points. To deal with 

fluctuations mathematically, one has to recognize the vector properties of both 

the magnetization and its fluctuations. For reasons of symmetry, it is postulated 

that the volume integral of odd powers in the fluctuation always vanishes. If 

now  is the locally fluctuating magnetic moment, one assumes 
→

)(rm

 

nn mdrm
V

=∫
→

τ))((1  for kn 2=  

                                  0= 12 += kn .                                                             (1.16) 

 

Fluctuations appear in all the three directions. The direction of 
→
M  = (0,0, 

Mz) is taken as the z axis of a local co-ordinate system, so that there are two 

perpendicular fluctuations and one parallel fluctuation with respect to 
→
M . 
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These three components of the fluctuations are denoted as  where 

(m

→→
= iii emm

1, m2, m3) ≡ (mx, my, mz) are the three components in the directions given by 

the unit vectors ; m
→

ie z is parallel to 
→
M , mx and my perpendicular to 

→
M . One 

now extends the original order parameter by the statistical average including 

the fluctuation terms in the Ginzberg-Landau expansion. The inherently small 

magnitude of the order parameter (local magnetization)  with mean )(
→→→

+ rmM

→
M and fluctuation amplitude , even at the lowest temperature, in weak 

itinerant-electron ferromagnets substantially enlarges the temperature domain 

over which the Ginzberg Landau expansion of the local free energy in the 

powers of the order parameter is valid. As a consequence, the total free energy 

and magnetic equation of the state hold [29] over the temperature range that 

spans both the ferromagnetic and paramagnetic regimes: 

)(
→→
rm

 

4222
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2
1)0()( MbMmmbTaFMF +><+><++= ⊥                          (1.17) 
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                                                                                                                     (1.18) 

and 

 

)],()23[()(
),(

1 222
|| HTMmmbTa

HTM
H

M
F

M
+><+><+==

∂
∂

⊥                  (1.19) 

  

where  is the contribution to the free energy which is independent of 

the order parameter, and the Landau coefficients of the Stoner theory [12, 30], 

a and b, are given by 

0F
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])/(1[)0,0(2[)( 421 BSTTTTa S
C −−−= −χ   ;              (1.20) 12 )]0,0()0,0(2[ −= Mb χ

and  

SSENNTTENN PFB
S

CFFB )2/()()/)(()0,0( 222 χµµχ ===                           (1.21) 

 
12

0
2 )()()0,0( −== γµµ SNM B                                                                      (1.22) 

 
2]1)([ −= FEINS                                                                                           (1.23) 

 

)]}(3/)([)](/)({[)}(){2/1( ''2'2
FFFFFB ENENENENENN −= −µγ             (1.24) 

 

In the above expressions, )0,0(χ  and 0µ  are the zero-field differential 

susceptibility and moment per alloy atom at 0 K, respectively, H stands for the 

external magnetic field (Hext) corrected for demagnetization and the other 

anisotropy fields present, S  is the Stoner enhancement factor, U (the Stoner 

parameter) is a measure of the exchange splitting of the bands, N is the number 

of atoms per unit volume, )( FEN  is the density of single-particle states (DOS) 

at the Fermi level FE  and ))(''()(' FF ENEN  is its first (second) energy 

derivative, is the Stoner Curie temperature, the coefficient S
CT B of the T4-term in 

equation (1.20) involves derivatives of the DOS at FE  up to the fourth order  

and its explicit form is given elsewhere [31, 32], Pχ  is the Pauli spin 

susceptibility  and the thermal variances of the local magnetization parallel (||), 

, and perpendicular ( ), , to the average magnetization , >< 2
||m ⊥ >< ⊥

2m
→
M , are 

related to the imaginary part of the dynamical wavevector dependent 

susceptibility, Im , where ),( ωχν

→
q )||,( ⊥=ν is the polarization index, through 

the well-known fluctuation dissipation relation [26, 29, 30, 33, 34] 
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∫∫
→

→

⎟
⎠
⎞

⎜
⎝
⎛ +=>< ),(Im
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22
4 3

3
2 ωχω

π
ω

π νν qndqdm h                                            (1.25) 

with  

1]1)/[exp()( −−= Tkn Bωω h                                                                            (1.26) 
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)()0()()( 221 qqqqq +Γ==Γ
→

−
→

ννννν κχγ                                                         (1.29) 

 

12 )()0()0( −
→

=== νννν κχχ cq                                                                        (1.30) 

 

νννν γcq ==Γ=Γ
→

)0()0(                                                                               (1.31) 

 

where )(ωn  is the Bose function,  is the relaxation frequency of a 

spontaneous spin fluctuation of wave vector  and polarization 

)(
→

Γ qν

→
q ν , )0(νχ  is the 

field- and temperature-dependent susceptibility (i.e., ),()0( HTνν χχ ≡ ),  is 

the coefficient of the gradient term in the Ginzburg-Landau expansion, and the 

quantity 

νc

νγ  depends [33] on the shape of the DOS curve near FE . Equations 

(1.25-31), obtained by using self-consistent random-phase approximation 
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(RPA) or by making use of single-band model and assuming 2
νm , , and 

→
q ω  

to be small [33], correctly describe the results of neutron scattering 

experiments on archetypical weak itinerant-electron ferromagnets. According 

to equation (1.25), spin fluctuations are made up of two components, the zero-

point (ZP) spin fluctuations, 
ZP

m2
ν , and thermally-excited (TE) spin 

fluctuations, 
TE

m2
ν , represented in equation (1.25) by the factors ½ and )(ωn , 

respectively. The importance of zero-point fluctuations in weak itinerant-

electron ferromagnets was asserted by the theoretical treatments due to Kaul 

[26], Takahashi [35], Solontsov and Wagner [36] and experimental evidence 

for the same in bulk Ni3Al was provided by Semwal and Kaul [37]. 

 
1.4   Magnetic phase transitions  

In the zero external magnetic field, the ferromagnetic (FM)-to-

paramagnetic (PM) phase transition at the critical point, TC, is a second-order 

phase transition. In the critical region (whose extent depends on the type of 

material and is typically of the order of 01.0|/)(||| ≤−= CC TTTε , where CT  is 

the critical temperature) as the critical temperature is approached, the 

thermally-excited critical fluctuations of the local spin-density (order 

parameter) rapidly pick up in amplitude and get correlated in space over larger 

and larger distances with the result that they destroy the long-range magnetic 

order at CT , where the spin-density-fluctuation-spin-density-fluctuation 

correlation length, )( CTT =ξ , (henceforth referred to as spin-spin correlation 

length, for brevity) diverges and the magnetic order-disorder phase transition 

occurs. Experimental investigations in the critical region near a thermally-

driven phase transition provide a unique and direct means of probing the type 



 Introduction     21

of interactions present and the interplay between them, that finally decides the 

nature of magnetic order prevailing in the systems under study for temperatures 

below the transition temperature. This is so because the critical behaviour of a 

system is solely governed by the nature of the underlying interactions. For 

instance, an interplay between interactions such as crystal-field (leading to 

uniaxial anisotropy), isotropic short-range Heisenberg and long-range dipole-

dipole interactions, in a localized-spin system gives rise to a series of 

crossovers from uniaxial dipolar critical regime (where both uniaxial 

anisotropy and dipolar interactions dominate) to isotropic dipolar critical 

regime (where anisotropy is negligibly small and isotropic dipolar interactions 

take over) to isotropic Heisenberg critical regime (where short-range isotropic 

Heisenberg interactions become prominent) and so on, as the temperature is 

raised above  in the critical region. To facilitate understanding of the 

magnetic phase transitions, the prerequisites such as the definition of the 

asymptotic critical exponents and amplitudes, which quantify the static critical 

behaviour near a magnetic order-disorder phase transition, are given below.  

CT

 
Static critical exponents and amplitudes 

In the asymptotic critical region, the behavior of a magnetic system is 

characterized by a set of critical exponents and amplitudes [38, 39]. Critical 

exponents are the exponents in the power laws that define the deviations of 

various thermodynamic quantities from their values at the critical point  and 

the corresponding amplitudes are the forefactors in these power laws. The 

asymptotic critical exponents and amplitudes for the second-order 

ferromagnetic (FM) to paramagnetic (PM) phase transition are defined as 

follows. 

CT
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Spontaneous magnetization 

In the asymptotic critical region, spontaneous magnetization, MS, the 

order parameter for the FM-PM phase transition, varies with the reduced 

temperature  CC TTT /)( −=ε  as 

 

,)(),(lim)(
0

βε−==
→

BHTMTM
HS          0<ε                                             (1.32) 

 
Initial susceptibility   

Initial susceptibility, defined as χ0 = TH
HM ]/[lim

0
∂∂

→
, diverges at CT  as 

,)()(0
−−− −Γ= γεχ T                                   0<ε                                            (1.33) 

,)(0
+−+Γ= γεχ T                                        0>ε                                            (1.34) 

 
Critical isotherm 

At CTT = , magnetization M varies with field H as    

 
δ/1

0),( HAHTM C =          or   
δMDH =                                                  0=ε                                           (1.35) 

 

Specific heat 

Zero-field (H = 0) specific heat diverges at CT  as 

 

,]1)[()(0
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−

−

= +−−=
−

BATCH
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Specific heat exhibits a cusp at CT  when α < 0 whereas for α = 0 the 

singularity is logarithmic.  and  represent the non-singular background 

for 

−B +B

0<ε  and 0>ε , respectively, in the asymptotic critical region. 

 

Spin-spin correlation function 

At CT , the correlation function for the spin fluctuations at the points  

and r  in space, 

0

])([])([)( S0SSrSr −−≡G , decays with distance, r, as 

 
)2(|)(| η+−−= dNG rr            [large ]0, == Hεr ,                                  (1.38) 

 

where d is the dimensionality of the lattice and η  is a measure of the deviation 

from the mean-field behaviour. 

 

Spin - spin correlation length 

Correlation length, ξ , is the distance over which the order parameter 

fluctuations are correlated and is defined through the relation 

rr r /|)(| )(/ TeG ξ−= , where ∞→r . In the critical region, ξ depends on 

temperature as 

 
−−− −= νεξξ )()( 0T                         0<ε , H = 0                                            (1.39)            

+−+= νεξξ 0)(T                              0>ε , H = 0                                             (1.40) 

 

In equations (32)-(40), β , , , −γ +γ δ , −α , +α , η , −ν  and +ν  are the 

asymptotic critical exponents and B, ,  or D, +− ΓΓ , 0A −A , +A , N,  and  

are the corresponding asymptotic critical amplitudes. There are nine critical 

−
0ξ +

0ξ
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exponents in total but only two of them are independent [38]. This is a 

consequence of the scaling relations  between them, e.g., ,  

,  

−+ = αα

−+ = γγ −+ = νν , γβδβ +=  (Widom equality), 22 =++ γβα  

(Rushbrooke equality), 2)1( =++ δβα  (Griffiths equality), γνη =− )2(  

(Fisher equality) and αν −= 2d  (Josephson equality), to name a few. 

 

The single power laws are strictly valid only at CTT = . In practice, 

however, the power laws are fitted to the experimental data over a finite 

temperature range. Consequently, such an approach yields only average 

exponent values since, in general, the amplitudes as well as the exponents are 

temperature-dependent and they assume temperature-independent values only 

in the asymptotic critical region [39].   In order to tackle this problem 

effectively, the concept of effective critical exponent was introduced by 

Riedel and Wegner [40]. The effective critical exponents provide a local 

measure for the degree of singularity of physical quantities in the critical 

region. The effective critical exponent, )(µλeff , of a function )(µf , is defined 

by the logarithmic derivative µµµλ ln/)(ln)( dfdeff = . In the limit 0→µ , 

)(µλeff  coincides with the asymptotic critical exponent λ . 

 

1.5    Intermetallic compound Ni3Al  
1.5.1   Weak itinerant-electron ferromagnets  

Before discussing the magnetic and electrical transport properties of 

intermetallic compound Ni3Al in some detail, general properties of weak 

itinerant ferromagnets are described below.  Transition metal-based 

intermetallic compounds such as MnSi, Ni3Al, NiPt, Sc3In and ZrZn2 are the 

examples of weak itinerant electron ferromagnets [26]. They have 
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1) low saturation moment per transition metal atom (TM) at 0 K ( < 0.4 

Bµ /TM atom), 

2) low magnetic order-disorder phase transition temperature ( CT  < 45 K), 

3) large high-field magnetic susceptibility at 0 K, 

4) very large coefficient of the term linear in temperature in the specific heat 

at low temperatures, 

5) negative magnetoresistance, 

6) 3/5T -power law behaviour of the resistivity over a wide temperature range 

around CT , 

7) 2T  and 3/4T  temperature variations of the spontaneous magnetization 

squared in the intermediate temperature range and at temperatures just 

outside the critical region but below CT , respectively, and 

8) Curie-Weiss behaviour of the magnetic susceptibility in the paramagnetic 

state.  

 

1.5.2   Magnetic properties 

Among the weak itinerant-electron magnets mentioned above, 

intermetallic compound Ni3Al has been extensively investigated mainly 

because it is comparatively  easy to prepare and is an ideal candidate for testing 

and understanding the theoretical models of weak itinerant magnetism due to 

its low magnetic moment (0.075 Bµ ) [41] and low Curie temperature (TC ≅ 41 - 

43 K) [42].  Several investigations of the magnetic properties have been carried 

out to clarify the origin of the magnetism [41- 46, 37] but certain aspects of 

magnetism in this compound have eluded a complete understanding so far. 

According to the phase diagram [47] of binary NixAl100-x alloys, the 

intermetallic compound Ni3Al has a homogeneity range which extends from xl 

= 73.5 at.% to xu = 76.5 at.%. The Curie temperature, TC, where the 
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spontaneous magnetization vanishes, strongly depends on the Ni concentration 

in such a way that long range ferromagnetic order breaks down completely and 

thus TC reduces to zero at the critical concentration xc ~ 74.5% [41]. In 

addition, even for the stoichiometric compound, different groups have reported 

different values of TC, e.g., for the sample with x = 75 at.%, TC has values as 

different as 25 K [48], 40.6 K [45]  43.5 K [46], and 56.46 K [37]. While there 

is a general agreement [37, 41, 42, 45, 46] so far as the magnetic moment per 

Ni atom (0.075 Bµ ) in Ni3Al is concerned, the only exception [44] is the value 

0.103 Bµ /Ni atom. 

 

The results of magnetic measurements are normally discussed in the light 

of either the Stoner-Wohlfarth [30-32, 41-44] model or the spin fluctuation 

(SF) model [22, 26, 28, 29, 33-35, 44-46, 49-53]. On the one hand, de Boer et 

al. [31, 41] claim that the temperature dependence of spontaneous 

magnetization, M(T,0), in the temperature interval 0.1TC ≤ T ≤  0.75TC is very 

well described by the expression M(T,0) = M(0,0) - aT2
, which is an outcome of 

the Stoner-Wohlfarth model [12, 13, 20, 30], according to which the Stoner 

single-particle spin-flip excitations are the sole cause for the thermal  

demagnetization of M(T,0). On the other hand, Sasakura et.al [45] assert that 

M(T,0) decreases with increasing temperature in accordance with the relations 

M2(T,0) = M2(0,0) - a′T2 and M2(T,0) = a′′ (TC
4/3 - T4/3), predicted by the spin 

fluctuation model [11, 21, 22, 26,29], in the temperature ranges 0.1TC  ≤  T ≤ 

0.4TC and 0.42TC  ≤  T  ≤  TC, respectively. According to the spin fluctuation 

model, non-propagating thermally-excited longitudinal and transverse spin-

density fluctuations are completely responsible for the decline of spontaneous 

magnetization with increasing temperature. On good quality single crystals of 

Ni3Al with residual resistivity ratio greater than 40, small-angle neutron 
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scattering [54] and inelastic neutron scattering experiments [55] gave direct 

evidence for well-defined spin-wave excitations (propagating thermally 

excited transverse spin-density fluctuations) in the temperature range 0.1TC ≤ T 

≤ 0.8TC. This observation was in direct conflict with the Stoner-Wohlfarth 

model and earlier magnetic measurements. Though the existence of spin waves 

at low temperatures in itinerant-electron magnetic systems has been recognized 

[19] for a long time now, there has been no indication for such excitations in 

Ni3Al from magnetization measurements.  But in low temperature specific heat 

measurements, Dhar et al. [56] found an upturn (which could be progressively 

suppressed by magnetic fields) in the low-temperature region of the C/T-vs-T2 

plot and attributed it to an enhancement of the effective electronic mass due to 

spin fluctuations. They also found a crossover at a Ni concentration of 75.1 

at.% from a spin fluctuator to a ferromagnet as Ni concentration increases [57]. 

The possibility of the presence of superparamagnetic clusters [58-60] or, at 

least, a magnetic inhomogeneity [42] in the samples was suggested among 

other conflicting opinions [61, 62]. 

 

Because of the aforementioned dispute, several theoretical investigations 

using the electronic-energy-band-structure calculations were undertaken in 

order to elucidate the origin of weak itinerant-electron ferromagnetism of the 

alloy [63-65]. Hackenbracht and Kübler [63] employed the linear-muffin-tin-

orbital (LMTO) method with the atomic-sphere approximation (ASA) and 

arrived at the value for the magnetic moment 0.031 Bµ /Ni atom, which is only 

40% of the experimental value [41]. Later Buiting et al. [64] argued that Ni3Al 

is a still in the fluctuation regime even though it is in a ferromagnetic state. The 

calculated magnetic moment almost vanished at the experimental lattice 

constant (a = 3.568 Å), while it was calculated to be 0.067 Bµ / Ni atom, which 
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is close to the experimental value, at a lattice constant of 3.583 Å. Min et al. 

[65] also investigated the electronic structure and magnetic properties of Ni3Al. 

The calculated magnetic moment was 0.15 Bµ / Ni atom and the authors argued 

that the spin-orbit interaction might reduce the calculated magnetic moment to 

0.087 Bµ / Ni atom, since the spin-orbit interaction would reduce the exchange 

splitting by ~ 40%.  Recent electronic structure calculations due to Aguayo et 

al. [66] showed that the LDA results in the case of Ni3Al are not satisfactory as 

this theoretical treatment ignores spin fluctuations. The SF theories proposed 

till now were, to some extent, limited in scope as they are unable to clarify the 

role of ‘zero-point’ (quantum) spin fluctuations and failed to yield an 

expression which quantifies the suppression of local spin-density fluctuations 

by external magnetic field, Hext. Such theoretical limitations hamper the 

understanding of magnetism in weak itinerant-electron ferromagnets such as 

Ni3Al. These deficiencies of the conventional spin fluctuation theories have 

been addressed and remedied by Kaul [26] using a self-consistent treatment of 

the spin fluctuation model, which makes use of the Ginzburg-Landau 

formalism. The zero-point and thermally-excited contributions to spin 

fluctuations in weak itinerant-electron ferromagnets in the presence and 

absence of Hext have been explicitly calculated. The importance of ‘zero-point’ 

fluctuations in the thermal demagnetization of magnetization in Ni3Al 

particularly in the intermediate temperature range was clearly brought out by 

the experimental investigations by Semwal and Kaul [37].  

 

1.5.3   Electrical transport properties 
The transport properties of Ni3Al are as intriguing as its magnetic 

properties. For example, the temperature dependence of resistivity, ρ(T), in 

Ni3Al and its isostructural compound, Ni3Ga, is very strong as compared with 
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that in other magnetic metals and alloys. The electron-phonon scattering 

contribution to the temperature-dependent part of the resistivity at low 

temperatures (only 1% at 10 K) is too small to account for the observed ρ(T). 

In well-ordered annealed samples of NixAl100-x alloys, Fluitmann et al. [67] 

observed that the magnitude of temperature-dependent part of resistivity is two 

or three orders of magnitude larger than that expected from the usual T2-power 

law behaviour due to electron-electron scattering.  Moreover, as one 

approaches the critical concentration xc ≈ 74.6 at% of Ni, where long-range 

ferromagnetic order breaks down, from x > xc, the exponent ‘n’ in the Tn 

variation of ρ(T) deviates appreciably from 2. Fluitmann et al. [67] attributed 

these deviations to the scattering of conduction electrons from low-lying 

magnetic excitations, whose nature was obscure at that time. These 

experimental results are at variance with the temperature variation of resistivity 

predicted by the calculation of the electrical resistivity at low temperatures due 

to spin waves (SW), using the random phase approximation (RPA), by Mills 

and Lederer [68]. The theoretical investigations (based on RPA) due to 

Schindler and Rice [69] and Mathon [70] also could not explain the above 

experimental results since it was soon realized that RPA does not yield correct 

results particularly at high temperatures where the interactions between 

different spin fluctuation (SF) modes become important.  The contributions due 

to spin waves and spin fluctuations to electrical resistivity in weakly 

ferromagnetic (WF) metals was calculated by Moriya and Ueda using the SCR 

theory [71] and the suppression of these excitations at low temperatures by 

external magnetic field, Hext, was calculated by Ueda [72]. According to these 

calculations, at very low temperatures, spin-wave contribution to resistivity 

varies with temperature as 2~)( TTSWρ   for WF metals whereas at slightly 

higher temperatures, on both sides of the critical boundary (where the 
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ferromagnetic instability sets in), contribution from spin fluctuations is 

important and varies with T as . The temperature region where the 

electrical resistivity is proportional to , is narrow and the coefficient of  

becomes large when the substance lies near the critical boundary of 

ferromagnetism. For weakly ferromagnetic metals, the anomalies of the 

electrical and thermal resistivities at 

2~)( TTSFρ

2T 2T

CT  are small. These observations were 

later confirmed experimentally by Sasakura [45] and Yoshizawa [73] et al. 

However, very recently, Niklowitz et. al [74] observed that in very high-purity 

single crystals (with a residual resistivity ratio of about 30) at low temperatures 

(50 mK to 7 K) and ambient pressure, the resistivity cannot be described in 

terms of the  power law. In this temperature range,  with n ≅ 1.5. 

Moreover, at the critical pressure, p

2T nTT ~)(ρ

c, of 81 kbar, the long-range ferromagnetic 

order was destroyed completely with TC → 0 K. With the application of 

pressure (~ 32 kbar) < pc, the resistivity, below 4 K, was best described by the 

power law T5/3 and below 1 K, by the exponent n = 2. At temperatures well 

above 10 K, the exponent dropped down to unity. The physical significance of 

these exponents is as follows. For a metal on the border of ferromagnetism in 

three dimensions (3D), the mean-field spin fluctuation model predicts a T5/3 

temperature variation of resistivity, instead of the conventional T2 temperature 

dependence of a normal metal at low temperatures. The T5/3 variation of 

resistivity is a consequence of an underlying quasiparticle scattering rate that 

varies linearly with the excitation energy, E, of a quasi particle near the Fermi 

level. This is the behaviour associated not with a Fermi liquid, for which the 

quasiparticle scattering rate varies as E2, but of a crossover state known as a the 

marginal Fermi liquid. The above-mentioned observed results are, at best, in 

agreement with the mean-field spin fluctuation model [70] but not with the 

results of small-angle neutron scattering experiments [54,55] and low-
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temperature resistivity and magnetization data of Sasakura et al. [45] and 

Yoshizawa et al. [73]. 

 

1.5.4    Magneto-transport properties  

Chang et al. [75] were first to study the effect of magnetic field on the 

resistivity of Ni3Al and Ni3Ga intermetallic compounds. The measurements 

were performed on the well-annealed polycrystalline samples at a few 

temperatures in the range from 1.5 K to 330 K with electrical current applied 

either parallel (longitudinal magnetoresistance) or perpendicular (transverse 

magnetoresistance) to the magnetic field direction, in magnetic fields up to 350 

kOe. The main observations were that at any temperature, for all the samples, 

the difference between transverse and longitudinal magnetoresistance is 

positive and both longitudinal and transverse magnetoresistance exhibit the 

same general features. (I) At 4.2 K, the magnetoresistance, 

)0,(/)]0,(),([/ || ==−=∆ HTHTHT ρρρρρ  has a three-stage behaviour. As 

the magnetic field increases, at low fields (0 - 50 kOe), ∆ρ/ρ is positive, goes 

through a maximum, and then decreases even to negative values in between 50 

kOe to 100 kOe. It becomes a strictly monotonic increasing function of the 

field above 100 kOe. (II) In the case of Ni3Al at 4.2 K, ∆ρ/ρ of paramagnetic 

compounds (near critical concentration) shows all the three-stage behavior 

mentioned earlier whereas in the case of ferromagnetic compounds, negative 

∆ρ/ρ is observed at lower fields (< 100 kOe) and thereafter ∆ρ/ρ, becomes 

positive at higher fields. By contrast, the stoichiometric compound, Ni3Al 

shows a positive  ∆ρ/ρ at all the fields. (II) At 77 K, ∆ρ/ρ is always negative 

but in a few samples, shows an upward turn at very high fields (> 250 kOe). 
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The interpretation of these observations was given on the basis of Mott 

two-band model [76] with the assumptions: (1) the electrons in the s-band are 

mainly responsible for carrying the electric current and their number is 

constant in the composition range, (2) the residual resistivity can be regarded 

as the sum of two terms; intra-band (s→ s) and inter-band (s→ d) scattering. 

(3) These transitions are induced by defects, impurities, phonons, etc. and their 

number is proportional to the density of states at the Fermi level,  εF, in the s 

and d bands, Ns(εF) and Nd(εF) respectively. Hence, the respective relaxation 

times are inversely proportional to Ns(εF) and Nd(εF) : 

 

)(/1 Fsss ετ Ν∝→ ; )(/1 Fdds ετ Ν∝→    and 

dsss →→ += τττ /1/1/1                                                                                   (1.41) 

 

With these assumptions and adjusting band parameter values, within the 

framework of two-band model, Chang et al. [75] could satisfactorily explain 

the magnetoresistivity data at low temperatures and high magnetic fields 

provided the non-spin-flip scattering processes are involved. However, in the 

ferromagnetic samples, the agreement between experiment and theory was 

good only at high fields (H >100 kOe) and low temperatures (T < 30 K) where 

the negative magnetoresistance (arising from the field-induced change in 

Nd(εF) for the spin-up and spin-down d-sub-bands) was masked by the 

“conventional” positive magnetoresistance due to the orbital motion of the 

conduction electrons in a magnetic field.  

 

Hambourger et. al. [48] showed that the agreement between theory and 

experiment is poor particularly at low fields and high temperatures where 

magnetoresistance is negative and magnetic effects dominate over the orbital 
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effects. They made an important observation that the temperature dependence 

of negative magnetoresistance shows pronounced peak near the Curie 

temperature. The transverse magnetoresistance, where magnetic field is applied 

in the plane of the sample and perpendicular to the flow of electric current, 

measured by Sasakura et al. [45] was positive up to 4.2 K and negative 

thereafter encompassing temperatures well above TC. Total magnetoresistance 

was assumed to be the sum of two contributions, i.e., 

 

sforb ρρρ ∆+∆=∆                                                                                         (1.42) 

 

with    and 2
1 )/(/ ρρρ HCorb =∆ sfρ∆  is the contribution due to spin 

fluctuations given by Ueda [72]. Yoshizawa et al. [73] obtained the 

suppression of the coefficient in the T2-dependence of resistivity, by magnetic 

field, from their magnetoresistance data on annealed polycrystalline samples 

and found that at low temperatures, the results are consistent with the 

predictions based on the spin-fluctuation theory [72]. However, the theories 

that address the suppression of spin fluctuations by external magnetic field 

have some deficiencies. First, these theoretical formalisms make use of 

electron gas model to calculate the field- and temperature-dependent static 

susceptibility that is consistent with the magnetic equation of the state. The 

electron gas model forms an oversimplified description of the band structure in 

weak itinerant-electron ferromagnets. Second, a number of adjustable 

parameters were used to find an agreement between theory and experiment. 

Third, the theory completely neglects the contribution from the spin waves 

(which almost completely accounts for [37] the temperature dependence of 

magnetization observed in Ni3Al at low temperatures and whose overwhelming 

presence in Ni3Al is well-documented [54, 55] from neutron scattering 
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experiments) and exclusively deals with the spin-fluctuation contribution only 

at low temperatures. To remedy this situation, Kaul [27] has, recently, 

calculated the spin wave and exchange-enhanced spin-density fluctuation 

contributions to the electrical resistivity, )(Tρ , of  weak itinerant-electron 

ferromagnets in the absence and presence of the magnetic field, H, employing 

two-band (s- and d- band) model and the version of spin-fluctuation theory that 

makes use of the Ginzberg-Landau formalism.  

 

Considering that a varying degree of site disorder, resulting from 

different annealing treatments, is bound to be present in the samples studied 

previously in the literature, it is possible that the above discrepancy between 

the experimental observations and hence between experiment and theory is 

caused by an interplay between site disorder and compositional disorder. To 

address this issue, high-precision bulk magnetization and ac (‘zero-field’) 

susceptibility measurements were performed recently on well-characterised 

Ni75Al25 samples with varying degree of site-disorder. These investigations 

[77] revealed the presence of the thermally-excited propagating and non-

propagating spin fluctuations as well as zero-point fluctuations. Moreover, the 

suppression of these magnetic excitations by external magnetic field, Hext, was 

correctly described by the expressions predicted by the modified spin-

fluctuation (MSF) [26] theory for weak itinerant-electron ferromagnets. The 

temperature dependence of magnetization, M(T,H), in a few off-stoichiometric 

compositions in the alloy series Ni75±xAl25mx (x = 0, 1) was at variance with the 

results of spin-fluctuations theories [11,26,29]. However, M(T,H) data found a 

much better description [78] in terms of  the percolation theory for magnon-to-

fracton crossover [79]. Now that the percolation theory is based on local 
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moment picture, the departure from itinerant behavior in off-stoichiometric 

alloys is not understood at present and thus is intriguing.  

 

 With a view to ascertain how ternary Fe substitution modifies the 

magnetic properties of Ni75Al25, Ni-Fe-Al alloys with nominal composition as 

Ni75-xFexAl25 (x = 0, 5, 10, 20) have been prepared [80] in different states of 

site disorder. The magnetic and structural investigations were intended to bring 

out the effect of substitutional site disorder on the magnetic properties of a 

given composition. In the above-mentioned alloy series, an elaborate 

procedure, detailed in Ref. [37], was used to accurately determine the 

temperature ranges over which spin waves (SW) and spin fluctuations (SF) are 

primarily responsible for thermal demagnetisation, the spin-wave stiffness at T 

= 0 K, D0, TC (Curie temperature, deduced from critical-point analysis [39]) 

and spontaneous magnetization at T = 0, M0. Regardless the degree of site 

disorder present, M0, D0 and TC for the composition x = 20 exhibit strong 

departure from the composition dependence of these parameters noticed in the 

range 0 ≤ x ≤ 10. To elucidate this point further, while M0 and D0 vary linearly 

with increasing Fe concentration up to x = 10, the sample (of a given state of 

site disorder) with x = 20, does not follow the same trend [81].  

 

Apart from the site- and compositional- disorder prevalent in the case of 

polycrystalline materials, a variety of other types of disorder and/or defects 

exist in nanocrystalline materials. In these materials, as the size of the 

crystallite becomes smaller, the number of atoms near the surface of the 

particle becomes comparable to that in the core volume of the particle. Thus, 

the ratio of the number of atoms at the surface to that within the core volume is 

very large in the nanocrystalline materials as compared to their polycrystalline 
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counterparts. A competition between the surface and bulk energies brought 

about by the size reduction can lead to drastic changes in the mechanical, 

electrical, optical and magnetic properties [82]. Recently, a detailed 

comparative bulk magnetization study [83] of the nanocrystalline and 

polycrystalline samples of Ni3Al, revealed that the long-range ferromagnetic 

order prevalent in the crystalline Ni3Al is completely absent in the 

nanocrystalline counterpart, which exhibits exchange-enhanced Pauli spin 

paramagnetism instead. Another intriguing feature is that this Pauli spin 

contribution to magnetic susceptibility is concomitant with the Curie-Weiss 

contribution (which arises from the antiferromagnetic spin correlations). 

 

It is important to recognize that electrical and magneto-transport in a 

physical system are sensitive to changes taking place at the length scales of the 

electron mean free path. Degree of site-disorder and local compositional 

fluctuations are thus expected to get sensitively reflected in electrical and 

magneto-transport measurements. Thus, high-resolution resistivity and 

magnetoresistance measurements have been performed on (i) the off-

stoichiometric Ni3Al alloys, (ii) 20 at.% Fe substituted Ni3Al alloys in different 

states of site disorder, and (iii) nanocrystalline Ni3Al samples of distinctly 

different average crystallite size. The structural and magnetic properties are 

investigated and correlated with transport properties to understand the effect of 

site disorder, compositional disorder and the Fe-substitional disorder in Ni3Al 

system.  
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1.6    Aim of thesis 

Based on the exhaustive literature survey, the present investigation was 

undertaken with the following goals and with a view to seek answers to the 

pertinent questions. 

 

a) To study the effect of site-disorder and compositional disorder on the 

magnetization, zero-field dc electrical resistivity and magnetoresistance of 

weak itinerant-electron ferromagnet Ni3Al. 

b) To determine the nature of magnetic excitations in different temperature 

regimes and to quantify the contribution of these excitations to 

magnetization and electrical resistivity in the presence and absence of the 

magnetic field. 

c) To quantify the suppression of these collective excitations by magnetic 

field and to ascertain the role that the off-stoichiometry and site disorder in 

this suppression.  

d) Do the site disorder and off-stoichiometry alter the values of critical 

exponents that characterize the critical behaviour near the ferromagnetic-

to-paramagnetic phase transition in Ni3Al? 

e) What effect does the crystallite size have on resistivity, magnetoresistance, 

magnetization and ac susceptibility of nanocrystalline Ni3Al?  

f) To study the effect of thermoelastic martensitic transformation by electrical 

resistivity, magnetoresistance, magnetization and ac susceptibility in order 

to bring out the role of site-disorder on the thermoelastic martensitic phase 

transformation and shape memory effect in the Ni55Fe20Al25 alloy. 

g) To characterize and determine the crystal structures of the austenite and 

martensite phases by neutron diffraction.  
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h) To examine the microstructure of the martensite and austenite phases by 

transmission electron microscopy so as to refine and check the information 

obtained by neutron diffraction. 

 

The thesis is divided into six chapters. The first chapter provides a brief 

introduction to itinerant magnetism and magnetic excitations in the itinerant-

electron ferromagnets. It also furnishes a critical assessment of the relevant 

literature. Second chapter describes the experimental details. Third chapter is 

devoted to the contribution of spin waves and spin fluctuations in 

stoichiometric and off-stoichiometric polycrystalline alloys, Ni75±xAl25mx, as 

inferred from electrical transport, magnetoresistance. Fourth chapter details the 

effect of site- and compositional-disorder on magnetic and critical properties of 

polycrystalline Ni75±xAl25mx alloys. Fifth chapter describes the effect of 

nanocrystallites size on magnetization, the ‘zero-field’ and ‘in-field’ electron-

transport properties of Ni3Al and introduces nanocrystallites size as a new 

control parameter to study novel properties like non-Fermi liquid behaviour 

and magnetically-mediated superconductivity near the quantum critical point. 

The role of substitutional site-disorder or anti-site occupancy in martensitic 

phase transition, magneto-transport and magnetic properties of Fe substituted 

Ni3Al alloys forms the subject of the sixth chapter. The thesis ends with the 

future scope. 
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2.1      Introduction 
According to Schulze [1], intermetallic compounds are defined as solid 

phases containing two or more metallic elements, with optionally one or more 

non metallic elements, in a fixed proportion to produce a different crystal 

structure from the individual metals. Intermetallic compounds tend to form 

when there is a strong solid solubility between the two component atoms, e.g., 

Cu-Zn, Ni-Al alloys. Alloys based on the Ni-Al binary system are one of the 

most important and well-exploited classes of intermetallic materials for 

practical applications. On the Ni-rich side of the Ni-Al phase diagram, several 

ordered phases are known to form [2]. Due to the increase in ductility Ni-Al 

system provides, the well-known γ (disordered fcc)/ γ′ (ordered L12-type) phase 

combination which, in turn, leads to the development of Ni-based superalloys  

 

Figure 2.1: Portion of Ni-Al phase diagram [2]. 
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[3]. Another example of the unique properties of Ni-Al alloys is the 

thermoelastic martensitic transition β (B2) → β′ (L10), which forms the basis 

for Ni-based shape memory alloy [4]. Due to their hard magnetic properties, 

Fe-Ni-Al alloys have been used as basis for the Alnico permanent magnets [5]. 

Finally, because of its high melting point (~1680 °C) and excellent oxidation 

resistance, the B2-NiAl ordered phase is of great interest in the development of 

high-temperature materials, though it is brittle at room temperature [6]. 

 

In the alloys made up of Ni and Al, as the concentration of Al is 

increased from 0 at.%, number of intermetallic phases are formed; for example, 

first Ni3Al and then Ni5Al3, NiAl (B2 phase) and NiAl3 etc. As observed in the 

phase diagram of Ni-Al alloys, Fig.2.1, Ni3Al has a homogeneous phase-field 

of about 3 at.% around the stoichiometric composition. Ni3Al has a Cu3Au type 

face-centered-cubic (fcc) structure (γ′ phase), i.e., an L12 ordered crystal 

structure below the peritectic temperature of 1395 0C [7]. In a completely 

ordered Ni3Al compound, Ni and Al atoms respectively occupy the face-  
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Figure 2.2: Schematic of different type of disorders present in B2 Ni-
Al crystalline phase.  
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centered and corner sites of the cubic unit cell. The face-centered (corner) sites 

thus constitute the Ni (Al) sub-lattice. A complete atomic order in Ni75Al25 

alloy exists only when probability of finding Ni (Al) atoms on Ni (Al) sub-

lattice sites is 100% and 0% on Al (Ni) sublattice sites. A completely 

disordered state corresponds to the case if the probability of finding Ni and Al 

atoms on any type of lattice sites is the same [8]. As suggested by Guard and 

Westbrook [7], off-stoichiometry in both Ni3Al as well as NiAl result in 

intrinsic site disorder/defects; i.e., Ni atoms substitute Al sub-lattice sites in Ni-

rich alloys while Ni vacancies are formed in Al-rich alloys. Apart from this 

rapid solidification or melt spinning gives rise to site disorder, as shown in 

figure 2.2. First principle theoretical calculations predict, and experiments 

reveal, similar results for Ni-Al alloys as well [9]. In the rest of this chapter, a 

brief introduction to sample preparation, characterization techniques and 

various experimental set ups used for physical measurements is given. 
 

2.2  Sample preparation and compositional characterization 
2.2.1   ‘As-prepared’ NixAl100-x alloys 
  99.998 % pure Ni and Al elements were taken in appropriate proportions 

by weight to form NixAl100-x with nominal composition given in table 2.1.  An 

alloy of given composition was formed by melting the elements in a 

recrystallized alumina crucible under an inert atmosphere provided by high-

purity (99.999) argon gas. After holding the melt for a couple of minutes in the 

crucible, it was poured into a cylindrical hole in a massive copper mould. The 

entire operation was carried out under high-purity argon gas pressure of  >1 

atm. Polycrystalline rods (100 mm in length and 10 mm in diameter) with the 

nominal composition Ni74Al26, Ni74.5Al25.5, Ni75Al25 and Ni76Al24 were formed 

in this way. Samples in the shape of a disc of 10 mm diameter and 5 mm 
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thickness, a rectangular strip of dimensions 10 x 2 x 0.5 mm3 and a sphere of 

2.5 mm diameter were spark-cut from these rods for x-ray diffraction, electrical 

and galvanomagnetic transport, and magnetic measurements, respectively. The 

actual chemical composition of the samples, as determined by the x-ray 

fluorescence technique and inductively coupled-plasma optical emission 

spectroscopy, is given in table 2.1. The compositional analysis also revealed 

that the total concentration of magnetic 3d transition metal impurities such as 

Mn, Cr, Fe and Co lies below 0.002 at. %. The ‘as-prepared’ alloy samples are 

henceforth referred to as ap-Ni74.3, ap-Ni74.8, ap-Ni75.1 and ap-Ni76.1. 
 

2.2.2   Annealed Ni75Al25 alloy 
One set of spheres and strips of ap-Ni75.1 was subjected to annealing 

treatment at 520 °C for 16 days in a quartz tube evacuated to a pressure of 10-7 

torr, in order to reduce the degree of atomic site disorder in the stoichiometric 

sample. These samples are labeled as an-Ni75.1. 
 

2.2.3   Nanocrystalline Ni75Al25  
Starting with 99.98% pure Ni and 99.998% pure Al, intermetallic 

compound Ni3Al was prepared by induction-melting under an inert atmosphere 

of high-purity (99.999) argon gas. Nanocrystalline Ni3Al was prepared in the 

powder form by the inert gas (helium) condensation technique wherein a 

portion of the polycrystalline sample was evaporated in the tungsten boat by an 

appropriate heating arrangement and condensed onto the stainless steel drum, 

which was maintained at liquid nitrogen temperature. An aluminum scrubber 

was used to scrub this condensed sample, which was collected in the dye 

placed just below the stainless steel vessel. The powder of Ni75Al25 thus 

obtained, was compressed in-situ under pressures > 1GPa to form discs of 

diameter 8 mm and thickness of 0.2 mm. Strips of the dimensions 7 x 2 x 0.2 
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mm3 were spark-cut from the as-prepared discs and used for transport 

measurements. The discs of diameter 3 mm and thickness 0.2 mm were cut for 

magnetic studies. 

