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CHAPTER 1
INTRODUCTION

Magnetic properties of amorphous aloys have received considerable attention during the
recent years because of their technological applications and due to a wide variety of rich physica
phenomena they offer from the fundamental point of view. Amorphous alloys are characterized
by structurally disordered networks in which each atom constitutes a structural unit. Structural
disorder in amorphous aloys, in turn, leads to changes in their electronic and magnetic properties
as compared to those of their crystalline counterparts in which lattice periodicity and crystal
structure play a decisive role in determining the basic properties. The bond and chemical
disorder results in a distribution of magnetic moments and exchange interaction thereby affecting
the magnetic properties of metallic glasses. The random electrostatic fields due to random atomic
arrangements create loca anisotropies via spin-orbit coupling giving rise to a variation in the
orientation of magnetic moments. In addition, structural disorder is found to introduce new
magnetic structures like speromagnetism, asperomagnetism and sperimagnetism which possess
anon-collinear spin structure. The existence of positive and negative exchange interactions leads
to spin-glass behaviour in many amorphous aloys. Transport properties of metallic glasses aso
differ considerably from those of the corresponding crystalline aloys.

Historicaly, it was Gubanov [1], who in 1960 first predicted theoretically the existence of
amorphous ferromagnetism, based on the argument that the band structure of crystalline solids
does not change in any fundamental way upon transition from crystalline to liquid or amor-
phous state. This implies that the band structure is essentialy controlled by short range order.
Ferromagnetism, which comes into existence because of the direct positive exchange interactions
between the neighbouring spins, therefore, should not be destroyed. The predictions of Gubanov
were experimentally verified only after first amorphous ferromagnetic Fe - P -C aloy was pre-
pared by Duwez and Lin [2,3] by rapid quenching of the melt. Since then a large number of
amorphous dloys have been prepared and studied in detail. The new effects and phenomena
associated with amorphous aloys have led to new theoretical concepts and huge amount of ex-
perimental work resulted in the deeper understanding of disordered systems. Properties and the
associated phenomena exhibited by these aloys have formed the subject of several books and
review articles {4-17].

1.1. Preparation and Characterization

Amorphous aloys can be prepared by a number of techniques [4,6,11]. These techniques are
broadly classfied into two categories: (i) melt-quenching and (ii) deposition.



Splat quenching is the smplest form of melt-quenching. In this method, aliquid aloy droplet
is squeezed between a rapidlv m.ving piston and a fixed anvil. Alloys obtained by this method
are in the form of thin discs of 1-3 ¢cm in diameter and 20-60um in thickness. Another simple
and the most popular technique is melt-spinning. This method employs ajet from which aloy
melt is dropped onto a rapidly moving whed made of a material with high thermal conductivity
such as copper. Continuous ribbons of amorphous aloys are obtained by this method and higher
cooling rates ( 10° K/sec ) are achieved compared to splat-quenching. Laser quenching [18] is
another form of melt-quenching technique. In this method, a short and highly intense laser
beam is used to melt a portion of a thin metallic surface, which is then cooled rapidly by the
surrounding crystal. The cooling rates achieved in this way are in the range of 10'° to 102
K/sec.

The above-mentioned melt-quenching techniques are useful to prepare amorphous aloys in
a narrow concentration range around the eutectic point. Preparation of amorphous aloys in
the concentration range away from the eutectic point requires different techniques such as (a)
thermal evaporation [19], in which metals constituting the aloy are evaporated in vacuum and
condensed onto a cooled substrate, (b) sputter deposition [20], where atoms are deposited on
a substrate by removing them from the source under bombardment with energetic inert gas
atoms. When very high cooling rates of the order of 10 K/sec are required, ion-implantation
technique [21] is used. In addition, electro-deposition [22] and solid state reaction [23] are some
of the occasionally used techniques.

Techniques such as x-ray. electron and neutron diffraction are mostly used to characterize
amorphous aloys. A typical diffraction pattern of an amorphous aloy consists of diffuse rings
or broad peak at low scattering angles. However, it is extremely difficult to distinguish purely
amorphous materials from micro-crystalline materials with crystallites of size less than 20 Ausing
diffraction methods. A more refined x-ray technique, known as extended x-ray absorption fine
structure (EXAFS), is particularly useful in probing the local atomic structure of amorphous
alloys [24]. Neutron scattering is a powerful technique in probing short-range atomic order.
Since neutron scattering amplitude of an individual nucleus varies with different isotopes and
their spin states, coherent and incoherent scattering takes place depending upon whether or not
the neutron waves scattered by different nuclei interfere with one another. While the coherent
neutron scattering provides useful information about the collective structure and atomic pair
correlation function, the incoherent neutron scattering gives important clues about locaized
vibration and atomic diffusion. Techniques such as nuclear magnetic resonance (NMR) and
Mossbauer spectroscopy are useful in probing nearest-neighbour environments and magnetic
hyperfine fields.

Various techniques are available for analyzing the chemical composition of disordered alloys.
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Some of these techniques are atomic absorption spectroscopy. x-ray fluorescence, electron micro-
probe analysis, Auger spectroscopy and secondary-ion .iass spectroscopy.

12. Short-range order

In amorphous solids, atomic positions are strongly correlated in the nearest-neighbour shell
but uncorrelated beyond a few interatomic spacings. In other words, glassy aloys possess short-
range atomic order but no long-range atomic order and the structure of these solids resembles
that of the liquids from which they have been obtained by quenching. Short-range atomic order
or simply short-range order (SRO) varies from one amorphous material to the other and is of
two types: compositional or chemical short-range order (CSRO) and geometrical short-range
order (GSRO). In many glassy aloys, the chemica composition on alocal scae is different from
the macroscopic average and this deviation is caled CSRO. The CSRO is confined to the first
nearest-neighbours and hence can be described in terms of the deviation of the nearest-neighbour
composition from the average. The topological short-range order (TSRO) describes the short-
range order in the atomic positions regardless of the chemical identity of individual atoms. This
type of SRO is present in dl the glassy aloys including the single-component glasses made up of
one kind of atoms only. In addition, geometrical distortions. which are independent of topology.
can also occur in such elementary glasses and the corresponding short-range order is known as
distortional short range order (DSRO). Therefore, the geometrical short-range order (GSRO).
which characterizes local atomic structure includes both TSRO and DSRO.

1.3. Types of disorder

All glassy or amorphous materials are characterized by a complete lack of translational
symmetry but the degree and type of short-range atomic order or local order varies from glass
to glass. Different types of short-range order give rise to various kinds of disorder that have a
direct bearing on the magnetic properties of these aloys [11,25].

(a) Topological disorder :

Topological disorder results when translational symmetry in the positions of atoms is com-
pletely absent and the nearest, next-nearest neighbour coordination number varies from site to
site. A topologically disordered structure cannot be distorted back into a crystal. Topological
disorder is intrinsic to the amorphous structure.



(b) Chemical disorder :

When different types of atoms or molecules irregularly occupy the lattice sites without dis-
turbing the periodicity of an ordered structure, the chemical disorder results. In such cases, the
translational symmetry of the atoms or molecules is broken by the chemical identity of the objects
that occupy the lattice sites. Further complication can arise if in a binary or quasi-binary aloy,
the concentration of one species of atoms is increased at the expense of the other. The disorder
that results by changing the composition is known as compositional disorder. Compositional
disorder includes substitutional disorder. A similar situation can also occur in a structurally
disordered lattice. Thus, chemical and compositional disorder can occur in both crystalline and
amorphous solids.

(c) Ste-disorder :

The fluctuation in the coordination number arising from the random occupation of sites on
a regular crystalline lattice or an aperiodic amorphous network constitutes site disorder.

(d) Bond disorder :

Bond disorder results when wild variation in the bond lengths and bond angles destroy the
periodicity of the lattice or long-range atomic order. The bond-disordered network remains
topologically equivalent to the crystal.

From the above description, it is clear that the site- and bond-disorder are included in
topological and chemical/compositional disorder, and the terms "amorphous" and “disordered”
cannot be used interchangeably. All amorphous solids are disordered but al disordered systems
need not be amorphous. While the topological disorder alone is specific to amorphous solids, the
other types, i.e., site-, bond-, chemical- and compositional disorder are found in both crystalline
and amorphous materials.

1.4. Effect of disorder on magnetic properties

The basic requirements for magnetic order in asolid are (i) the existence of magnetic moments
associated with unpaired electrons on atoms or ions in a solid and (ii) an interaction which
couples these microscopic moments. These requirements are sufficient for a vast majority of



metallic and insulating magnetic materials whose magnetic moments are locaized on the atomic
sites. Hovpver, these concepts do not hold for certain class of materials known as it'nerant
magnetic systems in which magnetic electrons are itinerant and magnetic moments arise from
the exchange splitting of spin-polarized d-band. In the latter case, the density of states (DOS)
a the Fermi level, E, plays a crucia role in deciding the type of magnetic order. The effect of
various types of disorder on these magnetic properties are discussed below.

(a) Density of states (DOS)

Fig. 11 shows a schematic representation of the density of states, N(E), for transition
metals with fcc or bee structure [13]. The DOS curve (ignoring the fine structure present in
many crystalline solids) consists of two peaks resulting from the covalent splitting of the quas
atomic-like electronic energy levels into bonding and anti-bonding states. The shape and width
of electronic bands from which DOS curves are computed, are basicaly controlled by the overlap
of electronic wave functions on the neighbouring sites (which, in turn, depends on the nearest-
neighbour distance or interatomic spacing) and by the crystalline symmetry. Since the nearest-
neighbour (NN) atomic configurations in amorphous solids resembles that in their crystalline
counterparts and the average NN distance is close to that of the corresponding crystalline solid.
the efect of disorder is to smear out the sharp features of DOS curve and leave the vaue of
DOS at Er more or less unaltered.

(b) Magnetic moments :

A magnetic moment exists on an atom whenever there are unpaired electrons. Whether such
a moment can persist or not when an atom becomes an ion in a solid, even a metal, depends on
the extent of overlap of the wave functions of electrons in different shells on neighbouring ions.
For example, considerable overlap of outer or valence electron wave functions on neighbouring
ions, particularly in a metal, leads to a spread of atomic levels into energy bands of delocalized
states. By comparison, the overlap of the d-shell electron wave functions for neighbouring ions
in a metal is weak and hence d-band is much narrower than s-band in transition metal-based
aloys. However, in rare earth based alloys, the /-electron wave functions for the neighbouring
ions do not overlap because 4/ shell is surrounded by 5s and bp shells. As a consequence, the
electrons in /-shell are localized. This picture is particularly appropriate to a magnetic ion
in an insulator because electron-electron interactions in them are so strong as to open up a
correlation gap in the effective density of states and make rf-band narrower enough to localize
the magnetic electrons. In metals, (particularly in transition metals) the delocalized s electrons
complicate the situation since they are not only an extra source of itinerant magnetic moments



Fig. 1.1 Schematic representation of the electronic density of states (DOS) curve for amorphous
(dashed curve) and crystalline (solid curve) 3d transition metals.

Cr

Fig. 1.2 Variation of exchange coupling with the distance between spins of 3d transition metals.



(leading to pauli paramagnetism) but also their interaction with the magnetic electrons (s - d
interaction) renders the atomic concept oflocal momen: .f fixed magnitude meaningless. In the
case of transition metals, the appropriate theoretical framework is provided by the Stoner band
model in which the energy states of the itinerant magnetic electrons on agiven ion are split into
spin-up and spin-down bands and the splitting is caused by exchange interaction. In this model,
the magnetic moment is proportional to the population difference in the spin-up and spin-down
d sub-bands. In metallic glasses, the fluctuation in nearest neighbour (NN) distance and NN
coordination number, the extent of overlap of electronic wave functions on neighbouring sites as
wdl as exchange splitting change from site to site giving rise to variation in local moment from
site to site and hence the moment has a distribution instead of a fixed value (as in crystaline
systems).