 
2.2.4   Ni-Fe-Al alloy 

Polycrystalline samples with nominal composition Ni55Fe20Al25 were 

prepared by the method described earlier in the case of ap-NixAl100-x, in the 

form of rods of dimensions 100 mm in length and 10 mm in diameter. 

Rectangular strips of dimensions 40 x 2.5 x 0.5 mm3 and discs of 10 mm 

diameter and 5 mm thickness were spark-cut from the rods. These strips were 

annealed at 520 °C for 16 days in a quartz tube evacuated to a pressure of 10-7 

Torr and subsequently water quenched. The annealed samples are henceforth 

referred to as ‘a-Fe20’. 

  

A portion of the polycrystalline rods was melt-quenched to form ribbons. 

In this preparation process, the molten alloy, contained in a quartz tube of 5 

mm inner diameter, is ejected (at a temperature of 1500 °C and helium pressure 

of 200 mbar) out in the form of a jet through a rectangular slit of dimensions 

3.2 x 0.49 mm2 on one end of the quartz tube onto a rotating copper wheel of 

diameter 200 mm. The tangential velocity of the wheel, maintained at a 

temperature of 22 °C, was 30 m/s. Long thin ribbons of width 2 mm and 

thickness ~ 30 µm are thus formed when the melt comes in contact with the 

copper wheel. The samples, so produced, are labeled as ‘q-Fe20’. 
  

2.2.4   Compositional analysis   

The chemical composition of the samples was determined by x-ray 

fluorescence and inductively coupled plasma-optical emission spectroscopy. 
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Inductively Coupled Plasma - Optical Emission Spectroscopy (ICP-OES) 

Inductively-coupled plasma optical emission spectroscopy (ICP-OES or 

ICP-AES) is a powerful technique for elemental analysis. The sample to be 

analyzed is dissolved in water before being fed into the plasma. The plasma 

temperature is sufficiently high to break chemical bonds, liberate elements 

present and transform them into a gaseous atomic state. A number of atoms 

pass into excited state and emit radiation.  The light emitted by the atoms in the 

plasma is analyzed for the characteristic wavelengths of the elements present in 

the sample by optical spectrometers. The intensity of the radiation is 

proportional to the concentration of that element within the solution and so can 

be used for quantitative purposes. Calibration of the spectrometer based on the 

standards, enables a quantitative analysis of the samples. With this technique, 

even the trace impurities, if present, in the samples can be detected and their 

levels quantitatively determined. 

Table 2.1: Elemental  compositions for the samples and lattice parameters at 
room temperature. 
 

Sample Label 
(NominalComposition) 

Ni    (at.%) Al  
(at.%) 

Fe 
(at.%) 

Lattice parameter 
(Å) 

ap-Ni74.3 (Ni74Al26) 74.06(5), 

74.26(9) 

25.94(19), 

25.74(11) 
- 3.567(10) 

ap-Ni74.8 (Ni75Al25) 74.82(8) 25.18(12) - 3.564(18) 

ap-Ni75.1 (Ni75Al25) 75.08(8) 24.92(10) - 3.564(15) 

an-Ni75.1 (Ni75Al25) 75.08(8) 24.92(12) - 3.564(15) 

ap-Ni76.1 (Ni76Al24) 76.13(5) 23.87(10) - 3.560(5) 

Nanocrystalline 
Ni3Al  (50 nm) 75.30(20) 24.70(15) - 3.573(1) 

Nanocrystalline 
Ni3Al  (3 nm) 75.24(20) 24.76(15) - a = 3.772(3) 

c = 3.236(4) 
a-Fe20  

(Annealed Ni55Fe20Al20) 
55.01(7) 24.94(9) 20.05(6) a(L12) = 3.586(2)  

a(B2)  = 2.869(1) 
q-Fe20  

( Quenched Ni55Fe20Al20) 
55.01(7) 24.94(9) 20.05(6) a(B2) = 2.867(2) 
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X-Ray Fluorescence (XRF) 

X-ray fluorescence phenomenon is the emission of x-rays from excited 

atoms produced by the impact of high-energy electrons, other particles, or a 

primary beam of other x-rays. The wavelengths of the fluorescent x-rays can be 

measured by an x-ray spectrometer as a means of chemical analysis. X-ray 

fluorescence is used in such techniques as electron-probe microanalysis. The 

counts of fluorescent x-rays emitted by different elements present in the sample 

are calibrated against those emitted by the alloy standards with composition 

close to that of the samples under examination. This method was also used to 

ascertain the chemical composition of the samples. The outcome of a detailed 

compositional analysis of the samples using the ICP-OES method is given in 

table 2.1. The corresponding results obtained by the XRF technique tally with 

those of the ICP-OES method. 
 

 
2.3   X-ray and Neutron diffraction  
2.3.1    X-ray diffraction 

The x-ray diffraction patterns were recorded on the INEL CPS 120 x-ray 

diffractometer.  The x-rays of wavelength 1.7889 Å were generated using 

cobalt target at the voltage and current settings of 35 kV and 25 mA. In this 

diffractometer, it is possible to resolve the Kα1 and Kα2 lines and separate Kα2 

visually using fluorescent screen and by tilting a flat monochromater.  One of 

the advantages of this diffractometer is that the diffraction intensities can be 

simultaneously measured over the range of 2θ from 15 - 120 degree using 

Curved Position Sensitive (CPS) detector. Thus, a full x-ray pattern takes an 

order of magnitude lesser time than the conventional step-scan method and 

even the lowest intensity peaks can be detected with ease. The curved position 
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sensitive detector is filled with a mixture of argon gas and methane (C2H6), 

since the target is cobalt and this gas-mixture has reduced background noise 

than krypton-ethane mixture. The CPS operates in Steamer mode, which is 

known for its high stability, signal-to-noise ratio and gain. The detector 

assembly consists of one firm knife edge blade, anode and one cathode. The 

detector is filled with a gas mixture to increase quantum efficiency. The 

detector is placed under an intense electric field. When a photon collides with a 

gas atom, the gas atom gets ionized. This causes release of electrons, which are 

accelerated by electric field and ionize other atoms. The electric charges 

created by the aforementioned process are then collected by the cathode. The 

different sections of the cathode are connected by a delay line, which permits a 

determination of the position of the photons that have penetrated the interior of 

the detector. The alignment of the CPS and goniometer assembly is a crucial 

step for this instrument [10]. The instrument is calibrated with a standard 

silicon sample.  

 

X-ray diffraction patterns of the disc-shaped polycrystalline samples of 

‘as-prepared’ NixAl100-x were recorded at room temperature over the scattering 

angle, θ2 , range of oo 120210 ≤≤ θ , using  radiation, on Inel x-ray 

diffractometer with curved position-sensitive detector. Since the scattered x-ray 

intensity is measured simultaneously over the entire 

αKCo

θ2  range, even the 

weakest Bragg peaks, which would have normally escaped detection in 

conventional x-ray diffractometers, can be detected with ease. The Bragg peaks 

of all the samples could be indexed using face centered cubic L12 structure. 

The lattice parameter values of these samples are given in table 2.1.  
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2.3.2   Neutron diffraction 
Neutron beam coming out of a nuclear reactor (which is in thermal 

equilibrium with the moderator kept at a temperature ranging from 300 K to 

400 K) have their kinetic energies distributed according to the Maxwell 

distribution law. The largest fraction of these so-called “thermal neutrons” with 

kinetic energy equal to kBT, can be used for analyzing the unknown crystal 

structure when these thermal neutrons are diffracted from a single crystal to 

obtain a beam of mono-energetic (monochromatic) neutrons. The wavelength 

of such neutrons is given by  

 

mkT
h

2
=λ                                                                                                     (2.1) 

 

For T = 300 K to 400 K, =λ  1 to 2 Å, i.e., a wavelength of the same order as 

the interatomic spacings in solids. In neutron diffraction experiments, the 

intensity of the diffracted neutron beam from the sample is measured with a 

proportional counter filled with BF3 gas. The neutron diffraction has following 

advantages over electron or x- ray diffraction technique [11]. 

A neutron beam is highly penetrating, e.g., a 1cm thick iron plate is 

opaque to electrons, virtually opaque to 1.5 Å x-rays, but transmits 35 percent 

of 1.5 Å neutrons. Thus, neutron diffraction (ND) gives structural details of not 

only the surface but also of the bulk. The intensity of neutron scattering varies 

quite irregularly with the atomic number, Z, of the scattering atom. Thus, 

neutrons can also distinguish in many cases elements differing by only one 

atomic number. Moreover, some light elements like hydrogen and carbon 

scatter neutrons more intensely than x-rays. Neutrons have a small magnetic 

moment. If the scattering atom also has a net magnetic moment, the two 

interact and modify total scattering. In the case of magnetic materials 
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(antiferromagnetic, ferromagnetic and ferromagnetic) neutron diffraction can 

disclose both the magnitude and direction of the magnetic moments. Only 

neutron diffraction can furnish such information and hence this technique has a 

major impact on the studies of magnetic structures. 

 

In the present investigations, the neutron diffraction measurements are 

used to identify the crystal structure of the phases and to study the phase 

transformations in quenched and annealed samples of Ni55Fe20Al25 alloy. The 

neutron diffraction measurements were performed at Institut Laue-Langevin, 

Grenoble, on D20 diffractometer. It is very high intensity 2-axis diffractometer 

equipped with a large microstrip curved position sensitive detector (CPSD). 

The complete diffraction pattern at 1536 positions, covering a scattering range 

up to 153.6°, can be obtained in a matter of seconds, and followed as a function 

of temperature, pressure or other parameter. A high resolution is obtained with 

a neutron flux of up to 107 – 108 n s-1 cm-2. The calibration of the instrument 

involves calibration of detector, wavelength and angle. Detailed experimental 

set up and diagrams are given in [12].  

 

D20 detector consists in 1600 independent cells whose signal is 

transmitted to the data acquisition system through the same number of 

amplifiers which are adjusted individually. As the detection efficiency may 

vary slightly from cell to cell, one must normally correct patterns by 

multiplyi on factor α called efficiency coefficient: ng the raw data by a correcti
                     

Ii(corr.) = αi * Ii(raw) [i = 0 to 1599]                                                             (2.2) 

 

Efficiency coefficients are calculated from the measured diffraction patterns of 

a vanadium (constant wavelength), or plexiglass rod (some inelastic scattering 
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contribution due to hydrogen, so no constant wavelength). Before starting the 

experiment one normally uses the calibration files for angle calibration and 

efficiency correction those are stored on dd2200ssggii..iillll..ffrr  in 

~lambda/CALIBRATION. Relative efficiencies (so the efficiency correction 

coefficients) of some detection cells may change if these are not exactly 

geometrically equivalent. As the total detection efficiency changes with 

wavelength, the position of neutron capture in the detection gap changes as 

well. This would not change relative efficiencies if all detection cells are 

geometrically totally equivalent. 

 

The wavelength calibration includes the offset or zero-shift that depends 

on the adjustment of 2θ encoders of the detector. It is normally refined from a 

diffraction pattern of a standard sample (e.g. NBS-Al2O3 or Silicon). The angle 

calibration is required as the PSD is curved and the 50 microstrip plates of each 

32 detector cells are arranged polygonally. The electrical field within this 

bunch of cell is not constant in 2θ over the whole detection gap of 5 cm. Close 

to the Aluminum entrance window detector cells of the mid of microstrip plates 

covers a slightly larger angular range because they are closer to that window, 

whilst detector cells near the plate junctions are farther away and covering less 

angular range. Closer to the microstrip plates this effect becomes less 

important, it might even be inverted at last due to a parallax effect of 

projection. So not only the width of each cell is slightly different and so their 

position deviated slightly from the ideal one, supposing each cell to cover 0.1 

deg in 2 Theta, but also this deviation is wavelength-dependent: If detection 

appears closer to the entrance window (high efficiency - high wavelength) the 

deviation is more important than for detection in the mid of the detection gap 

(low efficiency - low wavelength). 

 

telnet://d20sgi.ill.fr/
telnet://d20sgi.ill.fr/
telnet://d20sgi.ill.fr/
telnet://d20sgi.ill.fr/
telnet://d20sgi.ill.fr/
telnet://d20sgi.ill.fr/
telnet://d20sgi.ill.fr/
telnet://d20sgi.ill.fr/
telnet://d20sgi.ill.fr/
telnet://d20sgi.ill.fr/
telnet://d20sgi.ill.fr/
telnet://d20sgi.ill.fr/
telnet://d20sgi.ill.fr/
telnet://d20sgi.ill.fr/
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In the present case, the measurements were performed on ductile ribbons 

q-Fe20 and a-Fe20 samples. The strips (ribbons) of length 50 (40) mm, width 2 

(2.5) mm and thickness 0.5 mm (~ 30 mµ ) were mounted in a vanadium can in 

a bath-type helium cryostat. Neutron diffractions pattern were recorded on a-

Fe20 (q-Fe20) while cooling (heating) at various (a few) fixed temperatures in 

the range of 10 K ≤ T ≤ 300 K. The thermal neutrons  of wavelength 1.297 Å 

were used for diffraction and diffraction intensities were recorded in the step 

size of  0.1° over the scattering angle range of 10°- 150°. These data were 

analyzed using FULLPROOF Rietveld refinement program. The data and 

results of these refinements are discussed in detail in chapter 5.  

 
2.4   Microscopic techniques 
2.4.1   Optical microscopy 

Microstructures of the polycrystalline ‘as-prepared’ NixAl100-x samples 

were examined by ‘Carl Zeiss’ model Axiovert 40 MAT Inverted Metallurgical 

optical microscope. This microscope has the options of bright-field and dark-

field imaging with polarizer and the magnification from 100 to 1000. As 

noticed in figure 2.3, the samples ap-N74.3 and ap-Ni74.8 show two-phase like 

contrast in microstructure and black spots are the voids while ap-N75.1 and ap-

Ni76.1 have single-phase microstructure. 

 

The compositional analysis of the major (lighter regions) and minor 

(darker regions) phases was performed using EDAX. Ni concentration in the 

darker regions (minor phase) is found to be 0.2 at.% less than in the major  
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     ap-Ni74.3                      ap-Ni74.8

        
      ap-Ni75.1                        ap-Ni76.1

Figure 2.3 Optical polarizing microscope pictures of the ‘as-prepared’ 
samples taken at a magnification of 100x, revealing the presence of dark 
regions (minor crystalline phase) in ap-Ni74.3, ap-Ni74.8, ap-Ni75.1 and ap-Ni76.1.

 
phase in ap-N74.3 while the difference in the composition between the major 

and minor phases in the sample ap-N74.8  was below the resolution limit (≈ 

0.1at. %) of the EDAX technique. Thus, the samples ap-N74.3 and ap-Ni74.8 

have large compositional fluctuations as compared to ap-N75.1 and ap-Ni76.1. 

With increasing Ni concentration, this compositional fluctuation (iso-structural 

minor phase) reduces, as inferred from Fig. 2.2. Thus all the samples are 

actually single phase but local inhomogenities or compositional fluctuations do 

exist in ap-N74.3 and ap-Ni75.8 samples. 

 

2.4.2   Scanning electron microscopy (SEM) 
In SEM, a focused beam of electrons is accelerated to moderately high 

energy (<100 keV) and positioned onto a sample by electromagnetic fields 

under high vacuum. The electron beam gets elastically as well as inelastically 

scattered from atoms in the specimen when they impinge on the sample 
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surface. In inelastic scattering, energy is transferred to the sample from the 

beam while elastic scattering involves only a change in the trajectory of the 

electron beam without any loss of energy. 

 

Backscattered electrons (BSE’s) are the electrons from the incident beam 

that undergo elastic scattering from the sample, change trajectory, and escape 

the sample surface. These make up the majority of the electrons emitted from 

the sample surface (with an average energy of the BSE’s of the order of a few 

keV). The intensity of the BSE signal is a function of average atomic number 

(Z) of the sample; higher the Z, higher is the intensity. Thus, it forms a useful 

signal for generating compositional images, in which higher Z phases appear 

brighter than lower Z phases. Secondary electrons, generated by inelastic 

scattering, are of low energy (typically < 50 eV), and are influenced by surface 

properties rather than by the atomic number. The secondary electrons are 

emitted by an outer-shell of a sample atom upon impact of the incident electron 

beam. The secondary-electron sampling volume is, therefore, smaller than that 

of the back-scattered electrons and hence provides a high-resolution image of 

the specimen surface. Secondary-electrons intensity is a function of the surface 

orientation with respect to the beam and the secondary-electron detector and 

thus produces an image of the surface morphology. Characteristic x-rays and 

Auger electrons are generated by inelastic scattering of the probe electrons in 

which an inner-shell electron is emitted from a sample atom (ionization).  

These signals can be used for the identification of elements within the sample 

volume and by comparing them with standards, a quantitative compositional 

analysis can be performed. The spatial resolution of conventional SEM is 

around 100 nm (using field-emission guns,  this  resolution  improves to  ~ 1  
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Figure 2.4: Schematic of image formation system of the SEM. The 
electron beam is shown at two positions in time, scanned in the X-
direction to define the distance ‘l’ on the sample surface. 
Reproduction of this scan on the CRT with a width ‘L’, gives the 
magnification, M = L / l. The picture element is an area on the 
sample surface, its location is given by (x, y). Signal from this area 
(Secondary electrons, BSE or x-ray) is transferred to the CRT and 
converted to an intensity value for pixel (X, Y, I) [13].

 
nm).  Resolution   of   SEM depends mainly on the electron beam size or 

sampling volume [13]. The image formation system along with block diagram 

of SEM is shown in figure 2.4.The morphology and microstructure of the melt-

spun ribbons and annealed sample of the Ni55Fe20Al25 alloy have been observed 

using LEO 440i scanning electron microscope (SEM) with an OXFORD 

ISIS300 ultracool energy dispersive x-ray silicon (EDS) crystal doped with 

lithium [Si(Li)] as detector. The annealed sample was mounted on a bakelite 

mold and polished with emery papers, and finally with cloth and diamond paste  
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(a)                                                        (b) 

  
(c)                                                       (d) 

Figure 2.5 Scanning electron microscope pictures of the Ni55Fe20Al25
alloys taken in Back-Scattered-Electron mode at T = 300 K; (a) a-F20,
500x; (b) a-F20, 2000x; (c) a-Fe20, 2000x revealing two-phase 
microstructure in a-Fe20 and (d) q-Fe20, 12000x; shows a single phase 
microstructure.  

 
with particle size of 1µm to get mirror polish with even surface. The 

observations were carried out after ultrasonic-cleaning of the sample surface in 

the unetched condition. The melt-spun ribbons were directly mounted on a 

conducting Cu stub. Qualitative analysis was carried out on individual phases 

to know the chemical composition of the phase followed by a quantitative 

analysis for the estimation of the phase composition. Figure 2.5 (a), (b) and (c) 

show micrographs of different regions of the a-Fe20 sample at different 

magnifications, taken in BSE mode, at room temperature. These micrographs 
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indicate two-phase contrast with dark regions corresponding to the Al-rich 

phase and light regions to the Al-poor phase. Detailed EDAX analysis of 

different regions is presented in the table 2.2 below. A typical EDAX graph is 

shown in figure 2.6. 

 

 

Figure 2.6: Typical EDAX spectrum shown for quenched Ni55Fe20Al25
sample at room temperature. 

 
Table 2.2: Elemental compositions for the annealed and quenched samples of 
Ni55Fe20Al25 alloy. 
 

Sample Ni (at.%) Al (at.%) Fe (at.%) 

a-Fe20 (Global) 55.0(1) 24.0(5) 21.0(4) 

a-Fe20 (Dark phase) 55.3(6) 27.7(4) 17.0(1) 

a-Fe20 (Bright phase) 55.3(2) 15.4(1) 29.3(3) 

q-Fe20 (Global) 55.6(4) 23.8(2) 20.6(3) 

 

The global composition of both the samples matches well with the 

nominal composition and also with the results of the ICP-OES analysis given 

in table 2.2.  By contrast, fig.2.4 (d) represents the micrograph for the 

quenched sample at 12000x magnification; no second phase is observed in this 

case; the grains are equiaxed and elongated. The results of the EDAX analysis 
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in this case also match well with the nominal composition and those of the 

ICP-OES analysis. Thus, q-F20 is a single-phase material while a-Fe20 is at least 

a two-phase one. It will be shown later that using the Transmission electron 

microscopy (TEM) and neutron diffraction techniques that q-Fe20 crystallizes 

into B2 structure while a-Fe20 has crystalline phases with B2 and L12 crystal 

structures. Thus, long duration annealing at 520 °C results in phase-segregation 

because of thermal diffusion of atoms leading to Ni-poor B2 and Ni-rich L12 

phases. 

 
2.4.3   Atomic force microscopy 

 

 

Figure 2.7: (a) AFM pictures of nanocrystalline Ni3Al in 3-dimensional 
topography. (b) Line profile analysis is shown for the grain size 
determination. 
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Atomic Force Microscope (AFM) is an extremely high-resolution type of 

scanning-probe microscope for the manipulation of the matter at the nano-

scale. AFM consists of a cantilever (probe) with a sharp tip at one of its ends 

that is used to scan the specimen surface. The probe is typically silicon or 

silicon nitride with a tip diameter less than 100 Å. The probe is attached to the 

piezoelectric scanner tube. When the tip is brought in the close proximity of the 

sample surface, the Van der Waals force between the tip and sample leads to 

deflection of cantilever in accordance with the Hook’s law. A laser light 

reflected from the back of the cantilever tip measures the deflection of the 

cantilever. This information is fed back to a computer, which generates a map 

of topography and/or other properties of the interest. The information gathered 

from the probe’s interaction with the surface can be as simple as physical 

topography or as diverse as measurement of materials mechanical, magnetic, 

electrical or chemical properties. The AFM has several advantages over SEM. 

AFM can produce images of materials as small as 1 nm while SEM is limited 

to 100 nm. AFM provides true three-dimensional surface profiles. 

Additionally, sample does not require special treatments that would irreversibly 

change or damage the sample. 

 

AFM of SEIKO make was used for microstructure determination and 

grain size analysis of nanocrystalline Ni3Al in the dynamic force mode. It is a 

non-contact technique in which AFM cantilever is vibrated with resonant 

frequency near the surface of the sample. Fig 2.7(a) shows a three-dimensional 

view of the microstructure/surface morphology where consolidation of 

nanoparticles is seen because of high pressure > 1 GPa applied in inert gas 

condensation method. Fig 2.7(b) demonstrates that the crystallite size is around 
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40 to 60 nm, as revealed by the line-profile analysis. These values match well 

with the average crystallite size determined by x-ray diffraction. 

 
2.4.4   Transmission electron microscopy 

Transmission electron microscopy (TEM) is a premier tool for 

understanding the internal microstructure of materials at the nanometer level. 

In TEM, the electrons are emitted from the source and accelerated to high 

energy (100 - 400 keV) that gives a spatial resolution of about ~ 0.2 nm. The 

electron beam can transmit through the sample provided the sample is ~ 100 

nm thick. Preparation of samples in such thickness is both an art as well as  
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Figure 2.8: Typical schematic diagram of a transmission electron 
microscope with scanning (STEM) capability (adapted from [13]).  
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Figure 2.9: Image modes for transmission electron microscope a) 
Bright field b) Dark field. 

 
science. Although x-rays generally provide better quantitative information than 

electron diffraction, electrons have an important advantage over x-rays in that 

they can be focused using electromagnetic lenses [14]. That allows one to 

obtain real-space images of the materials with high resolution, and 

simultaneously obtain diffraction information from the specific regions in the 

images as small as 1 nm. In addition to diffraction and imaging, the high-

energy electrons in TEM cause electronic excitations of atoms in the sample. 

Two important spectroscopic techniques make use of these excitations by 

incorporating suitable detectors into TEM. I) Energy-dispersive x-ray 

spectroscopy (EDS); characteristic x-rays of each element are used to 

determine the concentrations of the different elements present in the sample. II) 

Electron energy loss spectroscopy (EELS); magnetic prism is used to separate 

the electrons according to their energy losses after having passed through a 

specimen. Energy loss such as plasmon excitations and core-electron 

excitations cause distinct features in EELS. These can be used to quantify the 

elements as well as provide information about atomic bonding and variety of 

useful phenomena. Figure 2.8 shows schematic of typical TEM that has a 

facility of STEM and EELS.  
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Another important aspect of TEM is to record the variations in the image 

intensity across the sample using mass thickness or diffraction contrast, 

theoretical basis for which is given by the kinematical theory of diffraction [13, 

14]. Conventional TEM provides three modes of image formation; a) bright-

field (BF) imaging b) dark-field (DF) imaging and c) lattice imaging (selective 

area diffraction). When the objective aperture is positioned to pass only the 

transmitted (undiffracted) electrons, a BF image is formed as illustrated in Fig. 

2.9(a). When the objective aperture is positioned to pass only diffracted 

electrons by tilting the beam, a DF image is formed. To obtain lattice image or 

Selective Area Diffraction (SAD) pattern a large objective aperture is used and 

diffracted beams along with transmitted beam is allowed to pass through it. 

The image is formed by the interference of diffracted beams with the 

transmitted beam (phase contrast). If the point resolution of the microscope is 

sufficiently high and a suitable sample oriented along a zone axis, high-

resolution SAD images are obtained. The spherical aberration of the objective 

lens limits the techniques to regions less than micrometer or so in diameter. For 

regions much smaller than this small probe technique such as convergent beam 

electron diffraction is used.  
 

2.5   Measurement techniques 
2.5.1    Resistivity and magnetoresistance measurement setup 
  The schematic block diagram of the resistivity and magnetoresistance 

setup is shown in Fig. 2.10. Cryogenic Limited UK-make stainless steel low 

boil-off cryostat was equipped with 8 tesla superconducting magnet and 

variable temperature insert.  The cryostat is fitted with high-purity aluminum 

radiation shields for improving thermal conductivity. 8 Tesla (80 kOe) 

superconducting magnet is placed inside a 60 liter expanded liquid He 
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reservoir which is enclosed by 55 liter of liquid nitrogen can. Outer jacket of 

the cryostat is super-insulated. The space between the two insulations is 

evacuated to diffusion vacuum to ensure minimum losses of liquid N2 and 

therefore of liquid He. Sample space is connected to helium reservoir by a 

needle valve (not shown in Fig. 2.10) which controls the flow of cold helium 

exchange gas and/or liquid He. By controlling this valve, it is possible to 

achieve a temperature, at the sample site, as low as 1.6 K by evaporating liquid 

He by low speed rotary pump. Two samples are measured simultaneously 

using Variable Temperature Insert that contains all the necessary electrical 

connections for measurements. Superconducting magnet is made up of Nb-Ti 

alloy and controlled by SMS series superconducting controllers. In the present  
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Figure 2.10: Schematic block diagram of 8T superconducting magnet set up 
for resistivity and magnetoresistance measurement.
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system, longitudinal magnetoresistance is measured, as the direction of applied 

magnetic field is parallel to the direction of the electric current flowing through 

the sample. 

 

All the samples in the present study have been measured using standard 

four-probe measurement technique. The metallic samples were coated by 

apeizon grease to have good thermal contact with the sample holder. The 

electrical receptivity measurements over a wide temperature range extending 

from 300 K down to 1.7 K were carried out on ‘as prepared’ polycrystalline 

NixAl100-x alloys, nanocrystalline Ni3Al, q-Fe20 and a-Fe20 samples. The 

resistance was measured as a function of temperature at 0.1 K intervals at low 

temperatures (below 12 K) and also near the Curie temperatures and at 0.5 K 

steps outside these temperature ranges (up to 300 K). At every setting, 

temperature was stabilized to within ± 10 mK using DRC 93C, Lakeshore, PID 

temperature controller. A current of 100 mA was passed through the sample 

and the voltages of the order of ~ 1 mV were measured with a resolution of 1 

nV using Keithley 182 nanovoltmeters. The sample current at each temperature 

was reversed in order to correct the measured voltage for the thermo-emf 

generated due to small temperature gradients, if present across the sample, and 

also for the zero-drift of the nanovoltmeter. The longitudinal magnetoresistance 

(MR), )0,(/)]0,(),([/ |||| ==−=∆ HTHTHT ρρρρρ , was measured as a 

function of magnetic field in steps of 1 kOe up to 10 kOe, 5 kOe up to 3 kOe 

and 10 kOe to the maximum available field of 80 kOe. During each isotherm, 

the voltage drop in zero-field was corrected for thermo-emf by reversing the 

direction of current though sample and the same correction was used for all the 

field values since this correction was almost constant in magnetic fields up to 
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80 kOe. The temperature remained constant to within ± 20 mK during the 

recording of each isotherm. Such isotherms were measured at 1 K intervals at 

low temperatures and in the temperature range TC – 5 K < T < TC + 5 K near TC 

and at 10 K intervals otherwise. The longitudinal magnetoresistance (MR) 

versus field isotherms were later converted into MR as a function of 

temperature at different but fixed values of the field, H. 

 

2.5.2   Vibration Sample Magnetometer (VSM) 
The working principle of VSM is based on the Faraday’s law of 

induction. When a dipole is made to undergo sinusoidal motion in a 

homogenous magnetic field, there is an induced voltage in its neighborhood 

which is proportional to the magnetic moment possessed by the dipole and also 

to the frequency and amplitude of vibration of the dipole [15]. 

 

 There is a direct relationship between the induced voltage in a suitably 

designed set of pick-up coils and the magnetic moment of the vibrating sample 

positioned inside them. The VSM measures the total magnetic moment, m, of 

the sample in emu, which can be converted to Gauss by using the following 

expression 

 

M (Gauss) = [m (emu) / mass (g)] x density (g/cc)                                        (2.3) 

 

The EG&G Princeton Applied Research (PAR) model 4500 VSM, which 

we used for performing the measurements, was calibrated using a small 

standard highly pure (99.999%) nickel sample. Model 4500 PAR VSM is 

capable of measuring magnetic moment in the range from 5 × 10-5 emu to 2 × 

103 emu. The sample to be studied is inserted into the sample cup made up of  
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Figure 2.11:  Block Diagram of Vibrating Sample Magnetometer. 
 

perspex and positioned on the sample holder in such a way that it rests at the 

centre of the pair of specially designed sensing or pick-up coils housed 

between the poles of the electromagnet. The optimum sample position is at the 

center of symmetry of the pick coil system and in the homogeneous magnetic 

field, where the pick-up signal is minimum along x-direction (parallel to field 

direction) but maximum along y- and z-directions. In order to ensure an 

accurate monitoring of the sample temperature, the sample holder is so 

designed that the platinum sensor is in direct thermal contact with the sample. 

It consists of a brass tube, 75 cm in length connected to a hylam tube of 15 cm 

length (4 mm O.D. and 2mm. I.D.), which is attached to a perspex adopter at 

the other end. In this adopter is housed a precalibrated platinum (PT 103) 

sensor whose tip comes in body-contact with the sample when the perspex 

sample cup containing the sample is screwed onto this adopter. Tiny holes have 

been drilled at the bottom of the sample cup as well as on its sides at different 

locations close to the sample site so that the sample comes in direct contact 

with the helium exchange gas present in the sample chamber. In order to 
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perform measurements at low temperatures, a two-stage Janis Closed Cycle 

Refrigerator (CCR) has been used in conjunction with the VSM. This 

arrangement provides a convenient means of attaining a temperature as low as 

12 K. The proportional, integral and differential (PID) temperature controller 

(Model DRC- 93 CA, Lake Shore Cryogenics, USA), facilitates the 

temperature control over the range 12 K ≤ T ≤ 300 K. Sample temperature is 

monitored by sending an excitation current of 1mA through the precalibrated 

platinum sensor and the sensor voltage is measured with the help of a 

nanovoltmeter (Model 182, Keithley USA). 

 

Magnetization measurements on NixAl100-x alloy samples were performed 

on spheres of diameters 3 mm / 2.5 mm and ribbon strips of length 2.5 mm and 

2 mm width stacked one above the other after a thin layer of apeizon grease 

was applied in between them to ensure a good thermal contact between them. 

The sample, to be investigated, was placed in the sample holder assembly and 

rotated such that the field lies within the ribbon plane and is directed along 

their length in case of ribbon strips. This arrangement leads to minimization of 

the demagnetizing effects. For polycrystalline samples of spherical shape, the 

field can be applied along any direction since the demagnetizing factor is the 

same in all directions of the field. M versus Hext isotherms were taken on 

polycrystalline ap-NixAl100-x samples, at 60 different field values ranging from 

0 to 15 kOe at temperature intervals of 0.5 K, 0.1 K, 0.05 K and 0.025 K in the 

ranges 12 K ≤ T ≤ 0.5TC, 0.5TC ≤ T ≤ TC  - 10 K, TC - 10 K ≤ T ≤ TC – 3 K, TC – 

3 K ≤ T ≤ TC  + 3 K, respectively. Above TC + 3 K, the temperature interval was 

slowly increased to 0.1 K, 0.5 K, 1 K, 5 K and 10 K till the room temperature 

was reached. The isotherms, so obtained, were corrected for demagnetizing 

field. The Curie temperature, TC, was measured by the kink-point method. The 
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details about this method and the calculation as well as the experimental 

determination of demagnetization factors are described in reference [16].  

 

2.5.3   ac susceptibility measurement setup 
Susceptibility is defined as the change in magnetization of the sample 

corresponding to the infinitesimal change in the externally applied magnetic 

field. If a time-varying external magnetic field, say a sinusoidal field, is 

applied, magnetization lags in phase with respect to the applied field and the 

susceptibility becomes complex, i.e., χ = χ' – i χ", where χ' and χ" are the real 

and imaginary components of susceptibility. 

 

The ac susceptibility measurement, as an experimental technique, is very useful 

in studying the magnetic properties of materials, especially of the magnetic 

phase transitions where the response of magnetic moments in low field is of 

great importance. The method is based on the fact that mutual inductance of 

two coils (and therefore the induced voltage) changes if a magnetic sample is 

placed inside them. The ac susceptometer generally consists of the primary coil 

and two coaxially placed exactly identical secondary (pick-up) coils, which are 

connected in series-opposition (their induced voltages subtract) so that, without 

a sample, their resultant induced voltage is nearly zero. If a (magnetic) sample 

is placed in one of the secondary coils, it causes the imbalance in the voltages 

as a consequence of the redistribution of flux lines over the cross-section of 

that secondary coil. This voltage is related to the susceptibility of the sample 

[17]. Ideally, if the sample is very long so that the influence of edges on the 

distribution of flux lines can be neglected, the induced voltage is 

 

dtdMANtv ss /)( 0µ−= .                                                                                  (2.4) 
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Figure 2.12:  Block Diagram of ac susceptometer with the facility of DC 
extraction magnetometer [18].  

 
 Here Ns is the number of turns of either secondary coil and As is the cross-

sectional area of the sample. The change of the magnetic field induces the 

change of the magnetization. If the magnetizing field is harmonic 

( )exp(0 tiHH ω= ), we have 

 

ti
ss e

dH
dMANitv ωωµ0)( −=                                                                               (2.5) 

 

i.e., the induced voltage is proportional to the ac susceptibility, dHdMac /=χ . 

In reality, the relation between the ac susceptibility and the induced voltage is 

not so straightforward. It depends on the shape of the sample, its dimensions 

and inhomogeneities (demagnetizing effect), the dimensions of the secondary 

coils, filling fraction, etc. Finding out the relation between the induced voltage 

and ac susceptibility (calibration of the susceptometer) can be a very hard task. 

But the proportionality between the induced voltage and ac susceptibility 
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permits an evaluation of many valuable physical properties. Figure 2.12 shows 

the block diagram with essential components of commercial ac susceptometer 

in physical property measurement system. The details are given in reference 

18. 

 

2.5.4   SQUID Magnetometer 
A SQUID is a device which makes use of flux quantization and 

Josephson tunneling to measure magnetic moment to a very high precision. 

This device operates at temperatures as low as a few Kelvin and is a magnetic-

flux detector.  

 

 In the case of two Josephson junctions connected in parallel, as the 

magnetic flux Φ threading a superconducting loop is changed, the critical 

current of two junctions oscillates with a period equal to the flux quantum Φ0. 

These oscillations arise due to the interference between macroscopic 

wavefunctions at the two junctions. This phenomenon of "superconducting 

quantum interference" forms the basis of a SQUID (Superconducting Quantum 

Interference Device) magnetometer. 

 

A Josephson junction is made up of a thin insulating layer sandwiched 

between two superconducting loops. Hence, only a tunnel current is able to 

flow through it. Let iie θψψ 0=  be the superconducting order parameter and iθ  

are the phases on the two sides of the junction. Then the relative phase 

21 θθδ −=  is the relevant quantity. The current I  through the ideal junction is 

given by the dc Josephson equation: 

 

δsin0II =                                                                                                      (2.6) 
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while the voltage V across the ideal junction is given by the ac Josephson 

equation: 

 

( dtdeV /2/ )δh=                                                                                            (2.7) 
 

 

Fig. 2.13: Schematic of dc SQUID Josephson junctions, marked by ‘X’. 
dc SQUID is biased with dc current IB.

 

Figure 2.14: (a) The I − V characteristics of a dc-SQUID. The amount 
of flux  determines the output voltage V for a particular value of the 
bias current I

0Φ

B. As the applied flux varies between 0Φn  and 0)2/1( Φ+n

the output voltage changes between  and . (b) The resulting V −
Φ curve of a dc-SQUID at a given bias current [19]. 

minV maxV
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A real junction has its own physical capacitance and is shunted by a 

resistor, both joined in parallel to the junction, as indicated in Fig. 2.13. The 

parallel arrangement of Josephson junctions must be considered in an accurate 

model of the electrical properties of the SQUID [19]. A superconducting loop 

contains flux only in integral multiples of the flux quantum 

 

Wbe 15
0 1007.22/2 −×==Φ hπ .                                                           (2.8) 

 

A change in flux applied to the loop will cause currents to oppose that 

change leading to a change in the relative phase, which according to eq. (2.2) 

gives rise to a voltage leading to a typical I − V characteristic sketched in Fig. 

2.14(a) for a dc-SQUID. The voltage oscillates between Vmin and Vmax when Φ 

changes by , as indicated in Fig. 2.14 (b). Thus the SQUID acts as a 

nonlinear flux-to-voltage transducer. The V − Φ curve is linearized with the 

help of the so-called flux-locked loop (FLL). The basic idea is to keep the 

system at a constant flux of 

0Φ

0)2/( Φn , i.e., one of the extrema in the V − Φ 

curve. Then the change is magnetic flux is directly measured as change in 

SDUID voltage through the pick-up coil. The pick-up coil is wound in a 

second-order gradiometer configuration (Fig.2.14(c)) so as to measure only 

∂2H/∂z2 and higher gradients. This configuration rejects any response due to 

change in uniform field or change in its first derivative. A typical SQUID 

voltage response as the specimen is moved through the SQUID coils is shown 

in Fig.2.14(c). The magnetic moment of the specimen is then obtained from 

this SQUID response curve with the help of various algorithms. The SQUID 

magnetometer used in the present work is a completely automated, computer-

controlled and software-driven commercial system (Quantum Design Model 

MPMS7). 
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Figure 2.14(c): Second-derivative coil-configuration and pick-up coil 
response as the sample is moved through the coils.
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3.1   Introduction 
     Substantial progress has been made in understanding electrical and 

thermal transport in nearly ferromagnetic (NF) and weakly ferromagnetic (WF) 

metals since Mills and Lederer [1] calculated electrical resistivity at low 

temperatures due to spin waves (SW) using the random phase approximation 

(RPA) within the framework of a simple model in which the conduction 

electrons (s-electrons) are scattered by the spin fluctuations (SF) of the d-band 

electrons via s-d exchange interaction. Subsequently, Schindler and Rice [2] 

(Mathon [3]) applied this model to NF (both NF and WF) metals to investigate 

electrical and thermal resistivity (electrical resistivity) at low temperatures near 

the critical boundary, which separates the nearly and weakly ferromagnetic 

regimes, by employing RPA for calculating the dynamical susceptibility due to 

spin fluctuations. Schindler and Rice [2] found that electrical resistivity, )(Tρ , 

varies with temperature as 2T  at low temperatures, and as the critical boundary 

is approached from the NF side, the coefficient of the 2T  term becomes large 

while the temperature range over which )(Tρ  follows this power law behavior 

narrows down. By contrast, Mathon [3] obtained the result that  

at very low temperatures on either side, but in the immediate vicinity, of the 

critical boundary. However, it was soon realized that RPA does not yield 

correct results particularly at high temperatures where the interactions between 

different spin fluctuation modes become important. Ueda and Moriya [4] 

(UM), thus, used the self-consistently renormalized (SCR) spin fluctuation 

theory [5] (which provides a correct description for the main attributes of weak 

itinerant-electron ferromagnets, including the Curie-Weiss behavior of 

susceptibility for temperatures above the Curie temperature, 

3/5~)( TTSFρ

CT ), instead of 

RPA, to calculate the dynamical susceptibility and thereby the SF (SW) 

contributions to the electrical and thermal resistivity in NF and WF (WF) 
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metals over an extremely wide temperature range. In summary, their results 

pertaining to resistivity are: (i) at very low temperatures,  

( ) for WF metals (on both sides of the critical boundary, where the 

ferromagnetic instability sets in), (ii) as the critical boundary is approached 

either from below (nearly ferromagnetic side) or from above (weakly 

ferromagnetic side), the coefficient of the 

2~)( TTSWρ

2~)( TTSFρ

2T  term in )(TSFρ  increases steeply 

while the temperature range over which this power law holds becomes narrow, 

and (iii) a crossover from the 2T  variation to 3/5T  variation occurs as the 

temperature is raised from low temperatures in NF metals whereas 

 (3/5~)( TTSFρ TTSF ~)(ρ ) at temperatures just below and above (well above) 

CT  in WF metals. Ueda [6] extended the UM formalism [4,5] to ascertain the 

effect of external magnetic field (H) on the SF contribution to )(Tρ  at low 

temperatures in weak itinerant-electron ferromagnets but neglected the SW 

contribution. Pai and Mishra [7] were first to investigate the influence of 

disorder (caused by either impurities or off-stoichiometry or both) on electrical 

and thermal conductivity of NF metals at very low temperatures using the 

Keldysh-diagram technique. Recently, the self-consistent calculations, due to 

Kaul [8], of the SW and SF contributions to )(Tρ  of weak itinerant-electron 

ferromagnets in the absence and presence of H at temperatures up to CT  

overcame the main weakness of the UM [4,5] and Ueda [6] theoretical 

treatments by completely dispensing with the unrealistic electron-gas 

approximation used by UM and Ueda to arrive at the final expression for the 

dynamical susceptibility. 

 

           Out of the weak itinerant-electron ferromagnets known in the literature 

[9], the intermetallic compound Ni3Al has attracted the maximum attention. 
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The ordered Ni3Al phase has a homogeneity range that extends from 73 at.% 

Ni to 77 at.% Ni and as the Ni concentration (x) increases from 73 at.%, long-

range ferromagnetic order sets in at the critical concentration (boundary) 

 at%. Early investigations of electrical resistivity [10], 5.74≈cx )(Tρ , in the 

temperature range KTK 202.1 ≤≤ and magnetoresistance (MR) at 4.2 K in 

magnetic fields [11] kOeH 350≤  (MR at kOeH 23≤  and temperatures in the 

range [12] KTK 902.1 ≤≤ ) in the polycrystalline samples of NixAl100-x alloys 

with x ranging from %.5.73 at  to %.0.76 at  revealed the following. (I) In the 

temperature interval KTK 2.42.1 ≤≤ ,  )(Tρ , for all the compositions in the 

range specified above, is described by the expression [10] 

. As a function of x, the exponent (coefficient) 

starts with a value 

)()(),0(),( xTxAxxT αρρ +=

0.2=α  ( ) at 25.1 −Ω≅ KcmnA %.5.73 atx = , goes through 

a minimum, 5.1=α , (peak, ) at  and assumes the 

value of 

)(0.12 cxKcmnA α−Ω≅ cx

0.2=α  ( ) at )(0.7 xKcmnA α−Ω≅ 7.75=x  and 76.0 at.%; at the 

stoichiometric composition %.0.75 atx = , 75.1=α  while A exhibits a 

discontinuous jump. Note that the observed variation of the exponent α  with 

Ni concentration does not conform to that predicted by the above-mentioned 

theories [2-4]. (II) However, so far as the MR is concerned, the agreement 

between the experimental observations and the theoretical predictions, based 

on a two (s-d) band model [11], is remarkably good [11,12] over wide ranges 

of temperature and field in the strongly exchange-enhanced paramagnetic 

samples with ; a similar agreement between theory and experiment is 

observed [11,12] in the weakly ferromagnetic compositions ( ) only at 

low temperatures 

cxx <

cxx >

KT 30<  and high fields kOeH 100> , where the negative 

MR (arising from the field-induced change in the density of states at the Fermi 

level of the d sub-bands) is masked by the ‘conventional’ positive MR due to 
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the orbital motion of the conduction (s) electrons in a magnetic field (the so-

called the Lorentz force contribution). Subsequent studies [13-15] of electrical 

resistivity and magnetoresistance in this alloy system yielded results that are 

not only in conflict with one another but also with the previous ones [10-12]. 

For instance, Sasakura et al. [13] observe a crossover from the 2T  variation of 

)(Tρ  in the range KTK 5.22.1 ≤≤  to the 3/5T  variation for temperatures 

CTTK ≤≤10 in polycrystalline ordered Ni3Al, Yoshizawa et al. [14] find that 

irrespective of the Ni concentration (within the range 

%).17.77%.91.72 atxat ≤≤ ,  at temperatures in the range 2~)( TTρ

KTK 102.4 ≤≤  in polycrystalline NixAl100-x alloys while Fuller et al. [15] 

report that  from 1.2 K  to 3/5~)( TTρ CTT =  in Ni76.6Al23.4 single crystal. 

Though these observations are at variance with one another, it is claimed that 

the temperature variations of magnetization, ρ  and MR [13, 14] ( ρ  and 

magnetization [15]) are consistent with the predictions of the SCR spin 

fluctuation theory [4,5].  

           

Considering that a varying degree of site disorder, resulting from 

different annealing treatments, is bound to be present in the samples studied 

previously in the literature, it is possible that the above discrepancy between 

the experimental observations and hence between experiment and theory is 

caused by an interplay between site disorder and compositional disorder. We 

have, thus, undertaken a systematic experimental study, which aims at 

ascertaining the influence of off-stoichiometry and site disorder on the 

variation of resistivity (magnetoresistance) with temperature (temperature and 

external magnetic field) in Ni75Al25. To this end, polycrystalline samples of 

NixAl100-x alloys with x ranging from 74 at.% to 76 at.% were prepared out of a 
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specific batch of high-purity Ni and Al under identical conditions without 

subjecting them to any thermal treatment. The observed compositional 

dependence of the transport and magneto-transport properties is thus governed 

by the compositional disorder (off-stoichiometry) and the site disorder 

introduced by the preparation protocol. The terms compositional disorder and 

site disorder are defined in section 3.3. A comparison between the results 

obtained on as-quenched samples (which have both site disorder and 

compositional disorder) and annealed/completely-ordered counterparts (which 

have only compositional disorder) of a given composition is expected to bring 

out the effect of only the site disorder. 

 

3.2   Experimental details 
           Polycrystalline rods of 100 mm length and 10 mm diameter with nominal 

composition Ni74Al26, Ni74.5Al25.5, Ni75Al25 and Ni76Al24 were prepared by first 

melting the proper proportions of the 99.998 % pure Ni and Al starting 

materials using a radio-frequency induction-melting technique and then 

quenching the melt following a procedure detailed elsewhere [16]. Samples in 

the shape of a disc of 10 mm diameter and 5 mm thickness, a rectangular strip 

of dimensions 9 x 2 x 0.5 mm3 and a sphere of 2.5 mm diameter were spark-cut 

from these rods for x-ray diffraction, electrical and galvanomagnetic transport, 

and magnetic measurements, respectively. The actual chemical composition of 

the samples, as determined by the x-ray fluorescence technique and inductively 

coupled plasma optical emission spectroscopy, is given in table 3.1. The 

compositional analysis also revealed that the total concentration of magnetic 3d 

transition metal impurities such as Mn, Cr, Fe and Co lies below 0.002 at. %. 

The ‘as-prepared’ alloy samples are henceforth labeled as ap-Ni74.3, ap-Ni74.8, 

ap-Ni75.1 and ap-Ni76.1. Optical polarizing micrographs (figure 3.1) and 

scanning electron micrographs of ap-Ni74.3, ap-Ni74.8, ap-Ni75.1 revealed the 
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existence of a trace second isostructural crystalline phase. EDAX (energy 

dispersive absorption of x-rays) analysis showed that (i) in the alloy ap-Ni74.3, 

the second (minor) phase is poorer in Ni concentration (by 0.2 at. %) 

compared to the matrix (major) phase (which has the same composition as that 

given in table 3.1) and (ii) this difference in the composition of the minor and 

major crystalline phases diminishes very fast as the Ni concentration increases 

beyond 74.3 at. % so much so that it falls within the uncertainty limits of the 

EDAX technique (

≅

%.05.0 at±≅ ) for the alloys with %.8.74 atx ≥ . 

 

   
  ap-Ni74.3                       ap-Ni74.8

   
   ap-Ni75.1                      ap-Ni76.1

Figure 3.1: Optical polarizing microscope pictures of the ‘as-prepared’ 
samples taken at a magnification of 100x, revealing the presence of dark 
regions (minor second crystalline phase) in ap-Ni74.3, ap-Ni74.8, ap-Ni75.1 and 
ap-Ni76.1.  
       Electrical resistivity, )(Tρ , and longitudinal magnetoresistance, 

)0,(/)]0,(),([/ |||| ==−=∆ HTHTHT ρρρρρ , were measured to a relative 

accuracy of better than 10 ppm on rectangular strips of 10 mm length, 2 mm 

width and 0.5 mm thickness, at temperatures in the range KTK 3007.1 ≤≤ , 



  ...electrical and magneto-transport properties of Ni3Al     83

using four-probe dc method; ρρ /||∆  measurements were carried out in the 

above temperature range in external magnetic fields, H,  up to 80 kOe. In this 

chapter, the magnetoresistance versus magnetic field isotherms taken on the 

NixAl100-x alloys in different temperature regimes have been analyzed in terms 

of the relevant theoretical expressions yielded by the self-consistent spin 

fluctuation theory [8] using the magnetization, ),( HTM , data taken on the 

samples coming from the same batch as that used in this work. The results of 

an elaborate analysis of the ),( HTM data and their discussion in terms of the 

spin fluctuation theory [19] form the subject of the next chapter.  

 

3.3    X-ray diffraction 
           X-ray diffraction patterns of the disc-shaped samples were recorded at 

room temperature over the scattering angle, θ2 , range of oo 120210 ≤≤ θ , using 

 radiation, on Inel x-ray diffractometer with curved position-sensitive 

detector. Since the scattered x-ray intensity is measured simultaneously over 

the entire 

αKCo

θ2  range, even the weakest Bragg peaks, which would have 

normally escaped detection in the conventional x-ray diffractometers, can be 

detected with ease. Figure 3.2 compares the x-ray diffraction (XRD) patterns 

observed for the samples ap-Ni74.3, ap-Ni74.8, ap-Ni75.1 and ap-Ni76.1 with that 

generated for a completely ordered Ni3Al compound using the space group L12 

and the reported value [17, 18] of the lattice parameter ‘a’ in the Rietveld 

program. In a completely ordered Ni3Al compound, Ni and Al atoms 

respectively occupy the face-centered and corner sites of the cubic unit cell. 

The face-centered (corner) sites thus constitute the Ni (Al) sub-lattice. A 

complete atomic order in Ni75Al25 alloy exists only when 100% of Ni (Al) sub-

lattice sites are occupied by Ni (Al) atoms. By the same token, the maximum 

atomic order permitted by the chemical composition in Ni74Al26 (Ni76Al24) alloy 



84     Chapter 3 

is realized only when 98.7%, 1.3% (100%, 0%) of Ni sub-lattice sites and 0%, 

100% (4%, 96%) of Al sub-lattice sites are occupied by Ni, Al atoms. Antisite 

atoms, e.g., Ni (Al) atoms on Al (Ni) sub-lattice sites, on either of, or both, the 

sub-lattices give rise to site disorder in atomic arrangement on the underlying 

face-centered-cubic (f.c.c.) lattice. Thus, a residual site disorder (e.g., 1.3%  
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Figure 3.2 (a) X-ray diffraction patterns taken at room temperature on the ‘as-
prepared’ NixAl100-x alloys with x = 74.3, 74.8, 75.1 and 76.1 at. % . The top 
panel shows the x-ray pattern for a completely ordered Ni3Al compound 
generated by the Rietveld program. In order to facilitate a direct comparison 
between different compositions, the scattered x-ray intensities are normalized to 
the peak intensity of the (111) Bragg reflection. (b) The variation of the lattice 
parameter ‘a’ with Ni concentration. Similar data on well-ordered NixAl100-x
alloys reported previously in reference [17] are also included for comparison. 
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(4%) of Ni (Al) sites occupied by Al (Ni) atoms in Ni74Al26 (Ni76Al24) alloy) is 

intrinsic to off-stoichiometric alloys that exhibit maximum possible atomic 

order. This type of residual site disorder that depends on chemical composition 

will henceforth be referred to as the compositional disorder. Additional site 

disorder brought about by the variation in the population of antisite atoms on 

Ni and Al sub-lattices in an alloy of given composition due to preparation 

technique (as-prepared state) will be simply termed as the site disorder. 

 

     Existence of well-defined Ni and Al sub-lattices in an ordered NixAl100-x 

alloy gives rise to the superstructure Bragg peaks corresponding to the 

reflections (110), (210), (211), (300), (310), ..., besides the fundamental Bragg 

reflections (111), (200), (220), (222), (311), … that are characteristic of the 

f.c.c. structure. The ratio of the integrated intensities of the superstructure and 

fundamental Bragg peaks is a direct measure [16] of the atomic order (or 

disorder) present in a given alloy. The comparison between the observed and 

generated XRD spectra in Fig. 3.2(a) brings out the following features. Except 

for the appearance of the (110) reflection in the sample ap-Ni74.8 presumably 

due to the texture effects, the superstructure Bragg peaks are completely 

absent. A complete absence of the superstructure Bragg peaks reflects a large 

population of antisite atoms on Ni and Al sub-lattices and hence the presence 

of a substantial amount of site disorder in all the samples. Alternatively, this 

observation implies that Ni and Al atoms occupy the Ni or Al sub-lattice sites 

with equal probability with the result that a distinction between the two sub-

lattices disappears. The XRD linewidths are considerably broad compared to 

those in the ordered stoichiometric compound. The extra broadening possibly 

originates from a large local internal strain at the grain boundaries and / or 

local compositional inhomogeneity / site disorder. For a given Bragg peak, the 
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linewidth decreases as the Ni concentration increases. This observation is 

consistent with the expected progressive enhancement in the compositional 

disorder as the critical concentration [16] 5.73≈cx  at.% is approached from 

above. The analysis of the observed XRD patterns reveals that the lattice 

parameter ‘a’ decreases linearly with increasing Ni concentration (Fig.3.2(b)) 

much the same way as that reported previously [17] on well-ordered NixAl100-x 

alloys. The finding that the functional form of )(xa  is the same for site-

disordered and ordered NixAl100-x alloys asserts that site disorder has essentially 

no effect on the lattice parameter and that the observed variation of ‘a’ with x 

is solely governed by the compositional disorder. 

 
3.4  Theoretical considerations 

      In this section a brief introduction is given to the theoretical formalism 

which deals with the spin wave and spin fluctuation contribution to the 

electrical resistivity and magnetoresistance and suppression of these collective 

excitations by magnetic field. With a view to resolve the controversial issues 

concerning the electrical and galvanomagnetic transport in weakly 

ferromagnetic metals detailed in the introduction section, a quantitative 

comparison between theory (whose details are furnished in reference 8) and 

experiment is made in the next section. To facilitate unraveling the physical 

phenomena that are responsible for our main observations from such a 

comparison, we provide here a brief summary of the self-consistent calculation 

[8] of spin-wave and exchange-enhanced spin-density fluctuation contributions 

to the electrical resistivity of weak itinerant-electron ferromagnets in the 

absence and presence of the external magnetic field. This calculation makes 

use of the two-band (s- and d-band) model and the version of spin-fluctuation 

theory for d-band that employs the Ginzburg-Landau formalism. The scattering 
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of conduction (s) electrons by the spin density fluctuations of the d-electrons 

via the s-d exchange interaction yields the following expression [8] for the 

electrical resistivity 
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In the above expressions, and are the effective mass and number density of 

the s-electrons, respectively, 

m n
s
FE  )( d

FE  is the Fermi energy of the s  -band 

measured from the bottom of the band, 

)(d

s
Fk  )( d

Fk  and )( s
FEN  ))(( d

FEN  

respectively are the Fermi wavevector and the density of states at the Fermi 

energy per spin per atom of the s  -band, )(d ds−ℑ  is the s-d exchange coupling 

constant, )(ωn is the Bose function, ),(|| ωχ q  and ),( ωχ q⊥  are the dynamical 

wavevector-dependent longitudinal and transverse susceptibilities [19].  As 

elucidated below, spin waves and exchange-enhanced spin-density fluctuations 

give dominant contributions to electrical resistivity, )(Tρ , and magneto-

resistance (MR) in different temperature ranges so that the calculation of )(Tρ  

and MR basically boils down to inserting the relevant expressions [19] for the 

reduced dynamical wavevector-dependent susceptibility, ),( ωχ qr ,  in Eq.(3.2). 
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3.4.1    Low temperatures 
       At T = 0, the energy dispersion, )(qE , of magnetic excitations in a 

weakly ferromagnetic metal reveals that (i) in a small region around 0=q  in 

the Brillouin zone, the bound states for electron-hole pairs, representing spin-

wave excitations, have lower energy and are separated by an energy gap from 

the energy continuum, corresponding to the Stoner single-particle spin-flip 

excitations, and (ii) this energy gap reduces as q increases such that beyond a 

certain threshold value of , the spin-wave dispersion curve enters the 

Stoner excitation continuum with the result that propagating transverse spin 

fluctuations (spin waves) get damped. For , the magnetic excitations in 

the continuum are the overdamped (non-propagating) modes of exchange-

enhanced longitudinal and transverse spin-density fluctuations. Since spin-

wave modes of larger and larger q are excited as the temperature is raised from 

T = 0, the transition at  

0qq =

0qq >

0qq =  from well-defined spin waves to non-

propagating exchange-enhanced transverse spin fluctuations manifests itself at 

a certain finite value of temperature in the measurement of )(Tρ  and MR. By 

contrast, the thermally-excited non-propagating exchange-enhanced 

longitudinal spin-density fluctuations persist down to 0=q  and coexist with, 

but are swamped by, spin waves for 0qq ≤ .  

    At low temperatures (T << TC), the main contribution to )(Tρ  arises from 

long-wavelength )( 0qq ≤  low-frequency spin wave (SW) modes. This 

contribution is obtained by inserting the following expression [19] for 

),(Im ωχ qr  in Eq.(3.2) and then evaluating the integrals: 

 

3/),(Im2),(Im ωχωχ qqr ⊥=                                                                        (3.5) 

with 
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[ ))(())(()()2/(),(Im qqqq ]ωωδωωδχωπωχ ++−= ⊥⊥                                (3.6) 

 

and the spin-wave propagation frequency )(qω given by [8, 19] 
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where , the effective field H is the external magnetic field, ),(/1 HTMH=−
⊥χ

extH , corrected for the demagnetizing field, , and other anisotropy fields, demH

AH , i.e., AextextAdemext HHTMNHHHHH +−=+−= ),(4π , N  is the 

demagnetizing factor, g is the Landé splitting factor, and 

⊥= cHTMgHTD B ),(),( µ  is the spin-wave stiffness. Combining Eqs.(3.2), 

(3.3), (3.5) – (3.7) yields finally the following expressions [8] for the spin-

wave contributions to the ‘zero-field’ resistivity, )0,( =HTSWρ , and 

magnetoresistance, SW)/( ρρ∆ ,  at low temperatures 
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for , where the reduced field, 1)1( <−he )/( TkHgh BBµ= . In order to make the 

variations of SW)/( ρρ∆  with h more transparent, the  term, appearing in 

Eq.(3.10), is approximated by h for 

)1( −he

1<<h  and only the first two (leading) 

terms in the sum over n are retained, with the result that  
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3.4.2    Intermediate temperatures 
       At intermediate temperatures, which lie well below CT , the spin-

fluctuation contribution to resistivity or magnetoresistance becomes more 

important than the spin- wave contribution. For temperatures below CT , the 

longitudinal and transverse spin- fluctuation contributions to resistivity, and 

hence to magnetoresistance, have to be treated differently since the imaginary 

part of the dynamical wavevector-dependent spin susceptibility has different 

lower bounds )0,( 0 ==⊥ ωqq   and  )0,0( || == ωq  in the ),( ωq - plane for the 

transverse and longitudinal spin fluctuations. This theoretical approach leads to 

the result [8] 
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and 
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 In the above expressions, the field dependence basically originates from 

the inverse spin correlation length νκ  (where the subscript ν  denotes the 

transverse  or longitudinal || case) which is related to the temperature- and 

field-dependent transverse (longitudinal) susceptibility 
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        For ||χ  and ⊥χ  (where the spontaneous magnetization, 

 and ‘in-field’ magnetization, 2/1
0 )/)(()0,( bTAHTMM −==≡ ),( HTMM ≡ ) 

that are consistent with the magnetic equation of state 

 (the detailed expressions for the coefficients 

A(T) and b are given in reference [19]) in Eqs. (3.12) and (3.13), we finally 

3)],([),( HTMbHTMAH +=
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arrive at the following expressions [8] for the total spin-fluctuation (SF) 

contributions to magnetoresistance and ‘zero-field’ resistivity  
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      In order to bring out the field dependence of magnetoresistance clearly 

and thereby facilitate a direct comparison with the experiments, we make use 

of the experimental result that the quantity )/( 0 ⊥κq  is greater than unity for 

weak itinerant-electron ferromagnets. Expanding the function  in 

Eq.(3.12) in powers of 

)(tan 1 x−

)/1( x , retaining the terms up to x-7 only and using 

Eq.(3.14), the expressions (3.20) and (3.18) finally assume the form 
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and the magnetoresistance at low and intermediate temperatures assumes the 

form 
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3.4.3    Temperatures around TC but outside the critical region 
       At temperatures just outside the critical region but on either side of the 

Curie point, TC, (henceforth referred to as ‘for temperatures close to TC ’, for 

brevity), an analytical solution is possible only when the classical 

approximation is used. In this approximation, the spin fluctuation cut-off 

wavevector  is chosen such that the spatially varying local magnetization, 

m(r), is classical, which, in turn, implies that each local spin-density mode 

 for  is thermally excited such that the part of the integrand in Eq. 

(3.2) involving the Bose function 

cq

)(qmν cqq <

)(ωn , i.e., ]1)()[( +ωω nn  can be 

approximated by  for those values of )12/1()/( 2 −ωT ω  for which ),(Im ωχ qr  

makes an appreciable contribution to the integral over ω  in Eq.(3.2). Taking 

into account the functional dependences of the cut-off wavevector on 

temperature and field, the spin fluctuation contributions to the ‘in-field’ and 

‘zero-field’ resistivity are given by [8] 

cq
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   A simplified expression for the spin fluctuation contribution to 

magnetoresistance, given below, is obtained when, in accordance with 

Eq.(3.14), )/( MH  in Eq.(23) is set equal to . )( 2
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where bαψ =  and .  2bβφ =

      The detailed definitions of various quantities appearing in equations 

(3.1) – (3.28), are furnished in reference [8]. 

 

The above-mentioned parameters are specific to a given weakly 

ferromagnetic metal and hence they will sensitively depend on the Ni 

concentration, x, in the present case. Another important point to note is that 

with increasing compositional disorder or increasing external pressure (i.e., as 

 or ), cxx → cpp → 0→CT  and the energy gap at 0=q  between the Stoner 

energy continuum and the bound states, representing spin-wave excitations, 

narrows down tremendously so much so that the spin-wave dispersion region 

near  in the Brillouin zone progressively shrinks to an extremely small 

size. Consequently, near , the spin-wave dispersion curve enters the 

Stoner excitation continuum at 

0=q

cxx =

00 ≈q  and a transformation from the 

propagating transverse spin fluctuations (spin waves) to overdamped (non-

propagating) modes of exchange-enhanced longitudinal and transverse spin-

density fluctuations occurs as soon as q exceeds . Thus, strong 

departures from the spin wave behavior are expected at low temperatures as x 

nears . Though the theoretical calculations detailed in reference 8 do not 

explicitly take into account the effect of site disorder, site disorder is expected 

to enhance the above-stated effect of compositional disorder. 

00 ≈q

cx

 

3.5   Electrical resistivity and magnetoresistance: 
        Temperature and magnetic field dependence 

 With a view to resolve the controversial issues concerning the electrical 

and galvanomagnetic transport in weakly ferromagnetic metals detailed in the 

introduction section, a quantitative comparison between theory [8] and 
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experiment is made in this section. To facilitate such a comparison, we quoted 

the relevant results of the self-consistent calculation [8] of spin-wave and 

exchange-enhanced spin-density fluctuation contributions to the electrical 

resistivity, )(Tρ , and magnetoresistance (MR) of weak itinerant-electron 

ferromagnets, in the preceding section. 

 

Electrical resistivity, )(Tρ , is plotted against temperature from 1.7 K to 300 

K in figure 3.3. The inset of figure 3.3 displays the temperature variation of the 

temperature derivative of resistivity, dTTd /)(ρ . dTTd /)(ρ  goes through a 

peak (two peaks) at a temperature, peakTT = , for the alloys with 1.76=x , 75.1 

and  at. % 8.74 3.74( =x %).at . Identifying  with the Curie temperature, peakT

CT , yields the values of CT  for different compositions given in table 3.1. 

Consistent with the EDAX results, in the case of ap-Ni74.3 sample alone,  

 

Table 3.1: Actual composition, Curie temperature, resistivity values at 1.7 K 
and 300 K, and residual resistivity ratio (RRR). 

TC   (K) Sample 
Label 

Actual 
Ni 

(at.%) ρ(T) ∆ρ||(T)/ 
ρ(T) 

ρ(1.7 K) 
(µΩ - 
cm) 

ρ(300 
K) 
(µΩ - 
cm) 

RRR= 
ρ(300K) / 
ρ(1.7 K) 

ap-Ni74.3 74.26(9) 41(1); 
48.5(9) 

41(1); 
48(2) 

7.62 41.30 5.42 

ap-Ni74.8 74.82(8) 59(1) 60(1) 9.11 44.89 4.93 

ap-Ni75.1 75.08(8) 55.5(8) 55(1) 6.83 45.24 6.62 

an-Ni75.1 75.08(8) 56.1(9) 56(1) 7.08 51.97 7.34 

ap-Ni76.1 76.13(5) 71(1) 70(1) 14.80 70.68 4.77 
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Figure 3.3: Electrical resistivity, ρ, as a function of temperature from 1.7 K 
to 300 K. Insets show the temperature derivative of resistivity, dTd /ρ , 
plotted against  temperature. The arrows indicate approximate locations of 
the peak temperature, which is identified with the Curie temperature, TC
Top right insert highlights the Ni concentration dependence of TC. 

 

presence of a minor second crystalline phase with Ni concentration 

)5(06.74=x  (table 3.1) is reflected in a satellite peak at KTC 41=  in 

dTTd /)(ρ  (top inset of figure 3.3(a)); the main peak at KTC 48=  corresponds 

to the major crystalline phase with %.3.74 atx = . Residual resistivity ratio, 

)7.1(/)300( KK ρρ , (RRR) and residual resistivity at 1.7 K, )0(ρ , as functions 

of Ni concentration are displayed in table 3.1 and figure 3.4. 



98     Chapter 3 

74.5 75.0 75.5 76.0

4

8

12

16

ρ(
0)

  (
 µ

 Ω
 - 

cm
)

 Ref. 10

R
R

R

Ni     (at.%)

0

2

4

6

8

10

 Ref. 10

 

 

4

5

6

7

8
 as-prepared
 annealed

 

6

9

12

15 as-prepared
 annealed

 

 

Figure 3.4: Variation of the residual resistivity, )0(ρ , and residual 
resistivity ratio (RRR) with Ni concentration. The corresponding data 
on well-ordered samples, previously reported in reference [10], are 
also included for comparison.

 
Of all the ‘as-prepared’ (ap-) samples, the sample of stoichiometric 

composition ( %.1.75 atx = ) has the lowest (highest) residual resistivity (RRR). 

Annealing the ap-Ni75.1 sample at 520 oC for 16 days, improves the atomic 

order from 75 % to nearly [16] 85 %, leaves the residual resistivity essentially 

unaltered but increases the RRR appreciably. A much lower annealing 

temperature, AT  = 520 oC (as against 1150=AT oC, used in the literature [10] to 

achieve atomic order), was chosen to avoid a significant loss of Al in 

the alloy during annealing so that no shift in the composition occurs and a 

comparison between the physical properties of the ‘as-prepared’ and ‘annealed’ 

samples brings out clearly the role of site disorder. Comparison with the data 

%100≈

reported by Fluitman et al. [10] on completely-ordered samples in the alloy 
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series Ni Al  (note the widely different sensitivities of the ordinate scales for 

different sets of data in figure 3.4), indicates that the as-prepared samples in the 

present study have considerable amount of site-disorder. The variations of 

longitudinal magnetoresistance, )0,(/),(||

x 100-x

=∆ HTHT ρρ , with temperature at 

various fixed values of the exte H, in the temperature 

interval 

rnal magnetic field, 

KTK 2003 ≤≤ , are shown in figure 3.5. Magnetoresistance (MR) is 

negative in the ent mperature range extending from 3 K to 300 K and goes 

through a maximum as a function of temperature at ma

ire te

xTT = . The values of 

maxT  are also tabulated in table 3.1. For a given alloy composition, CTT ≅max . 
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Figure 3.5: Longitudinal magnetoresistance, 

ap-Ni75.1

 

ρρ /||∆ , as a function 
of temperature at fixed values of the external magnetic field. The 
arrows indicate the approximate location of the Curie temperature, 

CT , where )0,(/),(|| =∆ HTHT ρρ  goes through a dip at low fields. 
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3.5.1   
F

Low temperatures  (T << TC) 
igure 3.6 clearly demonstrates that at low temperatures TK ≤≤7.1 xT  

(where  depends on the Ni concentration, x), electrical resistivity variesxT  with 

temperature as  with n = 1.50(1), 1.66(1) and 1.64(3) for the samples 

ely (Fig.3.5). These samples exhibit a 

stron res in that the

nTT ~)(ρ

ap-Ni , ap-Ni and ap-Ni respectiv74.3 74.8  75.1, 

g departure from the Fermi liquid behavior at low temperatu  

above values of the exponent ‘n’ are significantly different from that ( 2=n )  
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Figure 3.6: Non-Fermi (Fermi) liquid behavior of resistivity at low 
temperatures in ap-Ni74.3, ap-Ni74.8, ap-Ni75.1 and an-Ni75.1 (ap-Ni76.). 
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predicted by the Fermi liquid theory. By contrast, )(Tρ  in the ap-Ni76.1 follows 

the 2T  law (the Fermi liquid behavior) over a narrow temperature range 

KTK 167.1 ≤≤ . As the critical concentration [16]  at.% (site-

disorder reduces the critical concentration from 

5.73≅cx

5.74≅cx  at.%  to 5.73≅cx  

 from the Fermi at.%, see below) is approached from above, the deviations

liquid behavior become more prominent and the temperature range 

[ xTTK ≤≤7.1  with KTx 25=   ( KTx 21= ) for ap-Ni74.3 and ap-Ni74.8 (ap-

Ni75.1)] over which the non-Ferm or persists widens. The values 

of the exponent n and coefficient  

i liquid behavi

)0()0( =≡ HAA nn   are determined by the 

‘range-of-fit’ analysis, in which the values of the parameters 

)0,0()0( ==≡ HTρρ ,  and  are monitored as the temperature range of 

the fit (based on the expression ) is 

varied. The values of 

)0(nA n

n
n THAHTHT )0()0,0()0,( =+==== ρρ

)0(ρ ,  and , so determined over the specified 

temperature ranges, are given in table 3.2. At this stage, it is interesting to note 

the following observations. (a) The 

)0(nA n

65.1T  variation of )(Tρ  at KT 7≤  and 

ambient pr ) 

The ecreasing 

e inter

, at a given external pressu he range 

essure has also been reported [20] in single crystals of Ni3Al. (b

value of the exponent ‘n’ falls below [21] n = 2 and goes on d

continuously, when the upper bound mT  of the temperatur val 

mTTK ≤≤05.0 re in t kbarpkbar 9932 ≤≤ , 

is increased from 1 e of , t  

esently deter ed values

of the ratio

K to 5 K or when at a fixed valu he external

pressure is increased from 32 kbar to 99 kbar. The pr min  

mT

 )0(/)0( ρn

are compared in figure 3.7 with those reported earlier [10] for similar 

compositions. The quantities 

A  and the exponent n for different Ni concentrations, x, 

),0(/),0( xxAn ρ  and n(x) exhibit the same trend in 

the resent case as that observed previously [10]; however, our values for  p

),0(/),0( xxAn ρ  are lower by nearly a factor of two, particularly for x close to  
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the stoichiometric composition. Considering that the samples used in the 

reference 10 had been subjected to prolonged annealing at elevated 

temperatures so as to ensure complete atomic ordering in them, the reduced 

 
t.%

 A
n(0

) /
 ρ

 (0
)  

   
 ( 

10
 - 3

 K
 - n

 ) 

 

 

Figure 3.7: The variations of the exponent ‘n’ and the ratio )0(/)0( ρnA
with Ni concentration at low temperatures. The corresponding data on 
well-ordered samples, previously reported in reference 10, are also 
included for comparison. 

),0(/),0( xxAn ρ  (or RRR) in our ‘as-prepared’ samples can be attributed to a 

high degree of site disorder present in them. The exponent ‘n’ increases from  n 

= 1.64(3) to 1.80(5) when the ap-Ni75.1 sample is annealed. An excellent 

agreement between the value n = 1.80(5) for the annealed (ordered) Ni75.1 and 

that [10] (n = 1.75) for the completely ordered Ni3Al compound leads to the 

obvious conclusion that site disorder tends to enhance the deviations from the 

Fermi liquid behavior at the stoichiometric composition. Fluitman et al. [10] 



  ...electrical and magneto-transport properties of Ni3Al     103

report the critical nickel concentration xc for the onset of long-range 

ferromagnetic order as , which is well above 

obtained in the present case when the 

%.6.74 atxc = %.5.73 atxc =  

)(xTC  data are fitted to the simple power 

law  with p
cpC xxtxT )()( −= 33.0=p , where CT

ure (inset of Fig.

i liqui

xc

ion by i

 is the ferromagnetic-to-

paramagnetic transition (Curie) temperat  3.3) for a given 

composition x. The site disorder thus lowers the critical Ni concentration. 

 

      From a close comparison of the non-Ferm d behavior in the single 

crystals, completely-ordered and site-disordered polycrystalline samples with 

Ni concentration close to the critical concentration , we infer that the effect of 

site disorder is (i) to make the non-Fermi liquid behavior more prominent 

particularly in the stoichiometric composit ncreasing the extent of 

deviation of the exponent ‘n’ from the value n = 2 and (ii) to stabilize the non-

Fermi liquid behavior in any given composition over a much wider temperature 

range

 

     ent results in the light of the existing theories, 

.  

 Before discussing the pres

the following remarks about a comparison between theory and experiment are 

in order. For cxx ≅  (or equivalently, externally applied pressures, p, in the 

immediate vicinity of the critical pressure [21], cp ), 0≈CT  so that at ultra low 

e conditions same as those for temperatures close to temperatures, th CT  prevail. 

Thus, by predicting the variation 3/5~)( TTρ  at temperatures CTT ≈ , the 

theoretical treatment [8] outlined in the previous section, like the self-

consistently renormalized (SCR) spin fluctuation theory [4] of Ueda and 

Moriya, adequately describes the non-Fermi liquid behavior observed for 

concentrations cxx ≅  (figures 3.6 and 3.7) or pressures cpp ≅  [21]. For cxx >  
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or  cpp < , CT  has an appreciable magnitude and these theories [4,8] predict a 
2T  variation of  resistivit mediate) temperatures ar  

scattering of conduction electrons from propagating transverse spin 

fluct

transverse spin fluctuations). The electron-electron (EE) scattering too gives 

rise to the 2

y at low (inter ising from the

s .e., spin waves, SW (exchange-enhanced longitudinal and uation , i

T  variation of resistivity at low temperatures but, unlike the SW 

ttering,  EE scattering is insensitive to H. A sca  the 2T  dependence of )(Tρ  

(which could be attributed to either EE or SW scattering mechanism) has been 

observed in a Ni3Al single crystal [21] at low temperatures KTK 105.0 ≤≤  

and low pressures cpp <<  and presently in ap-Ni76.1 (Fig.3.6) at ambient 

pressure and temperatures KTK 167.1 ≤≤ . However, the theoretically 

predicted [4,8] 2T  variation of )(Tρ  at low temperatures (basically originating 

from the spin wave dispersion which is quadratic in the wavevector q, 

Eq.(3.7)) is at variance with the observed values 1.5 – 1.66 of the exponent ‘n’ 

in the Ni concentration range %.1.75 atxxc ≤<  (Figs. 3.6 and 3.7). I

the above remar or observed at low temperatures 

when x falls below 

n view of 

ks, the non-Fermi liquid behavi

%.1.76 at  (Fig.3.7), most likely, reflects that the increased 

concentration,  (critical pressure, ) is approached from above (below) 

alters the spin-wave dispersion at finite q such that as q increases from 

compositional disorder (or increased external pressure) as the critical 

c cx p

 0=q

tuation

, 

the SW dispersion becomes increasingly similar to the spin-fluc  

ose to dispersion prevalent at temperatures cl CT .  

 

     The above proposition provides the following explanation for the 

monotonous reduction in the exponent ‘n’ from 2=n  to 66.1=n  observed [21] 

in Ni Al when the upper bound, , of the temperature range  mT mTTK ≤≤05.03
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incr  1 K to 5 K. At sub-Kelvin temperatures, only long-wavelength 

0≈ ) spin wave modes get excited. In the long-wavelength ( 0→q ) limit, the 

SW dispersion is quadratic in q and hence it is not surprising that 2=n  in the 

temperature range 

eases from

q(

KTK 105.0 ≤≤ . As the temperature increases above 1 K, 

SW modes of larger and larger q (compared to 0=q ) get thermally excited 

with the result that the modified SW dispersion at such q values causes n to 

decline from the value 2=n . Magnetic field introduces a gap ( Bg HgE effµ=  

)Ademeff HHHH +−=  in the spin-wave energy spectrum (Eq.(3.7)) and enters 

the resistivity expression (Eq.(3.2)) via the Bose function (Eq.  

of a gap makes it tically more difficult to excite spin waves (or 

equivalently, at a given tempera ave stiffness, D, increases  

 

fits in the low temperature (spin wave) region, based on the relation 
n

n TAT )0()0()( += ρρ  and Eq. (3.29) of the text. 
 

Label 

Temperature 
range 
(K) 

ρ
(µΩ- n 

 ;

ation

ture, the spin-w

nges and the parame esponding to the 

Sample (0) 

cm) 

An 

K  ) K  ) Oe  )

(3.3)). Cre

energe

Table 3.2:  Temperature ra ters values corr

(0) 
(nΩ - cm 

A

-n

n
*(0) 

(nΩ - cm 
a

-n

λ
(10 

 
λ - 4  

-λ

ap-Ni74.3

1.7 – 2
(0.04 T

4 
C  – 0.5 

TC) 
7.85(2) 1.50

(1) 16.6(6) 16.5(2) 3.9(5) 0.52
(2) 

ap-Ni
.7

(0.03 T  – 0.42 9.50(1) 9.74(6) 9.6(1) 2.8(3) (3)74.8

1  – 25 
C 

TC) 

1.66
(1) 

0.60
 

ap-Ni75.1

1.7 – 21 
(0.03 TC – 0.38 

TC) 
6.68(3) 1.64

(3) 15.5(5) 14.8(9) 2.4(4) 0.65
(5) 

an-Ni75.1

1.7 – 12.5 
(0.03 TC – 0.22 7.00(1) 1.80

(5) 9.0(6) 8.3(3) 2.4(6) 0.65
(3) TC) 

ap-Ni76.1

1.7 – 16.25 
(0.02 TC – 0.23 

TC) 
14.73(3) 2.00

(2) 5.88(5) 5.80(9) 2.6(6) 0.80
(1) 
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steeply at low fields and tends to saturate at high fields in accordance with the 

relation ⊥= cHTMgHTD B ),(),( µ ; see section 3.4.1 for ls [8,19]). 