(c) Interaction between Moments :

The appearance of a magnetically ordered structure like ferromagnetism requires an inter-
action to couple the magnetic moments. The classical dipolar interaction of the form [11,25]

pe, < Bl BT, - Ty) @
: T‘U rlg

tends to dign the moments /7; and ji; paralel to the line joining the sites i and j. Dipolar
interactions are weak, long-ranged and anisotropic since they depend on the orientation of the
moments relative to 7;;. The net dipolar field is identically zero at sites in a lattice of cubic
symmetry. In amorphous systems, however, it is distributed both in magnitude and direction. A
much stronger interaction is the quantum mechanical exchange interaction. Exchange interaction
is an effective electrostatic interaction between two electrons which depends on the relative
orientation of their spins. This isotropic Heisenberg interaction is given by [11,25]

HE =-2U; 5§, (1.2)

where J;; is the exchange coupling constant between spins at sites i and j. J;; is positive for
ferromagnetic coupling and negative for antiferromagnetic coupling. The Bethe-Slater curve
[11] shown in Fig. 12 indicates roughly how the exchange constant varies with distance be-
tween magnetic shells in 3d transition metals. It is seen from Fig. 12 that the distribution
of interatomic separations in amorphous solids leads to a distribution of exchange interaction
which may sometimes include interactions of either sign. Apart from direct exchange, there are
other exchange mechanisms like superexchange via ligands and indirect exchange via conduction
electrons also known as the Ruderman-Kittel-Kasuya-Yosida (RKKY) interaction. A distribu-
tion in the interatomic separations gives rise to a distribution of indirect exchange also. For



instance, superexchange is negative for 180° metal-ligand-metal bonds and weskly positive for
90° bond angles [11,25]. The RKKY interactin- arises when the magnetic electrons of one atom
induce a spin polarization in the conduction electrons which overlaps another atom and affects
its magnetic electrons. RKKY interaction oscillates as a function of distance r and couples 4/
shdl spins/moments in rare earths. The long-range and oscillatory nature of RKKY interaction
is not only responsible for spin glass behaviour in many dilute magnetic aloys but aso leads
to helical spin structure in many crystalline rare earth metals and compounds. In amorphous
systems, RKKY interaction gives rise to positive or negative exchange coupling between mo-
ments depending on their separation but its range is severely restricted compared to that in
their crystalline counterparts due to rapid decay of spin polarization amplitude with distance.

(d) Magnetic anisotropy :

Amorphous materials are generaly assumed to be isotropic since there is no long-range
atomic order. However, magnetic anisotropy in such systems has been observed and it reflects
the existence of short-range-order in amorphous alloys. The locad magnetic anisotropy that
results from spin-orbit interaction or the anisotropy of locd crystal fidd has strong influence
on the nature of magnetic order in the ground state and coercivity of amorphous magnetic
materials [26]. From a simple modd calculation, Chi and Alben [27] have shown that when
the local random anisotropy is small, the coercivity is smal and high coercivities are obtained
as the loca anisotropy is increased. In addition, the magnetic field cooling, cold rolling and
stress annealing of amorphous materials induce different forms of magnetic anisotropies. Various
mechanisms [28] have been proposed to explain these anisotropies.

1.5. Magnetic order in amorphous solids

A wide variety of magnetic order [11,15,25,29] exists in amorphous solids even in the pres-
ence of various kinds of disorder. Chemica and structural disorder in amorphous materials
produces an inequivalency of sites that leads to a distribution (i) in the magnitude of moments,
(if) in exchange interactions and (iii) induces large randomly varying electrostatic fieds giv-
ing rise to locally varying single-site anisotropy [11,15,25]. Although magnetic order depends
sensitively on distance and local environments, the structural disorder does not affect the col-
lective magnetic order such as ferromagnetism in any fundamental way. The basic features of
ferromagnetism observed in crystalline solids are retained in amorphous systems. However, in
practice, it is rare to find antiferromagnetism in amorphous materials since antiferromagnetism
demands that identical moments occupy neighbouring sites with antiparallel coupling through-
out the amorphous structure. Moreover, it is difficult to conceive a random structure which can



be subdivided into two (or more) interpenetrating ferromagnetic sub-lattices with neighbouring
inter-sublattice moments aligned antij .rallel to one another, as is usually done in crystalline
systems [11,15,25]. Another collinear magnetic order commonly found in many amorphous aloys
iS ferrimagnetism. Ferrimagnetism arises when two different types of magnetic ions occupy sites
of two amorphous subnetworks such that intra-subnetwork moments are aligned parallel while
inter-subnetwork moments are aligned antiparallel and the average magnitude of moments on
each subnetwork is distinctly different from the other. Since the magnitude of moments on two
subnetworks is not the same, a finite spontaneous magnetization exists. In addition to these fa
miliar types of collinear magnetic order, non-collinear magnetic structures like speromagnetism.
asperomagnetism and sperimagnetism occur in amorphous aloys. These non-collinear magnetic
structures involve a competing random anisotropy and exchange interaction; the local anisotropy
tries to adign the magnetic moments aong the localy varying crystal fied axis while the ex-
change interaction tries to align the moments parallel or antiparallel to one another depending
on whether the exchange is positive or negative [11,15,25]. Speromagnetic state is the one in
which localized moments are cooperatively frozen in random directions below a certain order
ing temperature 7, such that there is no net magnetization. Speromagnetism is exhibited by
systems in which random anisotropy is comparable to exchange coupling and exchange coupling
between the spins fluctuates in sign. Asperomagnetism arises when randomly placed localized
moments of a given species are frozen in different orientations below an ordering temperature
T, but with some orientations more likely than others. Therefore, an asperomagnet has a net
spontaneous magnetization. Asperomagnetism appears in those systems in which exchange is
positive and the exchange coupling and random anisotropy are of comparable strengths. Sper-
imagnetic order comprises two or more magnetic species with moments of atleast one species
frozen in random orientations within a hemisphere on one subnetwork and antiferromagnetically
coupled to the moments (that have ferromagnetic coupling between them) occupying sites of the
other amorphous subnetwork. Sperimagnetism is to ferrimagnetism what speromagnetism is to
ferromagnetism except that sperimagnet has a net spontaneous magnetization.

16. Low-lying Magnetic Excitations

Having briefly described the types of ground state (i.e.,, at T = 0 K) magnetic order preva-
lent in spin systems with quenched disorder in the previous section, this section is devoted
to the changes in the magnetic order (i.e., magnetic excitations) brought about by increasing
temperature in crystalline and amorphous ferromagnets.

In a crystalline ferromagnet, the local deviation from the perfect alignment does not remain
confined to a microscopic region of space but propagates like a wave due to exchange coupling
between the spins. These low-lying magnetic excitations are caled spin-waves. A spin wave can
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be thought of as one spin reversal coherently spread over the entire crystal. All the conventional
spin-wave theories are based on localized-electron picture, in which the magnetic electrons are
localized on atomic orbitals. However, in metallic systems, the magnetic electrons have itinerant
character. Thus, localized-electron and itinerant-electron models form two exactly opposite
descriptions of the low-lying magnetic excitations.

1.6.1. Localized-electron Modd

Within the framework of the localized-electron model, Feix Bloch [30] was first to intro-
duce the concept of spin waves in a ferromagnet. The spin waves are thermally excited and
their energy is quantized. In analogy with a phonon, which represents the particle associated
with a quantized lattice wave, the corresponding particle for a quantized spin wave is called a
magnon. The Hamiltonian that describes the Heisenberg interaction between spins localized at
the neighbouring sites i and j. is given by [31,32]

1 o
HE—g > 48,5 (1.3)

where J;; is the exchange integral. At low temperatures, the spin deviations as wel as the
fraction of spin reversals are small and spin waves are independent of one another. Thus, in the
linear approximation, the magnon dispersion relation for crystalline ferromagnets, in which the
direct Heisenberg exchange interaction is confined to the nearest neighbours only, is expressed
as [31,32]

E(k) = hwe = 2J52(1 - %) (1.4)
with
1 o=
Th'= ;;exp(tk - 4)

where the summation is carried out over z nearest neighbours. In the long wavelength limit, i.e.,
| k »b|< 1, the dispersion relation for simple cubic, fcc, and bec lattices with lattice constant
'a’ takes the form

hor =Dk +Ek +-.. (1.5)

where the spin wave stiffness coefficient D = 2 J Sa? is a measure of the exchange interaction
and the coefficient E is related to average mean square range of exchange interaction < r? >
through the relation E - - < r? > D/20. The spontaneous magnetization, M(T,0), at any
temperature is given by
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M(T.0)=gup < 5 >= gup(NS - Eni) = M(0,0) - GUBE kT

where M (0.0) = gppNS and n, is the number of spin waves in thermal equilibrium at tem-
perature T given by the Bose-Eingtein distribution function. The find expression for M(7',0)
has the form [31]

_[M(0,00-M(T.0)] _ _gus [, 3 (ﬂ)w S dE(S (E‘I)m 16
Am(T,0) = o =05 P \&5) 1D\ 6D (16)

where £(3/2) = 2.612 and £(5/2) = 1.341 are the Reimann £ functions and 8 =< r? > /20.
The T3/2 and T5/2terms in Eq.(1.6) arise from the k? and fc* terms in the dispersion relation.
Eq.(1.5), respectively. The higher order terms of the form k%, k8, etc. in Eq.(1.5), if retained,
give rise to additional correction terms [33] to Am(T,0) that are proportional to T7/2, T9/? etc.
Application of an external magnetic field (or in the presence of any other fields such as dipolar
fields, ani sot ropy fields, etc.) gives rise to an energy gap in the spin-wave spectrum and the
dispersion relation gets modified to

hop=gupHepr + DR+ EK 4+ (1.7)
with Hepy= H - 4n NM(0H )+ H4, where N is the demagnetizing factor, H4 is the anisotropy

fidd and gupH.;s(=kpTy)is the energy gap. Consequently, in the presence of magnetic field,
the expression for magnetization also gets modified and takes the form [31]

Am(T,H) = [M(0,H)— M(T,H)}/M(0. H")
= ﬁﬂ [Z(g‘hf] (%)3“ + 15?‘3Z(g~fu] (jf;))r,“] (1.8)
where the Bose-Einstein integral functions
Z(s.th) = €(s)F(s.tn) = 3 ™ exp(-ntn) (19)
n=1
with
tg =Ty/T = gup Heyy kT (1.10)

dlow for the energy gap in the spin-wave spectrum.

The spin wave theory discussed so far assumes that the spin waves, when thermally excited,
propagate independent of one another so that the superposition of spin waves is a vaid ap-
proximation. However, as the temperature is increased from low temperatures, the interaction
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between spin waves becomes important and these interactions have to be taken into account.
Spin-wave interactions are m?nly of two types: kinematic interaction and dynamic interaction
[31,33]. The kinematic interaction arises due to the fact that the maximum number of spin
deviations that can occur at any site carrying a pin S is 2S. For instance, if S = 1/2, two
spin deviations cannot reside at the same site and the kinematic interaction, which prevents
this situation, is a repulsive one. The dynamic interaction arises because it costs less energy
for a spin to suffer a deviation if the neighbouring spins have aso undergone deviations. This
dynamic interaction is of the attractive type. An anaysis of the magnon-magnon interactions
in the Heisenberg ferromagnets, due to Dyson [33], has demonstrated that at low temperatures,
the kinematic interactions are negligibly small and the dynamic magnon-magnon interactions
lead to a thermal renormalization of spin-wave energies [31,33], i.e,

hwp =gup Hegy D(T)E + - - (1.11)
with

D(T) = D(0)(1 - Ds;,T57?) (1.12q)
and

Dyjp= 1< 12 > (gup/M(0,0)) (kg /47 D(0))*/* £(5/2) (1.126)

Moreover, the dynamic interaction gives rise to a T* correction [33] to M(T,0). In addition to
the direct Heisenberg exchange interactions between the spins on the neighbouring d shells, the
d spins in the localized mode interact indirectly with one another via the conduction electron
s spins. This magnon-electron interaction aso renormalizes the spin wave giffness coefficient
D(T) according to the expression [34]

D(M = D(0)(1-D,T?) (1.120)

However, the contribution to D(T) arising from the T? term in Eq.(1.12c) is several orders of
magnitude smaller than that due to the T5/2term in Eq.(1.12a) since the s - d interaction is
very weak compared to the direct d-d interaction. Hence, for all practical purposes the spin
wave stiffness renormalizes according to Eq.(1.12a) in the localized-electron model.

Spin waves . amorphous ferromagnets :

Ample experimental evidence [35,36] exists in the literature to indicate that amorphous fer-
romagnets, like their crystalline counterparts, exhibit well-defined long-wavelength spin-wave ex-
citations which folow the normal ferromagnetic dispersion relation given by Eq.(1.5) or EQ.(1.7)
and the magnetization varies with temperature according to the expresson Eq.(1.6) or Eq.(1.8).