Consequently, an increase in H progressively suppresses the SW ttering 

contribution, thereb e resistivity and gives rise to negative 

magnetoresistance, in agreement with our observations (Fig.3.5). However, H 

does not alter the q-dependence in the SW dispersion relation and hence field 

has no effect on the te rature dependence of resistivity. al 

 corroborated by the data, presented in figure 3.8, which 

)(HAn  of the n

detai

 sca

mpe This theoretic

prediction [8] is clearly

are representative of all the compositions studied in this work. The coefficient 

y reduces th

T  term in the expression n
n THAHHT )(),0(),( += ρρ  is 

calculated from the slope of the  ),( HTρ  versus nT  straight lines displayed in 
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Figure 3. 5.1T8: variation of ),( HTρ  for the sample ap-Ni74.3 at 
different fixed fields at low temperatures. For the sake of clarity, a 
constant upward shift of 0.5 cm−Ωµ has been given to the 
successive ),( HTρ  data starting from that taken at H = 80 kOe. 
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Fig. 3.8. That the functional dependence of An on H is accurately described by 

the empi

 

]1[)0()( * λ
λ HaAHA nn −= ,                                                                   (3.29) 

 

rical relation  
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Figure 3.9: λH power law field dependence of the normalized 
coefficient, , of the )0(/)( *

nn AHA nT term in the expression of resistivity 
at low temperatures. The corresponding data on well-ordered samples, 
previously reported in reference 14, are also included for comparison. 

inear composi  dependence o ponent L tion f the ex λ  and coefficient λa of 
the magnetic field-dependent term in equation (3.29) of the text is show

 to
n 

in p panel. 
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is clearly borne out by the )0(/)( *
nn AHA  versus λH  plots shown in figure 3.9 

for all the samples . While  is a quantitative measure of the suppression 

f SW scattering at a given field strength over a specified temperature range 

(table 3.2) at low temperat on 

aries with H. The optimum values of ,  and the exponent 

 )(HAn

o

ures, the term λ
λ Ha  gives how such a suppressi

v )0(*
nA λa λ  obtained 

from these plots for various compositions are given in table 3.2. The values of 

 so obtained, are the same as those ( ) directly determined from the 

‘zero-field’ resistivity, 

)0(*
nA , )0(nA

)(Tρ , data (cf.  and  listed in table 3.2). The 

 and  data with n = 2, reported by Yoshizawa et al. [14] on well-

ordered samples of similar composition (an-Ni75.1 and an-Ni76.1), are plotted in 

Fig. 3.9 as  versus 

)0(*
nA )0(nA

)(HAn )0(nA

)0(/)( nn AHA λH , using the presently determined values of 

the exponent λ  (which are found to be consistent with their data), so as to 

facilitate a direct comparison with our data. While comparing the two sets of 

 be made for the change in  and  with 

n (the exponent of the 

data, proper allowance has to )(HAn )0(nA

nT  term in the expressions for ),( HTρ  and 

)0,( =HTρ ). Such a comparison reveals that at any specified field value, site 

disorder reduces the extent of suppression by field and this reduction in 

suppression (by site disorder) becomes more pronounced as H increases. 

y, for a fixed value of Alternativel λ , site disorder, in a sample of given 

composition, reduces . The coefficient  (exponent λa λa λ ) decreases 

(incre it

 

hich 

quant th er a 

specif

[8] calculates the suppression of SW scattering with varying magnetic field at a  

ases) linearly w h Ni concentration, as evidenced from figure 3.9. 

 

Contrasted with the above empirical relation, i.e., Eq.(3.29), w

ifies the suppression of SW scattering at a given field streng ov

ied temperature range at low temperatures, the self-consistent treatment 
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fixed temperature in th w temperature region Thus, in order to verify the 

theoretical predictions [8], the fits to the longitudinal magnetoresis

3.3 K

75.1

 

e lo . 

tance, 

|| )0,(/)]0,(),([/|| ==− HTHTHT=∆ ρρρρρ  versus H isotherms taken in the 

spin-w

Figure 3.10: Longitudinal magnetoresistance, ρρ /||∆ , as a function 
of magnetic field at a few representative values of temperature in the 
spin wave region. Open circles denote the ρρ /||∆ data while the 
continuous curves through the data points are the theoretical fits 
based on Eq.(11) of the text. 

ave temperature region (the actual temperature range depends on the 

composition, see table 3.2) are attempted based on Eq.(3.11) by varying the 

coefficients of the hh ln , h and 2h  terms so as to optimize agreement between 
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the theory and experiment. That the theoretical fits (continuous curves), based 

on Eq.(3.11), accurately reproduce the experimentally observed (open circles) 

field variations of magnetoresistance is evident from figure 3.10. The 

coefficients of various terms have the same values as those predicted by 

equation (3.11) but the prefactor 0.304 is exactly one order of magnitude less 

) with the result that equation (3.11) predicts MR values that are nearly 

served ones. 

 

3.5.2    Intermediate temperatures (T < TC) 
the (intermediate) temperature range that partly overlaps the spin-

wave region but falls well below

( 031.0≅

10 times the ob

                        

    In 

CT

)

, the spin-fluctuation (SF) scattering 

contribution to the resistivity, (Tρ  and magnetoresistance (MR) becomes 

more important than that arisin  the SW scattering as the thermally-

excited exchange-enhanced longitudinal and transverse spin-density 

fluctuations dominate over pr g transverse spin fluctuations (i.e., spin 

waves). At these temperatur y [8] predicts a quadratic temperature 

depend

g from

opagatin

es, the theor

ence (i.e., 2=n ) for both )(Tρ  and MR, as i pin-wave regio

totally different value for the coefficient )0(nA  (cf. Eqs.(3.8) and (

r the suppression of the SF contribution, and hence for the variati

n the s n, but 

with a 3.20)) 

and fo on of 

 figures 3.6 and 

1.96(1) (n = 1.50(1), 1.50(1)  and 1.90(1)) for

) samples of Ni

and ap-Ni76.1) have exponent values that do not differ appreciably from the  

MR with field (cf. Eqs.(3.11) and (22)). A comparison of

3.11(a) reveals that the exponent ‘n’ in nTT ~)(ρ  increases (decreases) from n 

= 1.50(1) and 1.66(1) (n = 1.64(3), 1.85(5) and 2.00(5)) to n = 1.81(1) and 

 ap-Ni74.3 and ap-Ni74.8 (ap-Ni75.1, 

an-Ni75.1 and ap-Ni76.1), respectively, as the sample temperature increases from 

low to intermediate temperatures. With the exception of the ‘as-prepared’ (-ap) 

and ‘annealed’ (-an 75.1, all the samples (i.e., ap-Ni74.3, ap-Ni74.8 
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theoretical value, n = 2. Another rem observation is that the site 

disorder in ap-Ni

 ) 
   

 ( 
µ 

Ω
 - 

cm
 )

arkable 

 by 

Figure 3.11: (a)

75.1 has no discernible influence on the exponent value 

(1.50(1)). At this stage, it is not clear as to why in the case  of the 

stoichiometric composition alone, (i) a serious discrepancy exists between the 

predicted and observed values of n, and (ii) the exponent ‘n’ is insensitive to 

site disorder. Like in the spin-wave region, at intermediate temperatures, the 

field H does not affect the temperature variation of resistivity (as illustrated

nT  power law variation of resistivity with temperature in 
the intermediate temperature range for all the samples. (b) 8.1T power law 
variation of ),( HTρ  for the sample ap-Ni74 i.3 at d fferent fixed   fields at 
intermediate temperatures. For the sake of clarity, a constant upward shift 
of 0.5 cm−Ωµ  has been given to the successive ),( HTρ  data starting 
from that taken at H = 80 kOe. 
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figure 3.11(b)), the empirical relation, Eq.(3.29), is obeyed (figure 3.12) with 

the values of ,  and the exponent )0(*
nA λa λ  given in table 3.3, and 

 within the uncertainty limits (see, table 3.3).  

  

In order to ascertain whether or not Eq.(3.22) describes correctly the 

functional dependence of 

)0()0( *
nn AA ≅

)0,(/)]0,(),([/ |||| ==−=∆ HTHTHT ρρρρρ  on H 

at a given T in the intermediate

composition (table 3.3)

accordance with the magnetic  versus 

 temperature range, which depends on the 

, we have adopted the following approach. In 

 equation of state (MES), 2)],([ HTM

),(/ HTMH  (Arrott) plots at different but fixed values of te e 

 

Table 3.3:  Temperature ranges and the parameters values corresponding to the 
fits in the intermediate temperature (spin-density fluctuation) region, based on 
the relation  and Eq.(3.29) of the text. 
 

Sample 
Labe

Temperature ρ(0) An (0) An
*(0) aλ

- 4  

mperature ar

n
n TAT )0()0()( += ρρ

l range 
(K) 

(µΩ -
cm) 

n (nΩ-cm 
K- n) 

(nΩ-cm 
K- n) 

(10   
Oe-λ) 

λ

ap-
Ni74

C

7
) .3

28 – 42 
(0.59 TC – 
0.88 T ) 

8.30(3) 1.81
(1) 4.65(5) 4.70(2) 3.9(1) 0.4

(3

ap-
Ni74.8

C
1.96
(1) 2.71(4) 2.73(4) 1.57(4) 0.60

(2)

30 – 42 
(0.5 T  – 0.71 10.0(1)  TC) 

ap-
Ni75.1

22 – 40 
(0.4 TC – 0.72 

TC) 
6.65(5) 1.50

(1) 20.7(2) 21.0(5) 1.81(2) 0.61
(1) 

an-
Ni

24 – 46 
(0.45 T

75.1
C – 0.8 

TC) 
6.82(4) 1.50

(1) 25.7(3) 25.6(7) 1.75(2) 0.60
(1) 

ap-
Ni

22 – 48 
(0.31 T

76.1
C – 

0.68 TC) 
15.2(2) 1.90

(1) 5.70(5) 5.69(2) 0.91(1) 0.66
(1) 
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constructed o  magnetization versus field, 

 

ut of the HM − , isotherms measured 

o  sam th d e wo hi l

portions of the Arrott plot isotherms are extrapolated to H = 0 to yield the 

v  of a o , at differen at m

intercepts on the ordinate axis. Inserting the values for the quantities , 

[ − M  an 2 )( ed ro

Figu

n the e samples as ose use  in th present rk. The gh-field inear 

alues spontaneous m gnetizati n, M 0 t temper ures, fro  the 

0M

2/12
0 )]− , (b23( Mb )2

0
2 M−M d b 2 , obtain2

0
2 MM −  from Ar tt  

re 3.12: λH power law field de  pendence of the norm
coeffi *

nA , of the 
alized 

cient, (A )0(/)H nTn  term in the expression of 
res e p reistivity t interm a diate tem eratu s. 
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Eq.(3.22) so as to minimize the least-squares deviations from the measured 

H)/( ||

plots and MES, in Eq.(3.22) and varying the coefficients of various terms in 

−∆ ρρ  isotherms, we arrive at th retical fits (continuous curves) to 

the H−∆ )/( ||

e theo

ρρ  data (open circles) at various temperatures  shown  in  fig e 

e -wav rfect agreement between

ur

3.13.  Evidently, lik   in  the  spin e  region, a pe  

the theoretically predicted [8], Eq.(3.22), and experimentally observed 

Figure 3.13: Longitudinal magnetoresistance, ρρ /||∆ , as a function of 
magnetic field at a few representative values of temperature in t

rmediate tem n. Open ci les denote the 
he 

inte perature regio rc ρρ /||∆  data wh
continuous curves throu

ile 
the gh the data points are the theoretical fits based 
on Eq.(3.22) of the text. 



  ...electrical and magneto-transport properties of Ni3Al     115

variations of MR with field exists at intermediate temperatures as well but 

equation (3.22) predicts one order of magnitude higher values for MR. We 

have also verified whether or not Eq.(3.22) forms a unique description of MR 

at intermediate temperatures by fitting the spin-wave expression, Eq.(3.11), 

(spin-fluctuation expression, Eq.(3.22)) to the MR data in the intermediate 

(low) temperature region, with the result that Eqs.(3.11) and (3.22) are indeed 

obeyed only at low and intermediate temperatures only. This observation thus 

confirms that spin-wave excitations and non-propagating spin-density 

fluctuations make dominant contributions at low and intermediate 

temperatures, respectively. 

 
3.5.3   Temperatures close to CT  

Consistent with the predictions (Eq.(3.24)) of the spin-fluctuation theory 

[8], the observed temperature variation of resistivity for all the samples is 

closely reproduced by the expression  at 

temperatures close to

3/5
3/5 )0()0,0()( THAHT =+== ρρ

CT  ( CC TTT ≤≤7.0 ), as is evident from figure 3.14(a). In 

this uction he 

lon s 

com nt 

A

increasing Ni concentratio

concentration, spin fluctuation modes of larger and larger q rgy) get 

 temperature range, the scattering of cond  electrons from t

gitudinal and transverse non-propagating spin-density fluctuation

pletely accounts for the electrical resistivity. The coefficie

)0()0( 3/53 =≡ HA  is a direct measure of this spin-fluctuation (SF) /5

contribution to resistivity. The composition dependence of )0(3/5A , displayed 

in the top panel of figure 3.15, depicts the growth of the SF scattering with 

n. As the Curie temperature increases with Ni 

thermally excited for temperatures close to 

 (higher ene

CT  and contribute to the integral in 

Eq.(3.2) and hence to resistivity. 
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As in the case of low and intermediate temperatures,  theoretical 

result [8] that the field H leaves the temperature variation of resistivity 

unaltered is validated by the behavior of ‘in-field’ resistivity, ),(

ap-Ni74.3

ρ 
( T

, H
 ) 

  

T 5 / 3      ( K 5 / 3 ) 

(i) the

   
( µ

 Ω
 - 

cm
 )

(b)

3/5Figure 3.14: (a) T  power law variation of resistivity for 
temperatures close to the Curie temperature close to the Curie point. 
(b) 3/5T  power law variation of ),( HTρ  for the sample ap-Ni74.3 at 
different fixed fields at temperatures close to the Curie point. For the 
sake of clarity, a constant upward shift of 0.5 cm−Ωµ  has been given 
to the successive ),( HTρ  data starting from that taken at H = 80 kOe.  

HTρ , 

observed (figure 3.14(b)) at temperatures close to CT , (ii) the empirical 

relation, Eq.(3.29), holds (figure 3.16) at thes  temperatures with the values of 

)0(*
3/5A , λa  and the exponent 

e

λ  given in table 3.4,and (iii)   )0()0( *
3/53/5 AA ≅
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within the error bars (see, table 3.4). The quantities λa  and λ  are plotted as 

functions of Ni concentration, x, in Fig. 3.15 so as to highlight the increasing 

(decreasing) trend of λa  (λ ) with x. The finding that, at CTT ≈ , ),( HTρ  

follows the same power law ( 3/5T ) for all the compositions enables us to put 

Eq.(3.29) into the scaling form 

 
λ)/(1)]0() 03/5 HH−=                                       (/([ 3/5 AHA 3.30) 

Figure 3.15: Variations with Ni concentration of the coefficient of the 3/5T
term in the expression for resistivity, )0 ,  the exponent (3/5A λ  and the
oefficient  λa  of the magnetic field-dependent term in Eq. (3.29) as well
s of the critical field 0H  in Eq.(3.32) at tempera

 
c
a tures. 
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Table 3.4: Temperature ranges and the parameters values corresponding to the 
fits at temperatures close to the Curie point (spin-density fluctuation region), 
based on the relation  and Eq.(3.29) of the text. 

 

Sample 
Label 

Temperature 
range 
(K) 

ρ(0) 
(µΩ - 
cm) 

n 
An (0) 

(nΩ - cm 
K- n) 

An
*(0) 

(nΩ - cm 
K- n) 

aλ
(10 - 4  

Oe-λ ) 
λ 

n
n TAT )0()0()( += ρρ

ap-Ni74.3

43.3 – 49.6 
(0.91 TC  – 

1.04 TC) 
8.27(2) 1.66

(1) 8.24(2) 8.25(2) 8.6(1) 0.45
(1) 

ap-Ni74.8

52 – 60 
(0.89 TC  – 
1.01 TC) 

9.96(7) 1.66
(1) 8.77(7) 8.81(4) 11(1) 0.43

(1) 

ap-Ni75.1

36 – 51 
(0.65 TC  – 
0.92 TC) 

7.09(6) 1.66
(3) 10.4(4) 10.4(1) 12(1) 0.42

(2) 

an-Ni75.1

45 – 56 
(0.80 TC  – 
1.00 TC) 

8.1(1) 1.66
(3) 11.5(4) 11.48(5) 14(1) 0.41

(1) 

ap-Ni76.1

47 – 65 
(0.67 TC  – 

0.93 TC) 
14.8(6) 1.66

(2) 15.2(5) 15.2(2) 15.9(6) 0.40
(1) 

 

 

in get 

com n  the 

sc

of , calculated using the relation , 

re pl  Fig. 3.15 as a function of x. The increase in  with the Ni 

concentration is consistent with based on the 

 which 0H  denotes the critical field at which the spin-density fluctuations 

pletely quenched. A extremely good collapse of )0(/)( 3/53/5 AHA  

versus λ)/( 0HH data for all the compositions onto a single universal curve, 

demonstrated in figure 3.16(b), testifies to the validity of the scaling relation, 

Eq.(3.30). This type of aling could not be attempted at low and intermediate 

temperatures because the exponent ‘n’ depends on composition in those 

temperature ranges. The values  0H λ
λ

/1
0

−= aH

a otted in 0H

the above inference (drawn 
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)0(3/5A  vs. x plot, shown in Fig. 3.15) that higher-energy spin fluctuation 

modes contribute to resistivity as x increase  because higher fields are required s

to quench high-frequency spin fluctuations. 

120 1600 40 80

0.85

0.90

0.95

1.00 ap-N 45i74.3;  λ = 0.
ap-Ni74. 43 8;  λ = 0.
ap-Ni75.1;  λ = 0.42
an-Ni75.1;  λ = 0.41
ap-N 76.1

*  5
 /

Oe λ

(a

i ;  λ = 0.40

 

A
 5

 / 
3 (

H
) /

 A
 3
 (0

)

H λ       (  )

)

 

0.00 0.04 0.08 0.12 0.16
0.84

0.88

0.92

0.96

1.00

 

 

A
 5

 / 
3

 A
*  5

 / 
3

 ] λ

 (H
) /

 (0
)

[ H / H0

ap-Ni74.3

ap-Ni74.8

ap-Ni75.1

an-Ni75.1

ap-Ni76.1

)

Next, a quantitative comparison is made between the observed and 

temperatures in the vicinity of 
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calculated [8] (based on Eq.(3.28)) variations of MR with H at fixed 
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. We follow the same procedure as that 

detailed in the previous sub-section to arrive at the values for the quantities 

, , MMb − , , MMb −  and 2 )( MMb −  

appearing in Eq.(3.28) and optimize the coefficients of these terms so as to 

achieve the best agreement with the measured 

M M )]3([ 2 2 )]3([ MMb − )( 2 22

)/( || ρρ∆  versus H isotherms 

λFigure 3.16:(a) H po  wer law field ce dependen of the no
fici 3/5

rmalized 
coef ent, (3/5 HA )0(*A , of the 3/5T term in the expression of/)  
resistivity at temperatures close to the Curie point. (b) Scaling of the 
normalized coefficient, , of the )0(/)( *

3/53/5 AHA 3/5T  term in the 
expression of resistivity with at temperatures close to the Curie 

t 

λ)/( 0HH

poin ( CT ), in accordance with the Eq.(3.30) of the text. In this scaling 
plot, 0H  is the critical field strength required to completely quench the 
spin-density fluctuations for CTT ≈ . 
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using th

curves, based on Eq.(3.28)) that 

conform well, in quantitative terms, with the observed ones (open circles) at 

temperatures close to

e non-linear least-squares-fit method. The data presented in figure 3.17 

clearly demonstrate that the self-consistent theoretical calculations [8] yield the 

variations of MR with field (continuous 

CT , as was the case at low and intermediate temperatures 

as well. Yet another important observation made in this work is that the   
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Figure 3.17: Longitudinal magnetoresistance, ρρ /||∆ , as a function of 
magnetic field at afew representative values of temperature in the 
nte ediate temperat e region. Open c cles denote ti rm ur ir he ρρ /||∆

while the continuous curves throu
 data 

gh the data points are the theoretical 
fits based on Eq.(3.22) of the text. 
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)/( || ρρ∆   versus H isotherms at CTT =  (the c otherms) for all the 

samples have the unique feature that 66.0
|| ~)/( Hρρ∆  (see, figure 3.18). This 

power law behavior can be understood as follows in terms of the theory, due to 

Balberg [22], which takes into account the critical fluctuations of the order 

parameter (spontaneous magnetization) and yields the expression 

  
δβαρρ /)1(

|| ~)/( −∆ h                                                                                     (

ritical is

3.31) 

                                     

for the field dependence of magnetoresistance in the critical region ( CTT ≅ ) for 

a ferromagnet. In Eq.(3.31), TkHgh BB /µ=  is the reduced field, and α , β  

and δ  are the critical exponents for the ‘zero- field’ specific heat, spontaneous 

zation and the M versus H isotherm at magneti CTT = , respectively. An 

extensive study of critical phenomena in the ‘as-prepared’ and ‘annealed’ 

samples of the stoichiometric compos

mean-field values for the critical exponents

ition have previously yielded [16,23] 

β , γ  (the critical exponent for 

initial susceptibility) and δ , i.e., )3(500.0=β , )5(000.1=γ  and )4(000.3=δ . 

Similar exponent values have been obtained (see chapter

present samples as well [24]. Inserting these mean-field val e 

exponents 

 4, for details) for the 

ues for th

β  and γ  in the Rushbrooke equality 22 =++ γβα , yields the value 

for the exponent α  as 0=α . Using the values 0=α , 5.0=β  and 0.3=δ , 

Eq.(3.31) reduces to exactly the same form, , as that observed 

in this work. Interestingly, Eq.(3.28) provides as good a quantitative 

description of the critical 

3/2
|| ~)/( hρρ∆

)/( || ρρ∆  versus H isotherms for all the compositions 

as Eq.(3.31) does. This is so because the theoretical formalism [8] leading to 

Eq.(3.28) makes use of the mean-field equation of state, which is consistent 

with the above values for the critical exponents. 
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inally, in order to clearly bring out the composition dependence of 

negative MR, the )/( || ρρ∆  versus H isotherms for dif compositions taken 

at the reduced temperatures 2.0/

ferent 

=CTT , 0.5 and 0.9 (that fall within the low, 

intermediate and  near CT , temperature  regions,   respectively)  are  compared  

in  figure  3.19.  In this figure, the continuous c ves through the data points 

(symbols) are the theoretic l fits fo sed o , 

(3.22) and (3.28), at the fixed temperatures 2.0/

Figure 3.18: 6.0 6H power law field dependence of the longitudinal
magnetoresistance, ρρ /||∆ ,  at CTT = . 

ur

alloys in question, ba n Eqs.(3.11)a r the 

=CTT , 0.5 and 0.9, 

respectively. The insets of Fig. 3.19 demonstrate that: (i) at any fixed value of 

H (shown o ly for 8n  =H  Tesla but is true for other fields as well), the negative 

magnetoresistance (MR) goes through a peak at the stoichiometric composition 

at all temperatures and (ii) regardless of composition, the negative MR  
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increases as the tempe ure is progressively raised from low temperatures so 

as to approach CT  from below. These observations imply that irrespective of 

the temperature range (low, intermediate or close to CT ), the maximum 

Figure 3.19: Longitudinal magnetoresistance, ρρ /||∆ , of all the 
compositions as a function of magnetic field at CTT 2.0= , CT5.0 and 

CT . Open symbols  the denote ρ9.0 ρ /||∆ data while the continuous 
curves through the data points at CTT 2.0= , CT5.0  and CT9.0  are the 
theoretical fits based on the Eqs.(3.11), (3.22) and (3.28) of the text, 
respectively. Insets show that the longitudinal magnetoresistance, 

ρρ /||∆ ,  at kOeH 80=  (or in SI units, 8=H  Tesla) and CTT 2.0= , 

CT5.0  and CT9.0  goes through a dip at the stoichiometric 
composition as a function of Ni concentration. 
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suppression of the dominant magnetic excitation b  field occurs for 

the stoichiometric composition, and that the amplitude of the thermally-excited 

spin fluctuation modes picks up rapidly as

y magnetic

CT  is approached with the result that 

at any field strength, the suppression is maximum at CT . 
 

3.6    Summary and conclusion 
       Extensive high-resolution electri siscal re tivity, )(Tρ , and longitudinal 

magneto-resistance, (MR), )0,(/)]0,(),([/ |||| ==−=∆ HTHTHT ρρρρρ , 

measurements have been carried out 

NixAl100-x alloys with x

Ni75.1Al49.9 alloy at temperatures i

on well-characterized ‘as-prepared’ 

 = 74.3, 74.8, 75.1 and 76.1 at.% and on the ‘annealed’ 

n the range KTK 3007.1 ≤≤  and in magnetic 

. In the following text, we briefly summarize the most

)(

fields, H, up to 80 kOe  

important observations made based on the Tρ  and ρρ /||∆  data and the 

inferences drawn from them.   

 

      In the temperature range KTK 257.1 ≤≤  and, electrical resistivity 

exhibits non-Fermi liquid behavior in that it varies with temperature as 

 with n = 1.50(1), 1.66(1) and 1.64(3) (1.80(5)) for the samples ap-

Ni74.8 and ap-Ni75.1 (an-Ni75.1), respectively. On the other hand, 

nTT ~)(ρ

Ni74.3, ap- )(Tρ  

in ap-Ni76.1 follows the 2T  law (the Fermi liquid behavior) over a narrow 

temperature range KTK 167.1 ≤≤ . As the critical concentration, 5.73≅cx  

at.%, is approached from above, i.e., as the compositional disorder increases, 

stronger deviations from the Fermi liquid behavior occur and the temperature 

range over which the non-Fermi liquid behavior persists widens. By contrast, 

the site disorder makes the non-Fermi liquid behavior more prominent 

particularly in the stoichiometric composition (Ni3Al) and stabilizes the non-
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Fe much w e 

rang that the non-Ferm uid 

behavior o  when 

rmi liquid behavior in any given composition over a ider temperatur

e. Based on plausible arguments, it is proposed i liq

bserved at low temperatures x falls below %.1.76 at  refle

the increased compositional disorder alters the spin-wave dispersion

 q such that as q increases from 0

cts 

that  at 

finite =q , the spin-wave dispersion becom

the non-propagating spin-fluctuation dispersi

alent at temperatures close to 

es 

increasingly similar to on 

prev CT  (Curie temperature).  

 

      The expression n
n THAHHT )(),0(),( += ρρ  with 0=H  and 0≠H  

forms an excellent descri o-field’, ption of the ‘zer )0,( =HTρ , and 'in-field', 

),( HTρ , resistivities at all temperatures below . The values of the quantities CT

)0,0()0( =≡ Hρρ , ),0( Hρ , )0(nA , )(HAn  and the exponent ‘n’ depend on the 

sample composition and on the choice of the temperature range (see, tables 3.2 

– 3.4) but in any given temperature range, ‘n’ is independent of H. The 

’ does not depend on H vindicates the 

 by Kaul [8]. The functional 

de the 

the entire temperature range 

observation that the exponent ‘n

theoretical approach, recently proposed

pendence of nA  on H is accurately described by empirical relation 

]1[)0()( λ
λ HaAHA nn −=   over CTT ≤  but with 

the coefficient λa  and the exponent λ  varying from sample to sample and from 

one temperature regime to the other (for actual values, refer to tables 3.2 – 3.4). 

For temperatures close to CT , where, in 

predictions [8], the exponent ‘n’ has the universal value (the same value for all 

the compositions) of 3/5=n , the above empirical relation has been put into the 

scaling form 0(/)([ 3/53/5 AHA

accordance with the theoretical 

0HH−= . The validity of this scaling 

d by a perfect collapse of the  data for all the 

samples onto al plot (Fig.3.16(b)) of  versus 

λ)/(1)]

form has been demonstrate )(HAn

 the univers )0(/)( 3/53/5 AHA
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λ)/ 0H ; the critical field, 0H , mpletely quench the spin-

density fluctuations, increases with the Ni concentration, x.  

      Contrasted with the above empirical relation, which quantifies  

suppression of the dominant magnetic excitations at a given field strength over 

a specified temperat  temperatures or intermediate tem  

or temperatures close to 

(H  required to co

 

 the

ure range w peratures (lo

CT ),  the self-consistent theoretical treatment [8] 

calculates the suppression of such excitations with varying magnetic field at a 

fixed temperature in a particular temperature range. Thus, a quantitative 

comparison between the theoretical predictions [8] and the longitudinal 

magnetoresistance  )0,(/)]0,(),([/ |||| ==−=∆ HTHTHT ρρρρρ  versus H 

isotherms taken in different temperature regimes is sought by making use of 

the magnetization, ),( HTM , data taken on the same samples as the present 

ones at temperatures KTK 3005 ≤≤  and magnetic fields ekOH 700 ≤ . Such 

a comparison reveals that the self-consistent spin fluctuation theory [8] predicts 

the observed variations of 

≤

ρρ /||∆  wi  at fixed temperatures in different 

temperature regimes (i.e., at low temperatures, intermediate temperatures and 

temperatures close to, or even equal to, 

th H

CT ) correctly. The )/( || ρρ∆  versus H 

isotherms taken at CTT =  (the critical isotherms) for all the samples have the 

co . The theory, due to Balberg [22], is

e obser

behavio

 

mmon feature that  

shown to provide a straightforward explanation for th ved power law 

ur. 

      Other important observations that deserve a mention are: (i) at any fixed 

value of H, the negative magnetoresistance (MR) goes through a peak at the 

stoichiometric composition at all temperatures and (ii) regardless of 

3/2
|| ~)/( Hρρ∆
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composition, the negative MR increases as the temperature increases from low 

temperatures to CT= . These observations imply that irrespective of the 

termediate or close to

T

temperature range (low, in CT ), the maxim ppression 

of the dominant magnetic excitation by magnetic field occurs for the 

stoichiometric composition, and that the amplitude of the thermally-excited 

spin fluctuation modes picks up rapidly as

um su

CT  is approached with the result that 

at any field strength, the suppression is maximum at CT . 
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4.1    Introduction 
A recent appraisal [1] of the previously reported [2-9] results on the 

magnetic behaviour of binary NixAl100-x alloys with %.5.76%.5.73 atxat ≤≤  

highlighted the controversies that surround the nature of magnetism in this 

weakly ferromagnetic alloy system. Attributing the disagreement between the 

results of earlier investigations to a complex interplay between the 

compositional disorder and site disorder, and to a complete neglect of the spin-

wave contribution to magnetization at low temperatures, Kaul and Semwal 

made an attempt to unravel the individual roles of compositional disorder [4] 

and site disorder [13,14]. To this end, the study of magnetization in the ‘as-

prepared’ NixAl100-x alloys [4] with %.76%.74 atxat ≤≤  (the Ni concentration 

range that includes the critical concentration [5-10] %.5.74 atxc ≈  below which 

long-range ferromagnetic order ceases to exist) and in the alloy of 

stoichiometric composition, Ni3Al, ‘prepared’ in different states of site disorder 

[13,14], revealed the following. (i) Regardless of the degree of site disorder 

present, spin waves, at low temperatures ( CC TTT 28.009.0 ≤≤ ), zero-point and 

thermally-excited local spin-density fluctuations, at intermediate temperatures 

( CC TTT 62.032.0 ≤≤ ), and non-propagating thermally-excited spin 

fluctuations, at temperatures close to the Curie point, CT , 

( CC TTT 95.065.0 ≤≤ ), completely account for [13,14] the thermal 

demagnetization of spontaneous magnetization, )0,(TM , and ‘in-field’ 

magnetization, ),( HTM . By contrast, the spin fluctuation theories [12 – 14], 

that predict precisely this behaviour of )0,(TM  and ),( HTM  for a weak 

itinerant-electron ferromagnet in the absence of any disorder, failed [1] to 

describe the decline in )1,( kOeHTM =  with increasing temperature observed 

in the NixAl100-x alloys that have substantial compositional disorder. Instead, the 
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functional form of )1,( kOeHTM =  observed in these alloys could be closely 

reproduced over the entire temperature range, CTT ≤ , by the temperature 

variation predicted by the percolation (localized-spin) theories [15 – 17] that 

invoke a crossover in the spin dynamics on a three-dimensional ferromagnetic 

percolating network from a hydrodynamic (magnon) regime at low 

temperatures to a critical (fracton) regime at high temperatures. Moreover, the 

power laws, P
cxxxM β)(~)(0 − , P

cxxxD θ)(~)(0 −  and φ)(~)( cC xxxT −  with 

cxx > , which, according to the percolation theories [15,16], characterize the 

percolation critical behaviour (second order phase transition ) at cxx =  in three-

dimensional percolating networks, described very well the Ni concentration 

dependences of the spontaneous magnetization at 0 K, )0,0(0 MM ≡ , the spin 

wave stiffness at 0 K, 0D , and the Curie temperature, CT . (ii) Like 

compositional disorder, site disorder smears out the sharp features in the 

density of states (DOS) curve near the Fermi level, FE , and reduces the DOS at 

FE , )( FEN , 0M , 0D , and CT . (iii)  Site disorder affects the magnitude of 

suppression of the low-lying magnetic excitations (spin waves and spin 

fluctuations) by external magnetic field (H) but does not alter the functional 

form of the suppression with H.  

 

        Though the above observations (i) – (iii) facilitated characterizing the 

roles of site disorder and compositional disorder in influencing the magnetic 

properties of the weakly ferromagnetic alloy system, NixAl100-x, they 

concomitantly raised the following basic questions. (1) Why do the spin 

fluctuation theories [12 – 14], which otherwise enjoy the distinction of 

providing correct explanation for the characteristic attributes of weak itinerant-

electron magnets, fail to describe the magnetic behaviour of weak itinerant-
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electron ferromagnets with compositional disorder? (2) How does one 

reconcile to the fact that weak itinerant-electron ferromagnets with 

compositional disorder follow closely the predictions of a localized-spin 

(percolation) theory? As a reconciliatory measure, Kaul and Semwal [1] 

conjectured that quenched random disorder in such systems could cause 

localization of the otherwise itinerant magnetic moments. This conjecture, 

however, does not explain as to why site disorder cannot be as effective in 

localizing the magnetic moments as compositional disorder supposedly is. The 

non-Fermi liquid behaviour of resistivity at low temperatures in the same alloy 

system, NixAl100-x, reported in the preceding chapter [18], adds a new 

dimension to the problem.  

 

To seek answers to these fundamental queries, extensive high-resolution 

bulk magnetization, ),( HTM ,  measurements were undertaken on well-

characterized samples of NixAl100-x alloys, in the ‘as-prepared’ state. An 

elaborate analysis of the present ),( HTM  data not only resolves the issues (1) 

and (2), mentioned above, by bringing out clearly the effect of compositional 

disorder and/or site disorder on the contributions to )0,(TM  and ),( HTM , 

arising from spin waves at low temperatures and non-propagating thermally-

excited longitudinal and transverse spin fluctuations at intermediate 

temperatures and for temperatures close to CT , but also quantifies the 

suppression of these contributions by H. At low temperatures, )0,(TM  and 

),( HTM  exhibit non-Fermi liquid behaviour in the alloys with 

%.1.75%.5.73 atxatxc <≤≅  much the same way as the resistivity and 

magnetoresistance do, as reported in chapter 3. The present results also 

demonstrate that the compositional disorder and site disorder (for a precise 

definition of the terms compositional disorder and site disorder, see section 3.2 
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of chapter 3) change CT  drastically but have practically no effect on the 

magnetic behaviour in the critical region since, irrespective of the amount or 

type of disorder present, mean-field critical exponents characterize the 

ferromagnetic-to-paramagnetic phase transition at CT .  

 
4.2    Magnetic measurements 

For magnetic measurements, spherical-shaped samples (2.5 mm in 

diameter) of  ap-Ni74.3, ap-Ni74.8, ap-Ni75.1 and ap-Ni76.1, were spark-cut from 

the ‘as-prepared’ (ap-) rods, as already mentioned in chapter 3. Note that the 

magnetization, resistivity and magnetoresistance samples come from the same 

batch. Though the composition of these alloys is not very different from those 

used previously in reference [1], the x-ray diffraction patterns of the 

corresponding compositions are distinctly different (cf. Fig.1 of chapter 3 with 

Fig.1 of reference [1]) in that the substantial (200) texture, present in the earlier 

samples, is completely absent in the new ones.  

  

  Magnetization, ),( extHTM , of polycrystalline xx AlNi −100  samples was 

measured in external static magnetic fields ( extH ) up to 15 kOe on a vibrating 

sample magnetometer (VSM). These measurements cover a temperature range 

of KTK 30015 ≤≤  that embraces the critical region near the ferromagnetic 

(FM) - paramagnetic (PM) phase transition. M versus extH  isotherms were 

taken at 60 predetermined but fixed values of extH  (each stable to within ±1 

Oe) ranging from 0 to 15 kOe, at the temperature intervals of 0.5 K, 0.1 K, 0.05 

K and 0.025 K  within the ranges CTTK 5.015 ≤≤ , KTTT CC 105.0 −≤≤ , 

KTTKT CC 310 −≤≤− , KTTKT CC 33 +≤≤− and then the temperature 

interval was slowly increased to 0.1 K, 0.5 K, 1 K, 5 K and 10 K while 
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increasing the temperature to K300 . Demagnetizing factor, N, was computed 

from the inverse slope of the linear extHM −  isotherm (i.e., 

MHslopeN ext /)(4 1 == −π ) taken at the lowest temperature T = 15 K in field 

range OeHOe ext 2020 ≤≤− . To construct the Arrott ( ),(2 HTM  versus 

),(/ HTMH ) plots out of the ),( extHTM  data, the external magnetic field was 

corrected for the demagnetizing field, i.e., ),(4 extext HTMNHH π−= . The 

spontaneous magnetization at different temperatures, )0,( =HTM , was 

computed from the intercepts on the ordinate obtained by extrapolating the 

high-field (also the low-field) portion of the Arrott plot isotherms to 0=H  (in 

the case of ap-Ni74.3) for CTT ≤ , as elucidated in sub-section 4.3.4. The HM −  

isotherms, used for constructing Arrott plots, were converted into the TM −  

data at 16 different but fixed values of H in the interval kOeHkOe 153.0 << . 

Note that the above-mentioned detailed magnetization measurements were not 

performed on the ap-Ni75.1 sample when the preliminary measurements revealed 

a magnetic behaviour that was not significantly different from the one reported 

earlier [10, 11] on the annealed counterpart of this sample. However, 

magnetization was measured on all the samples, including ap-Ni75.1, as a 

function of extH  for kOeH ext 70≤  at  KT 5=  (and at a few specific 

temperatures so that a quantitative comparison between the magnetoresistance 

data and the spin-fluctuation theory could be made in chapter 3) and as a 

function of temperature in the range from 5 K to 150 K at kOeHext 1= , using a 

SQUID magnetometer 

4.3  Temperature and magnetic field dependence of 
         magnetization  

The Curie temperature, CT , and spontaneous magnetization at 0 K, 

)0,0(0 MM ≡ , determined from the Arrott plots by the following procedure, are 
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displayed in the top and bottom panels of figure 4.3. While CT  corresponds to 

the temperature at which the linear Arrott plot isotherm passes through the 

origin (as shown in the figure 4.13 in the sub-section 4.3.4), 0M  is computed 

from the intercept on the ordinate yielded by a linear extrapolation [1] of the 

high-field portion of the ),(2 HTM  versus ),(/ HTMH  plot at KT 5=  to 

0=H (figure 4.1). Alternatively, 0M  is extracted from the optimum fit to the 

),5( HKTM =  isotherm for fields above the technical saturation, i.e., over the 

range kOeHkOe 702 ≤≤ , based on the expression [4,13] 

HHMHKTM hfχλ ++== 0),5( , where the H  term accounts for the 

Figure 4.1: Arrott (M2 versus H/M) plots constructed out of the M(H) 
isotherms taken at T = 5 K. The solid lines represent the linear 
extrapolation from high field data. The value of intercept to M2-axis at H = 
0 gives square of spontaneous magnetization at 5 K.     
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suppression of spin waves by the field H [19] and the high-field susceptibility, 

hfχ , is related to the exchange-enhanced Pauli spin susceptibility [1,10]. The 

continuous curves through the ),5( HKTM =  data, shown in figure 4.2, 

represent the best least-square fits to the data based on the above expression.  

Both the determinations yield the same value (within the uncertainty limits) for  
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0M  for a given composition. Figure 4.3 compares the values of CT  and 0M , so 

obtained, for the samples ap-Ni74.3, ap-Ni74.8, ap-Ni75.1 and ap-Ni76.1, with those 

determined for the same samples (samples of similar composition) from 

resistivity and magnetoresistance in chapter 3 or [18] (in the literature [1-  

Figure 4.2: M(H) isotherms at T = 5 K. Continuous solid lines represent the 
best least square fits based on the equation mentioned in the text below.   
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4,5,9]). Note that only the Ni atoms carry magnetic moment in the alloys in 

question and hence compositional and/or site disorder in the Ni sublattice alone 

is of direct relevance so far as the magnetic properties are concerned. 