13

However, the magnetization curve for amorphous ferromagnets fals below that of the corre-
sponding crystalline ferromagnet and is much steeper. This implies .hat the value of spin wave
stiffness for amorphous ferromagnets is lower with the result that the spin waves can be easily
excited in them. Starting from the Heisenberg Hamiltonian and using the quasi-crystalline ap
proximation, Kaneyoshi [13,37] arrived at the following expression for the spin wave energy of
an amorphous ferromagnet:

E(k)=2Sp, /.I(T,J)g(uj”l - l'X]l(—iA—'- fii )]dar,_, (1.13)

where p, — N/V is the average density, r;; =| 7};| =|7i —7; | and g(ry;)is the normalized pair
correlation function which denotes the probability of finding atoms at the site j when an atom
occupies the site i. In the long-wavelength limit, Eq.(1.13) reduces to [13,36,37]

E(k) = Dk? (1.14a)
with

D = 1§[r2J(r)F(r)dr (1.146)
where F(T) — 4rr2p,g(r)is the radial distribution function. In amorphous systems, the ex-
change integral in not constant but fluctuates around a certain average value. J(r,)such that
J(r) = J{r,)+ AJ(r).AJ{s)the root mean square fluctuation in the exchange integral due
to structural disorder. Exchange fluctuations reduce the spin wave stiffness as [36]

D = D,(1-§) (1.15a)
with

D, = (1/3):SJ(ro)rdnd S = 2z (Ar/7,) [A I J(r,)] (1.156)

Similarly, the structural disorder in amorphous ferromagnets gives rise to fluctuations in the
magnetic moment around a certain average value. Hence, the spin at the site i can be taken as
Si = 8, + Ax,. Such fluctuations Az; aso lead to the diminished value of D and Eq.(1.15a)
retains its form with S given by [13,37]

6 =< Az? >, /5? (1.15¢)

Thus, the effect of the fluctuations in the exchange interaction and magnetic moment on the spin
wave gtiffness constant is to reduce the mean value by afactor (1 — 6). The factor 6 in Eq.(1.15a)
has a weak dependence on external fidd as well as temperature due to a dight variation [13,37]
of the second moment < Az? >, with fidd and temperature whereas 6 arising from AJ(r) is
independent of field but depends wesakly on temperature through the temperature dependence
of Ar [36].



1.6.2. ltinerant-electron Model

The itinerant-electron model for magnetism, first proposed by Bloch [38] in connection with
the ferromagnetism of an electron gas. was later developed by Slater [39] and Stoner [40] to
explain the magnetic properties such as non-integral values of saturation magnetization per atom
at 0 K. large coefficients of T term in low temperature specific heat etc., which could not be
explained in terms of the localized-electron model. The itinerant-electron model is based on the
band theory of electrons in solids and regards magnetic carriers as itinerant or Bloch electrons.
The interaction between Bloch electrons splits d — (/—) band into spin-up ({)and spin-down (|)
sub-bands and hence gives rise to ferromagnetism. Wohlfarth, Edwards and coworkers [41-43].
while applying the Stoner theory to many ferromagnetic metals, made suitable refinements so as
to make it more realistic. However, the basic ideas of Stoner theory remained the same. In the
Stoner theory [13,40-43], the exchange interaction between the magnetic electrons is represented
by a molecular field, .., proportional to the magnetization, i.e.,

1
Hp = 5nl( (1.16)

where n is the number of electrons per atom and ¢ = M/nugs the relative magnetization so
that n* - n~ = n¢and n* + n~ = n. Here n* and n~ are the number of | and | spins per
atom, respectively, and | is the Stoner parameter representing the effective interaction between
the magnetic electrons. According to this theory, for ferromagnetism to occur, i.e., for ( > 0,
the Stoner criterion

| =IN(Ep)>1 (1.17)

must be satisfied, where N (Eris the density of states at the Fermi level E;. When Eq.(1.17)
is satisfied, a range of values of | exists such that the relative magnetization at 0A", Co, can take
vaues of either {(, = 1or0<({, <1.Thecases(, =1 and 0 <, < 1 areredized in strong
itinerant and weak itinerant ferromagnets, respectively. The former case arises when spin-up (T)
sub-band is completely filled and Fermi-level lies in the spin-down (]) sub-band so that further
band splitting does not increase the magnetization (Fig. 1.3(a)). The latter one arises when the
band splitting is small with the result that none of the spin sub-bands is completely filled and
the Fermi level lies in both the sub-bands (Fig. 1.3(b)). The temperature and field dependence
of magnetization, {(T, Hpbtained from the Stoner equations, is given by the expression [40-43)

N(E)dE
exp{[E — pe F (1/2I¢ F pp H/kpT}

1 oo
* _ =In =
n* = 2[ + {(T,H)] fu (1.18)

where g, is the chemical potential and ppg His the additional term due to the external magnetic
field. Eq.(1.18) can be solved for {(T, H )numerically or analytically by eliminating p..
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(a) Strong itinerantferromagnetism (Co=1)

In this case, the spontaneous magnetization, M (7 0), decreases donly due to excitations of
particles from filled spin-up sub-band to partidly filled spin-down sub-band (generdly known as
Stoner dngle particle excitations). For such excitations, there exists an energy gap A, which is
the energy difference between the Fermi levd (located in the spin-down sub-band) and the top of
the filled spin-up sub-band (Fig. 1.3(8)). At low temperatures, the spontaneous magnetization
for strong-itinerant ferromagnets varies with temperature as [41-43]

M(T,0)/M(0,0)=1-4 T? exp(-A/kgT) (1.19)

where M(T, 0) = nup((T.0). The efect of external magnetic field is to increase the energy gap
further and Eq.(1.19) remains the same except that A has to be replaced by A + 2ugH.

(b) Wesak itinerant ferromagnetism ({, < 1) :

The band splitting in wesk itinerant ferromagnets is amdl and the Fermi levd lies in both
the sub-bands. This implies that both spin | and spin | sub-bands are partiadly filled (Fig.
1.3(b)) and there is no energy gap for Sngle particle excitations from spin 1 to soin | sub-band
concomitant with soin reversals. The contribution to thermal demagnetization of spontaneous
magnetization due to sngle particle excitations in wesk itinerant ferromagnets has the form

[41-43]
M(T,0)/M(0,0) = [1 - (T/Tc)*'/? (1.20)

The exigtence of a ggnificant contribution of Stoner single particle excitations of either strong
itinerant type, Eq.(1.19), or wesk itinerant type, Eq.(1.20), to the temperature dependence
of magnetization in certain temperature ranges has been edtablished experimentdly in alarge
number of ferromagnetic transition metals and aloys. However, a very low temperatures, the
magnetization follows the usud 73/ lav which cannot be accounted for in the Stoner theory.
In addition, Stoner theory fails to predict the proper vaue of Tc and the Curie-Weiss behaviour
of magnetic susceptibility above T¢. Such afailure of the Stoner theory is primarily due to the
underlying assumption that the thermally excited electrons and holes move independently in a
common mean fidd. Number of attempts have been made to improve upon the Stoner theory
by taking into account the collective nature of the eectron-hole excitations with the result that
the existence of soin waves as collective excitations and exchange enhanced spin fluctuations
[44-48] can now be explained satisfectorily. Essentid details of these aspects are given beow.
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16.2A. Spin waves in itinerant-electron model

Spin waves, whose existence could not be envisaged in the band model origindly, have
subsequently found a natural place in the itinerant electron model, as was first shown by Herring
and Kittel [44] in their phenomenological theory of spin waves. In the band model, the collective
excitations of particles with a spin reversal, but without a change in wavevector k, are spin waves
of wavevector k whereas the individual spin-flip excitations with or without change in wavevector
are the single-particle excitations. The spin wave dispersion relation in the long wavelength limit,
calculated within the framework of the itinerant-electron model [34,44,45], has the same form as
that in the localized-electron model, i.e., Eq.(1.7). However, at finite temperatures, the magnon-
magnon interactions and magnon-single particle interactions become important. The effect of
these interactions within the itinerant-electron model is to renormalize the spin wave energy
through the renormalization of spin wave gtiffness coefficient according to the relation [34,44,45]

1{T) = 0(0) (1 - DaT? - DyyoT%) (L21)

where the parameter D(0) is the value of D(T)at 0 A', and depends on the exchange splitting
of spin | and spin | sub-bands and on the dispersion relation of the single-particle energies.
The dominant T? term in Eq.(1.21) arises from magnon-single-particle interactions whereas the
X2 term originates from the magnon-magnon interactions and is much smaller compared to
the T2 term. Hence the T'/2 term in Eq.(1.21) is generally neglected and the D(T) varies as T
in the itinerant-electron model in contrast with the 7'5/2 variation of D(T) (Eq.(1.21a))in the
localized-electron model.

1.6.2B. Spin fluctuations in itinerant-electron model

Considerable improvement of the Stoner model has been achieved by the inclusion of the spin
fluctuation effects [46-48]. Significant advancement in this direction has been made by Moriya
and his coworkers [46,47], who treated spin fluctuations within the framework of self-consistent
renormalization theory. The major success of Moriya's theory is the prediction of Curie-Weiss
behaviour of susceptibility above T¢ and a reasonably accurate value for T¢. According to
this theory, the spin-wave contribution in wesk itinerant ferromagnets, though present at low
temperatures, is not as significant as the exchange-enhanced T? contribution to magnetization
and for temperatures close to T¢,the spin fluctuation contribution dominates and is given by
[46,47]

[M(T,0)/M(0,0)]’ = [1 - (T/Tc)*?) (122
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A refined version of Moriya'’s theory, due to Lonzarich and Taillefer [48], provides a better
quantitative description of the experimental resvlts. Lecause it (i) includes the transverse as well
as longitudinal local spin-density fluctuations, (ii) incorporates a natural temperature dependent
cut-off wavevector for the thermally excited modes and (iii) uses band structure and other
parameters appropriate to known wesk itinerant ferromagnets like Ni3Al and MnSi rather than
to the specia electron gas model, employed earlier by Moriya and Kawabata [47]. This theory
predicts that the contributions to magnetization arising from spin wave (SW) excitations and
single-particle (SP) excitations plus loca spin-density fluctuations (LSF) depend on temperature
in accordance with the expressions [48]

[M(T,0)/M(0.0)]sw= 1 - BT3/? (1.23a)
at low temperatures and

[M(T,0)/M(0,0)]kp,zsrll - (T/TC)] (1.236)

for a wide range of intermediate temperatures. Furthermore, according to this theory [48]. for
temperatures close to T¢. the local spin-density fluctuations alone should contribute to M(T')
and that this contribution varies with temperature as

[M(T,0)/M(0,0)]{sp= (1 —(T/Tc)*?) (1.23¢0)

The temperature dependence of magnetization in different temperature ranges predicted by
Eqgs.(1.23a)-(1.23¢) has indeed been observed in a number of weak itinerant ferromagnets [49,50].
Despite the success that the above-mentioned theory [46-50] has enjoyed in accounting quan-
titatively for essentialy al the measured properties of week itinerant ferromagnets, including
magnetization, the spin-fluctuation theory as developed by Moriya and co-workers [46,47] has
recently been criticized [51] on the grounds that this theory has too many adjustable parame-
ters and wrongly predicts that the averaged square loca moment is an increasing function of
temperature above T¢. However, even the theory, due to Hirsch [51], which dispenses with the
spin fluctuations and gets rid of the above flaw in Moriyas theory, fails to predict the T4/3
dependence of M?(T,0pbserved in many weak itinerant ferromagnets (primarily because the
local spin-density fluctuations are completely ignored in this theory).

The theoretical models described so far breakdown completely in the critical region (i.e., for
temperatures in the immediate vicinity of the Curie temperature) where critical fluctuations
of the order parameter (spontaneous magnetization in the present case) play a crucia role. In
the following section, a brief account of the theoretical predictions concerning the behaviour of
magnetization, susceptibility and other thermodynamic quantities in this temperature region
and for temperatures wel above T¢ is given.
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1.7. Thermal Critical Phenomena

In zero external magnetic field, the ferromagnetic (FM)-to-paramagnetic (PM) phase transi-
tion at the critical point, T¢,is a second-order phase transition. The spontaneous magnetization,
which is the order parameter in this case, goes continuously to zero at T¢ with a critical expo-
nent 3. The zero-field susceptibility, magnetic part of specific heat and the spin-spin correlation
length diverge at T with the critical exponents 4,a and 1/, respectively. These critical expo-
nents are universal itthe sense that they depend only on the lattice dimensionality, d, and order
parameter dimensionality, n, and possess exactly the same values for widely different systems if
al of them are described by the same values of d and n[52,53]. From the scaling arguments and
using renormalization group (RG) ideas, the total free energy density, g(T, H),consisting of the
singular, gsing(T, H@nd non-singular, g,, parts, can be written as [54-56]

Q(TsH# gu(T)' gsing(Eyh) = yo(T)_ 16’2—0 Yi(h/IGIA) (124)

where the prefactor |€]>~2 in Eq.(1.24) accounts for the shrinkage in volume under the scale
transformation which leaves the total free energy invariant, a is the specific heat critical expo
nent, €= (T — T¢)/Tch — H (the ordering field), A is the gap exponent and the plus and
minus signs refer to temperatures above and below 7. If the macroscopic volume is set equal
to umity. i.e, V = 1, the physica quantities such as magnetization, susceptibility and specific
heat are straightaway obtained from the fidd and temperature derivatives of g(T,H). Thus,
the zero-fidd specific heat, C(T',0),magnetization, M(T,H), and the 'in-field' susceptibility.
x(T, H)are given by the expression [52-56]

C(T.0) = -T(9/0T%n2 (1 - a)(2 - Q)T Ya(0)€[™ (1+ g) (1.25)

MTH) . —(89/0H)r M(&,h)= €l fa(h/ |€*) (1.26)
and

X(T,H) = OM(T, H)/9H =|€| ™ 0[f+(h/ |€|*)}/0h (1.27)

where 8= 2-a-A, 7 =2-a-2A and fi - (0Y+/Oh)rThe 'zero-field quantities such
as spontaneous magnetization, M(T, 0) and 'zero-field' susceptibility, x(T,0), are then obtained
by taking the limit h = H — 0 and expanding f+(h/|€|?)in Taylor series around h = 0 as

Se(h/ |€]%) = ££(0) + (R/1€I*)fL(0)+ o o o (1.28)
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Hence one obtains
M(T,0) = m,|€} €< 0 (1.29a)
X(T,0)= (mo/ho) |€]™Y  €>0 (1.296)

where m, = /-(0) and m,/hs fi(0) are the asymptotic amplitudes for spontaneous magneti-
zation and initial susceptibility, respectively. As€— 0, |€|2/h —> 0 the scaling-equation-of-state
(SES) represented by Eq.(1.26) can be rewritten in a more convenient form [56], i.e,

M(€.h) = k2 f,(|e| /h'2)

where f, is analytic at |€|= 0 and can be directly related to /_ and f;. In the limit [€]
/hY/2 — 0. the function f,(z)can be expanded in a Taylor series around z = 0 with the result

M(€,h) = hP/2[1,(0) + (|| /RM2)fA0) + -]

Thus, the critica M versus H isotherm at |¢€|= 0 is described by the expression

M(0,H) = [,(0) H'/® (1.308)
or

H = DM® (1.306)

with A — 36 and D = f;%. Furthermore, at |€|= 0 and in the absence of the external magnetic
field (H = 0), the spin-spin correlation function, defined as G(r) =< (§r)- < S >)(5(0)- <
5 >) >, varies with distance r as [52,53,55,57]

G(r)= N | T |~(d-24n) laage |r|; e=H =0 (1.31a)

where d is the lattice dimensionality and 77 is the correlation function critical exponent, while the
spin-spin correlation length, related to G(r) through the expression G(r) = exp(- | r | /&(T))/ |
r| as| r|— 00, varies in the critical region as [52,53,55,57]

&T)=¢F lel™7, H =0. (1316)

Note that in al the foregoing equations H denotes the field that is obtained by correcting the
external magnetic field for the demagnetizing field.

It is customary to determine the critical exponents 8 and 7 from bulk magnetization data
taken in external magnetic fields by using a specialized form of the general scaling-equation-of-
state (SES), Eq.(1.26), proposed by Arrott and Noakes [58], i.e.,

(H/MM= a e +b M8 (1.32)
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where the coefficients &' and 6' are temperature-independent. According to the Arrott-Noakes
SES (Eq.(132), the M(T, H) datataken in the critical region, when plotted in the form of M*/%
VS. (H/M)"*(known as the modified Arrott plot) isotherms with the proper choice [57] of 8
and 7, fdl on a set of parallel straight-line isotherms (especialy in the high-field region) with
the critical isotherm at Tc passing through the origin. The high-field linear portions of these
isotherms when extrapolated to H — 0 yield intercepts on the ordinate and abscissa from which
M(T,0) and x(T,0) are computed. The M(T,0)and x(7,0pata so obtained are analyzed in
terms of the Egs.(1.29a) and (1.296). The 'zero-field' quantities such as C(T,0), M(T,@nhd
X(T, 0), when analyzed in terms of single power law expressions (1.25), (1.29a) and (1.296).
yidd only the average vaues for the exponents since these expressions are strictly valid for
temperatures in the close proximity to 7 whereas the experimental data for such quantities are
generally taken over a wide temperature range in the critical region. The exponents obtained
in this way not only depend on the temperature range used but also could significantly differ
from the true asymptotic values [56,57,59]. The expressions for the quantities C(T. 0), M(T. 0)
and x(7',0) must, therefore, include both analytic and non-analytic ‘correction-to-scaling' (CTS)
terms [53-56,59,60] arising from the nonlinear relevant and irrelevant scaling fields, respectively.

From the generalized magnetic eguation of state that takes into account the effect of nonlinear
relevant and irrelevant scaling fields, the ‘zero-field' quantities C(T, 0), M(T,0) and x(7T,0)are
calculated with the result [56,60]

C(T,0) d(1-a)(2-a)T='Y£(0) €] (1+ €)][1+act [€]* +ac2 [€]®* +ac € +be e+« - ]

(1.33a)
M(T,0)= Ble|P [1+ ami|€]® + am2 |€]%7 + ay € + bpy€2+ + - o] (1.336)

and
X(T,0) = A, |€]™" [1+ay1 |€]2 +ay2 [€]%7 + 0, 6 + by €2+ oo o] (1.33¢)

where the leading non-analytic (analytic) terms |e|®' and |€]22 (e and €?) originate from
the nonlinear irrelevant (relevant) scaling fields. The renormalization group (RG) theories [53-
55,60-66] predict that the confluent corrections to the dominant singular behaviour involve
only a single leading exponent A = 0550 + 0.016 (i.e, A = A, and A, = 0) for an ordered
(crystalline) isotropic 3D Heisenberg ferromagnet whereas such corrections include [63-66] the
leading exponent A; = 0.115+0.009 in addition to Az = 0.550+0.016 for quench-disordered 3D
Heisenberg systems. In keeping with the general practice, we discussed the critical behaviour
in terms of the linear variables € and h so far. However, as we shall see later, the behaviour of
a magnetic system (that undergoes a second-order phase transition) over a wide range of tem-
peratures, which embraces the critical region, is better described in terms of nonlinear variables
€ = (T-Tc)/T=€ /tand h = H/twhere t s T/Tc. In analogy with the linear case. free
energy density in nonlinear variables is given by [56]
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While the scaling-equation-of-state (SES) assumes a form [56]

M(T,H)= M(E,R)=| € |® fse(h/|E|®) (1.35)
similar to its linear counterpart, Eq.(1.25), the Arrott-Noakes (AN) SES gets modified to [56]

MYVE = q(—ex bt~V (H/MY (1.36)

Unlike the original AN SES (Eq.(1.32)), the modified AN SES, Eq.(1.36). has an additional
factor of t=Y/7 and the coefficients a and 6 are temperature-dependent. The ‘zero-field' quantities
C(T,0), M(T,0pnd x(T.0) are obtained from g¢(7, H)Eq.(1.34), in the same way as in the
case of linear variables and the final expressions [56] for these quantities are given below.

Sngle Power Laws :

C(T.0)=(1-0a)(2~-a)I5'Ye(0)| & [7° (1~ &) (1.37a)

M(T.0)=m,| €? €<0 (1.376)
and

x(T,0)= (mo/h,) | €17 €>0 (1.37¢)

With the inclusion of CTS terms :

C(T,0)=Ac | €7 [1+ac1 | €]* +aca| 6 |47 +acer oo} (1.383)

M(T,0)= By| € [P [1+am\ € | +aum2| € 122 +ame+ o+ » 9] (1.386)
and

x(T,0= Ay € |7t 1+ 80 | €12 +ay2| € |27 +a,€ -] (1.38¢)

The above expressions (Eg.(1.38)), include (only the leading terms) the analytic ( €) and non-
analytic ( | € |®+)correctionsin nonb'near variables arising from nonlinear relevant and irrelevant
scaling fields, respectively. As already mentioned above, in the presence of nonlinear relevant
and irrelevant scaling fields, the Arrott-Noakes SES in nonlinear variables has the form [56]

M =B(~€)+ (B/A)1"(H/M)' (1.39)
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with

B m [Bu(1+ am@)]MP ~Ap(1+ amE) (1.40a)
and

B/A = [Bm(1 + am@)]VF[A, (14 @, &))"/ = A'(14 a5€) (L40%)

B. [Bu(1+am | €% +am | € [2) P Ap(l+ am | € 1* +amz | €1%7) (1419
and

BJA = [Bam(1+ann | €% +ame | € |57))VP[A1 4 @yr | € | 442 | € P I

A'(1+4a, | €% +ay| € |72) (1.41b)

R

where the expressions for B (= ain Eq.(1.36)) and B/A (= b in Eq.(1.36)) given by Eq.(1.40) or
Eq.(1.41) correspond to the cases when only the relevant scaling fields or the irrelevant scaling
fields are present. The important features of the modified Arrott-Noakes SES in nonlinear
variables (Eq.(1.39)) are that apart from yielding the true asymptotic critical exponents, it
accounts for the temperature variation of the slope of the Arrott plot isotherms commonly
observed for a large number of crystalline and amorphous ferromagnets [56,57]; a feature that
does not find any explanation in terms of the original AN SES because the coefficients a' and 6'
in Eqg.(1.32) do not depend on temperature.

Sections 16 and 17 have mainly dealt with the effect of temperature on magnetization in
amorphous ferromagnets. The following section addresses itsdlf to the theoretical developments
that have taken place uptil now in understanding the magnetic and thermodynamic behaviour
of dilute magnets.

1.8. Percolation Critical Behaviour

Percolation concepts were introduced by Broadbent and Hammersley [67] as early as in 1957
and considerable progress has been made since then towards the understanding of percolation
phenomena [68-73]. In order to bring out clearly the underlying concept, consider a crystal
lattice in which some sites are occupied by particles and the remaining sites are vacant. The
nearest neighbour particles, connected by bonds, form finite clusters. As the concentration of
particles, p, is gradually increased, the cluster size increases and a concentration, known as
the percolation threshold, pc, is reached at which an infinite cluster (for an infinite lattice)
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appears; the infinite cluster extends from one end of the lattice to the other. If the bonds arc
of conducting type, a p. the solid is sad to be conducting or percolating i-: that the current
can now percolate from one side to the other of the lattice. Thus, the percolation threshold p,
marks the transition from finite clusters to an infinite cluster. The transition occurring at the
percolation critical point is a second-order phase transition and in antilogy with the thermal
critical behaviour, is characterized by percolation critica exponents. The order parameter in
this case is the percolation probability, P(p), defined as the fraction of occupied sites belonging
to the infinite cluster. P(p) is zero for p < p. and finite for p > p.. The percolation exponents
associated with various quantities are defined as follows [68-73].