Figure 4.3: Variations of TC and M0 with Ni concentration, x, compiled 
from the values of TC and M0 obtained in the present work and those 
reported previously on the alloys with the same or similar composition. 
Continuous (dashed) curves represent the best least-squares fits to our 
(those reported in references 2, 3, 5 and 9) TC(x) and M0(x) data based on 
the power laws mentioned in the text.   
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Considering that the ‘as-prepared’ samples used in the present magnetization, 

resistivity and magnetoresistance [18] measurements and in the previous study 

[1] have both compositional disorder and site disorder whereas the well-

annealed (and hence completely ordered) counterparts used in earlier 

investigations [2,3,5,9] have only compositional disorder, the following 

unambiguous conclusions about the roles of compositional disorder and site 

disorder can be drawn from the comparison made in Fig. 4.3. (i) With 

increasing compositional disorder, i.e., as cxx → , CT  and 0M , in the alloys 

with compositional disorder alone, decrease in accordance with the power laws 

(dashed curves) τ)()( cxC xxtxT −=  and ψ)()(0 cx xxmxM −=  with 

%.)6(60.74 atxc = , )5(43.0=τ  and )8(40.0=ψ . (ii) The effect of site disorder is 

to slow down the variations (continuous curves) of CT  and 0M  with x such that 

the above power laws still hold but with %.)1(6.73 atxc = , )3(33.0=τ  and 

)5(00.1=ψ . Alternatively, compared to the values of CT  for the xx AlNi −100  

alloys with compositional disorder alone, site disorder enhances CT  for a given 

composition (leaves CT  essentially unaltered) and this enhancement grows 

rapidly as cxx →  (for %.76atx ≥ ). In sharp contrast with this behaviour, 

except for cxx ≈ , 0M  is relatively insensitive to site disorder. Why )(xTC  is 

more sensitive to site disorder than )(0 xM , can be understood [1,10], as 

follows, in terms of the spin fluctuation theories [12 – 14] that yield the 

expressions for CT  and 0M   
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{ } 2/122/122/1
0 ]1)([)]([]3/)()(''[)]('[2 −−=

−
FFFFFB ENIENENENENNM µ  

                                                                                                                       (4.2) 

 

In equations (4.1) and (4.2), the coefficient of the gradient term in the 

Ginzburg-Landau expansion, νc , is a measure of the spin-fluctuation stiffness, 

while νγ  and the quantity within the curly brackets in Eq. (4.2) depend on the 

shape of the density of states (DOS) curve near the Fermi level, FE , as well as 

on the DOS at FE , )( FEN . According to these expressions, 0M  is sensitive to 

both )( FEN  and the shape of DOS curve near FE  whereas, apart from these 

factors, CT  is also depends on νc . Thus, the insensitivity of 0M  to site disorder 

implies that site disorder has essentially no effect on )( FEN  and the shape of 

DOS curve near FE  (except for cxx ≈ , where site disorder tends to primarily 

enhance )( FEN  and thereby stabilize long-range ferromagnetic order for Ni 

concentrations below the threshold concentration, .%6.74 atxc ≅ , dictated by 

compositional disorder). It immediately follows that as cxx → , site disorder 

increases the concentration of Ni atoms on the Al sub-lattice beyond that 

allowed by the compositional disorder and thereby enhances νc  (and hence CT ) 

because of the increase in the number of Ni nearest neighbours for a given Ni 

atom. Site disorder, thus, lowers the critical concentration, cx , by nearly one 

Niat.% .  

        

 

 Having discussed the influence of compositional disorder and site 

disorder on 0M  and CT , we now focus our attention on their effect on the 

temperature and magnetic field dependences of magnetization in the 
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temperature regimes where different kinds of low-lying magnetic excitations 

dominantly contribute to ),( HTM .  

 

4.3.1   Low temperatures ( T << TC ) 
In weak itinerant-electron ferromagnets without any disorder, spin-wave 

modes of wavevector q , in the region around 0=q  in the Brillouin zone, exist 

as well-defined excitations at low temperatures, CTT << . According to the spin 

fluctuation theory [14], this spin wave (SW) contribution to magnetization is 

given by 

 
2/3)]0,(4/[)2/3()0,0()]0,([ TDTkgMTM BBSW πξµ−= ,                0=H     (4.3a) 

 
2/3)],(4/[),2/3(),0()],([ HTDTktZgHMHTM BHBSW πµ−= ,   0≠H     (4.3b).  

 

In these equations, the Bose function ∑∞
=

−−= 0
2/3),2/3( n

nt
H

HentZ  with the 

reduced field TkHgt BBH /µ=  allows for the energy gap in the spin wave 

spectrum, introduced by extH  and anisotropy fields, and D  is the spin-wave 

stiffness. In the case of weak itinerant-electron ferromagnets, D  renormalizes 

with temperature as )1()0()( 2
2 TDDTD −=  where the spin-wave stiffness at 0 

K, )0,0()0(0 McgDD B ⊥=≡ µ , is independent of field. An attempt has been 

made to determine 0D , the thermal-renormalization  coefficient, 2D , 

)0,0(0 MM ≡  and ‘in-field’  magnetization at 0 K, ),0( HM , from the fits to the 

)0,(TM  and ),( HTM  data based on equations (4.3a) and (4.3b), respectively, 

using the ‘range-of-fit’ analysis in which the variation in the above-mentioned 

parameters is monitored as the temperature range ( CTT << ) of the fit is varied. 

Due to the extra temperature variations introduced by the thermal 
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renormalization of spin wave stiffness and the presence of the function 

),2/3( HtZ  in Eq. (4.3b), Eqs. (4.3a) and (4.3b) predict a concave-downward 

curvature in the )0,(TM  versus 2/3T  and ),( HTM  versus 2/3T  plots. In sharp 

contradiction with this prediction, the )1,( kOeHTM =  versus 2/3T  plots for ap-

Ni74.3 and ap-Ni74.8 alloys, shown in the insets of figure 4.4(a) and 4.4(b), 

exhibit a concave-upward curvature, which is more pronounced in the alloy ap-

Ni74.3 whose composition is closer to the critical concentration %.6.73 atxc ≅ . 

Exactly the same behaviour was observed previously [1] in the alloys of similar 

composition. Thus,  Eqs. (4.3a) and (4.3b) cannot describe the 
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temperature dependence of magnetization in the alloys ap-Ni74.3 and ap-Ni74.8. 

By contrast, the )1,( kOeHTM =  versus 2/3T  plots for the ap-Ni75.1 and ap-

Ni76.1 alloys, displayed in the insets of figure 4.4(c) and 4.4(d), show the 

expected curvature and Eq.(4.3b) does indeed closely reproduce (continuous 

curves through the data points, represented by symbols) the observed 

temperature dependence of magnetization at 1 kOe, as is evident from Fig. 

Figure 4.4: The upper panels (a), (b), (c) and (d) display M(T,H =1 kOe) as a 
function of temperature at low temperatures for the samples ap-Ni74.3, ap-Ni74.8, 
ap-Ni75.1 and ap-Ni76.1 along with the best least-squares fits (continuous curves) 
through the data (open circles) based on the equations (4.3b) and (4.4) of the 
text, while the lower panels show the corresponding percentage deviations of the 
data from the fits based not only on the equations (4.3b) and (4.4) but also on the 
other expressions used previously in the literature. The insets in the upper panels 
serve to highlight the concave-upward deviations of the data from the spin-wave 
T3/2 law in the case of the samples ap-Ni74.3 and ap-Ni74.8.      
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4.4(c) and 4.4(d). The percentage deviations of the data from the best least-

squares (LS) fits based on Eq.(4.3b), shown in the bottom panels of 4.2(c) and 

4.2(d), do not exceed 02.0±  in the temperature range KTK 185 ≤≤ . These LS 

fits yield the values for 0D  as 67.5(5) meV Å2 and 70(1) meV Å2 for the alloys 

ap-Ni75.1 and ap-Ni76.1, respectively. Lower magnitude of 0D  in ‘as-prepared’ 

Ni75.1 (Ni76.1) compared to )14(6.690 =D  meV Å2, from the magnetization data 

[10,11] or )15(850 =D  meV Å2 ( )5(950 =D  meV Å2 ), from inelastic neutron 

scattering results [20] ( [21] ), for well-annealed, and hence completely 

ordered, counterpart, basically  reflects a reduction in the coefficient ⊥c  by site 

disorder. That this is indeed the case is obvious from the relation 

00 McgD B ⊥= µ  and our observation that site disorder has essentially no effect 

on 0M  in this concentration range (Fig.4.3). 

         

The deviation plots, shown in the lower panels of Fig. 4.4(a) and 4.4(b), 

clearly demonstrate that the functional form  

 

( )n
n THAHMHTM )(1),0(),( −=                                                                 (4.4) 

 

with )1(20.1=n and )1(25.1=n  describes the )1,( kOeHTM =  data in the 

temperature ranges KTK 255 ≤≤  and KTK 205 ≤≤  for the samples ap-Ni74.3 

and ap-Ni74.8 far better than either Eq.(4.3b) or other forms 2~ TM  [2,4,5] and 
22 ~ TM  [6,7] used in the literature for completely ordered samples. Spin 

fluctuation theories [19, 20] of non-Fermi liquid behaviour, that do not include 

any kind of disorder, predict 3/4=n  for a three-dimensional weak itinerant-

electron ferromagnet. The finding that the values of the exponent n for the 

samples ap-Ni74.3 and ap-Ni74.8 are closer to this value (1.33) than 5.1=n , 
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expected for the normal spin-wave behaviour at low temperatures, asserts that 

these samples, with composition close to the critical concentration 

%.)1(6.73 atxc = , exhibit non-Fermi liquid behaviour. This inference is not 

only consistent with the similar behaviour observed in the resistivity [18] 

(specific heat [8]) of these samples (the samples with similar composition) in 

nearly the same temperature ranges but also with the premise that the non-

Fermi liquid behaviour for cxx ≈  is a consequence of the alteration in the spin-

wave dispersion, leading to severe damping of spin waves, brought about 

primarily by compositional disorder (with site disorder only tending to enhance 

the effect of compositional disorder); for details, see the paragraph following 

Eq.(3.7) in chapter 3. 
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The suppression of spin waves or overdamped spin waves by the external 

magnetic field can be quantified by monitoring the field dependence of either 

the coefficient, 2/3A , of the 2/3T  term when Eq.(4.3b) is cast in the form of 

Eq.(4.4) or the coefficient nA  in Eq.(4.4). The coefficients nA  with 2.1=n , 

1.25, 1.5 are nothing but the slopes of the linear nTM −  plots at fixed values of 

H, shown in the top panels of figure 4.5(a), 4.5(b) and 4.5(c) for the samples 

ap-Ni74.3, ap-Ni74.8 and ap-Ni76.1. That the exponent n does not depend on H  

Figure 4.5: The upper panels (a), (b) and (c) display the low-temperature M - 
Tn plots with n = 1.2, 1.25 and 1.5 at a few representative but fixed values of H 
for the samples ap-Ni74.3, ap-Ni74.8 and ap-Ni76.1, respectively. The continuous 
lines through the M(T, H) data (open circles) and M(T, H = 0) data (crosses) 
are the least-squares fits based on the equation (4). The lower panels (a) – (c) 
demonstrate that the coefficient An of the Tn term in equation (4.4) varies 
linearly with H0.5 and thereby testify to the validity of equation (4.5).      
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but the coefficient nA  of the nT  term decreases with increasing H in 

accordance with the relation [19] 

 

( )2/11)0()( HAHA nn ν−=  ,                                                                           (4.5) 

 

is evident from the data presented in the bottom panels of Fig. 4.5. The spin 

fluctuation theory [19] thus correctly predicts a field-independent exponent n 

and the H  suppression of spin waves with magnetic field.  For a given 

composition, the value of )0()0( =≡ HAA nn , obtained by extrapolating the  
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linear HHAn −)(  plot (the least-squares fit straight lines shown in the bottom 

panels of Fig.4.5) to 0=H , exactly coincides with that (solid circle) 

determined directly from the slope of the linear spontaneous magnetization, 

Figure 4.6: Variations of the prefactor An(0) ≡ An(H=0) and the 
coefficient ν (appearing in equation (5)) with Ni concentration. 
Smooth curves through the data serve only as a guide to the eye. 
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)0,( =HTM , versus nT  plot (the straight lines through the data points denoted 

in Fig. 4.5 by crosses). Figure 4.6 displays the variations of )0( =HAn  and ν  

with the Ni concentration, x. While -1])0([ =HAn  is a measure of spin-wave 

stiffness (cf. Eqs.(4.3a) and (4.4)), the coefficient ν  of the H  term quantifies 

the suppression of spin waves by H. Thus, the observed increase in )0( =HAn  

as cxx →  implies that the compositional disorder lowers the thermal energy 

required to excite long-wavelength spin waves. Similarly, the observed 

variation of ν  with x conveys that the compositional disorder promotes the 

field-induced suppression of spin waves by reducing their stiffness. 

 

4.3.2   Intermediate temperatures (T < TC) 
In the intermediate range of temperatures, the spin-wave contribution to 

)0,(TM  and ),( HTM  is completely masked by that arising from non-

propagating spin fluctuations (SF). The self-consistent spin-fluctuation 

calculations [14] yield the following expression for the spin-fluctuation 

contribution to magnetization at intermediate temperatures 
 

2/13/4
3/4

2
2 ])(1[),0()],([ TATHAHMHTM SF −−= ,                                    (4.6) 

 

which is valid for both 0=H  and 0≠H .  In equation (4.6), the 2T  term is 

solely due to the thermally-excited (TE) spin fluctuations while the 3/4T  term 

is the net result of the competing claims [14] made by TE and zero-point (ZP) 

components of spin fluctuations with ZP contribution dominating over the TE 

one. The TE contribution gets progressively suppressed by H whereas the ZP 

contribution is nearly independent of H. The ‘range-of-fit’ analysis of the 

)1,( kOeHTM =  data based on Eq.(4.6) yielded different results for different 
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compositions (figure 4.7). Since the contribution of spin waves to 

magnetization persists to temperatures well above CT5.0  in ap-Ni74.3, an 

extremely narrow intermediate temperature range precluded a meaningful     
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Figure 4.7: Temperature variations of M(T, H =1 kOe) at intermediate 
temperatures for the samples ap-Ni74.8, ap-Ni75.1 and ap-Ni76.1. The 
continuous curves through the data points (open symbols) represent the 
theoretical fits based on equation (4.6) of the text.
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comparison with theory [14], i.e., with Eq.(4.6). In the sample ap-Ni74.8, the 2T  

term is so small that 2)],([ HTM  varies as 3/4T  (the upper panel in figure 

4.8(a)) and contrary to the theoretical expectation [14] that the coefficient 3/4A  

is independent of H, HHA ~)(3/4  (see the lower panel of Fig.4.8(a)). As we 

shall show in the subsection 4.3.3, a total absence of the 2T  term and hence a 

complete dominance of the 3/4T  term, and the H  variation of )(3/4 HA , mark 

the characteristic attributes of the spin-fluctuation contribution to ),( HTM  at 

Figure 4.8: The upper panels (a) and (b) display the M2 – T4/3 and M - T 
plots at intermediate temperatures for a few representative but fixed values 
of H for the samples ap-Ni74.8 and ap-Ni76.1, respectively. The continuous 
lines through the M(T,H) data (open circles) and M(T,H = 0) data 
(crosses) are the least-squares fits based on equation (6). The lower panel 
(a) [(b)] demonstrates that the coefficient A4/3(H) [A2(H)] of the T4/3 [T2] 
term in equation (4.6) varies linearly with H0.5 [H]. 
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temperatures close to CT . In this context, at intermediate temperatures, ap-Ni74.8 

behaves as if it were near a quantum critical point. Thus, in concurrence with 

the conclusions drawn from the resistivity data [18], the non-Fermi liquid 

behaviour is observed over an unusually wide temperature range CTT 55.0≤  in 

ap-Ni74.3 and ap-Ni74.8. Contrasted with this behaviour, Eq.(4.6) completely 

accounts for (continuous curves through the data points) the observed 

temperature dependence of ),( HTM  (open squares or circles) and )0,( =HTM  

(crosses) in ap-Ni75.1 and ap-Ni76.1 over the temperature ranges 

CC TTT 6.03.0 ≤≤  and CC TTT 75.05.0 ≤≤ , apparent in figure 4.7 and in the 

upper panel of figure 4.8(b). In conformity with the predictions of the self-

consistent spin fluctuation model [14], the coefficient 3/4A  of the 3/4T  term is 

independent of H  whereas that of the 2T  term, 2A , depends linearly on H (the 

lower panel of figure 4.8(b)) and follows the relation ( )HAHA ϕ−= 1)0()( 22  

with 24
2 10)2(45.1)0( −−×= KA  and 1510)5(87.1 −−×= Oeϕ . These values are 

lower than those 24
2 10)2(12.3)0( −−×= KA  and 1510)13(12.2 −−×= Oeϕ  

reported [10, 11] for the ordered AlNi3  compound. Recognizing that [14] 
1

2 )]0([ −A  is a measure of the spin-fluctuation stiffness while the slope ϕ  of the 

2A  versus H straight line quantifies the suppression of thermally-excited (TE) 

spin fluctuations by magnetic field, reduced values of )0(2A  and ϕ  in the 

sample ap-Ni76.1 indicate that, with increasing Ni concentration, the TE spin 

fluctuations become more ‘stiff’ and hence the rate of their suppression with H 

also slows down. 
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4.3.3   Temperatures close to TC 
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For temperatures close to CT  but outside the critical region, the self-

consistent calculations [14] of the thermally-excited (TE) and/or zero-point 

(ZP) spin-fluctuation contributions to magnetization, in the presence ( 0≠H ) 

and absence ( 0=H ) of magnetic field, yield the expression 

 
2/13/4

3/4 ])(1[),0()],([ THAHMHTM SF −=                                                  (4.7) 

 

Figure 4.9: M2(T, H=1 kOe) as a function of (T/TC)4/3 at temperatures 
close to the Curie point, TC , for the samples ap-Ni74.3, ap-Ni74.8, ap-Ni75.1 
and ap-Ni76.1. The best least-squares fits (continuous curves) through the 
data (open symbols) are based on the equations (4.7) of the text. 
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and make the specific prediction [14]  

 

]1[)0()( 2/1
3/43/4 HHAHA η−==                                                               (4.8) 

 

about the functional form of the coefficient )(3/4 HA  of the 3/4T  term in 

equation (4.7). In Eq.(4.7), the 3/4T  term for 0=H  (or equivalently, 

)0(3/4 =HA ) originates from both ZP and TE spin fluctuations whereas the 

same term in finite fields, i.e., )0(3/4 ≠HA , arises from the TE spin fluctuations 

alone. An elaborate analysis of the ),( HTM  and )0,( =HTM  data taken at 

temperatures close to CT  (typically in the temperature range, 

CC TTT 93.075.0 ≤≤ ) based on Eq.(4.7), along 
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the lines already described in sub-sections 4.3.1 and 4.3.2, allows us to make 

the following important observations. (i) That the observed functional forms of 

the ‘in-field’ magnetization, ),( HTM , and spontaneous magnetization, 

)0,( =HTM , at such temperatures, are best described by Eq.(4.7), is evident 

from the linear 3/42 ),( THTM −  (open circles) and 3/42 )0,( THTM −=  

(crosses)  plots, shown in figure 4.9 and the upper panels of figure 4.10. (ii) 

Similarly, the linear variation of the coefficient )(3/4 HA with H  (the lower 

Figure 4.10: The upper panels (a), (b) and (c) display the M2 – T4/3 plots at 
temperatures close to TC for a few representative but fixed values of H for 
the samples ap-Ni74.3, ap-Ni74.8 and ap-Ni76.1, respectively. The continuous 
lines through the M2(T, H) data (open circles) and M2(T, H = 0) data 
(crosses) are the least-squares fits based on equation (4.7). The lower 
panels (a) – (c) demonstrate that the coefficient A4/3(H) of the T4/3 term in 
equation (4.7) varies linearly with H0.5 and thereby testify to the validity of 
equation (4.8). 
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panels of figure 4.10) conforms very well with the theoretical prediction [14], 

Eq.(4.8). Furthermore, a linear extrapolation of the HHA −)(3/4  plots to 

0=H  always yields the same value (within the uncertainty limits) for 

)0(3/4 =HA  as that directly determined (solid circle) from the slope of the 

linear 3/42 )0,( THTM −=  plot. (iii) Both )0(3/4 =HA  and η  decrease with 

increasing Ni concentration, as shown in figure 4.11. The values 
3/43

3/4 10)3(65.4)0( −−×== KHA  and 2/1310)2(63.2 −−×= Oeη , reported 

[10,11] for the ordered AlNi3 , included in Fig. 4.11 for comparison, are much 

higher than the ‘as-prepared’ site-disordered counterpart. 
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Figure 4.11: Variations of the prefactor A4/3(H = 0) and the coefficient η 
(appearing in equation (8)) with Ni concentration. The values for A4/3(H = 0)  
and η reported in references [10,11] for the stoichiometric composition are 
included for comparison. Smooth curves through the data serve only as a 
guide to the eye. 
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Considering that both ZP and TE (only TE) spin fluctuations give rise to 

)0(3/4 =HA  ( )0(3/4 ≠HA ), 1
3/4 )]0([ −=HA  is a direct measure of the ‘stiffness’ 

of the ZP and TE spin fluctuations while the coefficient η  in the expression, 

Eq.(4.8), for )(3/4 HA  quantifies the suppression of TE spin fluctuations by 

magnetic field. In view of this assignment, the above observation (iii) implies 

that increasing compositional disorder ( cxx → ) progressively lowers the 

‘stiffness’ of the ZP and TE spin fluctuations so thatthe suppression of TE 

fluctuations, in particular, by field becomes correspondingly large (the ZP 

contribution is essentially independent of H [14]); site disorder also plays the 

same role so far as the stoichiometric composition is concerned. This inference 

becomes all the more evident when Eq.(4.8) is cast into the following scaling 

form. 

 
2/1

03/43/4 )/(1)]0(/)([ HHHAHA −==                                                       (4.9) 

 

where 2
0

−= ηH  denotes the critical field at which the contribution to 

magnetization arising from the thermally-excited spin fluctuations gets 

completely quenched. While figure 4.12 serves to demonstrate the validity of 

this scaling for the samples ap-Ni74.3, ap-Ni74.8 and ap-Ni76.1, its inset shows 

that lower and lower fields are required to quench the TE spin-fluctuation 

contribution as the compositional disorder increases, i.e., as cxx → . The same 

decreasing trend in the fields required to quench the TE spin-fluctuation 

contribution to resistivity with the increasing degree of compositional disorder 

was observed in chapter 3 but the values of 0H  were an order of magnitude 

higher. Another important aspect of the presently determined values of 

)0(3/4 =HA  is that they yield the values for the Curie temperature 
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KT SF
C 1.49≅ , 56.8 K and 72.3 K for the samples ap-Ni74.3, ap-Ni74.8 and ap-

Ni76.1, respectively, when the relation [14] 4/3
3/4 )]0([ −== HAT SF

C  is used. 

These values are fairly close to the actual values of CT  determined from the 

Arrott plots (figure 4.13). 
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        At this stage, we return to the basic question as to why, in a previous 

report [1], the temperature dependence of magnetization at kOeH 1=  in the 

samples ap-Ni74.31, ap-Ni74.73 and ap-Ni75.98 with composition similar to those 

Figure 4.12: A4/3(H)/A4/3(H=0) versus (H/H0)0.5 scaling plot for the samples 
ap-Ni74.3, ap-Ni74.8 and ap-Ni76.1. The inset depicts the variation of the 
critical field H0 (required to quench the spin-fluctuation contribution to 
magnetization at temperatures close to TC ) with the Ni concentration. 
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used in this work, could be closely reproduced, over an unusually wide 

temperature range, CTT ≤ , by only the crossover percolation (localized-spin) 

theories but not by the spin-fluctuation (itinerant-electron) models. In the 

present case, the )1,( kOeHTM =  data for the samples ap-Ni74.3, ap-Ni74.8, ap-

Ni75.1 and ap-Ni76.1 could also be described very well by the crossover 

percolation theories with the values KTco 5.0* ≅ , 5 K, 20 K and 40 K  for the 

temperature *
coT  at which a crossover from the low-temperature magnon regime 

to high-temperature fracton regime occurs in a three-dimensional 

ferromagnetic percolating network. Note that these values of *
coT  agree quite 

well with those (Table 2 in [1]) reported [1] previously for the similar alloy 

compositions. In view of this result, a spin-wave (propagating transverse spin-

fluctuation) description of the temperature variations of the ‘zero-field’ 

(spontaneous) and ‘in-field’ magnetizations, within the framework of the 

localized-spin (spin-fluctuation) theories, is possible only for *
coTT ≤ . This 

inference is borne out by our finding that Eqs.(4.3a) and (4.3b) correctly 

account for the decline in )0,(TM  and ),( HTM  with increasing temperature 

observed in ap-Ni75.1 and ap-Ni76.1 for KT 20≤  but fail to do so in ap-Ni74.3 and 

ap-Ni74.8 for CTTK <<≤5  (Figs. 4.4 and 4.5), where these alloys with cxx ≈  

exhibit non-Fermi liquid behaviour. In the hindsight, it now becomes apparent 

that the ferromagnetic fractons mimic the behaviour of over-damped spin 

waves and/or exchange-enhanced spin-density fluctuations at temperatures 
*

coTT ≥ .  
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4.3.4   Critical region 

Figure 4.13(a) - (c) displays the Arrott ( ),(2 HTM  versus ),(/ HTMH ) 

plots for the samples ap-Ni74.3, ap-Ni74.8 and ap-Ni76.1 over a wide temperature 

range which embraces the critical region near the ferromagnetic (FM) – 

paramagnetic (PM) phase transition. It is customary [24] to compute 

spontaneous magnetization, )0,()0,( =≡ HTMTM , and inverse initial 

susceptibility, )(1 T−χ , from  the  intercept  values at different  temperatures  on  

the  ordinate  ( CTT ≤ )  and abscissa ( CTT ≥ ) obtained when the linear high-

field portions of the Arrott plot (AP) isotherms are extrapolated to 0=H  and 

02 =M , respectively, as  shown  in figure 4.13. However in the present case, 

the AP isotherms for temperatures in the close vicinity of the Curie point, CT , 

acquire concave-upward curvature as cxx → .  
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To elucidate this point further, the concave-upward curvature is 

completely absent in ap-Ni76.1, starts showing up in ap-Ni74.8 but the AP 

isotherms are linear above 200)/( ≅MH , and becomes pronounced in ap-Ni74.3. 

In view of the finding, based on the electrical resistivity and EDAX data on ap-

Ni74.3 [18], that a trace second iso-structural crystallographic phase of lower Ni 

concentration and hence lower CT  is present in this sample, such a departure 

from linearity basically reflects the presence of this additional magnetic phase. 

Taking cognizance of this result, extrapolations to 0=H  and 02 =M  of the two 

linear regions in the AP isotherms for ap-Ni74.3, 300)/( <MH  (low-field (lf) 

region) and 500)/( >MH  (high-field (hf) region), have been carried out to 

Figure 4.13: M2(T,H)  versus H/M(T,H) (Arrott) plots for the samples (a) ap-
Ni74.3, (b) ap-Ni74.8 and (c) ap-Ni76.1 over a wide temperature range that 
embraces the critical region near the ferromagnetic-to-paramagnetic phase 
transition. These Arrott plots also indicate the values of TC  for the samples in 
question.      
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obtain )0,()0,( =≡ HTMTM  and )(1 T−χ  whereas the customary approach has 

been used for the remaining compositions. CT  marks the temperature at which 

the AP isotherm is linear over the entire (H/M)  range and upon extrapolation  
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passes through the origin, where both )0,(TM  and )(1 T−χ  go to zero. )0,(TM  

data, so obtained, over the entire temperature range ( CC TTT ≤≤25.0 ) covered 

in VSM experiments, are plotted against reduced temperature, CTT / , in figure 

4.14. The )0,(TM  data for ap-Ni74.3, obtained by low-field (high-field) 

Figure 4.14: Spontaneous magnetization, M(T,H=0), as a function of reduced 
temperature, T/TC, over a wide temperature range for the samples ap-Ni74.3, 
ap-Ni74.8 and ap-Ni76.1. M(T,H=0) data denoted by the open symbols (closed 
circles) are obtained by the linear extrapolation of the high-field (low-field) 
portions of the Arrott plot isotherms to H = 0, see the text for details. 
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extrapolation, are denoted by solid circles (open circles) in this figure whereas 

the corresponding CT  value KT lf
C )5(25.48=  ( KT hf

C )1(10.39= ) is indicated in 

Fig. 4.13(a). Note that these )0,(TM  data (represented by crosses) have been 

used in figures 4.5, 4.8 and 4.10. The critical exponents β, γ and δ , defined as 

[24] 

 
βε )()0,( −= BTM ,                           0<ε                                                     (4.10) 

 
γεχ Γ=− )(1 T ,                                  0>ε                                                    (4.11) 

 
δ/1),( HAHTTM C == ,                    0=ε                                                    (4.12) 

 

with CC TTT /)( −=ε , that characterize the asymptotic critical behaviour of 

spontaneous magnetization and initial susceptibility near the FM-PM phase 

transition, have been determined from the )0,(TM , )(1 T−χ and ),( HTTM C=  

data using the method of analysis whose details are given elsewhere [24-26]. 

That the plots of )0,(2 TM  against ε  and )(1 T−χ  against ε , based on Eqs.(4.10) 

and (4.11), and shown in figure 4.15, are linear within the asymptotic critical 

region 03.003.0 ≤≤− ε , imply that the presently determined (mean-field) values 

for the critical exponents )5(50.0=β  and )5(00.1=γ  correctly describe the 

asymptotic critical behaviour of )0,(TM  and )(1 T−χ . However, larger than 

usual scatter in the )0,(TM  and )(1 T−χ  data precluded an unambiguous 

determination of the multiplicative logarithmiccorrections to the mean-field 

power laws in the asymptotic critical region. Such corrections were previously 

reported [25,26] for  
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the 2575 AlNi alloys of stoichiometric composition prepared in different states of 

site disorder. Consistent with the mean-field values of the critical exponents β  

and γ , the HM loglog −  plots at CTT = , based on Eq.(4.12) and shown in 

figure 4.16, yield the mean-field value 3=δ  (inverse slope of the straight lines) 

for the critical exponent of the critical HM −  isotherm in the same magnetic 

field regimes as those used for the extrapolation of the Arrott plot isotherms to 

Figure 4.15: Spontaneous magnetization squared, M2(T, H = 0), and 
inverse initial susceptibility, χ-1(T), as functions of the reduced 
temperature ε = (T-TC)/T within the range -0.1 ≤ ε ≤ 0.1. The continuous 
straight lines through the data (open symbols) represent the temperature 
variations of M2(T, H = 0) and χ-1(T) predicted by the equations (4.10) and 
(4.11) of the text in the asymptotic critical region when β = 0.5 and γ = 1.0 
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0=H  and 02 =M  in order to obtain )0,(TM  and )(1 T−χ . A comparison of the 

presently determined values for the critical exponent in samples with both 

compositional disorder and site disorder with those [25,26] in the samples of 

stoichiometric composition but having different degree of site disorder, permits 

us to conclude that both compositional disorder and site disorder have no effect 

on the critical behaviour of the weak itinerant-electron ferromagnets in 

question. 
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Figure 4.16: log M versus log H plots at T = TC for the samples ap-Ni74.3, 
ap-Ni74.8 and ap-Ni76.1. The continuous straight lines through the data 
(symbols) represent the variations of log M with log H at T = TC predicted 
by equation (12) for the mean-field value δ = 3. 
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4.4    Summary and Conclusions 
Magnetic behaviour of the binary NixAl100-x alloys with 3.74=x , 74.8, 

75.1 and 76.1 at. % Ni, which possess both compositional disorder and site 

disorder, has been extensively studied over a wide temperature range that 

embraces the critical region near the ferromagnetic-to-paramagnetic phase 

transition. The results, so obtained, are compared with those reported in the 

literature on the ordered counterparts (which have only compositional disorder) 

and with the theoretical predictions, based on the spin-fluctuation models. Such 

a comparison reveals the following. (i) With increasing compositional disorder, 

i.e., as cxx → , Curie temperature, CT , and spontaneous magnetization at 0 K, 

0M , in the alloys with compositional disorder alone, decrease in accordance 

with the power laws  τ)()( cxC xxtxT −=  and ψ)()(0 cx xxmxM −= . In the 

presence of site disorder, in addition to compositional disorder, these power 

laws still hold but with distinctly different values for the exponents τ  and ψ , 

and a lower value (by nearly Niat.%1 ) for the threshold Ni concentration, cx . 

Compared to the values of CT  for the NixAl100-x alloys with compositional 

disorder alone, site disorder enhances CT  for a given composition (leaves CT  

essentially unaltered) and this enhancement grows rapidly as cxx →  (for 

%.76atx ≥ ). Contrast with this behaviour, except for cxx ≈ , 0M  is relatively 

insensitive to site disorder. Insensitivity of 0M  to site disorder basically reflects 

that site disorder has essentially no effect on the density of states, )( FEN , at 

the Fermi level, FE  , and the shape of density of states curve near FE  (except 

for cxx ≈ , where site disorder tends to primarily enhance )( FEN  and thereby 

stabilize long-range ferromagnetic order for Ni concentrations below the 

threshold concentration, .%6.74 atxc ≅ , dictated by compositional disorder). 

As cxx → , site disorder increases the concentration of Ni atoms on the Al sub-
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lattice beyond that allowed by the compositional disorder and thereby enhances 

the number of Ni nearest neighbours for a given Ni atom and hence the CT . (ii)  

At low and intermediate temperatures, spontaneous magnetization, 

)0,( =HTM , as well as the ‘in-field’ magnetization, ),( HTM , exhibit non-

Fermi liquid behavior in the samples ap-Ni74.3 and ap-Ni74.8. As the critical 

concentration, cx , is approached from above, i.e., as the compositional disorder 

increases, stronger deviations from the Fermi liquid behavior occur and the 

temperature range over which the non-Fermi liquid behavior persists widens. 

The non-Fermi liquid behavior is taken to basically reflect that the increased 

compositional disorder alters the spin-wave dispersion at finite q such that as q 

increases from 0=q , the spin-wave dispersion becomes increasingly similar to 

the non-propagating spin-fluctuation dispersion prevalent at temperatures close 

to CT . By contrast, the ap-Ni75.1 and ap-Ni76.1 alloys follow the behaviour that 

the self-consistent spin-fluctuation theory [14] predicts for weak itinerant-

electron ferromagnets without any disorder, i.e., (a) spin waves, at low 

temperatures ( KT 18≤ ) and thermally-excited (TE) plus zero-point (ZP) 

exchange-enhanced spin-density fluctuations, at intermediate temperatures and 

for temperatures close to CT  ( CC TTT 95.05.0 ≤≤ ), completely account for the 

observed temperature variations of  )0,( =HTM  and ),( HTM , (b) in 

accordance with the theoretical predictions [14,19], the functional form for the 

suppression of spin waves and TE spin fluctuations by the magnetic field, H, is 

H  for spin waves at low temperatures and      ~ H ( H ) for TE spin 

fluctuations at intermediate temperatures (temperatures close to CT ), and (c) 

compositional disorder and site disorder both leave these functional forms 

unaltered but reduce the spin-wave and (ZP + TE) spin-fluctuation ‘stiffness’ 

so that the suppression of these low-lying magnetic excitations by H becomes 
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correspondingly large. (iii) For temperatures in the vicinity of CT , 
3/42 ~)0,( THTM =  and 3/42 ~),( THTM  for all the samples irrespective of 

the type of disorder present and regardless of the magnitude of field provided 

0HH < , the field required to quench the spin-fluctuation contribution to 

spontaneous magnetization. That these power-law temperature variations are 

independent of H conforms well with the results of the self-consistent spin-

fluctuation calculations [14]. (iv) Both compositional disorder and site disorder 

have no effect on the critical behaviour of the alloys near the ferromagnetic-to-

paramagnetic phase transition. 

        The observations similar to (ii) – (iv) stated above have also been made in 

chapter 3, based on the resistivity and magnetoresistance data taken on the same 

alloy compositions.     
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5.1   Introduction 

Nanostructured materials have properties that are different from their 

bulk counterparts. As the size of the particles becomes smaller, the number of 

atoms near the surface of the particle becomes comparable to that in the bulk 

volume. The competition between the surface and volume energy due to the 

size reduction affects the mechanical, electrical, optical and magnetic 

properties [1]. Nanostructured magnetic materials have generated enormous 

interest because of their novel magnetic attributes that are neither bulk like nor 

atomic like [2]. At the nanometer length scale, a rich variety of magnetic 

properties in systems with localised spins result from a interplay between the 

range of interatomic magnetic interactions (magnetic exchange and spin 

diffusion lengths) and the structural length scale (determined basically by the 

nanocrystalline grain size). In itinerant-electron system, however, alterations in 

the density of states at the Fermi level, )( FEN , due to reduced crystallite size, 

play a decisive role in determining the nature of magnetism.  

 

The saturation magnetization (MS) and Curie temperature (TC) of the 

strong itinerant-electron ferromagnet, nickel, decrease [3, 4] by 15% and 4%, 

respectively, compared to their polycrystalline values, when Ni is in the 

nanocrystalline form. Substantial decrease in sM  reflects a significant decrease 

in the density of the states (DOS) at Fermi level, )( FEN . According to the 

Stoner criterion for ferromagnetism, long range ferromagnetic order in 

itinerant-electron spin system can be sustained only when the product of Stoner 

parameter I and )( FEN  is larger than unity. Now that this product barely 

exceeds unity in case of weak itinerant-electron ferromagnets, even a slight 
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change (particularly reduction) in )( FEN  is expected to have profound effect 

on the magnetic properties of such systems.  

 

Earlier studies on nanocrystalline Ni3Al concentrated mainly on structural 

aspects and on understanding mechanisms and nature of crystalline-to-

amorphous phase transition. Ball milling of intermetallic compound Ni3Al was 

extensively studied because of the potential high temperature applications 

[4,5]. The long-range atomic order parameter reduced to zero within the first 

few hours of milling whereas the appearance of a small fraction of amorphous 

phase was detected well after the disappearance of the long-range atomic order 

[5]. It was argued that the energy stored in the nano-grain boundaries provides 

the driving force for the amorphization of Ni3Al [4]. However, this conclusion 

was in contradiction with the observation that crystallite size decreases to about 

25 nm - 50 nm in the early stage (within 5 hours) of the milling and stays 

constant for longer milling periods. Zhou and Bakker [5] proposed that short-

range disorder could be an alternate mechanism for the amorphization 

phenomenon. While 5 hours of ball milling reduced the crystallite size of Ni3Al 

to 30 nm, the long-range order parameter, inferred from the ratio of superlattice 

Bragg reflection intensities to fundamental Bragg reflection intensity, dropped 

to zero. Ferromagnetic order (inferred from M2 vs. H/M, Arrott plots) was lost 

at the same crystallite size. Precipitates of Ni3Al powder with average 

crystallite size of 90 nm and 450 nm  were extracted from single crystalline Ni-

based superalloy [6]. Ferromagnetic hysteresis loops were observed at 5 K for 

both the sizes. Moreover, the specific magnetization had higher value in the 90 

nm sample than in the 450 nm sample. This discrepancy was attributed to the 

change in composition during the preparation method. Recently, a detailed 

comparative bulk magnetization study [7] of the nanocrystalline (prepared by 
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inert-gas condensation method) and polycrystalline forms of the well-known 

[8] weak itinerant-electron system, Ni3Al, has revealed that the long-range 

ferromagnetic order prevalent in the crystalline Ni3Al is completely absent in 

the nanocrystalline counterpart, which exhibits exchange-enhanced Pauli spin 

paramagnetism instead. Another intriguing feature is that this Pauli spin 

contribution to magnetic susceptibility is concomitant with the Curie-Weiss 

contribution (which arises from the antiferromagnetic-spin fluctuations). 

Recognizing that electrical resistivity ( ρ ) and magnetoresistance (MR) 

measurements provide a means of probing the spin system on a length scale of 

the order of mean free path (which in nanocrystalline materials can be less than 

1 nm), an extensive investigation of )(Tρ  and MR in both polycrystalline and 

nanocrystalline Ni3Al was undertaken  a view to gain insight into the physical 

phenomena that occur when a magnetic system is at the verge of a magnetic 

instability, where long-range magnetic order collapses.  
  

5.2   Non-Fermi liquid behaviour 

In this section, a brief introduction to non-Fermi liquid (NFL) behaviour 

and quantum phase transitions is provided. In ordinary metals, average distance 

between the free electrons is of the order of a few Å or of the order of the 

lattice parameter. So at such small distances, repulsive Coulomb interactions 

are expected to be strong and hence free electron theory should break down. 

However, still in the case of metals, free-electron theory works fairly well. This 

is so for two fold reasons. 