The mean number of clusters

N(p) ~ (p—pc)*~cr, (1.42a)
percolation probability (order parameter)

P(P) ~ (p —pc)* P> P, (1.426)

meen sze of finite cdusters

S(p)~(p~p) ", (1.42¢)
and order parameter at p = p.
P(Pc) ~ ht/% (1.42d)

where a,, 8,7, and é, are the percolation critical exponents and the parameter h, generaly
known as the ghost field, performs a function smilar to that of the magnetic field [70,71]. If
C(r,p) is the probability that a site at r is occupied and connected to the site at origin, the
connectedness length is given by

£€p)~(p-p)'r (1420

A number of physica systems, including the dilute magnetic systems, which are of interest to
this thesis, exhibit a percolation behaviour of this type. Magnetic dilution can be achieved in
different ways. One way of achieving dilution in magnetic systems is by randomly replacing
magnetic atoms on a lattice by non-magnetic ones. This type of magnetic dilution is cdled the
random site-dilution. The Hamiltonian for the random site-diluted magnetic systems can be
written as [74]

H, = "Eg:'jj N 7 (1430’)

where §; is the spin vector at site i, J is the exchange constant and 7, is the uncorrelated site
disorder variable which takes values 0 or 1 such that < 7; >— p, where <> denotes the config-
urational average and p is the concentration of magnetic atoms. At this stage, it is necessary
to distinguish between two types of disorder; quenched disorder and annealed disorder [74]. In
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systems with quenched disorder, the configurational averages over spin variables are indepen-
dent Of thermal averages whereas in the case of annealed disorder, the disorder variales are in
thermal equilibrium with the system and hence the configurational and thermal averages are
not independent. The site probability distribution for quenched site-disorder is given by [71]

P(m)=(1-=p)é(m)+pé(ni—1) (1.436)

The other way in which a magnetic system can be magnetically diluted is by randomly re-
moving exchange bonds and this type of dilution is known as the random bond-dilution. The
Hamiltonian for bond-diluted system is of the form [71]

Hy=-58-J.5n, (1.44a)

where the uncorrelated disorder variables 5;; are associated with the exchange bonds. The
probability distribution for quenched bond-dilution is given by

P(ni;) = (1 — p) 6(mi;) + pb(mi; — 1) (1.446)

where p is the bond concentration. Quenched dilute magnetic systems exhibit percolation critical
phenomena in the vicinity of percolation threshold, p., which is the critical magnetic concen-
tration below which only the finite spin clusters are present and no long-range magnetic order
exists even for temperatures as low as T - 0 K. However, for p > p. an infinite spin cluster (and
hence long-range magnetic order) appears. The point Q(p — p.,T = 0) denoting the percolation
critical point for dilute magnets is characterized by percolation critical exponents as defined
for pure geometrical percolation earlier. A correspondence or analogy between the quantities
associated with critical exponents in pure geometrical percolation and magnetic percolation can
be drawn and the same is given below [71].

Geometrical percolation Magnetic percolation
mean number of clusters = zero field free energy
percolation probability <= Spo ntaneous magnetization
(order parameter) (order parameter)
mean size of cluster = initial susceptibility
pair connectedness function <= correlation function
connectedness |length <= spin-spin correlation length

The above correspondence also brings out the similarity between percolation and thermal
critical phenomena. Using scaling arguments, the singular part of free energy f,i.4(p, hfpr the
dilute magnetic systems described above with p close to the percolation critical point can be
written as [70-75]
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Foing(Poh) = @0 |€5177°% Fi(h/ |€,]°) (1.45)

where €,= q1 (p- pc)/pci h = H. The + and - sgns refer to p > p. and p < p, respectively,
and the parameters ¢, and g\ are model-dependent parameters introduced to make f(p,h) a
universal function. Eq.(1.45) yields the following expressions for the order parameter (i.e., the
spontaneous magnetization at 0 K, in the present case) and initial susceptibility:

M(p,0)= af/0h = m,(p—p.)* P> P (1.463)
and
x(p.0) = 8*f/0h* = x (p— pc) 77 p>p: (1.466)

where 8, = 2 - a,- 4,, mp, = ¢ (q1/p)OFs/0h, 7p = 28, - 2+ qa, ad x,=
9o (g1/pe)~" 3% F4 /0hThe percolation correlation function varies with distance r as

C(r,p) ~ r~{2-d+m) (1.460)

while the associated percolation correlation length. £,, diverges at p. with an exponent v, ac-
cording to the power law

&(p,0)~ (p—p)™ P>Pc (1.46d)

Moreover, for p > p., long-range ferromagnetic order is present in a dilute magnetic system with
J > 0. For such a system, the spin wave diffness coefficient, D(p), and the Curie temperature,
Tc(p), go to zero as p — p. with the exponents 8, and ¢,, defined as [70-74]

D(p) = dp (p —pc)% P> pe (1.47a)
and

Tc(p) =t (p — po)®® P> P (1.476)
where the thermal-to-percolation crossover exponent ¢, is related to v, as ¢, = v/vrvr

is the critical exponent for the thermal correlation length. Another quantity of interest in the
percolation phenomena is the macroscopic conductivity, E, in randomly diluted resistor network.
In such anetwork £ = O for p < p. and for p > p,, the functional behaviour of E is characterized
[70-74] by the exponent o,, such that

Z(p)=Zp(p—pc)" (1.48)

The conductivity, E(p), of the resistor network is related to the spin-wave giffness coefficient,
D(p), in dilute isotropic ferromagnets through the expression [74]

E(p) = D(p) P(p) (1.49)
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where P(p) is the percolation probability and using the definitions of D(p), P(p) and E(p) in
Eq.(1.49), one obtains the scaling relation

8, = ap = Bp. (1.50)

The percolation exponents defined above are similar to thermal critical exponents and are
universal in that they do not depend on the details and type of lattice but depend only on the
lattice and order parameter dimensionalities.

A complete knowledge of the structure of percolating cluster at threshold is necessary to
understand the properties of random systems such as dilute magnets, random resistor networks
etc. In order to study the percolation behaviour. three distinctly different models have been
proposed for the structure of the percolating cluster at p,.

(@) Node-link model :

This model was proposed by Skal and Shklovskii [76] and independently by De Gennes
[76]. In the node-link picture (Fig. 1.4(a)), the backbone of infinite cluster is considered as a
superlattice of small clusters set on nodes which are connected by one-dimensional random paths
or links. The average distance between the nodes is the correlation or connectedness length, £,
while the length, L, aong the random one-dimensional path between nodes diverges at p. with
an exponent ¢ [72.74,77),i.e.,

L~(p-p)~* (1.51)

This model predicts that the thermal behaviour of the percolating lattice for T > 0 should be
that of a coUection of one-dimensional chains if L > &(T") or that of atrue d-dimensional system
if L < &(T),where &(T) is the linear chain thermal correlation length. The node-link model
aso makes specific predictions about the scaling relations between different exponents [72,74,77],
i.e,

¢ =C=vp/vr, 6, =2((-v,) ad gp={d- 2+ (1.52)

The Skal-Shklovskii-de Gennes model describes the system properly only in dimensions d > 3
whereas for d < 3, it yields results that are inconsistent with experimental findings.

(b) Node-link-blob picture :

The node-link-blob picture for the percolating cluster due to Stanley and Coniglio [78] is an
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Fig. 14 Modds for the structure of percolating cluster a threshold: (a) node-link mode, (b)
node-link-blob mode and (c) sHf-smilar fracta modd.
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improvised version of the node-link picture. In this model, two types of bonds in the backbone
of the incipient infinite cluster are distinguished : the links or si igle bonds, aso known as
the cutting bonds such that if the link is cut, the cluster breaks into parts, and the multiply
connected bonds, which lump together in 'blobs'. The infinite cluster a and above p, is made
up of nodes connected by links and blobs. The blobs are assumed to have self-smilar structure.
Based on the hierarchica node-link-blob picture (Fig. ].4(b)) for the infinite cluster, Golden
[79 predicts that the conductivity exponent o, should obey the inequality, known as the Golden
inequality, o, < 2 for d — 3. This prediction is consistent with the simulation results.

(¢) Sdlf-similar fractal structure :

The word fractal was introduced by Mandelbrot [80] to describe objects with fractal dimen-
son d smdler than the euclidean dimensionality of the underlying lattice [80]. Roughly speaking,
if the mass or sze ‘s’ of a system varies as (length)?, then d is cdled the fractal dimensionality.
The infinite cluster is assumed to have a sdf-amilar fractal structure (Fig. 1.4(c)) and using
the scaling arguments, the fracta dimensionality d and the spectral or fracton dimensionality d
are expressed in terms of the percolation exponents [81] as

d=d-(8,/vy)
d=2(dvy - Bp)/ (0, ~ BE  2up) (1.536)

Within the framework of the sdf-similar fractal picture, Alexander and Orbach [81] conjectured
that for the infinite percolating cluster at threshold

3=4/3 (1.53¢)
independent of the euclidean dimensionality d.

In this and the preceeding sections, a brief resume of the theories existing in the literature
about the magnetic behaviour of amorphous ferromagnets was provided. In the next section, a
smilar survey of the theoretical models proposed so far to understand the transport properties
of amorphous metallic aloys is presented.

1.9. Electrical Resistivity in Amorphous Alloys

The behaviour of electrical resistivity of amorphous aloys in genera is quite different from
that of the corresponding crystalline systems. The salient features of the electrical resistivity



30

data taken on a large number of metallic glasses are [82-85]:

(@) The residual resistivities p, of amorphous aloys are considerably larger than those of their
crystalline counterparts but similar in magnitude to that of the corresponding liquids.

(b) The temperature coefficient of resistivity (TCR) is small and usualy positive for aloys with
po < 150 u©2 cm and negative for alloys with p, > 1508 cm. Such a relation between the
magnitude of p, and TCR has come to be known as the Mooij correlation [86].

(c) In a number of aloys, resistivity as function of temperature goes through a minimum at a
temperature Tmin and resistivity saturates at high temperatures at a value ~ 150 uf)cm.

The resistivity minimum in most of the 3d transition metal-metalloid alloys occurs at tem-
peratures as low as 20 K [82-85, 87,88], but in some transition metal based aloys containing Cr,
Mn, Mo, V. W etc., the resistivity minimum is found to occur at temperatures T ~ 250 K [82-
85,89]. The origin of resistivity minimum is not yet clearly understood. A number of theoretical
models have been proposed to explain the resistivity minimum and other characteristic features
of resistivity behaviour in amorphous materials. None of these models on its own can describe
the variation of resistivity in the entire temperature range. Therefore, assuming the vadidity of
Mathiessen's rule, the contributions to total resistivity arising from different scattering mecha-
nisms are considered to be additive. A brief description of some relevant theoretical models is
given below.

1.9.1. Mott sd scattering model

This model, originally proposed by Mott [90] for transition metals and alloys, assumes that
the current is carried by nearly free s electrons which are scattered from fluctuations in the local
environment (arising from structural disorder) into the vacant states above the Fermi leve in the
d-band. The electrical resistivity is, thus, proportional to N(Er)the density of d states (DOS)
at the Fermi level. The temperature dependence of resistivity arises because of the shift in Er
with increasing temperature. The expression for resistivity given by this model is [84,85,90]

N'(Er)\* N“(Er)
s (Fe) - N(Ep)]}

where N'(Egp)and N"(Eg)are the first and second energy derivatives of DOS a E = EF,
respectively. For the nearly filled d - band, the TCR is negative. The energy derivates of N(E)
at Ef for amorphous metals are expected to be extremely small, hence the Mott model when
applied to amorphous materials gives a weak temperature dependence of resistivity [85].

2
pmou(T) = p(0) {1 - % (ksT)’
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1.9.2. Diffraction Model

This model, originally proposed by Ziman [91] for simple liquid metals, is based on the
following assumptions [84,85,91]. (&) The electronic transport properties can be described by
the Boltzmann transport equation, (b) the interaction between the conduction electrons and
ions can be described by a pseudo potential and (c) the conduction electrons are assumed to be
nearly free and the scattering potential is weak enough to be treated by first-order perturbation
theory. Evans et al. [92] extended the Ziman theory to include liquid transition metals by using
the muffin-tin potential and arrived at the following expression for resistivity [82,84,85,92,93]

33

- ”—j%% sin?[ny( Er)] Sr(2kr) (1554)
where kr and £ are the Fermi wavevector and Fermi energy, respectively, ft is the volume,
n2( EF) is the d partial-wave phase shift describing the scattering of the conduction electrons by
the ion-cores which carry a muffin-tin potential centered around each ion position and S7(2kr)s
the structure factor. The temperature dependence of p comes from the temperature dependence
of ST(2kr). Within the framework of the diffraction model, there are several ways [93] of
calculating the St(k)however, the one using a Debye spectrum due to Nagel [93] yields the
expression

Sr(ky~ 1 + [S,(k) - 1) el=2Wk(T)) (1.55b)
where So(k)is the static structure factor and e~2"«{7) is the Debye-Waller factor, with Wy(T)

in the Debye approximation given by [87,94]

i , . T \? ren/T 24:
Wi(T) = Wi (0)+4 W «(0) (O_) '/ '_L (]56(1)
0

with
Wi(0) = 3h%?/8 M kgOp (1.566)

where M is the atomic mass and ©p is the Debye temperature. Substituting Eq.(1.56) in
Eq.(1.55), one obtains [87]

3073R°

AT) > B

sin?{ma( Ep)) S1(2kF) [1+ [So(2kp) - 1) 2 (D-WoOl)] (157)

where W(T) = Wai (T) and W(0) = W2 (0) are the vaues of Wi(T)and W, (0) a K = 2kx
respectively, i.e,

— o332 3
W(0) = 3h*%/2 M kgOp (1.58)
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The temperature coefficient of resistivity (TCR), a, ¢; n be calculated from Eq.(1.57) as [87]

18p {1-5, (2kp) ]nuu
C=S8T S7(2kF) aT
B — S7(2kF) ] sif X )"f'%'r 2dz ]
= [ S7(2kr) ()“ b =1 9] (1.59)

Eq.(1.59) clearly shows that 8w (T)/87> O for dl temperatures and hence o is negative if
St(2kp)> 1 and positive if S7(2kr) < 1. In other words, negative TCR is expected only when
2kg lies close to &,. the position of first peak in S(k),whereas a positive TCR is expected
when 2kr is far away from k,. In the low- and high-temperature asymptotic limits, Eq.(1.57)
dmplifies to

p(MT) ~ C+BT? for T <« 0p (1.60a)

~ C+BT fa T>~0p (1.60b)

where the constants C, B, C and B' are related to various parameters of Eq.(1.57). Thus,
according to the diffraction model, resistivity varies as T° a low temperatures and linearly at
high temperatures. In order to facilitate a direct comparision with experiments, Eq.(1.57) is
written in a different form [87] as

rTy= L) _ o 4y e AWIT-W(O)

ol Y4 pOpIT g da
= aj + azexp{ —-8W(0) (a) j:’ | (161&)
) ) =

with
= {I + [S,(2kF) — 1] e"2A¥(T)-W(O)] (1.616)
and
az = ay[So(2kF) - 1] (1.610)
where T, = 273.15 K is the ice temperature.

The diffraction model has been successfully used to describe the electrical resistivity be-
haviour of a large number of low resistivity (p, < 150p © cm) amorphous alloys. However, the
model does not provide an adequate description in the case of high resisitivity materials.



1.9.3. Kondo spin-flip model

The model was originally conceived by Kondo [95] to explain the resistivity minimum in
dilute crystalline aloys consisting of a non-magnetic host containing a fev ppm of magnetic
impurities. The scattering of conduction electrons of the host from the localized spin of loca
magnetic impurities gives rise to spin-dependent increase in the resistivity at low temperatures,
which in combination with the contribution to resistivity arising from the usual electron-phonon
scattering at high temperatures produces a minimum in the total resistivity of these alloys
[84,95]. Using the perturbation theory in the second Born-approximation, Kondo calculated the
spin-dependent part of resistivity with the result [84,95]

pr(T) = pum [+ J In(T/Tx)] (162)

where ¢ is the magnetic impurity concentration, J is the loca exchange and Ty is the Kondo
temperature defined as kg7n — D, the conduction band width. When J is negative, the
resistivity increases at low temperatures giving rise to negative TCR. The unphysical logarithmic
divergence in the original expression for px(7")Eq.(1.62), was later removed by introducing the
concept of spin compensation which asserts that effective loca moment decreases with decreasing
temperature and finally vanishes a8 T — 0 K. Taking this aspect into account, Hamann [96]
obtained a modified expression for the Kondo contribution to resistivity as

AP s oA K)
p T IAT/Tk) + S(S+ 1) 232 v

The above expression ensures that the resistivity saturates at afinite value at low temperatures.
Although the Kondo model is strictly applicable to dilute crystalline materials only, it has
been employed to explain the resistivity minimum in a number of amorphous aloys including
concentrated magnetic systems with reasonable success. However, certain inconsistencies have
surfaced while applying the Kondo model to concentrated amorphous systems [83-85].

1.9.4. Two-level-tunneling model

The observation of resistivity minimum in alarge number of amorphous alloys regardless of
whether they are magnetic or nonmagnetic has prompted some workers to propose scattering
machanisms which are inherent to the amorphous structure itself. One such model is the two-
level tunneling model [97] which is the structural analogue of the Kondo model. The amorphous
state is a high energy metastable state and there exist a number of local atomic configurations
which are energetically equivalent. Eventhough many of these are not favourable for tunneling,



there exist a significant number of atoms or group of atoms which can tunnel between the states
of equivalent energy. In the smplest form. they constitute the two-lev:l systems (TLS) [83-
85,97]. The model due to Cochrane et al. [97] considers a potential well with two minima of
equal energy and asserts that the electron scattering by such two-level states is analogous to the
Kondo scattering. This approach leads to the following expression for the contribution to total
resistivity arising from electron-TLS scattering [83-85.97)

pris(TF - In(kpT? + A?) (1.64)

where A is the energy difference between the two atomic tunneling states and c is a constant
whose magnitude depends only on the number of sites and the strength of the coulomb inter-
action. The tunneling model, thus predicts that the resistivity increases as the temperature is
lowered and finally saturates at low temperatures.

1.9.5. Coherent exchange scattering mode

Another model, which, like the Kondo model, is applicable to magnetic systems, is the so-
caled coherent exchange scattering model. This model was proposed by Asomoza et a. [98]
to describe the unusual resistivity behaviour of rare earth based amorphous aloys. This model
deals with a system in which magnetic ions of angular momenta J are coupled to the conduction
electron spin S by an exchange interaction of the form

Hee= -T LS. -Jré(r— R) (1.653)

Using this Hamiltonian, the magnetic contribution to resistivity is calculated within the frame-
work of nearly free-electron model of Ziman, i.e., the diffraction model for the transport proper-
ties of liquid metals and amorphous alloys. The exchange scattering contribution to resistivity.
obtained by taking into account the interference between the scattered waves from neighbouring
magnetic ions, is given by [84,98]

pces(T) = ¢ pm [1 4 cm(2kg)] (1.656)
with
P = [m2k}J(J +1)]/[4 ne*h’n] (1.65¢)

where n is the number of conduction electrons per atom, c is the magnetic concentration and
m(2kr)iS magnetic structure factor caculated at k = 2kr and defined as

m(2kp)~ T fc< 8« Sk > exp[—i(2kr) (E; - R)) (1.65d)

The first term in Eq.( 1.656), arising from independent scattering by magnetic ions, does not
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depend on the magnetic ordering of the system. The second term due to coherent exchange
scattering by the neighbouring ions is non-zero at low temperatures where the spins are corre-
lated and vanishes at high temperatures. The change in resistivity due to magnetic ordering is
either positive or negative depending on whether the interference between the scattered waves
is constructive, i.e., when m(2kr P 1 or destructive, i.e., when m(2kp)< 1.

196. Spin-disorder model

The spin-disorder model, applicable to ferromagnetic materials , deals with the scattering
of conduction electrons by spin-waves. The spin-disorder model for amorphous ferromagnets
developed by Richter et al. [99], considers a Heisenberg spin system in which spins are localized
a the sites of an amorphous network and conduction electrons get scattered from these localized
spins (moments) through the s—d exchange interaction. Using the nearly free-electron concept,
the magnetic part of resistivity in the spin-wave approximation is given by [87,99]

T = Qo 8. 3 kT \¥* 1 [#? (k;ﬂ‘)z .
psp(T) = psp(0) {1 t Gnyest (3)63) (U::w) * Tozin) 35 \Dow) " F(T)
1.6

with

psp(0) = (20./3 h3) [(Q/Nee) m S5 Jya)* Js(2kF) (1.666)

where N, is the number of electrons, fi; and © are the atomic and sample volumes, respectively,
S is the spin of locad atomic magnetic moment, Dsw is the spin wave stiffness coefficient, T
and £ are the gamma and Riemann zeta functions, respectively, J,q is the exchange coupling
constant and Js(2kp)= [Z*F k3Sn(k)dk: Snm(k)is the static magnetic structure factor. The
T3/% term in Eq.( 1.664) is the net result of a partial cancellation of two competing 73/2 terms; one
arising from incoherent (momentum non-conserving) electron-magnon scattering and increasing
with increasing temperature, and the other originating from the elastic scattering of conduction
electrons from randomly oriented temperature-dependent loca moments and decreasing with
increasing temperature, whereas the T? term in Eq.(1.66a) is the coherent electron-magnon
scattering term. The function F(T), arising because of structural disorder, constitutes only a
minute correction to the T? term indicating thereby that the coherent electron-magnon scattering
is not significantly altered by the presence of quenched disorder. psp(0) and the T3/2 term
both go to zero for crystalline ferromagnets but possess finite values in the case of amorphous
ferromagnets. In addition, the coefficient of the 73/2 term in amorphous magnets is expected to
be roughly two orders of magnitude [99] larger than that of T? term. Thus, the spin-disorder
model predicts that at low temperatures, psp(T should vary as T3/2 in amorphous ferromagnets
in contrast with the T2 variation in crystalline systems [87,99].



1.9.7. Quantum corrections to the resistivity

In highly disordered systems, the motion of electrons at low temperatures is diffusive rather
than ballistic [85] and this realization has prompted many workers [100-103] to propose quan-
tum corrections to the normal Boltzmann conductivity arising from enhanced electron-electron
interaction (EEI) effects and Quantum interference (QI) or wesk localization (WL) effects. The
conduction electrons in disordered systems with high values of resistivity undergo more frequent
collisions than in crystalline systems. Such an increased scattering reduces the effective electronic
screening and hence enhances the electron-electron interactions. The enhanced electron-electron
interaction gives rise to an additional contribution to conductivity, which can be expressed as
[101]

2\ 1204 f4 3. (kgT\'/?
Aogel(T) = [o(T) - o(0)leEs = ( f ) 7 (i - —Fv) (L) (167a)

4 r2h
with
- y . ] 3 3/2 9
E, = (32/3F) {(1 +1 f) =2 F- 1] (1.676)

where F is the average static screened coulomb interaction potential over the Fermi surface
and D is the diffuson constant. Eq.(1.67a) rewritten in the following form represents the EEI
contribution to resistivity

peel(T) _ (1.294) (51 _3; )(m‘)'“
e A 1 - peEn(0) 72 373 F, WD (1.68)

The contribution to total resistivity due to the electron-electron interaction is thus proportional

to V7.

In addition, the electrons in disordered systems undergo multiple scattering and the electron
mean free path is of the order of the interatomic spacing. At low temperatures, these collisons
are elastic, and hence the electron wave functions retain their phase over large distances. There-
fore, there exists a finite probability for two partial waves of the electron, originating from a
point (origin) and propagating in opposite directions on a given path, to return to the origin in
phase and interfere constructively. In other words, the multiple elastic scattering leads to a phase
coherence between partial waves scattered from nearby ions and hence enhances the probability
for an electron to return to its origin. The electron localization gives rise to high resistivity in
disordered materials. If the disorder is strong enough, the electrons get completely localized
leading to a transition+-from metallic to the insulating state. However, if the disorder is not suf-
ficiently strong, the above-mentioned weak localization or quantum interference effects become
important. As the temperature is increased from absolute zero, the inelastic electron-phonon
scattering tends to destroy the phase coherence and thereby leads to an increase in conductivity.
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In addition, a number of other scattering processes such as inelastic electron-magnon scatter
ine, external magnetic fidd and Zeeman splitting of spin sub-bands can also destrc; the phase
coherence and delocalize electrons. The final expression for the contribution to total resistivity
arising from week localization in the presence of spin-orbit and inelastic scattering and including
the splitting of spin sub-bands, is given by [102-104]

2\ /ey
pwi(T) = pwi(0) {1 - pwr(0) (2—;‘,—&) (#) (Ii\/E - \/E)] (1.69a)

with
B2 — Ble + %Bso + st (1696)
Bd) = B+ 28, (169C)

where B; = (ch/4D 7;);] = te, 50, s, ¢ and 74, 7i. s, aNd 7, are the phase coherence, inelastic
scattering, spin-orbit scattering and spin scattering times, respectively. If B,, < B « By.
Eq.(1.69) reduces to

2
pwr(T) = pw(0) [I - pwL(0) ( )(n r,,r'”] (1.70)

e
272h

In the case of inelastic electron-phonon interaction, the relaxation time 7., varies as r=! a 77
(where p ranges between 2 and 4) for T < ©p and 7} T for T > @p. Thus, the variation of
resistivity due to week localization effects is of the form

pwL(TXx —TP? fo T< ©p (1.718)
pwr(T)YOC —VT for T >0p (1.716)

The temperature dependences of pwr(T)and PEEI(T) due to wesk localization and electron-
electron interaction effects predicted by Egs.(1.71) and (1.68), respectively, have been found in
a number of metallic glasses [85,105].