 

 First, the strong electron-electron interactions are greatly reduced 

because of Pauli’s exclusion principle as electrons with the same orientation of 

spins try to avoid one another. Second, short-range electron-electron 
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interactions result in a distorted electron cloud. A given electron screened by 

this distorted-electron cloud does not experience the short-range Coulomb 

force due to all other free electrons. This theoretical formalism was first 

proposed by Landau and come to be known as the Fermi liquid theory as 

electrons are no longer completely free but short-lived short-range Coulomb 

interactions do operate between them. As a consequence, the rest mass of the 

electron changes, which, in turn, affects the dispersion relation, i.e., ε  vs. k 

curve. Hence, these electrons are called the quasi-particles. This theory was 

quite successful in explaining thermodynamic properties like resistivity, 

susceptibility, specific heat of metals and alloys at low temperatures. The 

Fermi-liquid model of Landau predicts certain temperature dependences at 

sufficiently low temperatures (often < 1 K) for physically observable 

quantities. For example, as the temperature nears absolute zero, the specific 

heat C, divided by temperature T, C/T ~ const, the magnetic susceptibility χ  

also becomes independent of temperature, and the electrical resistivity, ρ , 

behaves as . The Fermi-liquid model forms a correct description of 

the low-temperature measurable parameters of a metal provided that the 

electron-electron interactions as T → 0 become temperature-independent and 

are short-ranged in both space and time. In 1990-91, Seaman [9] et al. 

discovered that in Y

2
0 AT+ρ

1-xUxPd3 electron-electron interactions are very strong and 

that the ground state properties of the system can not be described by the 

Fermi-liquid theory. Possible theoretical explanations for this behaviour of Y1-

xUxPd3 include: nearness to a magnetic instability in the phase diagram, 

disorder causing incomplete screening of local moments, or overcompensation 

of local moments. The discovery by Seaman was preceded by a number of 

experimental results that had shown clear violation of Fermi-liquid behaviour 

at low temperatures in bulk d- and f-electrons, e.g., the work of Mydosh and 
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Ford [10], who showed  behaviour in the spin glass AuFe, and 

Rivier and Adkins [11], who offered the theoretical explanation. In the weak 

itinerant-electron ferromagnet, Ni

2/3
0 AT+= ρρ

3Al, deviations from Fermi-liquid behaviour 

were first observed by Fluitmann et al. [12] near the critical concentration xc ~ 

74.6 at.% of Ni at which (Curie Temperature) TC → 0. In addition, the current 

theory of non-Fermi-liquid behaviour, in general, has important early 

predecessors, including, e.g., the work by Hertz [13] and Nozières and Blandin 

[14]. 

The current theories to explain non-Fermi-liquid behaviour can be 

divided into three general categories: (i) the multichannel Kondo models, (ii) 

the models based on  the nearness to a magnetic transition with an ordering 

temperature near 0 K (the quantum critical point), and (iii) the models based on 

the type of disorder that can, for example, induce a spread of Kondo 

temperatures, TK, with a finite weight in the distribution for TK = 0.   

 

Non-Fermi-liquid behaviour is often experimentally observed at very low 

temperatures when a magnetic system is driven close to a magnetic instability 

by destroying long-range magnetic order at a critical value of external pressure 

or applied magnetic field or concentration of magnetic atoms. Thus, the non-

Fermi liquid state in those system may be  connected with a magnetic 

instability that occurs at T = 0.  A number of investigators, Continentino [15], 

Millis et al. [16], Tsvelik et al. [17], Moriya and Takomoto [18], Lonzarich 

[19], Sondhi [20], Coleman [21], have treated the thermodynamic and transport 

properties within in the framework of theoretical models that are specific to a 

quantum phase transition. The classical phase transitions (Fig. 5.1a) occur at T 

≠ 0 and are driven by thermal fluctuations with temperature as a control 

parameter. In contrast to this, a quantum phase transition is driven by zero-
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point or quantum spin fluctuations, with a control parameter other than 

temperature, e.g., external pressure or doping or magnetic field, at absolute 

zero. Such a control parameter causes a phase transition, along the zero-

temperature boundary, from an ordered ground state to a disordered state at the 

quantum critical point. Although this definition of a quantum phase transition 

is strictly valid only for T = 0, the behaviour of the system sufficiently close in 

temperature to this critical point is still determined by the quantum critical 

fluctuations (Fig 5.1b). The nature of a classical transition at some finite 

temperature TC is characterized by the divergence in both correlation length 

and correlation time as TC is approached closely enough. Such fluctuations of 

the order parameter are associated with a frequency ω * that vanishes at the 

transition. At finite temperatures, a quantum system behaves in a classical way, 

      
(b)  (a) 

Fig. 5.1 :(a) Schematic phase diagram showing paramagnetic (PM) and 
ferromagnetic (FM) phases. Dashed line path represents classical phase 
transition (at a finite temperature) whereas solid line represents quantum 
phase transition (at zero temperature). (b) The vicinity of the quantum 
critical point (J = JC, T = 0). Dotted lines indicate the regions dominated 
by classical and quantum mechanical critical behaviour. A measurement 
along the path shown will observe the crossover from quantum critical 
behaviour away from the transition to classical critical behaviour 
asymptotically close to it [23].
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if the thermal energy exceeds the energy associated with quantum fluctuations. 

Detailed overview and description of non-Fermi liquid behaviour in transition 

and rare earth metals and alloys is given in reference [22] and the references 

cited therein. 

5.3    Experimental Details 

The rectangular samples of dimensions 25×3×0.5 mm3 and spheres of 

diameter 3mm were spark-cut from the ‘as prepared’ polycrystalline rod (10 

mm in diameter  and 100 mm in length)  of composition Ni75.08Al24.92. These 

samples are henceforth referred to as p-Ni3Al. From a portion of the same rod, 

nanocrystallites size grains were prepared by inert gas (helium) condensation 

method. These crystallites were compacted in situ  under a pressure > 1 GPa to 

form metallic discs of diameter = 8 mm and thickness = 0.2 mm. From the ‘as-

prepared’ discs, discs of  3mm diameter and 0.2 mm thickness as well as 

rectangular strips of dimensions 7 × 2 × 0.1 mm3 were spark-cut. These 

samples are henceforth referred to as n-Ni3Al. 

 

X-ray diffraction patterns were taken on p-Ni3Al and n-Ni3Al samples at 

room temperature. Atomic Force micrographs of n-Ni3Al samples in dynamic 

force mode were taken at room temperature.   Electrical resistivity at ‘zero-

field’, )0,( =HTρ  and longitudinal magnetoresistance (MR), 

)0,(/)]0,(),([/|| ==−=∆ HTHTHT ρρρρρ , in external magnetic fields, H, up 

to 80 kOe were measured, by the standard four probe dc method, in the 

temperature range 1.7 K to 300 K. Magnetization (M) of the spherical samples 

of p-Ni3Al and the disc shaped samples of n-Ni3Al was measured  as a function 

of H at 5 K in fields up to 70 kOe (at a few specific temperatures ranging from 

1.8 K to 300 K in n-Ni3Al samples).  AC susceptibility measurements were 
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performed on n-Ni3Al samples in the ‘field-cooled’ (FC) and ‘zero-field-

cooled’ (ZFC) modes, at  an ac driving field of rms amplitude, Hrms = 1 Oe, and 

frequencies 87 Hz, 111 Hz and 1.11 kHz, without and with superposed dc 

fields of 25, 50, 75, and 100 Oe, over a wide temperature range from 1.8 K to 

200 K, using a SQUID magnetometer with the ac option as well as Physical 

Property Measurement System (PPMS), of  Quantum Design make.   
 

5.4    Surface morphology, crystallographic structure, 
         transport and magnetic properties 
5.4.1   AFM and x-ray diffraction 

The atomic force microscopic (AFM) images were obtained, using SPA 

400 of Seiko make, in the dynamic force mode. Figure 5.2 shows a three-

dimensional view of the AFM images of n-Ni3Al samples at different 

magnifications. These pictures were taken from different regions of the sample 

surface. The AFM picture in Fig. 5.2 shows the agglomeration and 

consolidation of nanocrystallites under applied pressures in excess of 1 GPa. 

The crystallite sizes over the entire area of the several images were calculated 

using the line profile analysis, as shown in Fig. 5.3. This analysis yields an 

average crystallite size of 50 nm with lognormal size distribution, as shown in 

Fig. 5.4. 

 

Fig. 5.2: Atomic force micrographs taken in Dynamic force Mode at 
different magnifications  
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Fig. 5.3: Grain size determination using the line profile analysis 
option. Average crystallite size of 55(5) nm is obtained from the line 
profile analysis of different parts of the images and also from the 
images taken from different regions of the sample.  
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Fig. 5.4: Typical crystallite size distribution obtained from the 
line profile analysis  

 
Figure 5.5 displays the x-ray diffraction pattern taken on the p-Ni3Al and 

n-Ni3Al samples at room temperature. All the peaks in both the samples have 

been indexed based on L12 structure with lattice parameters of an = 3.570(2) Å 

and ap = 3.564(2) Å. In the ordered Ni3Al, Ni atoms occupy the face centres 

while Al atoms occupy the corner sites of the fcc lattice. Presence of 

superstructure peaks, such as (100), (110), along with the fundamental peaks of  
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Fig. 5.5: X-ray diffraction patterns of nanocrystalline and polycrystalline 
Ni3Al samples at room temperature. Insets show peak broadening in n-
Ni3Al as compared to p-Ni3Al. 

 
fcc lattice, e.g., (111), (200) and (220) in p-Ni3Al, is a characteristic feature of 

the ordered L12 (Cu3Au) structure. Occurrence of only the  fundamental peaks 

(111), (200) and (220) in n-Ni3Al, implies that Ni and Al atoms are randomly 

distributed on the fcc lattice; this atomic arrangement corresponds to the 

highest degree of site-disorder. Insets in the Fig. 5.5 compare the fundamental 

peaks of p-Ni3Al and n-Ni3Al normalised to the highest intensity Bragg peaks 

corresponding to the (111) reflection. The fundamental peaks of n-Ni3Al are 

much broader than p-Ni3Al due to size and strain broadening. After correcting 

for the instrumental and strain broadening, the mean crystallite size ‘t’ was 
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estimated from the Scherrer formula,  t = 0.94λ/B cosθ (where λ = wavelength 

of x-rays, B = corrected linewidth in radians and θ = Bragg angle), to be 45(3) 

nm, which is comparable to the value obtained by the AFM line profile 

analysis. 

 

5.4.2   Electrical resistivity and magnetoresistance 
 Figure 5.6 compares the temperature variations of the electrical resistivity 

(ρ) observed in nanocrystalline and polycrystalline Ni3Al samples. The residual 

resistivity, RR = ρ(T = 1.7 K), is nearly six times larger while the temperature 

coefficient of resistivity over the entire temperature range 1.7 K to 300 K 

( KKKTCR )7.1300/()]7.1()300([ −−= ρρ ) is roughly three times smaller in n-

Ni3Al. Obviously, enhanced RR and reduced TCR are the manifestations of the 

intense scattering, of both non-magnetic (scattering of conduction electrons 

from structural defects/imperfections) and magnetic (spin-spin exchange 

interaction) nature, from increased grain boundaries as well as from the 

interfacial regions between nanocrystallites. Insets (a) and (b) in Fig. 5.6 

highlight an abrupt fall in the resistivity of  n-Ni3Al as  the temperature is 

lowered below 4 K and the T5/3  ( T1.64)  temperature variation of resistivity in 

n-Ni3Al ( p-Ni3Al) over the range 4.2 K < T < 22 K (1.7 K < T < 21 K). These 

temperature variations clearly deviate from T2-law, which is expected from the 

conventional Fermi-Liquid theory at low temperatures. Note that ρ(T) does not 

exhibit any thermal hysteresis when the n-Ni3Al sample is warmed or cooled 

through 4 K. The resistivity was measured in magnetic fields up to 80 kOe at 

different fixed temperatures (isotherms) in the range from 1.7 K to 300 K. 

Figure 5.7 displays the ‘in-field’ resistivity, ρ(T, H), at a few fixed values of 

magnetic field ranging from 0 to 80 kOe, obtained from the ρ(H) isotherms, 

only in the temperature range from 1.7 K to 100 K for clarity. It is evident from  
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Fig. 5.7: Resistivity as a function of temperature at different fixed 
magnetic fields from 0 to 80 kOe, (a) for polycrystalline Ni3Al and (b) 
for nanocrystalline Ni3Al with an average crystallite size of 50 nm. The 
arrows indicate the increase in the magnetic field.  

Fig. 5.7(a) that the p-Ni3Al exhibits a negative magnetoresistance, MR, 

(resistivity decreases with increasing magnetic field, H) in the entire 

temperature range whereas n-Ni3Al (Fig. 5.7(b)) exhibits a positive MR 

(resistivity increases as H increases) at very low temperatures. The reduction 
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(enhancement) in the resistivity of p-Ni3Al (n-Ni3Al) in the presence of 

magnetic field is the highest near the Curie temperature, TC ≅ 55 K (lowest 

temperature ~ 1.7 K) and at H = 80 kOe. 

  

The longitudinal magnetoresistance, ∆ρ|| /ρ, measured with the directions 

of electric current and magnetic field along the length within the plane of the 

strip, is plotted against magnetic field, H, (temperature, T) at a few selected 

values of temperature (field) in figure 5.8 (figure 5.9). The main salient 

features of the ∆ρ||/ρ data displayed in figures 5.8 and 5.9 are as follows. (i)  
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Fig. 5.6: ‘Zero field’ resistivity as a function of temperature for 
nanocrystalline (n) and polycrystalline (p) samples of Ni3Al. Insets (a) and 
(b) highlight the T5/3 and T1.64 power law variations in the temperature 
intervals 4 K ≤ T ≤ 22 K and 1.7 K ≤ T ≤ 21 K in n-Ni3Al and p-Ni3Al 
samples respectively. Insert (a) also displays a sudden drop in resistivity of 
n-Ni3Al at T ≅ 4 K. 
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Fig. 5.8: Longitudinal magnetoresistance, ∆ρ|| /ρ vs. magnetic field, 
H isotherms at a few selected temperatures for n-Ni3Al and p-Ni3Al. 
The inset shows enlarged view of some the isotherms of n-Ni3Al at 
low fields. 

 
MR is positive for temperatures up to 20 K (except for fields H ≤ 1000 Oe at T 

≥ 6.4 K, where MR  is negative, inset of Fig. 5.8) and reaches a maximum 

value of 1.4% at T = 2.5 K and H = 80 kOe in n-Ni3Al. By contrast, MR is 

negative over the entire temperature range 3 K ≤ T ≤ 300 K and assumes a 

maximum value of 12% at the Curie temperature TC = 55 K and H = 80 kOe in 

p-Ni3Al. (ii) With increasing temperature, MR changes sign at a crossover 

temperature T*, and goes through a negative peak at T = Tp with the peak value 

reaching its maximum value of - 0.14% at H = 80 kOe in n-Ni3Al; T* (Tp) 

increases from 20 K (30 K) at H = 2 kOe to 38 K (54 K) at H = 80 kOe (inset 
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(b) in Fig. 5.9). In p-Ni3Al, however, magnetic field substantially increases the 

negative peak value but has essentially no effect on the temperature Tp at which 

the negative peak value occurs in MR. (iii) Irrespective of the magnitude of 

field, positive MR in n-Ni3Al drops rapidly from its maximum value at 3 K 

(which is field-dependent) as the temperature approaches 4 K from below and 

then varies slowly with temperature for T > 4 K (Fig 5.8 and inset (a) in Fig. 

5.9). 
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Fig. 5.9: Temperature variations of ∆ρ|| /ρ at a few selected fields for n-
Ni3Al and p-Ni3Al. The insets (a) and (b) show an enlarged view of 
∆ρ||(T)/ρ(T) of n-Ni3Al within the temperature intervals of 2.6 K ≤ T ≤ 10 
K and 20 K ≤ T ≤ 110 K, respectively.
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       It is well-known [24] that in weak itinerant-electron ferromagnet such as p-

Ni3Al, the negative MR is a consequence of the suppression of thermally-

excited ferromagnetic spin fluctuations by magnetic field. The negative peak in 

MR at T = TC thus reflects the fact that critical spin fluctuations have 

maximum amplitude at (in the vicinity of) TC and the suppression by magnetic 

field is also correspondingly large only at such temperatures. Usually, positive 

MR is understood in terms of the Lorentz contribution to resistivity in the 

presence of a magnetic field. Lorentz contribution gives rise to a large positive 

MR only when the condition ωcτ >> 1 (where ωc and τ are the cyclotron 

frequency and conduction electron relaxation time, respectively) is satisfied.  

This contribution holds good for extremely pure metallic single crystals at very 

low temperatures (where τ  is very large, which, in turn, implies that the ρ is at 

least less than two orders of magnitude than µΩ-cm (~10-8 Ω-cm or less)) and 

in high magnetic fields (where ωc is large). In n-Ni3Al with a residual 

resistivity of ≅ 40 µΩ- cm  at 1.7 K, τ  is so small  that  even  at  fields  as  high  

as  H = 80 kOe  the  above condition is violated. This mechanism for positive 

MR in n-Ni3Al is completely ruled out because positive MR is not observed in 

the crystalline counterpart, which has six times lower residual resistivity. 

According to the theoretical predictions, due to Yamada and Takeda [25], a 

small positive MR can occur in an antiferromagnetic system with localized 

magnetic moments due to the enhancement of spin fluctuations in one of the 

magnetic sublattices.  This model is not applicable to a system like n-Ni3Al in 

which magnetic moments are itinerant and long-range antiferromagnetic order 

does not set in even at temperatures as low as 1.7 K. The observation of an 

anomalous positive MR in n-Ni3Al at low temperatures is, therefore, quite 

intriguing and one needs to explore other mechanisms to explain this finding. 
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Fig. 5.10: Temperature variations ‘zero-field’ and ‘in-field 
resistivities of 50nm-Ni3Al in the temperature range from 1.7 K to 
≅ 7 K at a few fixed field values in the low-field region. Inset 
shows that the upper critical field, HC2, varies linearly with the 
temperature, as is normally observed in a type-II superconductor. 

 
A close scrutiny of the data presented in the figures 5.6 - 5.10 reveals that 

a step rise in positive MR,  (inset (a) of Fig. 5.9) has more to do with a rapid 

fall in the ’zero-field’ resistivity, as the temperature drops below 4 K ( Fig. 

5.10), than that with the change in resistivity with field. A sudden drop in ρ(T, 

H = 0) at T ≤ 4 K and its progressive suppression by magnetic field (Fig. 5.10) 

is a behaviour reminiscent of superconductivity. In n-Ni3Al, however, ρ(T, H = 

0) does not drop to zero for T ≤ 4 K. A drop of nearly 1% observed in ρ(T, H = 

) at T ≤ 4 K could reflect that only a small portion of the sample is 

superconducting. 
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Recently, unconventional superconductivity, arising from electron pairing 

mediated by antiferromagnetic (ferromagnetic) spin fluctuations, has been 

observed in heavy fermion compounds [26] (itinerant-electron ferromagnets 

[27, 28] ) at a system-specific critical value of the external hydrostatic pressure 

where the long-range antiferromagnetic (ferromagnetic) order collapses and the 

resistivity exhibits a non-Fermi-liquid behaviour in that it does not follow the 

T2-law predicted by the Fermi-liquid theory. The present scenario is analogous 

in that the reduction of crystallite size to nanometer range drives the weak 

itinerant-electron ferromagnet Ni3Al to magnetic instability (where the long-

range ferromagnetic order collapses) much the same way as the external 

pressure does. Thus, it is quite possible that most of the nanocrystallites in our 

sample have size that lies well below the critical size at which the magnetic 

instability and concomitant magnetically-mediated superconductivity set in. 

This would explain the weak superconducting drop in ρ(T, H = 0) at T ≤ 4 K 

and the non-Fermi liquid [29] behaviour of resistivity for T > 4 K (inset (a) of 

Fig. 5.6). In this connection, it is interesting to note that T1.65 power law 

temperature variation of resistivity in the temperature range 50 mK to 7 K up to 

the critical pressure has been observed [30] in Ni3Al. Pursuing the above line 

of argument, we have determined [31] the temperature variation of the upper 

critical field, HC2(T), from the field dependence of the peak in the temperature 

derivative of ‘zero-field’ and ‘in-field’ resistivity. HC2(T), so determined, varies 

linearly with temperature, as shown in the inset of Fig. 5.10, and yields the 

value HC2(0) = 2418 Oe for the upper critical at zero Kelvin and TC = 3.9 K for 

the superconducting transition temperature. A linear temperature dependence 

of the upper critical field is symptomatic of a type-II superconductor. Using the 

well-known relation ξ(0) = [Φ0 / 2π HC2 (0)]1/2 between the coherence length at 

0 K, ξ(0), HC2(0) and the flux quantum Φ0, gives ξ(0) = 37 nm, which is 
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smaller than the mean crystallite size (~50 nm [32] ); as it should be for the 

superconductivity to survive. Those crystallites that have a size less than 37 nm 

cannot sustain superconductivity. The electronic mean free path, calculated 

from the residual resistivity, has a value which is greater than the coherence 

length. While the positive MR observed at T ≤ 4K (Fig. 5.10) can be 

understood in terms of the suppression of antiferromagnetic-spin-fluctuation 

mediated superconductivity by field, the positive MR at H > HC2 (T) for T ≤ 4 

K and in the temperature interval 4 K ≤ T ≤ 30 K for H > H*(T) (the threshold 

field below which MR is negative; inset (b) in Fig. 5.9) presumably originates 

from the antiferromagnetic (AF) spin fluctuations which, according to the 

Curie-Weiss law behaviour of susceptibility observed previously [7] in n-

Ni3Al, dominate in that temperature region. On the other hand, negative MR 

for H < H*(T) in the temperature range 4 K ≤ T ≤ 30 K and at all fields above 

30 K arises from the suppression of the ferromagnetic (FM) spin fluctuations 

[8] by field. Thus the main role of the field is to at first stabilize FM spin 

fluctuations at the cost of their AF counterpart, particularly for T ≤ 30 K, and 

then suppress them. This field-induced crossover from AF to FM spin 

fluctuations offers a simple explanation for the field dependence of the 

crossover temperature T* and the peak (negative MR) temperature Tp 

(aforementioned observation (ii)).  

 

5.4.3   Magnetic properties 
a)   ac Susceptibility 

Magnetic susceptibility as a function of temperature and field gives 

important information about the magnetic behaviour of, and interactions in, a 

material. In order to gain more physical insight into the drop in resistivity as 

the temperature falls below ≅ 4 K, ac susceptibility (χac ) measurements were 
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Fig.5.11: ac susceptibility of n-Ni3Al as a function of temperature at 
different fixed dc magnetic fields in the ZFC-FC modes measured on (a) 
SQUID magnetometer with ac option and (b) PPMS. The inset in (a)
shows enlarged view of the low temperature data.  

 

performed in the zero-field-cooled (ZFC) and field-cooled (FC) modes, on n-

Ni3Al at a driving field of rms amplitude 1 Oe and  frequency 111 Hz with and 

without superposed dc fields, H. Figure 5.11 shows the ‘in-phase’ component 

of χac, χ′, plotted against temperature at H = 0, 25, 50, 75 and 100 Oe. It is 

evident from figure 5.11 that the value of the rest field in the SQUID coils is 

less that 25 Oe. χ′  is very small above 60 K. Inset in Fig 5.11 shows an 

enlarged view of χ′(T) for T ≤ 60 K. χ′ rises rapidly as temperature falls below 

40 K at H = 0 Oe, attains a maximum value at around 9 K and then decreases 

till the temperature reaches 1.8 K. The bifurcation in the FC and ZFC χ′(T) 

curves (which marks the onset of weak irreversibility) taken at H = 0 Oe starts 

at ~ 36 K and increases as the temperature decreases to 1.8 K. With dc 
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magnetic field increasing from 25 Oe to 100 Oe , the temperature, Tp, 

corresponding to the peak in χ'(T) and the value of  χ′ at Tp, χm, decrease with 

the static magnetic filed, H, in accordance with the empirical relations Tp(H) = 

Tp(0) [1 – a H n]  and χm(H) = χp +  χmax(H = 0) exp( - H/H0), respectively, as is 

clearly noticed from figures 5.12(a) and 5.12(b). The bifurcation temperature, 

Tirr, where the irreversibility in susceptibility sets in, decreases exponentially 

with H as Tirr(H) = Tirr(0) exp(- H/H0), as shown in Fig. 5.12(c).  The 

exponential field dependence of Tirr at low fields, when compared with the 

field variation of Tirr, i.e., TGT(H) = TGT(0) [1 – C H2], predicted for an isotropic 

Heisenberg spin glass at low fields along the Gabay-Toulouse (GT) weak 

irreversibility line [33] in the H-T phase diagram, asserts that the irreversibility 

observed  in  50 nm  n-Ni3Al  does not have the same origin as that in a spin 

glass or a cluster spin glass. It is important to note that no discernable shift in 

the peak of χ′(T) or TP with the frequency of the ac driving field in the range 87  
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Fig. 5.12(a): Temperature corresponding to the peak in χ′(T), Tp, 
as a function of static magnetic field.
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Fig. 5.12(c): Temperature at which irreversibility sets in the field cooled 
and zero-field cooled curves of χ′ as a function of magnetic field.  

 
≤ ν ≤ 1 kHz was detected (figure 5.13). This observation goes against the 

possibility of attributing the peak in χ′(T) to either spin glass or interacting 
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superparamagnetic particle system. Another observation that merits attention is 

that, for fields H ≤ 75 Oe where a clear bifurcation between ZFC and FC χ′(T) 

curves could be observed, FC curves lie consistently below the ZFC 

thermomagnetic curves. This was the case irrespective of whether the χ′(T) 

data were taken on the ac option of the SQUID magnetometer (Fig.5.11(a)) or 

on the PPMS set up (Fig.5.11(b)). Usually, FC curves lie above the ZFC ones 

since the spin system has a memory of the field during the cooling cycle. The 

observation that the FC susceptibility has nearly the same temperature 

dependence as the ZFC susceptibility and decreases continuously as the 

temperature falls below Tp is probably an indication of the onset of 

superconductivity at T ≅ 4 K. 
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Fig. 5.13:χ'(T) of n-Ni3Al (50 nm average crystallite size) in the 
temperature range, from 1.8 K to 150 K at Hac = 1 Oe and frequencies 87 
Hz and 1.11 kHz in the absence of superposed dc magnetic field.  
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A steep rise in χ′ below 40 K is taken to reflect the contribution to 

susceptibility arsing from the non-superconducting (normal) part of the sample. 

To remove this contribution from the measured χ′(T), χ′(T) data are fitted to 

the expression,  χ′(T) = χ0(T) + b T –n, since the Curie-Weiss law failed to 

describe χ′(T) irrespective of the value of H, including H = 0.  The inset of Fig 

5.14 shows such a fit to the χ′(T) data taken at H = 50 Oe over the temperature 

range of 15 K ≤ T ≤ 200 K.  In spin glasses or cluster spin glasses (interacting 

superparamagnetic particles/grains), χ′(T) follows the Curie-Weiss behaviour 

for temperatures above the freezing (blocking) temperature, Tf (Tb) → Tp [34-

36]. Thus, in 50 nm n-Ni3Al, we are not dealing with a spin glass or a cluster 

spin glass or system of interacting superparamagnetic particles. This non-Curie 
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Fig. 5.14: (a) Residual diamagnetic contribution to ac susceptibility, 
symptomatic of Meissner effect, after removing the power-law normal 
contribution, which is shown in the inset. (b) Field dependence of the
exponent ‘n’. 
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-Weiss contribution instead characterizes the non-Fermi liquid (NFL) 

behaviour in the normal state. When NFL contribution is subtracted from the 

total (measured) χ′ , we obtain the contribution due to Meissner effect, as 

shown in figure 5.14. With increasing magnetic field, (i) the transition 

temperature, TC, shifts to lower temperatures, and (ii) at any temperatures 

below TC, the diamagnetic contribution to susceptibility is progressively 

reduced. However, the scanty data in the lower temperature range makes it 

difficult to determine the critical field, HC2, as a function of temperature 

explicitly.  

 

b)   dc Magnetization  

Figure 5.15(a) depicts the magnetization versus magnetic field isotherms 

at a few temperatures in the temperature range 1.8 K to 300 K. After correcting 
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Fig. 5.15(a): M versus H isotherms at temperatures ranging from 
1.8 K to 300 K. 
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Fig. 5.15(b): M2 vs. H/M isotherms (Arrott plots) demonstrating the 
absence of long-range ferromagnetic order down to 1.8 K. 

 
the external magnetic field for demagnetization, these isotherms are converted 

into the Arrott (M2 vs. H/M) plots, which are based on the magnetic equation of 

state, H/M = a + b M2. A linear extrapolation of the high-field portions of the 

Arrott plot isotherms to H = 0 does not yield any intercept on the M 2- axis 

even at the lowest temperature of T = 1.8 K, as shown in the figure 5.15(b). 

Since no spontaneous magnetization exists at any temperature within the 

temperature range covered in the present experiments, no long-range 

ferromagnetic order exists down to 1.8 K. However, the deviations from the 

linear Arrott plot isotherms at low fields and low temperatures, can  be 

attributed to the presence of spin fluctuations, which is consistent with the low-

field magnetoresistance data at low temperatures. M(T) data at low magnetic 

fields ranging from 0 to 1 kOe, obtained from the M - H isotherms, 
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Fig. 5.16: Low-field dc magnetization as a function of temperature obtained 
from the M vs. H isotherms. Note the negative magnetization at fields of 100 
Oe and below at the lowest temperature of 1.8 K. The fall in magnetization 
below 4 K gets arrested at H = 600 Oe. Note that at the same field value the 
analogous drop in resistivity also ceases (see, Fig 5.10).    
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Fig. 5.17: Diamagnetic contribution, characteristic of Meissner effect, obtained 
after removing the power-law normal contribution from the total measured dc 
susceptibility, χdc = M/H, (c.f. Fig.5.14 and Fig. 5.17).  
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are  

tem  

and ins M  decreases at low 

uid behaviour, anomalous positive 

observed in 

 shown in figure 5.16. The dc magnetization increases rapidly as the

perature falls below 50 K (as was the case for χ'(T), see figures 5.11, 5.13

et of Fig. 5.14) and for temperatures below 4 K, 

fields (< 600 Oe) but continues to increase at H  > 600 Oe. The drop in dc 

magnetization and ‘in-field’ resistivity (see, Fig. 5.10) for T < 4 K ceases to 

exist when H ≥ 600 Oe. Such a drop in magnetization for T < 4 K and H < 600 

Oe is indicative of the superconducting behaviour of the sample. As evidenced 

earlier based on the ac susceptibility data in Fig. 5.14, the Meissner 

diamagnetic signal, characteristic of superconductivity, is estimated from the 

dc susceptibility, χdc = M/H, data by subtracting out the (non-Curie-Weiss) 

power-law, or equivalently the non-Fermi liquid, contribution to χdc(T) for T ≥ 

4 K, from the total measured χdc(T) at T ≥ 1.8 K. The diamagnetic contribution 

to χdc(T), so estimated, is shown in the figure 5.17. 
 

5.5     Studies on 3 nm crystallite size n-Ni3Al         
  The novel physical phenomena such as the absence of long-range 

ferromagnetic order, non-Fermi liq

magnetoresistance and magnetically-mediated superconductivity 

nanocrystalline Ni3Al, with an average grain size of 50 nm [31], served as the 

main motivation to investigate the effect of crystallite size on these properties 

near the quantum critical point (magnetic instability) in Ni3Al. To this end, 

nanocrystalline samples of Ni3Al with an average crystallite size of 3 nm have 

been prepared by the inert gas condensation method. The partial pressure of 

inert gas (Helium) and angular speed of the liquid-nitrogen-cooled steel drum, 

on which the condensation of nanocrystallites takes place, were the main 

process parameters to achieve such a small nanocrystallites size. 
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5.5.1   X-ray diffraction 
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Fig. 5.18: X-ray diffraction patterns (XRD) of the 50 nm and 3 nm 
nanocrystalline Ni3Al samples at room temperature. The insets compare 
the Bragg peak positions and linewidths in the two samples. In the insets 
the Bragg peaks corresponding to only the tetragonal structure are 
labelled.   

 
The x-ray diffraction (XRD) patterns were recorded at room tempera

e 3 nm n-Ni3Al samples using the Phillips x-ray diffractometer with 

l samples with the average crystallite sizes of 50 nm and 3 nm.  Note the 

difference in the abscissa (2θ) scales.  All the Bragg peaks of 50 nm (3 nm) 

sample can be indexed based on the cubic L12 (tetragonal L10) structure, as 

shown in the top (bottom) panel of figure 5.18. The intensity of the Bragg 

peaks of the two samples, normalised to the corresponding peak intensity of the 

(111) Bragg peak, in two different ranges of the Bragg angles (2θ), are 

depicted in the insets of the figure 5.18. These insets highlight the difference in 
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the peak positions and larger full width-at-half maxima (FWHM) in the case of 

the 3 nm Ni3Al sample as compared to the 50 nm counterpart. Figure 5.19  

30 40 50 60 70 80 90

 observed
 Calculated
 difference

(1
11

) Ni3Al - 3 nm 

 Bragg peaks

(2
22

)

(1
31

)

(2
21

)

(2
20

)

(2
10

)

(0
20

)

(0
11

)

(0
01

)

 

In
te

ns
ity

   
(a

rb
. u

ni
ts

)

2θ     (deg)  

 
Table 5.1: Structural parameters of the tetragonal Ni3Al phase in the 3 nm 

 
                 nanocrystalline Ni3Al sample. 

Space group (number) P4/mmm (123) 
Lattice parameters   a 
                                 c 

3) Å 
3.236(4) Å 
3.792(

    Atom         Wykoff position
Al                          2g 
Ni                          2h 

(x,y,z) 
(0.0, 0.0, 0.08(2)) 

(0.5, 0.5, 0.0) 
Preferred orientation (101) 

RP 22.05 
RWP 27.8 

Goodness of fit  (χ ) 2 3.0 
 

Fig. 5.19: The observed and calculated x-ray diffraction patterns of 3 nm 
Ni3Al sample at room temperature, together with the difference plot.   
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Table 5.2: Lattic  size obtained us errer formula. 

hkl 2θ M STD-
WHM 

Crystal
size (nm

Lattice strain 
(%) 

e strain and crystallite ing Sch

FWH F
lite 

) 
(001) 28.366 2.875 0.15 3.0 4.97 

(110) 34.207 2.909 0.15 3.0 4.12 

(111) 44.632 2.971 0.15 3.0 3.15 

(020) 48.757 2.996 0.15 3.1 2.88 

(220) 70.95 3.146 0.15 3.3 1.92 

(221) 77.727 3.198 0.15 3.3 1.73 

(131) 87.294 3.279 0.15 3.5 1.50 

(222) 96.717 3.370 0.15 3.7 1.31 
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depicts the observed, calculated and difference x-ray diffraction patterns for the 

3 nm Ni3Al sample, using  Philips  X-pert  software,  which  yields  the lattice 

Fig. 5.20: Variation of Lattice strain as a function of 2θ of 3 nm n-Ni3

  (
%

)

ε = p(- θ /

Ni nm

Al 
sample.    
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paramet c 

= 3.23 he preferred orientation, half width parameters and peak shape 

parameters are varied by the least-squares fitting method in the Rietveld 

3 3

3 .21(a), are converted into the Arrott  

er values of the tetragonal structure (P4/mmm) as a = 3.792(3) Å and 

6(4) Å. T

procedure. The values of other refined parameters and relevant details are 

given in table 5.1. The XRD data shown in figure 5.18 thus confirm the 

occurrence of a size-dependent structural phase transformation in 

nanocrystalline Ni Al. Occurrence of tetragonal phases of Ni Al was earlier 

reported in the pulsed laser deposited thin films [37-39]. To separate out the 

lattice strain and size broadening contributions, the Scherrer Calculator is used 

in the X-pert software and the results are displayed in table 5.2. The 

instrumental broadening was kept constant at 0.15 degrees over the whole 

angular range in these calculations. Even if this value of instrumental 

broadening is changed by 50%, the results shown in the table 5.2 are 

insensitive to this change since the instrumental broadening is negligible 

compared to the FWHM of 3 nm sample. This analysis yields average 

crystallite size of 3.3(3) nm with the lattice strain decreasing exponentially 

(Fig.5.20) with increasing Bragg angle, 2θ. Since the penetration depth of x-

rays into the sample increases with 2θ, exponentially decreasing lattice strain 

implies that the lattice strain reaches its residual value within atomic layers at 

the surface. The AFM studies carried out on this sample failed to produce good 

quality images presumably because the crystallite size of 3 nm falls below the 

resolution limit of the AFM set up used. 

 

5.5.2   Arrott plots 
After correcting the external magnetic field for demagnetization (i.e. H  =  

Hext - 4πN M(T,Hext)), the raw M(H) isotherms taken at various temperatures on 

the 3 nm Ni Al sample, shown in figure 5
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(M2 vs. H/M) plots, which are based on the magnetic equation of state, M2 = a 

+ b (H/M). For the sake of comparison, M(H) isotherms and Arrott plots of 50 

nm samples are given in Fig.5.21(b) and Fig. 5.22(b), respectively. M(H) value 

i m 

Fig.5.21, it is observed that in case of 3 nm (50 nm) sample, magnetization 

Fig. 5.21: M versus H isotherms taken at a 

M
   

  (
 G

 )

few temperatures ranging from 5 
K to 300 K on (a) 3 nm (b) 50 nm nanocrystalline Ni3Al samples.   

n order of magnitude higher in 3 nm compared to 50 nm sample. Fros a

increases very steeply (slowly) in small applied fields and saturates in fields as 

low as 1 kOe (does not saturate even in the fields as high as  70 kOe).  In sharp 

contrast to 50 nm sample (see, Fig 5.22(b)), 3 nm Ni3Al sample seems to 

exhibit long-range ferromagnetic order. Since, a linear extrapolation of the 

high-field portions of the Arrott plot isotherms yields finite intercepts on the 

M2-axis for T ≤ 300 K, as noticed from Fig.5.22(a).  This result is all the more 

intriguing because the saturation magnetic moment per Ni atom at 5 K ≅ 0.19 

µB in 3 nm Ni3Al  is  very  large compared to the magnetic moment of 0.075 

µB/Ni atom in the bulk  polycrystalline counterpart [8].  
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A close scrutiny of the M(H) isotherms revealed that a steep rise in 

magnetization at low-fields followed by near saturation at high-fields is at 

variance with the theoretical expectation that a weak itinerant-electron 

 a 

large ous magnetization a function of 

2

equency 87 Hz and 1.11 kHz without any super- 

Fig. 5.22:Arrott plots for the (a) 3 nm and (b) 50 nm samples at a few 
temperatures ranging from 1.8 K to 300 K.   

ferromagnet, such as Ni3Al, should possess a small magnetic moment and

 high-field susceptibility [8]. The spontane

temperature (displayed in figure 5.26(a)), computed from the intercepts on the 

M -axis in Fig.5.22(a), indicates the value of the Curie temperature TC ≈ 300 K, 

which is again an order of magnitude higher than the value TC = 56.4 K [8] for 

polycrystalline (bulk) Ni3Al. 

 

5.5.3 ac susceptibility 

In order to clarify the nature of magnetic order, ac susceptibility (χac) 

measurements were performed, on 3 nm and 50 nm samples, at a driving field 

of rms amplitude 1 Oe and  fr
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posed dc fields, H (see, Fig. 5.23).  χ'(T) is two orders of magnitude higher in 3 

nm than 50 nm sample. While a broad hump in χ'(T) and no discernible shift in 

th the 

possi nm 

and 50 nm samples, a complete absence of a steep rise in χ'(T) as TC ≈ 300 K is 

Fig. 5.23: χ'(T) for 3 nm and 50 nm Ni3Al samples in the temperature 
ranges from 1.8 K to 300 K and 1.8 K to 150K at Hac = 1 Oe and 
frequencies  87 Hz and 1.11 kHz. 

e peak of χ′(T) with the frequency of the ac driving field rule out 

bility of a spin glass or cluster spin-glass like transition in both the 3 

approached from above in 3 nm sample strongly indicates that no long-range 

ferromagnetic order exists at temperatures down to 1.8 K. An extremely broad 

peak in χ'(T) in nanocrystalline  3 nm Ni3Al could be a manifestation of the 
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blocking of nanocrystalline grains with a very broad size distribution over a 

very wide temperature range since a broad size distribution leads to a wide 

spectrum of relaxation times for the nano-grains. 

 
5.5.4   Hysteresis loops and dc magnetization 

Magnetic hysteresis loops of the 3 nm and 50 nm samples were measured 

on MPMS SQUID magnetometer at a few temperatures ranging from 1.7 K to 

300 K in magnetic fields up to 70 kOe. During the measurement the magnetic 

eld was increased using ‘no overshoot mode’ of SQUID magnetometer. 

ious temperatures on the 

nanoc

fi

Figure 5.24 compares the hysteresis loops taken at var

rystalline Ni3Al samples of average crystallite sizes 3 nm and 50 nm. It is 

evident that in 50 nm sample, magnetization does not saturate even at fields 

that are an order of magnitude larger compared to the 3 nm sample; 

comparatively, saturation in magnetization can be achieved at fields as low as  
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100 Oe in 3 nm sample. The enlarged views of hysteresis loops, in the low 

field region, are shown in insets of Fig.5.24 for 3 nm and 50 nm samples. 

Evidently, coercivity, Hc, (remanence, Mr) has an order of magnitude higher 

(lower) value in the 50 nm sample than in the 3 nm one. 