1.10. Aim and Scope of the Thesis

Amorphous (a-) Fego4+yZr10-y and Fego-.CosZredloys have attracted considerable at-
tention during recent years because they exhibit widely different but interesting physical phenom-
ena [106]. The novel physical phenomena that these aloys exhibit are: wesk itinerant-electron
ferromagnetism [106], invar effect [107], broad distribution of magnetic hyperfine fields with fi-
nite probability even at zero fields [108-112] and electrical resistivity minima at temperatures
close to T{113]. Moreover, the aloys withy = 0, 1 and 0 < x < 4 present an additional feature
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[106,111,114-118] in that a transition to a spin-glass (SG)-like state, known as reentrant (RE)
state, occurs at a temperatur: Trp.which lies wel below the paramagnetic (PM) to ferromag-
netic (FM) phase transition (Curie) temperature, T¢. The PM-FM, PM-SG and FM-RE phase
transition lines for a - Fego+yZTi03alloys meet at 93 at.% Fe. The nature of the reentrant
state and the transition to such a state remained controversial (due to the conflicting results
reported in the literature) until recently when the direct observation of magnetic domains even
in the RE state by Lorentz electron microscopy [119] and Kerr-effect method [120] as wel as
the neutron depolarization measurements [121] coupled with magnetic and Mossbauer results
[118] unambiguously demonstrated that the reentrant state is a mixed state in which cluster
spin-glass order coexists with long-range ferromagnetic order and that the transition to such a
state is not a true thermodynamic phase transition.

Failure to detect any propagating features in the inelastic neutron scattering experiments
[122] on a—Feg; Zroat any temperature T < Tc within the momentum transfer range 0.05 A~ '<
g < 0.12 A~Thas been interpreted as a total absence of spin waves in a - FegotyZr10-y AlOys.
However, detailed analysis of spontaneous magnetization data [123] on a — Fego4y Z710-,dl0ys
revealed that spin wave excitations are mainly responsible for thermal demagnetization at low
temperatures, while single-particle excitations plus local spin-density fluctuations (LSF) and LSF
dominantly contribute to the decrease of magnetization in the intermediate temperature range
and for temperatures close to T¢,respectively. A similar type of conflicting reports have aso
been made for a - Fegp—-CozZrgloys. While early BM study [106] on the a- CogyZralloy
(which does not exhibit reentrant behaviour at low temperatures and behaves like a conventional
ferromagnet down to the lowest temperature [106]) provides strong evidence for weak-itinerant
ferromagnetism in this aloy, the recent low-temperature specific heat measurements [124] on
a— Fegg-,Co,Zr 10 dloys indicate that the Co-rich aloys, including a — CogoZr,9,behave like
strong-itinerant ferromagnets. These contradictions have been the main motivating factors for a
detailed study of the low-lying magnetic excitations in @ — Fegpty Z710-,@and a—Fegy_-Co,Zr3
aloys.

In addition, the FM-PM phase transition in the above mentioned amorphous aloy series
has given rise to much controversy [116,125] in the recent years because the early BM data
[126,127] taken in the critical region yielded values for the spontaneous magnetization and 'zero-
field' susceptibility critical exponents 8 and 7 that are 14 times larger than those theoretically
predicted for an isotropic 3D Heisenberg ferromagnet. These unphysically large exponent values
have been taken to reflect large fluctuations in the exchange interactions and a transition to the
spin glass state directly at T¢. Subsequent analysis of new high-precision BM data [125,128]
on a — FeggZro and reanalysis of earlier BM data {125] on a - Feg1Zrgand a - Fegy,Zrg
aloys as wdl as the ac susceptibility results [125,129] revealed that the values of the critical
exponents 3, 7 and 6 (exponent for the critical isotherm) are close to the theoretically predicted
estimates for 3D Heisenberg ferromagnets. This raises serious doubts about the genuineness of
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the unphysically large exponent values reported [127] for a - Fego-,CorZriglloys. Moreover,
the expenent values reported earlier in the literature are only the effective exponents and n * the
true asymptotic values that the theory predicts. This necessitated a detailed study of thermal
critical behaviour in a - FegopyZ710-y and a — Fego_CorZrglloys.

The thermal critical behaviour associated with the FM-PM phase transition at Tc had been
extensively studied experimentally in a number of amorphous as wel as crystalline systems. By
comparison, a similar study of percolation behaviour near the critical concentration or perco-
lation threshold, p. (at which PM-FM, PM-SG and FM-RE phase transition lines meet) has
received little or even no attention for various reasons. While dilute magnets with quenched
disorder have long been regarded as model systems [73] to study percolation critical behaviour,
the sole attempt [130] to experimentally determine the percolation exponents for such system-
s reported in the literature is plagued with thermal-to-percolation crossover effects. All the
theoretical models, proposed so far to describe percolation phenomena, treat site- or bond-
percolation on a regular crystalline lattice and assume [70-75] the validity of the famous Har-
ris criterion even in the strong disorder limit to describe the percolation critical behaviour of
quenched random site- or bond-diluted ferromagnets. Furthermore, the nature of magnetism
in a - (FeyNiy_p)so(B,Si)apd a - (FepNii_p)soPraBaloys is not clearly understood as
conflicting results with regard to strong or weak itinerant ferromagnetism in these alloys exist in
the literature (as was the case for the a — Fegp.,Co Zralloys to0). In order to test the valid
ity of the predictions of existing percolation theories and to resolve the controversy surrounding
the nature of magnetism in these alloys, a detailed study of low-lying magnetic excitations and
percolation critical behaviour in them was undertaken. The main reasons for the choice of these
dloy systems for the intended type of study are : (i) unlike amorphous Fe — ZT alloys, these
aloys exhibit the critical concentration p. on the Fe-poor side, (i) Ni atoms in them cary-
negligibly small moment [131] and hence act as magnetic dilutents (i.e., essentially quenched
random site-dilution occurs when Fe is progressively replaced by Ni),(zizthe thermal corre-
lation length in (Ni — Fe)-metalloid aloys diverges at T¢ even for compositions close to p,
[132], (iv) the thermal critical behaviour for concentrations close to p. in these aloy systems has
already been exhaustively studied [57,59,133], and (v) inelastic neutron scattering experiments
have revealed that well-defined spin wave excitations [134] exist for p > p. in such systems.

The electrical resistivity [113,135-137] in a - Fego4yZ7r10-y and a - Fego_-CorZraljoy
systems as a funtion of temperature goes through a minimum at temperatures Tmin~ T¢c =
250 K compared to that (Tmin- 12 K) in amorphous 3d transition metal-metalloid alloys. A
large temperature range bdow Tnin in these aloys, therefore, facilitates a detailed study of
the effect of enhanced electron-electron interaction, wesk localization or quantum interference
and magnetic excitations such as magnons, single particle excitations and local spin-density
fluctuations (LSF) on the temperature dependence of electrical resistivity. Moreover, such an
investigation enables us to ascertain whether a ‘one-to-one' correspondence exists between the
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results of BM and electrical resistivity measurements so far as the magnetic excitations in these

aloys is concerned.

Keeping the above remarks in mind, the main objectives of this thesis are:

(i) To make an in-depth study of low-lying magnetic excitations in a - FegoyyZri0-g -
Fego-zC0:Z1108 - (FepNij_p)so(B.St)and a - (FeyNii_p)soPraBiloys.

(i) To investigate the thermal critical behaviour of a— Fegg4y Z710-y anda— Fego_C0-ZT10
aloys in detail.

(iii) To test the validity of the predictions based on the percolation theories and to determine
percolation exponents for three-dimensional quenched random site-diluted ferromagnets.

(iv) To identify the various scattering mechanisms responsible for resistivity minima in a -
Fego4yZrio-yand a - Fego-,CorZryodloys and to determine their relative magnitudes.

In order to achieve the above mentioned objectives, experimental probes such as bulk mag-
netization, ferromagnetic resonance and electrical resisitivity were chosen. Apart from the in-
troduction chapter, the thesis contains four chapters. The second chapter deas with the exper-
imental details whereas the remaining three chapters describe the present results and discuss
them under the headings Low-lying magnetic excitations, Thermal and Percolation critical be-
haviour, and electrical resistivity. Each of these three chapters is self-contained in the sense
that following a thorough discussion of the relevant experimental results, the conclusions are
summarized and the references cited are listed at end of each chapter.
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CHAPTER 2
EXPERIMENTAL DETAILS

2.1. Sample Preparation and Characterization

Amorphous (a-) FegoyyZrio-y(y = 0, 1), Fego-rCo;Zme (x = 0, 1, 2, 4, 6, 8, and
10), (FepNt1_pleoB19Si; (0.0625 < p < 0.20), (FepNij_p)a0B20.25 < p < 10) and
(FepNiy-p)soP14B.1125 < p < 10) aloys were prepared under inert (high purity Argon)
atmosphere by single-roller melt-quenching technique in the form of long ribbons of ~ 1- 2 mm
width and 30 - 40 pm thickness. The amorphicity of these samples was verified by Mo Ka
x-ray diffraction and high-resolution electron microscopy techniques. A detailed compositional
analysis, carried out using JEOL JCS four crystal (wave length dispersive) spectrometer, revealed
no deviation from the nomina Fe [or (Fe, N1)] concentration over a 10 cm long ribbon of a given
aloy within the resolution (0.1 at.%) of the spectrometer. All the samples (compositions) in
the aloy series Fego-zCorZr10,{FepNir_p)so(ESi)zoand (FepNiy_p)soPraB(FegoryZrio-y)
were prepared and characterized at the Institute for Experimental Physics VI, Ruhr University,
Bochum (Institute of Physics, Max-Planck Institute for Metal Research, Stuttgart), Germany.

2.2. Bulk Magnetization Measurements

Bulk magnetization measurements were performed using Vibrating Sample Magnetometer
in the temperature range 70A" to 450A" in external magnetic fidds up to 15 kOe. However, due
to the lack of low temperature fecilities at the home institution, magnetization measurements
at lower temperatures were carried out elsewhere on experimental set-ups such as the SQUID
magnetometer and Faraday Balance. The relevant details concerning the principle and operation
of these set-ups are given below.

2.2.1. Vibrating Sample Magnetometer

Principle :

The Vibrating Sample Magnetometer (VSM) was first developed by Simon Foner [1] and
independently by Van Qosterhout [2]. The underlying principle [1-4] of VSM is that a magnetic
dipole placed in an external static magnetic field and undergoing sinusoidal oscillation induces



49

an electrical signal in suitably located pickup roils. The induced signal, which is at the frequen
cy of dipole oscillation, is proportioral .o the magnetic moment, amplitude and frequency of
oscillation. If the amplitude and frequency of oscillation are kept constant, the induced signal
is proportional to the magnetic moment alone.

Experimental Set-up :

The block diagram of EG & G Princeton Applied Research VSM Model 4500 system used in
the present work is shown in Fig. 2.1. The VSM system consists of a microprocessor based VSM
controller unit, temperature controller, electromagnet capable of producing magnetic fields up
to £ 20 kOe and a bipolar dc power supply (maximum current + 65 A dc, &, 130 V). The ar
drive signal from VSM controller drives the transducer located above the magnet, which, in turn,
transmits vibrations to the sample through the sample holder assembly. That the amplitude and
frequency of vibration remain constant is ensured by means of a feedback mechanism involving
a vibrating capacitor arrangement. The vibrating capacitor located just beneath the transducer
generates an ac signal that depends solely on the amplitude and frequency of vibration and is
fed back to the VSM controller where it is compared with the drive signal so as to maintain
constant drive output. This ac control signal is also phase-adjusted and routed to the signal
demodulator in which it serves as reference drive signal. Thus, the feedback mechanism ensures
that both the amplitude and frequency of vibration remain constant. The output signa due to
the magnetic moment of the specimen induced in the pickup coils (located at the center of the
pole pieces) is detected by means of lock-in phase detector housed in the VSM controller. The
hall probe placed between the pole pieces of the electromagnet forms a part of the Gaussmeter
which measures the external magnetic field strength at the sample site. The VSM controller,
which has a provision to control the bipolar dc power supply, can either sweep the field at any
constant rate or maintain it stable at any given vaue.

A variation in sample temperature in the ranges from 70 K to 300 K and 300 K < T < 1100
K is achieved by using a liquid nitrogen (N2)cryostat and a high-temperature oven assembly,
respectively.