 

The following arguments based on the observed Hc(T) and Mr(T) curves, 

displayed in the figure 5.25, permit us to conclude that the apparent long-range 

ferromagnetic order in the 3 nm sample is field-induced. (i) In sharp contrast 

with the characteristic feature of a system with true long-range ferromagnetic 

order that Mr  follows roughly the same temperature dependence as that of the 

spontaneous magnetization, Ms, Mr(T) ≠ Ms(T) in both the nanocrystalline 

samples in that the Mr(T)  curve has a concave upward curvature as against the 

Fig. 5.24: Hysteresis loops of (a) 3 nm sample and (b) 50 nm sample at a 
few temperatures ranging from 1.8 K to 300 K. Insets of the figure show an 
enlarged view of the magnetic hysteresis at low fields.   
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Fig. 5.25: Temperature dependence of (a) Ms for the 3 nm, while (b) Hc
and (c) Mr for both the 3 nm and 50 nm  nanocrystalline Ni3Al samples.  
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at the surfaces of the neighbouring crystallites in 50 nm (3 nm) nanocrystalline 

sample and intragrain magneto-crystalline anisotropy being small, the spins of 

the grains as well as the surface spins particularly in the case of the 3 nm 

sample, can be rotated easily by the application of a small magnetic field. 

 

Figure 5.26(a) [5.26(b)] shows the enlarged view of the thermomagnetic, 

M(T) curves taken at different magnetic fields in the range  25 Oe ≤ H ≤ 10 

kOe (25 Oe ≤ H ≤ 150 Oe) and temperatures 5 K ≤ T ≤ 300 K ( 1.8 K  ≤ T ≤  

 

0 25 50 75 100 125

30

60

90

120 n = 1.33

n = 1.24

M(T,H) = M(0,H) [ 1- bT n ]

T = 55 K

T = 60 K
T = 75 K

 10 kOe - ZFC
 1000 Oe - FC
 100 Oe - FC
 25 Oe - FC

M
   

  (
G

)

T    (K)

T = 82 K

n = 1.24

Ni3Al - 3 nm

(a)

0 20 40 60

0

1

2

3

4

5

 25 Oe;   n = 0.50(1) 
 50 Oe;   n = 0.52(1)
 75 Oe;   n = 0.54(1)
 150 Oe; n = 0.56(1)

   
M

   
 (G

)

T    (K)

M(T,H) = M(0,H) [ 1 - b T n ]

Ni3Al - 50 nm

(b)  

 

F
temperatures ranging from 5K to 130 K and  magnetic fields, H, in the
range 25 Oe ≤ H ≤ 10 kOe. (b) ZFC-FC M(T) curves of 50 nm sample at 

ig. 5.26: (a) FC or ZFC M(T) curves for the  3 nm sample at 

different fields. For clarity, a upward shift of 0.5 G is given to M(T,H) data 
starting from that taken at H = 25 Oe Continuous curves through the M(T) 
data in both Fig.5.26(a) and Fig.5.26(b) denote the best least-square fits 
based on equation fit based on equation (5.2) of the text.  
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150 K) on 3 nm (50 nm) Ni3Al. As a further verification of the presence or 

absence of the true long-range ferromagnetic order, an attempt was made to 

determine the ‘zero-field’ spin wave stiffness at 0 K, D(0,0), from the M(T,H) 

data using the well-known spin-wave stiffness expression for M(T,H) ( [8,40] 

 
2/3)],(4/)[,2/3(),0(),( HTDTktZgHMHTM BHB πµ−=        0≠H              (5.1) 

where the spin-wave stiffness, D(T,H) renormalizes with temperature for weak 

itinerant-electron ferromagnets as , where D(0,H) 

is related to the magnetization M (0, 

 

]1[),0(),( 2
2 TDHDHTD −=

H) as ),0(),0( HMcgHD B ⊥= µ . The 

details about various physical parameters appearing in Eq.(5.1) are given 

elsewhere [37]. A concave upward curvature in the M - T3/2 plots (Figure 5.27)  
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Fig. 5.27: Magnetization of the 3 nm sample at fixed ma

 
 

concave upward curvature in M(T) at all field values.
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observed at all the magnetic field values precludes any description in terms of 

the spin-wave expression, Eq.(5.1), since Eq.(5.1) predicts a concave 

ownward curvature in M(T3/2). Instead the expression 

 

−=                                                                 (5.2) 

d
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clo all the fields in bot  3 

m and 50 nm n-Ni3Al samples with the values of the exponent ‘n’ that depend 

on H as shown in figure 5.26 (a) and 5.26 (b). Such values of the exponent ‘n’ 

are typical of the non-Fermi liquid behaviour near the magnetic instability [22]. 

Fig. 5.28: A comparison between the ZFC-FC M(T) curves taken at 25 Oe
on the 3 nm and 50 nm nanocrystalline Ni3Al samples. The continuous 
curves through the FC M(T) data denote the best least-squares fits based 
on equation (5.2) of the text. 

sely reproduces (Figure 5.26) the observed M(T) at h

n
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An increase in the magnetic field strength reduces the temperature range over 

which the non-Fermi liquid behaviour is observed. 

 

 Figure 5.28 compares ‘zero-field-cooled’ (ZFC) and ‘field-cooled’ 

(FC) thermomagnetic curves for 

amples. While the ZFC and FC M(T) curves in the two cases present some 

similarities, the irreversibility in magnetization marked by the bifurcation in 

the ZFC-FC M(T) curves, sets in much higher temperature, T > 300 K, in the 3 

nm sample compared to that T  ≅ 40 K in the 50 nm counterpart. Recognizing 

that the ZFC M(T) curves have a striking resemblance with χ'(T) curves shown 

in Fig.5.23 and in view of the explanation already provided for the extremely 

broad peak in χ'(T) for the 3 nm sample, the blocking of nano-grain spins starts 

at temperatures above 300 K in 3 nm n-Ni3Al as compared to 45 K in the 50 

nm sample. 

 

Cubic-to-tetragonal structural transformation can change the density of 

states at the Fermi level, N(EF), in the 3 nm n-Ni3Al as compared to that in the 

50 nm n-Ni3Al. Drastic change in N(EF) could be responsible for the enhanced 

(field-induced) magnetic moment in the 3 nm n-Ni3Al. The non-Fermi liquid 

m are 

near
 

the 3 nm and 50 nm nanocrystalline Ni3Al 

s

behaviour of magnetization over a wide temperature range at different applied 

agnetic fields suggests that both the systems (3 nm and 50 nm samples) 

 the magnetic instability.   

5.6    Summary and conclusions 
The present investigation of electrical resistivity (ρ) and longitudinal 

magnetoresistance (MR) in nanocrystalline (mean crystallite size ~ 50 nm) and 

polycrystalline samples of Ni3Al has revealed a number of interesting physical 
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phenomena that include the following. The ‘zero-field’ resistivity abruptly 

drops in magnitude as the temperature falls below 4 K and exhibits a non-

ermi-liquid behaviour at temperatures in the range 4 K to 22 K in the 

nanoc ysta

T < 4 K) and non-Fermi-liquid behaviour are physical phenomena 

that occur when the system is near the magnetic instability. The reduction of 

crysta

a control parameter (instead of external pressure 

r magnetic field hitherto used in the literature) to study quantum critical 

 wider temperature and crystallite 

size (

F

r lline (n-) Ni3Al. The drop in resistivity gets completely suppressed 

by a field of ~ 1 kOe. Positive MR increases rapidly for temperatures below 4 

K and reaches its highest value of 1.4% at T = 2.5 K and an external magnetic 

field (H) of 80 kOe in 50 nm n-Ni3Al. The polycrystalline counterpart neither 

shows a sudden drop in resistivity nor a positive MR at any temperature, 

including low temperatures. Magnetic field induces a crossover from positive 

to negative MR in 50 nm n-Ni3Al particularly for T > 30 K. The usual Lorentz 

mechanism cannot account for the magnitude of the positive MR for 

temperatures up to 20 K in this sample. Antiferromagnetic spin fluctuation 

mediated superconductivity (thought to be responsible for the drop in 

resistivity at 

llite size to ~ 45 nm drives the weak itinerant-electron ferromagnet Ni3Al 

to magnetic instability (where the long-range ferromagnetic order breaks down, 

as is evident from our previous [8] and present magnetization results). Now 

that the magnetically-mediated superconductivity and non-Fermi-liquid 

behaviour are symptomatic of the behaviour near a magnetic quantum critical 

point, the results of the present investigation open up an interesting possibility 

of using nanocrystallite size as 

o

phenomena (which may be occurring over

control parameter) domain than theoretically predicted), non-Fermi liquid 

behaviour and magnetically-mediated superconductivity. 
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When the average crystallite size drops to ≅ 3 nm, n-Ni3Al system 

undergoes a cubic-to-tetragonal structural phase transformation that leads to a 

drastic change in the density of states at the Fermi level, N(EF). The large 

magnetic moment observed in the 3 nm n-Ni3Al could originate from the 

increased N(EF). The non-Fermi liquid behaviour of magnetization is observed 

over a much wider temperature range, 5 K ≤ T ≤ 80 K, in 3 nm sample than in 

the 50 nm counterpart.  The magnetic field does not change the functional form 

of M(T) but reduces the temperature range over which non-Fermi liquid 

behaviour is observed. At first sight, the magnetization versus magnetic field, 

M(H), isotherms, taken on 3 nm n-Ni3Al, give the impression that this sample 

exhibits long-range ferromagnetic order for T ≤ 300 K. However, based on the 

results of a detailed investigation of ac susceptibility, magnetic hysteresis loops 

and ‘zero-field-cooled’ and ‘field-cooled’ thermomagnetic curves, ample 

experimental evidence is provided in favour of the field-induced long-range 

ferromagnetic order in 3 nm n-Ni3Al.  
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6.1    Introduction 
In the previous three chapters, we discussed the effect of off-

stoichiometry, site-disorder and crystallite size on the magnetic, transport and 

galvanomagnetic properties of binary Ni3Al compound in polycrystalline as 

well as nanocrystalline forms. The defects and different types of disorder in 

this system strongly influence the magnetic excitations and hence the 

functional dependences of thermodynamic properties, such as magnetization, 

susceptibility and resistivity, on temperature are modified so as to give rise to 

many interesting physical phenomena that include the non-Fermi liquid 

behaviour of resistivity and magnetization over extended temperature range 

and magnetically-mediated superconductivity. Consequently, the nano-

crystallite size emerges as a new control parameter to study quantum phase 

transitions.  This scenario may change completely when Ni in Ni3Al compound 

is partially substituted by another 3d transition metal atom such as Fe, Co, Mn, 

etc. The crystal structure and interactions among the constituent atoms can get 

modified depending on the type and amount of substitution by the third 

element. For example, a substitution of a very small fraction of Ni atoms on 

the Ni sublattice in Ni3Al by Fe can lead to the nucleation of body-centred-

cubic NiAl phase. Substitution by Mn may lead to antiferromagnetic 

interactions between Ni and Mn atoms. Moreover, site occupancy of the third 

element is an important issue in that it has profound effect on the mechanical, 

magnetic and transport properties of ternary alloys, Ni-M-Al with M = Fe, Mn 

or Co. 

 

Ni-Fe-Al is an example of a ternary alloy that is derived from the ordered 

( β  or B2) Ni-Al compound. Intermetallic alloys based on Ni-Al binary system 

have attractive properties such as the high melting point (~1680 °C), low 
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density, excellent oxidation resistance [1] and shape memory effect [2].  But 

brittleness of B2 Ni-Al alloys makes them unsuitable for industrial 

applications. Inoue et al. [3, 4] have shown that Ni3Al (γ′) and (γ′ + β) alloys in 

Ni-Fe-Al system, with good ductility and high strength, can be obtained by 

rapid solidification; these alloys also exhibit shape memory effect. Furukawa et 

al. [5] reported that 170 ppm addition of boron to Ni-Fe-Al alloys increases its 

fracture strength from 394 to 1130 MPa and elongation-to-fracture ratio 

increases from 2.8% to 18.1%. Wallin and Savage [6, 7] were first to report 

shape memory effect in Ni-Fe-Al-B rapidly solidified ribbons. X-ray 

diffraction studies of their samples revealed the presence various phases like, 

NiAl (β and β′), Ni3Al (γ and γ′), Fe3Al, FeAl, FeNi, and Al5Fe2 etc. Liu et al. 

[8,9] confirmed the shape memory effect and did systematic study with 

different Fe concentrations ranging from 4 at.% to 20 at.% in Ni rich (60 at.%, 

rest Al + Fe) melt-spin ribbons. From the TEM and x-ray diffraction studies, 

they found that the martensite phase has a body-centered orthorhombic 

structure. Effect of annealing at ~ 400 °C was to reduce the martensite 

transformation temperature. Kainuma et al. [10] studied the phase 

transformation and microstructural evolution in bulk Ni-Fe-Al alloys with the 

help of TEM and DSC techniques. On annealing at 1300 °C at 1 hr and then re-

annealing at 800 °C for 24 hrs, different kinds of microstructures were 

observed in different compositions of the alloys; namely, lameller, blocky and 

widemanstätten  microstructures were found in Ni-25Al-13Fe, -15Fe and -18Fe 

alloys, respectively. Highest shape recovery of about 71 % was found in the 

Ni-25Al-15Fe alloy with the martensite start, MS, temperature at 416 K.  

 

Compared to many mechanical and structural investigations on Ni-Al-Fe 

alloys, only a few reports are available on electronic structures, atomic 



Martensitic transformation in …..     215 
 

arrangements and magnetic properties. Goldberg and Shevakin [11] measured 

magnetic susceptibilities and NMR27Al spectra for Ni50-xAl50Fex and Ni50Al50-

xFex with x = 0, 1, 2 - 10 alloys and calculated density of states (DOS) and 

electronic structure of 15 atomic clusters using tight-binding approximation 

and LCAO (Linear Combination of Atomic Orbitals) Hamiltonian. They 

observed Pauli type paramagnetism with no or negligible dependence of 

susceptibility, χ, on temperature for ternary compounds with deficiency of Ni-

atoms while rest of alloys showed Curie-Weiss susceptibility. New peaks in 
27Al NMR spectra and increase in paramagnetic susceptibility suggested new 

type of atomic arrangements consisting of Fe-atoms in the first or second shell 

of Al-atoms. This observation was consistent with the atom-probe field-ion 

microscopic studies of Duncan et al. [12], where more than 90% of Fe atoms 

were found to occupy Al sites. Experimental and electronic structure 

calculations indicated an increase in the density of states at the Fermi level by 

the substitution of Fe for both the Ni- and Al-atoms. Fu et al [13], in their study 

of the solid solution effects on [Ni50][Al40Ni10-xFex] alloys, concluded that: 1) 

Addition of Fe softens the Ni-rich Ni-Al alloys; this unusual softening 

behaviour is concomitant with large increase in lattice parameter.  2) The 

presence of Fe atom at Al sites results in a large magnetic moment of 2.55 µB 

on Fe atoms, which, in turn, induces a magnetic moment of 0.1 µB on Ni 

atoms. 3) The enhancement of magnetic moment at the Fe atoms originates 

from both the magnetic coupling between the Ni and Fe and the electronic 

localization (and hence the local magnetic moment) of Fe atoms. 4) The other 

solute atoms such as Mn and Cr have a behaviour similar to that of Fe but the 

addition of cobalt has a contrasting behaviour because Co atoms preferentially 

occupy Ni sites. Thus, magnetism plays a major role in modifying the 

mechanical properties, e.g., the hardness in Ni-Al alloys. Lechermann and 
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Fähnle [14] performed theoretical calculations using the cluster expansion 

method and constructed global phase diagram of Ni-Fe-Al system. They 

showed that a face-centred cubic structure is more favourable than body-

centred cubic structure in a wide compositional range with the exception of the 

equi-atomic B2 Ni-Al phase. Magnetic energy gain is 50 meV/atom in the 

ternary B2 phase that has negligible fraction of Fe-atoms thus the magnetism 

influences the atomic ordering in this phase. 

 

In order to ascertain the effect of Fe substitution on the magnetic 

properties of Ni75Al25 and to determine the role of site-disorder in the ternary 

alloys, the samples of Ni75-xFexAl25 alloys with x = 0, 5, 10, 20, have been 

prepared in different states of site disorder by suitable heat treatments. The 

detailed room temperature x-ray investigations [15] performed on these 

samples revealed the following: (I) Regardless of the sample thermal history, 

the nucleation of the Fe3Al phase occurs at a Fe concentration as low as 3 at.%. 

With further increase in Fe concentration, the volume fraction of the Fe3Al 

phase increases at the expense of the Ni3Al phase so much so that at 20 at.% in 

melt quench ribbon, Fe3Al phase becomes the majority phase (> 95 %) and 

Ni3Al (< 5%) is reduced to a minority phase.  The long-range order parameter 

decreases with Fe substitution and at Fe = 20 at.% it has the lowest value. (II) 

Ductility increases with Fe substitution, more so in the melt-quenched ribbons.  

(III) For a given sample thermal history, the composition essentially 

determines the site preference of Fe solute atoms. Thus in Ni-deficient alloys 

Fe atoms occupy Ni-sites whereas in Al-deficient alloys Fe atoms prefer Al-

sites. These observations were made considering Ni3Al as a reference alloy 

system. 
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The temperature dependence of magnetization at different but fixed 

magnetic fields was analysed and contributions of spin waves (SW) and spin 

fluctuations (SF) to thermal demagnetization were estimated [16]. An elaborate 

analysis of the magnetization (M) versus magnetic field (H) isotherms, taken at 

5 K, in magnetic fields up to 70 kOe, yielded the physical parameters such as 

the high-field susceptibility, χhf, density of states (DOS), at Fermi level, N(EF),  

spin-wave stiffness at T = 0 K, D0, Curie temperature, TC, and spontaneous 

magnetization at T = 0, M0. Irrespective of the state of disorder (i.e., ‘as 

prepared’, ‘annealed’ and ‘melt-quenched’), strong deviations from the 

compositional dependence of M0, D0, TC and χhf, for the alloys with 0 < x < 10 

were observed in the case of 20 at.% Fe alloy. For example, M0 and D0 varied 

linearly with increasing Fe concentration up to x = 10 at.%, but the samples of 

composition  x = 20, did not follow the same trend. DOS were considerable 

higher while χhf  was very low for 20 at.% Fe samples as compared to other 

compositions. The dc electrical resistivity of the Ni75-xFexAl25 alloys was 

measured in the temperature range from 1.7 K to 300 K. The thermal 

hysteresis in resistivity was observed [17] only in the samples containing 20 

at.% Fe. The thermal hysteresis normally reflects the presence of supercooled 

and superheated states, which form the main characteristics of first-order phase 

transformation. The martensitic transformation is a first-order solid-solid phase 

transformation, which takes place by the diffusionless shearing of the parent 

austenite phase, which, in turn, causes the shape memory effect in alloys. This 

possibility prompted an extensive structural investigation aimed at determining 

the nature of phase transition in the Ni55Fe20Al25 alloy using neutron diffraction 

and transmission electron microscopy (TEM) techniques. The effect of site-

disorder on the martensitic phase transition in Ni55Fe20Al25, as reflected in the 
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electrical transport, magnetoresistance and magnetic properties, is described in 

this chapter. 

 
6.2 Synthesis, and structural, magneto-transport and 
magnetic characterization 

 Polycrystalline rods (10 mm in diameter and 100 mm in length) with 

nominal composition Ni55Fe20Al25 were prepared by radio frequency induction-

melting technique. Rectangular strips of dimensions 40 x 2.5 x 0.5 mm3 and 

spheres of 3 mm diameter were spark-cut from the rods. The spark-cut samples 

were annealed at 520 °C for 16 days in a sealed quartz tube filled with 

99.999% purity argon and subsequently quenched in ice water. The remaining 

portions of these rods were melt-quenched to form ribbons of width of 2 mm 

and thickness of ~ 30 µm. The “annealed” and “quenched” samples of 

Ni55Fe20Al25 alloy are henceforth referred to as a-Fe20 and q-Fe20, respectively. 

Neutron diffraction (ND) measurements were performed on the strips (a-Fe20) 

and several ribbons (q-Fe20), on the high-flux two-axis D20 diffractometer at 

Institut Laue-Langevin (ILL), Grenoble, using  thermal-neutron wavelength of 

1.297 Å. The diffracted intensity was measured in the steps of 0.1° over the 

scattering angle range of 10° - 150°. In the case of the a-Fe20 samples, 

diffraction intensities were collected for 2 minutes in the steps of 5 K over the 

temperature range of 300 K to 48 K while cooling, using position sensitive 

microstrip gas-detector. By contrast, the diffraction data were collected on the 

q-Fe20 sample while heating at temperatures 90 K, 200 K, 240 K and 280 K 

keeping all other experimental parameters same. TEM studies were performed 

using Tecnai 20 UT high-resolution TEM (200 kV) and Tecnai 20 G2 

analytical TEM (200 kV). For investigations at room temperature and for 

compositional studies, the samples were loaded in a low-background double tilt 

TEM holder. For microstructural studies at low temperatures (103 K), 
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cryogenic double-tilt TEM holder (Model 636, M/s Gatan) was used. The 

compositional studies were performed with EDS (sapphire) detector attached to 

the Tecnai 20 G2 analytical TEM. Longitudinal magnetoresistance, 

)0,(/)]0,(),([/ |||| ==−=∆ HTHTHT ρρρρρ  versus magnetic field, H, 

isotherms were measured in the fields up to 80 kOe during the heating cycle. 

The electrical resistivity, )(Tρ , was measured by standard four-probe dc 

method in the range of 3 K - 300 K on rectangular strips and ribbons of length 

40 mm in both the heating and cooling cycles. ‘Field-cooled’ (FC) and ‘zero-

field-cooled’ (ZFC) magnetization measurements were performed on spherical 

samples of a-Fe20 and on several ribbon-pieces of q-Fe20, stacked one above the 

other, with magnetic field, H, applied along the length within the ribbon plane, 

using a SQUID magnetometer, in external magnetic fields, H, ranging from 20 

Oe to 10 kOe at temperatures in the range 5 K ≤ T ≤ 300 K. The M(H) 

isotherms were measured in magnetic fields up to 20 kOe at several fixed 

temperature values in the range  5 K ≤ T ≤ 300 K in the heating cycle only. 

 

6.3   Structural and physical property changes associated 
with martensitic phase transformation  
6.3.1   Neutron diffraction 

Shape memory alloys scatter neutrons very effectively and as such, 

neutrons are an almost ideal probe to study these alloys at a microstructural 

level. The similarity in the atomic scattering factors of the neighbouring 

elements in the periodic table (as is the case in transition metals, in particular) 

makes it extremely difficult to obtain much information about the chemical 

ordering from x-ray diffraction. However, neutron scattering cross-sections 

vary erratically with the atomic number and hence the neutron scattering 

lengths can be radically different for neighbouring elements in the periodic  
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Fig. 6.1: Neutron diffraction patterns of a-Fe20 at a few representative 
temperatures taken while cooling. No peaks corresponding to 
martensite phase are observed except near mark * at the lower 
temperatures. 

 
table. Moreover, the neutron scattering power is not a function of diffraction 

angle [18]. Due to appreciable difference in neutron scattering lengths, neutron 

diffraction is well-suited for determining the site preference for, or occupancy 

of, solute atoms. Neutron diffraction techniques have the advantage that the 

entire bulk of the sample, together with its inherent defects, is probed. Figures 

6.1 and 6.2 show the neutron diffraction (ND) patterns of a-Fe20 and q-Fe20 

samples taken at different temperatures in the ranges 50 K ≤ T ≤ 300 K and 90 

K ≤ T ≤ 280 K, respectively. ND spectra on the annealed sample (a-Fe20) were 

taken at every 5 K intervals while cooling whereas in the case of melt-

quenched sample (q-Fe20) ND spectra were taken at 90 K, 200 K, 240 K and 

280 K while heating. The phase transformation is evident (Fig. 6.2) in q-Fe20 

but not in a-Fe20 (Fig. 6.1). Figure 6.3 shows a comparison between the neutron 

diffraction patterns taken at 298 K and 48 K in different scattering angle ranges  
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Fig. 6.2: Neutron diffraction patterns of q-Fe20 taken while heating. MT 
occurs at ~ 240 K. The line (a) serves to highlight the disappearance of the 
martensite peak whereas the line (b) follows the evolution of the austenite 
peak. Splitting of austenite peak (110) into four peaks suggests 14 M 
modulated structure.   

 
for the sample a-Fe20. This comparison clearly demonstrates that a very weak 

phase transformation occurs in a-Fe20. The neutron diffraction patterns shown 

in figures 6.1- 6.3, thus reveal that a-Fe20 and q-Fe20 samples both undergo 

martensitic transformation (MT), but the MT is complete (partial and sluggish) 

in q-Fe20 (a-Fe20). To know the crystal structure and identify the phases present 

in the samples q-Fe20 and a-Fe20, LeBail profile fitting procedure was followed 

using the FULLPROOF package. In the LeBail fitting, all possible diffraction 

peaks are generated for a given space group as per the symmetry conditions; it 

is just a mathematical way of fitting a powder diffraction profile with peak 

positions constrained by cell parameters. Thus, only approximate unit cell 

parameters and space group are required for LeBail profile fitting. In the case 

of full-pattern Rietveld refinement method, initial structural model is required, 

i.e., approximate atomic (Wykoff) positions, number of atoms, occupancies, 
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and the details of experimental conditions are required. The advantage is that 

the actual atomic positions can be refined, individual isotropic/anisotropic 

thermal parameters, site occupancies and magnetic structure can be obtained by 

the method of least-squares refinement. However, LeBail fitting is considered 

to be an easy and efficient way to check the plausibility of the space groups 

[19]. The parameters used to measure the progress of a Rietveld refinement 

(and also LeBail method) [20] with a good agreement between the crystal 

structure model and observed diffraction pattern are tabulated in table 6.1. The 

Rwp and χ2 are the most important parameters, as the numerator of these  
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Fig. 6.3:  Comparison of neutron diffraction patterns of a-Fe20 taken at 
298 K and 48 K. Small peaks (marked by asterisk) belongs to martensite 
phase at 48 K. 
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parameters contains the quantity minimized during the least-squares fitting. 

The Rexp is a measure of statistics of the experimental data and is the minimum 

possible value for Rwp for a given pattern. Thus χ2 will have a value of 1 when 

Rexp =  Rwp.   

 

Table 6.1:  Rietveld refinement agreement parameters. 
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where n = total number of data points and p = number of parameters refined 

 
 

In ternary shape memory alloys, with the general formula X2YZ (X = Ni, 

Y = Fe or Mn, Z = Al or Ga), Heusler type cubic L21 structure is expected [21] 

at room temperature, whereas binary NixAl100-x alloys with x = 50 to 69 at.% 

have an ordered bcc (B2) structure. L21 type structure can be represented by a 

bcc lattice in which Ni (X) atoms occupy the centre of the cube, while the Mn 

(Y) and Ga (Z) atoms alternatively occupy the positions at the apexes. We have 

found that the LeBail fitting procedure cannot unambiguously distinguish 

between the L21 (space group Fm3m) and B2 (space group Pm3m) structures  



224     Chapter 6 
 

                      
                          B2 (Ni-Al)                                    L12 (Ni3Al) 

 
                                                     L21 (Ni2FeAl) 

20 40 60 80 100 120 140

0

1000

2000

3000

4000

5000

*
* **** *(3

00
)

(1
00

)

(4
10

)

(2
10

)

(4
00

)

(3
21

)

(2
21

)

(3
10

)

(2
20

)

(2
00

)

(1
11

)

(1
10

)

 observed
 calculated
 difference
 Bragg peaks

 

In
te

ns
ity

 (a
.u

)

2θ    (deg)

(1
00

)

*

   q-Fe20

T = 280 K

 

 

Fig. 6.5:  The observed and calculated (Lebail) neutron diffraction pattern of 
q-Fe20 at 280 K. The ‘*’ marked peaks are from the minor martensite phase. 
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in d 

sam nite 

jo

the diffraction patterns of the presently studied quenched and anneale

ples. To resolve this issue and to study the microstructure of the auste

and martensite phases in the samples q-Fe20 and a-Fe20, transmission electron 

microscopy (TEM) studies were undertaken at 300 K and 103 K. At room 

temperature, TEM investigations revealed that the austenite phase in q-Fe20 has 

a B2 structure. A detailed discussion about the TEM results and analysis is 

given in the next section. After confirming the crystal structure of the ma rity 

phase as B2, the LeBail method was used to account for the unidentified peaks 

of the minority phase in the neutron diffraction pattern of q-Fe20 at 280 K (see 

Fig. 6.2). Fits with the space groups of various phases in Ni-Al and Ni-Fe-Al 

phase diagrams [22] from the literature such as face-centred tetragonal, L10, 

NiAl (P4/mmm) [2,9,10], tetragonal Ni3Al (I4/mmm) [23], orthorhombic 

Ni5Al3 (Cmmm) [9,24], hexagonal Ni2Al or Ni2Al3 (P3m1) [25] and 

monoclinic Ni2Al (P2/m) [26] were attempted. All the extra peaks were 

accounted for only by the space group P2/m of the monoclinic structure and the 

corresponding LeBail fit (B2 + monoclinic) at 280 K is shown in figure 6.5 and 

the lattice parameters are given in table 6.2. 

 
Table 6.2:  LeBail profile fitting parameters for the neutron diffraction (ND) 
pattern of q-Fe20 taken at T = 280 K.  
 

 q-Fe20 
at 280 K 

Pm3m  
B2 

P2/m  
monoclinic 

a (Å) 2.8676(1) 4.161(1) 
b (Å) - 2.627(1) 
c (Å) - 14.781(2) 

β°  94.94(1) 
Rp 1.45 
Rwp 2.03 
χ 1.97 
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Fig. 6.6:  The observed and calculated (Rietveld) neutron diffraction 
pattern of q-Fe20 at 280 K. Only the B2 phase is refined. 

le 6.3:  Rietveld refinement parameters for the ND pattern of q-Fe20 
  

20Atoms 2Site Occupancy (%) Biso (Å ) 
Ni (0.0,0.0,0.0) 1.0(1) 0.45(5) 
Al (0.5,0.5,0.5) 0.44(3) 1.03(9) 
Fe (0.5,0.5,0 .03(9) .5) 0.54(3) 1

a (Å) 2.8658(2) 
Asymmetry -0.17(2) 
Lorentzian strain 0.22(5) 

Rp 1.95 
Rwp 2.92 
χ 4.06 

 

To ascertain the site occupancy of Fe in q-Fe20 ribbons at room 

temperatu the actual Rietveld refinement was performed on the neutron 

iffraction pattern taken at 280 K for q-Fe20. The initial structural model for the 

re, 

d
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metas

 298 K, using the LeBail fitting, as shown in fig. 6.7. The 

ustenite phase in  the a-Fe20 sample consists of two majority phases with bcc 

B2 a

table monoclinic Ni2Al phase is not known and also the volume fraction 

of the monoclinic phase is found to be less than 3 % (determined by comparing 

integrated intensity ratio of the peaks of the two phases).  For these reasons, the 

monoclinic Ni2Al phase was not included in the actual Rietveld refinement. 

Full pattern refinement method for the austenite B2 phase proceeded first by 

assuming that all the Fe solute atoms occupy the Al sites. Then, Fe atoms were 

allowed to occupy either the Ni or Al sites, while keeping thermal parameters 

fixed. The best fits were obtained (figure 6.6) when the Fe atoms occupied the 

Al sites. The neutron scattering lengths for Ni (10.3 x 10-12) and Fe (9.5 x 10-12) 

atoms are quite close as compared to that for the Al (3.4 x 10-12) atom, which 

makes the determination of Fe population on the Ni site very difficult. 

However, the forced occupation of Fe atoms on the Ni sites resulted in a 

negative occupancy with a decline in the goodness-of-fit. The parameter values 

and the site occupancies are tabulated in Table 6.3. From this exercise, it is 

clear that most of the Fe atoms are occupied on the Al sites in q-Fe20 at 280 K. 

Similar results were obtained recently from the first principle theoretical 

calculations [12, 27] and neutron diffraction study [28] in Ni60-xAl40Fex with x 

= 0-10 alloys.  

 

Next, we have analysed the neutron diffraction pattern, taken on the a-

Fe20 sample at

a

nd fcc L12 structures. Inclusion of the monoclinic martensite phase 

resulted in a little or even no, improvement in the goodness-of-fit. However, as 

shown in the inset of Fig. 6.7, the low-angle diffraction peaks marked by the 

symbol ‘♦’ could be accounted for only by the monoclinic phase with P2/m 

space group. The volume fraction of this phase (when compared to B2 + L12  
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eld 

refinement then proceeds the same way as mentioned earlier in the case of q-

e20 samples. The parameters of the actual refinement are given in table 6.4 

 B2 phase of q-Fe20 and a-Fe20 samples whereas Fe atoms 

re nearly equally distributed among Ni and Al sites in the L12 phase of a-Fe20 

a-Fe20

298 K(1
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) L
1

10
1)

m
on

o

 

phase

Fig. 6.7:  The observed and calculated (LeBail) neutron diffraction 
pattern of a-Fe20 at 298 K. The inset shows low angle Bragg peaks, which 
indicate the presence of third minor monoclic phase along with both 
major (B2 and L12) phases. 

s together) in a-Fe20 is even less than that in q-Fe20. The actual Rietv

F

and calculated and observed patterns, along with the difference pattern, are 

shown in figure 6.8. 

 

It is evident from the Table 6.3 and 6.4 that Fe atoms preferentially 

occupy Al sites in the

a
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at 29

a-Fe20 at 298 K 

8 K. The Lorentzian strain parameter is quite large (small) in q-Fe20 (a-

Fe20) due to the quenched-in stresses and site disorder present in the melt-spun 

ribbons (annealed strips). The percentage of the Fe (Al) atoms in the B2 phase 

of q-Fe20 is large (small) compared to that in the a-Fe20. Rwp and Rp parameters 

of L12 phase in a-Fe20 have larger values compared to that in the B2 phase. In 

the L12 phase, the site occupancies of Fe atoms could not be determined 

uniquely as a change in the occupation of Fe atoms on both Ni and Al sites has 

shown no improvement in Rwp and goodness-of-fit parameters. The L12 phase 

has a preferred orientation in the <111> direction. Thus, at 280 K (298K), q-

Fe20 (a-Fe20) sample is in the single- (two-) phase state with some traces of 

minor monoclinic (NiFe)2(AlFe) phase. 

 

Table 6.4:  Rietveld refinement parameters for the ND pattern of a-Fe20 taken 
at T = 298 K.  

Pm3m (B2) Pm3m (L12) 
Atoms Occupancy Biso Atoms Occupancy Biso 

(%) (Å2) (%) (Å2) 
Ni 

(0.0,0.0,0.0)
1.0(1) 0.64(7)

0.5)
0.73(1) 0.62(5) 

 
Ni 

(0.0,0.5,  
Al 

(0.5,0.5,0.5) 
0

(0.0,0.5,0.5) 
0  0.55(3) .76(8) Fe 0.27(1) .62(5)

Fe 
(0.5,0.5,0.5) 

0.45(3) 0.76(8) Al 
(0.0,0.0,0.0) 

0.76(5) 1.30(9) 

   Fe 
(0.0,0.0,0.0) 

0.24(4) 1.30(9) 

a(Å) = 2.8690(1) a(Å) = 3.5860(2) 
Loretzian st  0.0  stra 0.28rain (x) > 1 Loretzian in (x) = (7) 

 ienta .07(Preff or tion= -1 8) 
Volume fraction = 74(2) e fra 26(1Volum ction = ) 

Rp = 5.78 
Rwp = 8.6 
χ = 5.9 
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Fig. 6.8:  The observed and calculated (Rietveld) neutron diffraction 
patterns for a-Fe20 at 298 K. The inset shows the peaks belonging to 
the major phases L12 and B2.

While heating up from 90 K, austenite B2 phase grows at the expen

onoclinic martensitic phase in q-Fe20, as is clearly seen in Figure

ns of q-Fe20 and the fits are depicted in figure 6.9(a). The lattice 

parameters are tabulated in Table 6.5. Figure 6.9(b) shows temperature 

evolution of the low-angle Bragg peaks of the austenite B2 and the monoclinic 

martensite phases while heating. Figure 6.9(c) depicts the temperature 

dependence of the volume fractions of the austenite and martensite phases, 

across the martensite phase transformation, calculated from the integrated 

intensities (obtained from the LeBail fit) of the highest intensity Bragg peaks 

(i.e (-201) of martensite and (110) of austenite phase). The following important 

observations were made from the analysis. (i) The martensite phase has a 

monoclinic structure with lattice paramenters a = 4.167 Å, b = 2.630 Å ,  
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c pidly 

below 240 K so much so that it becomes a majority phase at 200 K, and at 90 

, it is the only phase that exists. (iii) Thus, B2 phase coexists with the 

   q-Fe20

T = 240 K

Fig. 6.9(a): The observed and calculated (Lebail) neutron diffraction 
patterns of q-Fe20 at T = 240K, 200K and 90 K, together with difference 
patterns. 

=  14.79 Å  and β = 94.96° at 240 K. (ii) The martensite phase grows ra

K

monoclinic phase from 240 K to 200 K. (iv) The austenite B2 phase transforms 

completely to the monoclinic martensite phase at temperatures below 200 K. 
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Fig. 6.9(c): Volume fractions of austenite and martensite phases across 
the martensite transformation of q-Fe20.  

Fig. 6.9(b): Expanded view of the Bragg peaks, appearing at low Bragg 
angles in the ND patterns displayed in Fig.6.9(a), that highlights the 
increase of the austenite peak  at the cost of the martensite peaks while 
heating.  
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Table 6.5:  LeBail profile fitting parameters for the ND patterns taken at 
temperatures T = 240 K, 200 K and 90 K on the q-Fe20. 
 

T = 240 K T = 200 K T = 90 K  q-Fe20

Pm3m(B2) P2/m Pm3m(B2) P2/m P2/m 
a (Å) 2.8689(2) 4.1667(3) 2.8653(2) 4.1674(3) 4.1653(4) 
b (Å)  2.6305(3) - 2.6295(2) 2.6203(2) 
c (Å)  14.790(1) - 14.805(1) 14.844(1) 

β°  94.962(9) - 94.897(6) 95.622(7) 

Fig. 6.10(a):  The observed and calculated (LeBail) neutron diffraction 
patterns of a-Fe20 at 48 K, together with the difference pattern. Inset 
shows the Braggs peaks corresponding to all the three phases, viz. B2, 
L12 and monoclinic.  

Rp 1.05 1.10 1.03 
Rwp 1.36 1.45 1.47 
χ 1.30 2.02 2.12 

 

Fe20, no such drastic phase transformation is 

bserved at T ≥ 48 K. Fig.6.10(a) depicts LeBail fitting of neutron diffraction 

re given in table 6.6. Figure 6.10(b) shows the Rietveld refinement of the  

On the other hand, in a-

o

pattern of a-Fe20 taken at 48 K and the lattice parameters from this procedure 

a
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Table 6.6:  LeBail profile fitting parameters for the neutron diffraction (ND) 
pattern taken at the lowest measured temperature, T = 48 K, on a-Fe20. 
 

a-Fe20 at 48 
K 

Pm3m  
B2 

Pm3m  
L12

P2/m  
monoclinic 

a (Å) 2.8614(2) 3.5780(1) 4.1691(2) 
b (Å) - - 2.7001(1) 
c (Å) - - 14.7076 (8) 

β° - - 94.457(3) 
Rp 2.63 
R 3.57 

Fig. 6.10b:  The observed and calculated (Rietveld) neutron diffraction 
patterns of a-Fe20 at 48K, together with difference pattern. Inset shows 
the observed Bragg peaks along with the Rietveld fit (continuous curves) 
for the B2 and L12 structures only.  

wp

χ 2.55 
 

neutr ume 

fraction of the phases obtained from this fitting are given in table 6.7. The 

volume fraction of the L12 (B2) phase at 48 K, obtained from Rietveld 

on diffraction pattern of a-Fe20 taken at 48 K. The parameters and vol
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analysis, was almost similar to (much less than) that at 298 K. Figure 6.11 

hows the temperature variation of lattice parameters of B2 phase,s  over a 

temperature  K , obt ng the Rietveld method. It is 

observed that mper tio ttice aB2, is not 

smooth. Instea ) exhibits  periodic undulations with a period of roughly 

50 K at temperatures around 250 K, 200 K, 150 K, 100 K and 50 K, as shown 

in Figure 6.11. It is possible that at these te e values, some fraction of 

austenite B2 phase in the sample a-Fe nsforms to the martensite 

onoclinic phase while cooling. No such a trend with temperature was 

 range of 298  to 48 K ained usi

the te ature varia n of the la  , parameter

d aB2(T

mperatur

20 tra

m  

observed in the of lattice parameters of the L12 phase. The thermodynamic 

calculations [14] show that L12 (Ni3Al) phase is stable down to 0 K and no 

thermoelastic martensitic phase transformation occurs in Ni3Al. Thus, in a-

Fe20, B2 phase does not transform completely to the monoclinic martensite 

phase and L12 in the austenite phase does not undergo martensitic 

transformation at all. 

 
Table 6.7:  Rietveld refinement parameters for the ND pattern taken at T = 48 
K on the sample a-Fe20. 

a-Fe20 at 48 K 
Pm3m (B2) Pm3m (L12) 

Atoms Occupancy Biso Atoms Occupancy Biso 
(%) (Å2) (%) (Å2) 

Ni  (0.0,0.0,0.0) 1.0(1) 0.38(6) Ni  (0.0,0.5,0.5) 0.73(1) 0.60(5) 
Al  (0.5,0.5,0.5) 0.55(3) 0.30(9) Fe  (0.0,0.5,0.5) 0.27(1) 0.60(5) 
Fe  (0.5,0.5,0.5) 0.45(3) 0.30(9) Al  (0.0,0.0,0.0) 0.76(5) 1.75(7) 

   Fe  (0.0,0.0,0.0) 0.24(4) 1.75(7) 
a(Å) = 2.8630(1) a(Å) = 3.5802(2) 

Loretzian strain (x) > 0.01 Loretzian strain (x) = 0.14(3) 
 Preff orientation= -1.15(7) 

Volume fraction = 66(2) Volume fraction = 33 (1) 
Rp = 5.96 
Rwp = 9.16 
χ = 11.5 
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It is important to note that the monoclinic martensite phase was not 

revealed two phase microstructu cc  L12) in the high temperature 

austenite phase while low temperature martensite phase was found to be in 

different low sym al ures lik ody-c agonal or 

body-centered orthorhombic or a mixtur ases dependin  

h nd siti i Ho mo  

martens e phase was f st studied 29] i  m s o  

B2 Nix 31 at room te ure 

was observed in thermally-induced martensites as well, at a similar 

composition [26]. The long period yered structure of the martensite 

phase can be visualised in the fo y. As shown in figure 6.12, the 

[110]

reported in the earlier studies of Ni-Fe-Al alloys. Instead, these studies [9,10] 

re (b  B2 + fcc

metry cryst struct e L10 b entered tetr

e of both the ph g on the

eat treatment a  compo on of N -Fe-Al alloys. wever, noclinic

it ir  [ n stress-induced artensite f binary

Al100-x alloys with x = 0.6 mperature and the same struct

 seven la

llowing wa

 plane of the B2 type structure is taken to be the rigid basal plane and the 

structure is defined by specifying the stacking sequence of the [110] planes 

through <11 0> directions. Each [110] plane shifts relative to neighbouring 

planes  by + ∆u0 up to 5th  plane by shear and next two planes shuffle by - ∆u0. 

The shearing and shuffling of [110] planes of B2 results in 14 M (modulated) 

martensite monoclinic structure (formerly, 7R or 7M notation [26,29,30]). 
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Fig. 6.11: Lattice parameter ‘aB2’ of the B2 phase as a function of 
temperature in a-Fe20.  
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The precise neutron scattering experiments showed that thermally-

induced martensite structure of Ni63Al37 have incommensurability, in that the 

anomalous peak broadening and non-integral spacings of superlattice peaks 

were observed [26]. The reported values of lattice parameters for the 

monoclinic martensite phase with space group P2/m are a = 4.172 Å, b = 2.690 

Å , c =  14.450 Å  and β = 94.37°. These values are in good agreement with our 

results. Based on the results of the TEM studies, Muto et al. [31] have given 

the detailed crystal structure of this metastable phase. The nucleation of Ni2Al 

phase is responsible for the local structural changes in the austenite phase 

before the occurrence of actual first-order transition (austenite-martensite). 

This premartensitic behaviour (or precursor effects) is (are) accompanied by an 

anharm on  

 

onic coupling of TA2 phonons modes, generally known as the phon
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Fig. 6.12:  The construction of 7M (52) stacking sequence of (110)-B2 
planes [26]. At first, all the seven (110)-B2 planes shift relative to 
neighbouring planes by an amount +∆u0 in the (110)-B2 direction. In 
the next step, the top two planes shuffle by an amount -∆u0 to form the 
monoclinic unit cell,as shown in this figure. 
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softening [32]. Such a behaviour is indeed observed recently in the dynamic 

elastic property measurements performed on the q-Fe20 samples [33].  The 

microstructure of the austenite and martensite phases has been studied by 

Transmission Electron Microscopy (TEM) and the details are given in the next 

section. 

 

6.3.2 TEM studies 
   In order to verify the crystal structures of the austenite and martensite 

phases and to study the microstructure of martensite phase, transmission 

electron microscopy (TEM) investigation was carried out on the q-Fe20 and a-

Fe20 s

  

Samp
Quenched Ni55 20 25 20

amples at 300 K and 103 K. 

le preparation  
Fe Al  (q-Fe ) Ribbons  

The ‘as-prepared’ melt-spun ribbons of q-Fe20 alloys were having a 

thickness of the order of ~ 30 µm. TEM discs were punched from the ribbons 

using a disc-punch machine (Model 659, M/s Gatan, USA). The discs were  

 

 

 

Fig. 6.13: TEM sample of a ribbon, after ion beam thinning. The 
diameter of the copper grid is about 3 mm. 
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polished with diamond paste (particle size ~ 3 µm and 1µm) for obtaining a 

smoo

he 

urfaces of the ribbon while bonding. The samples were subjected to argon ion 

beam thinning, using precision ion polishing system (PIPS, manufactured by 

M/s Gatan), and beam modulation, for realizing electron-transparent thickness. 

 

Annealed Ni55Fe20Al25 (a-Fe20) samples 

A strip of a-Fe20 was cut into thin slices of thickness ~ 150 µm, using a 

low-speed diamond saw (Buehler-make isomet, Model 11-1180). TEM discs 

(3mm in diameter) were punched using a disk punch. The discs of a-Fe20 were 

mechanic g different grades of emery 

papers (silicon carbide grinding paper) with grit Nos. 320, 600 and 1200, 

2 4 3

icroscopic investigations on quenched Ni55Fe20Al25  

20

th surface. The polished discs were supported on the TEM copper grids 

(Fig. 6.13) by bonding them to the grids with a fast curing epoxy (Devcon 5-

minute epoxy). Enough care was taken so that the epoxy was not spread on t

s

ally polished to about 100-120 µm usin

followed by buffing on a cloth applied with diamond paste with particle size of 

~ 3 µm and 1 µm. After this treatment, the sample surface had a mirror polish. 

The samples were then subjected to electropolishing, using mixed acids 

(Methanol-78%, H SO -7%, Lactic acid-10%, HNO -3%, and HF-2%; at –

30°C, 25V, and 20mA), to realise electron transparent thickness. The 

electropolished samples were cleaned in AR grade methanol. 

 

M
 q-Fe  at room temperature (300 K) 

TEM studies were performed along the ribbon plane. The TEM 

micrograph, obtained in the bright-field-image-mode and shown in figure 6.14, 

demonstrates the presence of equiaxed grains along <100> with a grain size of  
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Fig. 6.14: Bright field (BF) TEM micrograph show

 

 

 
the order of 1 µm. The detailed selected area diffraction (SAD) studies reveal 

that the grains have B2 (ordered bcc) structure (see, Fig. 6.15).        

 

 different 

grains reveal that the grains consist of Fe, Al and Ni elements (see, figure 

6.16). A semi-quantitative analysis yields the composition of the grains as 

displayed in table 6.8. From the entries in this table, it is evident that the 

sample is slightly rich in Al and fic e at % is similar) 

to its nominal composition.  The bold entries in the table serve to illustrate that 

the local composition fluctuations do exist.  

ing 

Fig. 6.15: Microdiffraction pattern, along [0-11] zone axis, 
confirming the B2 structure of the grain. The extra spots are due to 
the 

equiaxed grains in q-Fe20. 

40042-2 

grains that lie below the grain under investigation.

00002-2 

nergy Dispersive x-ray Spectroscopy (EDS) studies on tenThe E

 de ient in Ni compared (F
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Table oom 
temper
 

Al (at.%) Fe (at.%) Ni (at.%) 

6.8: EDS semi-quantitative analysis of the B2 grains of q-Fe20 at r
ature. 

Grain No. 
 

1 30.2 20.9 48.9 
3 29.5 19.7 50.8 
4 26.9 21.6 51.5 
2 21.0 29.5 49.5 
5 27.1 21.6 51.3 
6 24.4 22.6 53.0 
7 31.8 19.8 48.4 
8 26.6 21.8 51.6 
9 30.4 18.9 50.7 

10 31.5 19.5 49.0 
Average 27.9 21.6 50.5 

Standard Deviation 2.1 1.1 1.3 
Nominal composition 25 20 55 

 

Fe

Ni

Energy (keV)

Co
un

ts

Fe

Ni

Fe

Ni

Energy (keV)

Co
un

ts

 

Fe

Ni

Energy (keV)

Co
un

ts

Fe

Ni

Fe

Ni

Energy (keV)

Co
un

ts

 

 

Fig. 6.16: EDS spectrum of a grain demonstrating the presence of Ni, 
Fe, Al elements.
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q-Fe20 at cryogenic temperatures (103 K) 

The B2 grains were found to undergo thermally-induced martensitic 

transformation (MT). All the grains observed under the microscope exhibited 

MT. The representative microstructures of the martensite platelet phase are 

shown in Fig. 6.17 at different magnifications. The planar faults observed in 

the martensite variants are due to diffraction contrast arising from the 

interaction between the electron beam and the internal twins [34]. The internal 

twins extend from one side of the martensite grain to the other. The martensite  

 

 

 

 

Fig. 6.17: Bright-field TEM micrographs showing martensite lathes at 103 K. 
The micron markers in figures correspond to 170 nm, 240 nm and 50 nm, 
respectively. 
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structure disappeared once the specimen is brought back to the room 

temperature (Fig. 6.18). The SAD pattern after bringing the specimen back to 

room temperature was similar to that shown in Fig. 6.15. It confirms the 

reversible thermoelastic martensitic transformation in melt-spun Ni55Fe20Al25 

alloy ribbons. 

 

 
 
Microscopic investigations on annealed Ni55Fe20Al25

It has been observed that the electropolishing technique employed for the 

preparation of the TEM foils developed artefacts in the specimens, viz., 

appearance of fine particles in the B2 phase of the microstructure. They 

exhibited no change in contrast with specimen-tilting. The representative 

microstructures are shown in figures 6.19(a) and 6.19(b). These artefacts were 

removed almost completely by subjecting the TEM foils to argon ion beam 

thinning at 4 kV (low-angle milling at 3 degree) for 5 minutes. A representative 

microstructure without these artefacts is shown in figure 6.19(c). 

 

Fig. 6.18: Bright-field TEM micrograph showing the microstructure 
of the grain (that exhibited martensite structure at 103 K) after 
bringing the specimen back to room temperature.
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a-Fe20 at room temperatures (300K) 

 

 

 

Fig. 6.19: (a,b) BF-TEM micrographs showing artefacts (white circular 
shape particles) in the B2 phase, that were traced back to the electro-
polishing process. These features were removed after ion-beam thinning 
(Fig.6.19(c)). 
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The TEM study of the a-Fe20 sample at room temperature reveals the presence 

of grains with L12 (ordered fcc) and B2 crystal structures. Two types of L12 

grains could be identified based on their distinctly different composition (one 

rich in Ni and other poor in Ni), as indicated in figure 6.20(a). The electron 

diffractions patterns, taken at the marked locations, confirm the respective 

crystal structures of the grains, as is evident from the lower panel of Fig.6.20. 

 

 
 

 
 

 

indicated. The corresponding electron diffraction patterns of these 

Fig. 6.20: BF-TEM micrographs displaying the B2 and L12 phases in 
the annealed sample. The composition (at.%) of these phases is 

phases are also shown in the lower panel.
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ifferent compositions has been 

confirmed for all the observed grains, even for the relatively smaller grains 

(Figure 6.21). The other interesting features observed at room temperature are 

shown in figures 6.22 and 6.23.  

 

Figure 6.21: BF-TEM micrograph showing the presence of two types of 
L12 phases. Note that the width of the L12 Ni-rich phase between the L12-
B2 grains is about 0.1µm as against 10 µm width in figure 6.20. 

Fig 6.22: BF low-magnification TEM micrograph showing the 
rep cts 
due

resentative microstructure. The white spots in the B2 region are artefa
 to electropolishing. 

he presence of L12 phases with two dT
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foll by 

thermodynamical calculations [10], and shown in figure 6.24. At 20 at.% of Fe, 

along

forming into the Fe- or Ni-rich L12 phase 

Fig. 6.24: Vertical section of the phase diagram in the Ni-Fe-Al.

he EDS 
studies (Table 6.9) confirm the compositions. 

Fig. 6.23: BF-TEM micrograph revealing the formation of the L12
(region marked as A, corresponding to 5, 6, 7, 8) and B2 (region 
marked as B, corresponding to 1, 2, 3, 4) phases alternately. T

The transformation of B2 grains in the L12 phase can be understood as

ows from the vertical section of the Ni-Fe-Al phase diagram, obtained 

 the vertical line, annealing below 800 °C results in the three phase state 

namely fcc solid solution of Ni-Al (γ), ordered bcc phase (B2) and ordered fcc 

phase (L12). Such a transformation occurs via thermal diffusion of atoms where 

Al-rich B2 phase stabilizes by trans
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[35]. The average composition obtained by EDS analysis from regions A

(corresponds to the Fe- or Ni- rich L12 phase) and B (corres

echanism (see, Table 6.9). 

: Average composition (at.%) of th
e EDS measuremen

 

ponds to Al-rich B2 

phase) vindicates this m

 
Table 6.9 e regions A and B in Fig.6.23, 
obtained from th . 
 

Region Al Fe Ni 

ts  

A 11.1 36.1 52.8 
B 25.7 22.1 52.2 

B2 28.2 21.3 50.5 
L12 12.6 35.6 51.9 

 

a-Fe2

Detailed TEM studies at 103 K show that only some parts of the B2 

grains transform as martensite thin plates whereas the L12 phase does not 

exhibit any such transformation. Thus, the martensitic transformation in a-Fe20  

 

0 at cryogenic temperatures (103 K) 

                            

 

cooling of the a-Fe
Fig. 6.25: BF-TEM micrograph showing martensite formation due to the 

20 sample to 103 K. This region exhibited B2 crystal 
structure at room temperature.
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is not complete at T = 103 K whereas a complete MT was observed in the q-

Fe20 samples. Figure 6.25 depicts the martensite plates embedded in the B2 

matrix phase. 

 

We have investigated the structure of martensite platelate phase of a-Fe  20

t 103 K (which exhibits B2 crystal structure at room temperature), along 

<100> and <111> orien Fi  6. ) shows the SAD pattern taken 

from B2 grain at room temperatu ng [1 one axis. The 60° angle 

between the <220> directi an st sp  confirms the cubic B2 

hase with lattice parame f ~ 6 Fi 6.26(b) shows the SAD 

n  after cooling down to 103 K. 

The l

h

experimental pattern at room temperature. The camera length and orientation 

 

a

tations. gure 26(a

re alo  the 11] z

ons d con ant d- acing

p ter o  0.28 nm. gure 

patter  taken from the same region of specimen

oss of the cubic symmetry is evident from the distortion of the angles. 

This has been demonstrated clearly in figure 6.27. In figure 6.27(a), a pattern 

of cubic crystal, simulated in the [111] direction, is overlaid on t e 

 

 

) Selected area diffraction pattern obtained from a rain at 
ature along [111] zone axis confirming cubic structure 

Fig. 6.26: (a  g
room temper
(angles between the <220> directions: 60 degree, constant d-spacing). 
Detailed studies along [110] zone axis show that this grain has B2 
structure (refer Fig. 6.20). (b) On cooling to 103 K, the angles deviate 
from 60 degree, confirming the loss of the cubic symmetry.  
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were so adjusted that a best possible match is obtained with the experimental 

pattern. A good match between the experimental and simulated patterns is 

obtained at room temperature (see, Fig. 6.27(a)) but in a similar attempt, a los

Figure 6.27 : SAD patterns obtained at (a) room temperature, and (b) 
103 K. The red circles show an overlay of the diffraction spots 
(simulated by JEMS software) for cubic crystal along <111> direction. 
The camera length and orientation were adjusted so as to nearly match 
with the experimental patterns. A loss of cubic symmetry is seen in (b). 

s 

of cubic symmetry is observed in the pattern taken at 103 K (see, figure 

6.27(b)). The above exercise shows that at 103 K, the cubic structure of the 

room temperature austenite B2 phase gets distorted due to the MT.  

  

Figure 6.28 depicts convergent beam electron diffraction (CBED) pattern 

taken from the martensite plates (shown in Fig. 6.17(c)) in q-Fe20 samples. This 

pattern has some extra disks, originating from the neighbouring grains. At 

room temperature, similar pattern (not shown) matched with <100> zone axis 

cubic ion 

of th n is 

overl or a 

of B2 phase. With cooling the four-fold symmetry is lost; suggesting the loss of 

 structure. For a better visualization of this phenomenon, a small port

is pattern is selected, as shown in figure 6.29, and the selected patter

aid with circular (red colour) grid simulated (using JEMS software) f
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cubic crystal along the <100> zone axis. This grid has been made from the 

CBED pattern obtained from the B2 phase at room temperature. Another 

circular grid (blue colour) has been made for the actual disks at low 

temperatures (103 K) and also overlaid for comparison. Even a cursory 

examination shows that the lattice has contracted (expanded) by ~ 0.81% 

(0.02%) approximately along ‘a’ (‘b’) direction, assuming the chosen zone axis 

as [001]. Moreover, the angle between these axes is 88 degree (i.e., a ≠ c and 

one of the angles, β ≠ 90 degree). Considering the possibilities shown in table 

6.10, ated 

mono 4M 

modu linic 

structure is another possibi stal 

 this observation suggests that the crystal is likely to have a modul

clinic structure. However, the superstructure peaks corresponding to 1

lations are not observed in the present investigations.  The tric

lity. This needs further examination of the cry  

 

 

 

Figure 6.28: Microdiffraction pattern recorded at 103 K from 
martensite phase. This pattern has some extra disks, originated from 
neighbouring grains. With cooling, the four fold symmetry is lost, 
suggesting the loss of cubic structure. For a better visualisation of this 
phenomenon see Fig. 6.29.  
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Table 6.10: Bravais lattices Structures  

Figure 6.29: A portion of the pattern shown in figure 15, analysed for 
crystallography

Crystal structure Conditions 
Remarks with 

reference to present 
investigations 

Cubic a = b = c, α = β = γ = 90º Not possible 

Tetragonal a = b ≠ c, α = β = γ =90º Not possible 

Orthorhombic a ≠ b ≠ c, α = β = γ =90º  Not possible 

Rhombohedral a = b = c, α = β = γ ≠ 90º Not possible 

Monoclinic 
Unrestricted a:b:c ratios, 

α = γ = 90º, 
β is unrestricted 

Possible 

Triclinic Unrestricted a:b:c ratios, 
Unrestricted α, β, γ 

Possible 

Hexagonal a = b, Unrestricted c, 
α = β = 90º, γ =120º   

Not possible 

 

alo  tilt 

limita ystal 

struct ensite phase in both the samples to be 

monoclinic (with P2/m space group). Even though it was known that in the 

ng [100] or [001] orientation, which could not be undertaken due to the

tions of the microscope. Our neutron diffraction data confirm the cr

ure of the low-temperature mart
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stress-induced [29] as well as thermally-induced [32,36-38] martensite phases, 

in the binary NixAl100-x alloys with x < 66 at.% and off-stoichiometric Ni-Fe-Ga 

[39] and Ni-Mn-Ga [40] have modulated structures such as 7R or 14M, no such 

structures were observed in the earlier studies of Ni-Fe-Al system [8,9,10]. The 

modulated phases arise from a coupling of defect-induced strain fields and 

anomalous phonon softening in the parent B2 phase [36]. Thus, neutron 

diffraction and TEM investigations confirm the thermoelastic martensitic 

transformation from high temperature B2 phase to modulated monoclinic 14M 

phase in a-

Fe20 ( . 

 
rties  

The temperature dependence of electrical resistivity, 20 

and a-Fe ured in and co

figure 6.30. R l resisti  samples (~ 118 µΩ-cm at 

12 K) is higher than that of s (~  12 K). In 

ρ(T) of -Fe nsit r) phase 

transform vid yster t T ≈ 227 

K and T ≈ tivel al hy op analysis 

[41] of the ρ(T) data and the res, where the major thermal 

hysteresis lo , respect acteristic temperatures for the 

beginning, , and  the artensite 

ustenite) phase at the expense of austenite (martensite) phase while cooling 

 in Ni55Fe20Al25 alloys. However, the MT is incomplete (complete) 

q-Fe20) samples

6.3.3   Transport and magneto-transport prope

ρ(T), in the q-Fe

oling cycles, are shown in 20 samples, meas the heating 

esidua vity of melt-spun, q-Fe20

annealed, a-Fe20 sample 85 µΩ-cm at

q-Fe20 and a 20, thermoelastic marte ic (first-orde

ation (MT) is e enced by the thermal h esis centred a

75 K, respec y. A d r thermetailed mino steresis lo

 end temperatu

op closes ively yield the char

TMb (TAb ) end, T  (T  ), oMe Ae f growth of m

(a

(heating) as: TMb ≈ 260 K [ill-defined], TMe ≈ 150 K [<10 K], TAb ≈ 170 K [ ill-

defined] and TAe ≈ 280 K [>300 K] for q-Fe20 [a-Fe20]. These temperatures are 

in excellent agreement with those deduced from the Neutron diffraction 

patterns. The temperature range over which the martensite and austenite phases  
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Figure 6.30: Temperature variations of electrical resistivity ρ(T) in the 
heating (open circles) and cooling (closed circles) cycles for q-Fe

 

20 and 
a-Fe20 samples of Ni55Fe20Al25 alloy. Insets show the relative change of 
resistivity (RCR% =[(ρheating -ρcooling)/ ρheating] × 100) during the  heating 
and cooling cycles. 
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coexist extends from TMb to TMe on the cooling ρ(T) curve and from TAb to TAe 

on the heating curve. Evidently, the thermal hysteresis in ρ(T) and hence, 

coexistence region of austenite and martensite phase is narrower by nearly a 

factor of three in q-Fe20 than in a-Fe20. Moreover, the maximum value of the 

relative change of resistivity, RCR (RCR (%) = [(ρheating - ρcooling)/ ρheating] × 

100), across the martensitic transition, as shown in the insets of figure 6.30, is 

~ 15% in q-Fe20, which is an order of magnitude higher compared to ~ 1.8%  in 

a-Fe20. For both the samples, RCR value peaks at the temperature that 

coincides with the centre of the thermal hysteresis. It is evident that the 

martensitic transformation is complete and much sharper (and better-defined) 

in q-Fe20 than in a-Fe20. Another point to note is that the RCR of a-Fe20 

samples shows a ‘step-like’ like wavy features in the temperature range 100 K 

≤ T ≤ 300 K whereas no such a features are observed in the RCR of q-Fe20; 

instead in the latter case, RCR is almost zero except for a pronounced peak in 

the coexistence region of austenite and martensite phase. The small but finite 

value, the ‘step-like’ wavy features of RCR and a thermal hysteresis extending 

over an extremely broad temperature range 10 K ≤ T ≤ 300 K in a-Fe20 reflects 

that martensite (austenite) phase nucleation is sparse in the austenite 

(martensite) matrix phase while cooling (heating). In the case of q-Fe20, two-

phase state (austenite + martensite) coexists in the region where the RCR has a 

finite value and the region where RCR is ~ 0%, on either side of the thermal 

hysteresis in ρ(T), corresponds to a single-phase state (austenite, T > 280 K and 

martensite, T < 150 K). Thus, the martensitic transformation is complete n q-

Fe20 but not in a-Fe20.  

 

In the ρ(T) of off-stoichiometric and as-cast Ni54Fe19Ga27 alloys [41], the 

features such as a large value of RCR (~ 16 %) and thermal hysteresis, with 

 i
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small ) of 

the o arge 

value 0 K. 

In the off-stiochiometric Ni-Mn-Ga, these features are attributed to inter-

martensitic transformation from 10M → 14M structures whereas in case of 

well-annealed Ni-Mn-Ga (where MT is associated with a structural transition 

from L2  → non-modulated tetragonal phase), these features are absent. The 

Ni-Fe-Al and Ni-Fe-Ga are isoelectronic at equal Al/Ga concentrations when 

the Ni and Fe contents are kept constant. Moreover, the martensitic 

a structural transition from 

a parent B2  14M modulated layer structure. Thus, we attribute the features 

(T

h 

[110] pl

°

large temperature range. Thus, the remarkable but distinct transport properties 

of melt-quenched and annealed Ni Fe Al  samples are consistent with the 

neutron diffraction and TEM results, described in earlier sections. 

 

Figure 6.31 (6.32) displays the  

 width of ∆T ~ 10 K, have been recently observed. By contrast, ρ(T

ff-stoichiometric and annealed Ni54Mn21Ga25 alloys [42] exhibited l

s of RCR (~ 15% ) and a thermal hysteresis of width as large as ≅ 20

1

transformation in Ni-Fe-Ga alloys is associated with 

→

of ρ ) in q-Fe20, such as a large RCR and well-defined sharp hysteresis to 

stress-induced martensitic transformation from high-temperature cubic Ni-

(AlFe) phase (B2) to low-temperature close-packed modulated (14M) 

monoclinic (NiFe)2(AlFe) phase. The latter is a long-period structure whic

results from a combination of shearing and shuffling modes of atoms in the 

ane of the parent cubic B2 structure (see, Fig.6.12). In the case a-Fe20, 

annealing at 560 C causes stress relief and results in the formation of fcc L12 

phase [(NiFe)3(AlFe)] in the matrix of bcc B2 [Ni-(AlFe)] phase that leads to a 

very weak nucleation of the monoclinic (NiFe)2(AlFe) martensite phase over a 

55 20 25

ρρ /||∆  versus T  ( ρρ /||

curves taken on a-Fe

∆  versus H ) 

magnetic field, H ( temperature, T ) in the heating cycle. Except at low  
20 and q-Fe20 samples at different but fixed values of 
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magnetic fields (< 1 kOe) and low temperatures (< 10 K), where longitudinal 

magnetoresistance (MR) is positive in the a-Fe20 sample only, MR is negative 

at all the measuring temperatures and magnetic fields in both  a-Fe20  and q- 

Fe20 samples. MR at T = 10 K and H = 80 kOe is nearly two times larger in q-

Fe20 than in a-Fe20. In q-Fe20 at low temperatures, MR varies linearly with H 

for H < 10 kOe whereas for H > 40 kOe, the variation of MR with H slows 

down (see lower panel of Fig. 6.32). Above the Curie temperature, TC, MR  

Figure 6.31: Temperature variation of longitudinal magnetoresistance, 
ρρ /||∆ , at different applied magnetic fields i(< 1 kOe) and low 



258     Chapter 6 
 

0

-1

-3

-2

0 20 40 60 80

-6

-4

-2

0

300 K

50 K

130 K

40 K
30 K
20 K
10 K6 K

4.2 K
3.3 K

∆
 ρ

|| / 
ρ 

  (
 %

 )

150 K
160 K

140 K

60 K
70 K
80 K

100 K
110 K
120 K

90 K

 

a-Fe20

100 K

  

H     ( kOe )

q-Fe20

60 K
40 K

300K

250K

225K
230K

220K

280K

240K

20 K
2.6 K

 

 
changes its curvature from concave upward (at low temperatures) to concave 

downward. These features are reminiscent of a typical weak itinerant-electron 

ferromagnet. However, negative MR does not peak near TC and it increases 

with decreasing temperature, T. These anomalous features are due to the 

magne in a-

Fe20, MR is 

and at a given H, it monotonously decreases with temperature up to 10 K. 

Figure 6.32: Longitudinal magnetoresistance, ρρ /||∆ , of a-Fe20 and q-
Fe20 samples, measured in the heating cycle, as a function of magnetic 
field at a few temperatures ranging from 2.6 K to 300 K.    

tic field-induced martensitic transformation.  On the other hand 

linear in H over a wide range of measuring fields and temperatures 
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Magnetic field seems to promote martensitic transformation in a-Fe20 as well. 

Another important observation is that the temperatures, TAb and TAe (or TMe), 

characteristic of martensitic phase transformation, and even TC, are 

prominently reflected (Fig.6.32) in the ρρ /||∆  vs. T curves [43]. 

 
6.3.4   Magnetic properties  

The thermomagnetic, M(T, H), curves taken in the heating cycle at H = 

40 Oe (20 Oe), 1 kOe, 10 kOe on q-Fe20 (a-Fe20) in the temperature range of 5 

K to 300 K are shown in figures 6.33 and 6.34. The characteristic temperatures 

TAb and TAe, determined earlier [17] from ‘zero-field’ resistivity, are also 

indicated in this figure. The Curie temperature, TC, as determined from the dip 

in the temperature derivative of the M(T) curves taken at the lowest field, is TC 

 225 K for the q-Fe20 and  TC  > 300 K for a-Fe20 samples. A steep (gradual) 

rise in M(T) at H = 40 Oe (20 Oe) in q-Fe20 (a-Fe20) as the sample temperature 

increases from 5 K to TAb (300 K) essentially reflects the fact that magnetic 

field, H, becomes more and more effective in polarizing the spins as the 

magnetocrystalline anisotropy (MCA) associated with the martensite phase 

decreases with the increasing temperature. The ‘step-like’ wavy structure in the 

thermomagnetic curves taken at 1 kOe and 10 kOe on a-Fe20 is a remarkable 

feature not reported in any of the ferromagnetic shape memory alloys (FMSAs) 

so far. A plausible explanation for this unusual behaviour is as follows [43]. 

 

A step-increase in M(T, H =1 kOe) curves normally observed in FSMAs 

at TAe upon heating reflects field-induced enhancement in magnetization when 

the MCA energy or equivalently, the anisotropy field, H , suddenly drops as 

the au n (the 

measu H to increase the 

≅

A

ste ite phase sets in above TAe. This is true only when HA >> H 

ring field) so that even a slight reduction in HA helps 
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component of magnetization along its own direction. However, in the other 

extreme case of HA << H, H is unable to take the advantage of a sudden 

reduction in HA and M drops to a lower value at TAe because reduced HA aids 

the thermal excitation of spin waves and/or spin fluctuations. In the light of this 

argument, a ‘stair-case-like’ decrease in M(T, H = 1 kOe, 10 kOe) of a-Fe20 

(Fig.6.33) would imply that HA << H and in the present case, HA drops in 

regular steps with increasing temperature at a series of local TAe values where 

the austenite phase nucleates and grows subsequently as the temperature  
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Figure 6.33: Specific magnetization as a function of temperature 

 

M(T,H) measured at various fixed magnetic field values in the heating 
cycle for a-Fe20. The characteristic temperature, TMe determined by ρ(T) 
is indicated by arrow.  To facilitate a comparison between the M(T) 
curves taken  at H = 1 and 10 kOe, M(T) data are normalised to the 
values of M at 5 K, i.e., to M(T = 5 K, H = 1 kOe) = 23.20 emu/g and 
M(T = 5 K, H = 10 kOe)  = 38.98 emu/g. 
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increases. This inference is made more obvious in Figure 6.35 that shows 

undulations in the dM (T, H = 1 kOe, 10 kOe) /dT curves of a-Fe20 samples 

taken at H = 1 kOe and 10 kOe. Therefore, it is not surprising that TMb too does 

not have a unique value and that the phase coexistence temperature region is 

extremely wide. Thus, in a-Fe20, the nucleation and growth of martensite phase 

occurs locally and the global growth of martensite phase is hindered due to 

stress relaxation occurred in the B2 phase during annealing and L12 phase 

formation.  It is important to note the striking resemblance between the period 

(50 K) of the ‘steps-like’ features in the lattice parameter of the B2 phase, aB2 

and  that of the undulations in the dM(T, H = 1 kOe, 10 kOe) / dT curves.  Even 

Figure 6.34: Specific magnetization as a function of temperature 
M(T,H) measured at various fixed magnetic field values in the heating 
cycle for q-Fe20. The Curie temperature and characteristic temperatures 
TMe and TMb determined from ρ(T) and neutron diffraction 
measurements, are indicated by arrows.  
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in the fields up to H = 10 kOe, the period of the undulations remains the same. 

The insensitivity of these features to applied external magnetic field suggests 

that there is strong but local magnetocrystalline anisotropy associated with the 

nucleation of the martensitic phase in a-Fe20. The ‘step-like’ jumps in the 

relative change in resistivity across the martensitic transformation are also 

symptomatic of the fact that the nucleation and local growth of martensite 

phase occurs over a wide range of temperature. A consequence of this is that  
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Figure 6.35: dM/dT versus T curves for a-Fe20 sample at H = 1 
and 10 kOe. The alphabets denote the temperatures corresponding 
to trough and crest of dM/dT curves.  
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martensitic transformation in a-Fe20 is not complete and is non-thermoelastic.   

By comparison, dM (T, H = 1 kOe, 10 kOe) /dT  as well as relative change in 

resistivity curves for q-Fe20 do not show any such features because TAe > TC 

and HA of the martensite phase decreases monotonously with increasing 

temperature and goes to zero before TC is reached.   
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To understand the f rromagnetic shape memory behaviour in 

Ni

e

55Fe20Al25, the ‘zero-field-cooled’ (ZFC) and ‘field-cooled’ (FC) 

magnetization measurements were performed on a-Fe20 and q-Fe20 samples at 

magnetic fields, H, in the range 60 Oe ≤ H  ≤ 1 kOe. Figure 6.36 depicts the 

ZFC-FC magnetization curves of q-Fe20 sample. Irreversibility in the FC-ZFC 

curves is due to anisotropy of ferromagnetic martensite phase whereas    

Figure 6.36:(a) ZFC-FC magnetization as a function of temperature at 
magnetic fields ranging from 60 Oe ≤ H ≤ 1 kOe for q-Fe20 samples. (b) 
Enlarged view of ZFC-FC curves in the temperature range near the 
martensitic transformation. 



264     Chapter 6 
 

1.4

1.3

1.5

0 100 200 300
1.1

1.2

9

10

14

16

18

M
   

 (e
m

u 
/ g

 )    H = 60 Oe

T    (K)

ZFC
FC   

a-Fe

   H = 0.5 kOe      H = 1 kOe

20

 M
   

 (e
m

u 
/ g

 )

ZFC          ZFC
FC            FC

 

 

 
thermal hysteresis observed in the temperature range from ~ 210 K to ~ 260 K 

is because of first-order thermoelastic martensitic phase transformation. The 

enlarged view of thermal hysteresis in ZFC-FC magnetization curves in the 

temperature range, where martensite transformation begins, revealed the 

following. The change in magnetization, ∆M, across the thermal hysteresis, 

shown by vertical lines, increases with increasing applied magnetic field. 

However, the width of thermal hysteresis, ∆T, remains the same at all the 

measured fields. From these observations it is evident that q-Fe20 shows the 

ferromagnetic shape memory effect. By contrast, the ZFC-FC magnetization 

curves , start 

bifurcat tion in 

the ZFC-FC curves at the lowest temperature (1.7 K) and at a given value of 

Figure 6.37: ZFC-FC magnetization as a function of temperature at 
magnetic fields ranging from 60 Oe ≤ H ≤ 1 kOe for a-Fe20 samples. 

of a-Fe20, measured at different but fixed magnetic fields

ing at the highest measuring temperature (300 K) and the bifurca
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the field (H ≤ 0.5 kOe) is at least one order of magnitude less compared to that 

in q-Fe20. This comparison suggests that the local magnetocrystalline 

anisotropy is much stronger in a-Fe20 than in q-Fe20. 
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Another point to note is that the spontaneous magnetization at 5 K, MS ≡ 

M(T = 5 K, H = 0), is larger (MS = 404 G) in q-Fe20 than that (MS = 290

Figure 6.38: Arrott plots (M

 G) in 

a-Fe20 even though TC is considerably higher in a-Fe20. These MS values are 

2 vs. H/M) at a few representative 
temperatures. 
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obtained from the intercepts on the ordinate of the M2 versus H/M (Arrott) plot 

at T = 5 K, when the high-field portions of the Arrott plot isotherms are 

linearly extrapolated to H = 0, as shown in insets of figure 6.38. Arrott plots at 

a few representative temperatures are shown in Fig. 6.38 to highlight that 

for q-Fe20 and a-Fe20 samples has the values TC 

CT  

≅  225 K and TC > 300 K, 

respectively [43]. 

 
 

6.4   Summary and conclusions    
With a view to ascertain the effect of quenched-random site disorder on 

the martensitic phase transformation in Ni55Fe20Al25 alloy; structural, electrical, 

magneto-transport and magnetic properties of ‘quenched’ and ‘annealed’ 

samples are investigated in detail.  Neutron diffraction and TEM studies show 

that at  in a 

single-phase (two-phase) state with B2 (B2 + L12) structure, where Fe atoms 

 room temperature, melt-quenching (annealing) Ni55Fe20Al25 results

preferentially occupy Al sites. Melt-spun ribbons (annealed strips) undergo 

sharp and complete (sluggish and partial) thermoelastic (non-thermoelastic) 

martensitic transformation to the monoclinic (NiFe)2(FeAl) phase at T < 240 K 

(over a wide temperature range 10 K ≤ T ≤ 300 K).  Annealing relieves the 

quenched-in stress, improves the atomic order by reducing number of the Fe 

atoms (or increasing Al atoms) on the Al site in the B2 phase (and thus 

stabilises the B2 phase) and leads to the formation of the L12 phase. The lattice 

parameter, aB2, shows undulations with a period of about 50 K in the 

temperature range 48 K ≤ T ≤ 300 K. These factors are responsible for a weak 

martensitic transformation in a-Fe20 with thermal hysteresis extending over a 

wide temperature range. 
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In q-Fe20, the relative change in resistivity (RCR) across the martensitic 

transformation is very large (~ 15%) and above and below the narrow 

coexistence region, RCR is ~ 0% which implies a single-phase state. By 

ontrast, RCR of a-Fe20 has a small but finite value and it shows undulations 

over a wide temperature range. The residual resistivity of a-Fe20 samples is 

lower than that of q-Fe20.  At any specified temperature and magnetic field, 

negative magnetoresistance in q-Fe20 is larger compared to that in the a-Fe20 

sample. 

 

Spontaneous magnetization, Ms, is higher although Curie temperature, TC, 

is lower in q-Fe20 compared to that in a-Fe20 samples. A sizable reduction of Fe 

atoms in the Al sublattice is responsible for the diminished value of Ms in a-

Fe20 since large magnetic moment (2.2 µB per Fe atom) bearing Fe atoms are 

replaced by Ni atom which have roughly 4 times smaller magnetic moment 

(0.6 µB per Ni atom).  However, higher TC in a-Fe20 reflects strong exchange 

interactions mainly in Fe-rich L12 phase (NiFe)3(AlFe).  The temperature 

derivative of the M(T) curves taken at H = 1 and 10 kOe in a-Fe20 show 

undulations with a period of 50 K. These undulations in dM/dT, ‘step-like’ 

wavy structures of lattice parameter, aB2, and RCR in a-Fe20 have common 

origin in that the martensitic phase nucleates and grows locally in B2 phase 

over a wide temperature range. These feature are not observed in the q-Fe20 

sample.    

 

rate 

the ferromagnetic shape memory effect in q-Fe20, which is not observed in a-

Fe20 

c

The ZFC-FC M(T) curves taken at different magnetic fields demonst

since the martensitic temperature as well as TC lie well above 300 K. 

However, the large local anisotropy in a-Fe20 is reflected in the bifurcation of 
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the ZFC-FC M(T) curves. Moreover, in view of the well-known result [13] that 

a substantial enhancement in the ductility occurs when the ternary addition 

preferentially substitutes Al sites in the B2 Ni-Al compound, exclusive Al site 

preference of Fe in the quenched sample results in greater ductility in q-Fe20 

compared to a-Fe20 due to magnetism induced solid softening effect [44]. 
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Future scope 

 
 
We have investigated in detail the effect of site- and compositional-
disorder, crystallize size and quenched random disorder in the binary 
Ni3Al alloy system and in the ternary alloy Ni55Fe20Al25. Even such 
exhaustive and detailed investigations leave scope for further studies 
on the same or similar systems. For instance,  
 

1. The effect of disorder in melt-quenched ribbons of NI3-xAlx on the 
electrical transport and magnetic properties would be interesting. 

2. The inelastic-neutron scattering measurements should be 
performed on the disordered alloys of NI3-xAlx in order to ascertain 
the effect of site disorder and compositional disorder on the spin 
wave/spin fluctuation dispersion relation. 

3. Ni3Ga and Ni3Al are isostructural compounds and Ni3Ga system 
lies near the ferromagnetic instability. The effect of site- and 
compositional-disorder in this iso-structural compound would be 
rather interesting. 

4. A systematic investigation of the samples with different 
nanocrystallite sizes in the intermetallic compound Ni3Al is needed 
to ascertain the critical sizes at which the long-range ferromagnetic 
order gets destroyed and the structural transformation occurs.  

5. A comparative study of electrical- and magneto-transport 
properties of 3 nm and 50 nm samples is called for to determine 
the effect of crystallite size since the transport properties serve as 
an ideal probe at such length scales.  

6. Magnetic field-induced strain measurements are required to verify 
the ferromagnetic shape effect in melt-spun ribbons of the 
Ni55Fe20Al25 alloy. 

7. The composition of the Ni-Fe-Al alloys need to be tuned near 
Ni55Fe20Al25 such that in the melt-quenched state, the Curie 
temperature as well as the Martensitic transformation temperature 
are raised above room temperature for these alloys to be useful as 
Ferro-magnetic Shape Memory Devices .  
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