Liguid Nitrogen Cryostat :

The cross-sectional view of the commercia liquid (L) N2 cryostat (Model 153N, Janis Re-
search, USA) is shown in Fig. 2.2(a). It consists of a vacuum insulated sample chamber in
which the sample holder assembly vibrates. The sample is cooled by cold N, gas (obtained by
boiling LN, with the help of a heater located in the reservoir) that enters the sample chamber
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through a small connecting tube. Another heater located at the bottom of the sample tube
through which cold N, gas enters the sample zone is used 'o control the sample temperature. A
platinum sensor (PT 103) mounted on this heater serves as a control sensor. Since this sensor
is located some distance away from the sample, the sample temperature could be considerably
different from that indicated by the controlling sensor.

Sample holder assembly :

In order to monitor the sample temperature accurately, a sample holder shown in Fig. 2.2(6),
whose design ensures that the platinum sensor is in very good thermal contact with the sample,
has been fabricated. The sample holder designed for use at low temperatures consists of a brass
tube, 75 cm in length, connected to a hylam tube of 15 cm length (4 mm outer and 2 mm inner
diameter) which, in turn, is joined to a perspex adopter. This adopter houses a precalibrated
platinum (PT 103) sensor whose tip is in body contact with the sample when the perspex sample
cup containing the sample is screwed on to this adopter. Small holes have been drilled at the
bottom of the cup as wdl as on its sides at different locations close to the sample site so that
the sample is in direct thermal contact with the cold N, vapour. A proportional and integral
(Pl) temperature controller (Model 805, Lake Shore Cryogenics, USA) facilitates temperature
control over the range 70 K < T < 300 K. Sample temperature is monitored by sending an
excitation current of 1 mA through the precalibrated platinum sensor and the sensor voltage is
measured with the help of the Keithley 191 digital voltmeter.

High-temperature Oven and sample-holder assembly :

Temperatures above 300 K are obtained with the help of a high-temperature oven assembly
(Model 151H, EG&G PARC, USA). Temperature of the heater, located inside the oven, is
measured by means of a Chromel-Alumel thermocouple and controlled by the temperature-
controller card of the VSM controller. The sample temperature is accurately measured by
a precalibrated Copper-Constantan thermocouple which finds itself in the high-temperature
sample holder assembly. The sample holder consists of a brass tube, a quartz rod extension and
a boron nitride adapter. The sample is placed in a boron nitride sample cup, which is screwed
on to the boron nitride adapter. The hot junction of the Copper-Constantan thermocouple is
inserted into the sample cup through a small hole drilled at the bottom of the sample cup so that
it is in physical contact with the sample. The thermo-emf developed between the hot and cold
(kept fixed at the ice point) thermocouple junctions and measured with the help of a Keithley
191 digital voltmeter (DVM), then determines the sample temperature.



2.2.2. Measurements using Vibrating Sample Magnetometer

Severa strips of amorphous dloy ribbons, dl of 2.5 mm length and 12 mm width, were
stacked one above the other after a thin layer of Apeizon N grease was applied in between them
to ensure a good thermal contact between the ribbon strips. The sample in the form of a stacked
bundle was placed in the sample holder assembly and rotated such that the fidd lies within the
ribbon plane and is directed along the length of the ribbons This arrangement minimizes the
demagnetizing effects.

Determination of demagnetization factor :

In order to determine the demagnetization factor, magnetization as a function of fidd in the
range -100 Oe to +100 Oe has been measured at a temperature (T ~ 90 K) wdl beow the
Curie temperature (Tc) for al aloy compositions under investigation. In the demagnetization-
limited region, i.e, in the low fidd region where the external magnetic fidd (H) is completely
balanced by the demagnetizing fidd (= 4xN M }he internal field, H,, given by the expression
H; = H—4xAM, goes to zero so that M = (1/4xN)HThus, a low fidds the M vs. H curve
is linear (Fig. 2.3) and inverse slope of this straight line yields the demagnetization factor N.

Determination of Curie temperature using the kink-point method :

In order to arrive at a reasonably accurate estimate of the Curie temperature Tc, magne-
tization (M) as a function of temperature (T) at a constant but low vaue of the applied fidd
(typically H ~ 10 Oe) has been measured for a—Fego4yZr10) — 0,1)and a—Fegy_.CoyZ70
(x—0, 1 2 4 and 6) aloys. Such aplot of M vs T a& H — 10 Oe for a- Fegy Zrgshown in
Fig. 2.4, is representative of al the aloys in question. It is noticed from this figure that mag-
netization remains nearly constant for temperature below Tc and decreases abruptly beyond a
certain temperature corresponding to the kink. The plateau in the M vs T curve for T < Tc
is the manifestation of the exact cancellation of the external fiedd by the demagnetizing field,
as already mentioned above, since in this case M — H /4w N. The temperature corresponding to
the intersection of the tangents drawn to the M(T)curve on either side of the kink determines
the T¢ to an accuracy of +1 K.
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Fig. 2.4 Low-fidd magnetization as a function of temperature; kink-point measurement.
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M vs. H isotherms :

M vs. H isotherms in fields up to 15 kOe were measured on a - Fego1yZTi0-y (¥ = 0, 1)
and a - Fego.:Co,Zr{x=0,1,2,4& 6) dloysat 1 K (2K for x = 2,4 & 6) intervals outside
the critical region and at 0.2 K intervals in the critical region (~ Tc £ 15 K). The temperature
interval a which the isotherms were recorded was gradually increased to 5 K for temperatures
wel above T¢. The isotherms were obtained by measuring M (T, H at 55 predetermined fixed
field values (stable to within +1 Oe) in therange O < H < 15 kOe. The relative accuracy in the
measurement of the magnetic moment was 5 x 10~5 emu and the temperature stability was better
than + 25 mK (+ 40 rmK) for T < 300 K (T > 300 K). The magnetization measurements were
extended to temperatures beyond 300 K only for the alloys with x = 4 and 6 since their Curie
temperatures exceed the room temperature. Now that for the dloy with x = 6, Tc possesses as
high a value as 375 K and its crystallization temperature (as for other compositions in the dloy
series in question) being ~ 750 K, before proceeding with the type of measurements mentioned
above, the sample of this adloy was annealed at 450 K for different durations of time till no
shift in T¢c was observed in the 'kink-point' measurement. This procedure ensured that the
specious effects due to structural relaxation did not contaminate the magnetization data taken
in the critical region. The M vs. H isotherms were measured by controlling the VSV controller
remotely by a personal computer through GPIB |EEE 488 interface.

2.2.3. SQUID Magnetometer

Principle :

Superconducting quantum interference device (SQUID) is used to determine the magnetic
moment of a material in a SQUID magnetometer. The SQUID response signa is a periodic
function of the magnetic flux. The period of this function equals the flux quantum. The
magnetic moment due to the specimen is measured by monitoring the change in flux through
the pickup coil as the specimen is moved through the pickup coil. The controlling electronics
sends a dc current through another coil in the feed back loop to offsat the change in field at
SQUID and the voltage output is directly proportional to the fead back current. Therefore, the
change in field at the main pick-up cail is read as an output voltage from the SQUID controlling
electronics, i.e., AVsouipx A%, where ® is the magnetic flux through the pick-up coil. The
pick-up coil is wound in a second order gradiometer configuration (Fig. 2.5(a)) so as to measure
only 8?H/dz%nd higher gradients. This configuration rejects any response due to change in
uniform field or change in its first order derivative. A typical SQUID voltage response as the
specimen is moved through the SQUID cails, is shown in Fig. 2.5(b). The magnetic moment
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of the specimen is then obtained from this SQUID response curve with the help of various
algorith .s. The SQUID magnetometer used in the present work is a completely autor ated,
computer controlled and software driven system of Model MPMS7 from Quantum Design.

Measurements with SQUID :

Bulk magnetization as a function of temperature at a constant external magnetic fiedd of
H = 10 kOe was measured for a - FegoyyZrio-fy = 0, 1) and a - Fego--Co-Z7(§ -
0,1, 2 4,6, 8 & 10) dloys a& 1 K intervals in the temperature range 5 K < T < 350 K
using the SQUID magnetometer. Furthermore, M vs. H isotherm at 5 K in magnetic fieds
up to 70 kOe (7 Tesla) was measured for al the above-mentioned compositions. Although the
SQUID magnetometer has a very high sensitivity in that magnetic moment can be measured
to a relative accuracy of 108 emu, the sample temperature was not as accurate as in the case
of VSM since the measuring sensors (platinum and carbon-glass), unlike in the VSM sample
holder, are located a few centimeters away from the sample. These measurements on SQUID
Magnetometer (Model: MPMS7, Quantum Design) were performed at the Max-Planck
Institut fur Metallforschung, Stuttgart, GERMANY.

2.2.4. Faraday Balance

Principle :

In this method. a constant fidd gradient is produced by suitably graded pole pieces of
an electromagnet in the vertical (say z) direction while the base (static) fiedd is along the
x-direction. The field gradient along the vertical direction can also be generated by a pair
of suitably designed coils knows as Lewis coils, which are mounted on the pole pieces of the
electromagnet. A magnetic specimen suspended freely from an electronic balance in such a field
gradient experiences a force proportional to the magnetization (M) of the specimen according
to the expression [34]

F, = VM(8H/8z)= VxH(8H[9z)
where x is the susceptibility, V is the volume and dH/dz is the field gradient along z-direction.

By precisely measuring the changes in the weight of the specimen due to this force, its magnetic
moment can be accurately determined provided the values of H and (dH/dz) are already known.



Measuremeniswith Faraday balance

Magnetic measurements at a constant magnetic field of H = 9 kOe in the temperature
range from 4.2 K to 300 K were performed on a - (Fe,Ni;_p)g0B1488625 < p < 0.25), a -
(FepNii_p)soB{0.25 < p < 1.0),a-(FepNiy_p)so@B425 < p < 10) and a - CogoZryo
aloys using Faraday method with arelative accuracy of 10 ppm. The sample temperature was
varied at atypical rate of ~ 0.5 K/min during the cooling or heating cycle. In addition, the M
vs. H isotherms in the field range 0 < H < 15 kOe were measured at 5 K intervals from 4.2 K
to 300 K by means of PAR model 155 vibrating sample magnetometer. All the above-mentioned
measurements were carried out at the Ruhr Universitat, Bochum, GERMANY.

2.3. Ferromagnetic Resonance technique

Principle

The phenomenon of ferromagnetic resonance (FMR), first discovered by Griffiths [5], is the
resonant microwave absorption in a system of strongly interacting spins. An electron spin, which
acts like a magnetic dipole, when placed in a uniform static magnetic field H, processes around
the direction of the magnetic field. The frequency of precession, known as the Larmor frequency,
is related to // by

wp=7H (2.1)

where v = gup/his the gyromagnetic ratio of the electron. Resonant absorption of energy can
occur when the precessing electron spin is exposed to an external electromagnetic radiation field
of frequency w— wy, applied perpendicular to H and the resonance condition is given by

hw=gup H (2.2)

This is the well-known electron spin resonance (ESR) phenomenon which occurs in materials
with unpaired non-interacting electron spins. By contrast, in ferromagnetic materials, exchange
interaction couples spins, and the resultant magnetization vector, instead of the individual spins,
precesses around the direction of the applied field H. The resonance condition for this case is
obtained from Eq.(2.2) by replacing H with an effective field, Hesysthat includes the demagne-
tizing and other anisotropic fields present in the ferromagnetic material under study.
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ESR Spectrometer - principle and working :

A JEOL FE-3X commercial ESR spectrometer operating in the X-band has been used in
the present work. Fig. 2.6 shows the block diagram of the experimental set-up. The sample
is placed in a cavity resonator, which is located between the pole pieces of an electromagnet.
The steady uniform magnetic field, produced by the electromagnet, is swept at a constant rate
and is modulated at a frequency of 100 kHz. The sample is exposed to not only the steady
fidd but also the transverse microwave fidd of constant frequency. At resonance, the sample
absorbs a part of the microwave energy and thus changes the Q-value of the cavity resonator.
The microwaves originating from the klystron oscillator are split into two parts with the help of
a directional coupler, one part is fed into a phase shifter and the other to the cavity resonator
through a circulator. The phase adjusted reference wave and the reflected wave from the cavity
are then mixed and detected by the detector. The reference wave in off-resonant condition is
adjusted to give a reflection equal in amplitude, but opposite in phase, to the reflection from
the sample and cavity, thus sending zero power to the detector. When the resonance occurs, the
balance signal is detected.

The sample temperature was varied with the aid of a variable temperature accessory. The
sample was cooled by cold nitrogen (N;) gas, obtained by boiling liquid nitrogen, circulated
through the cavity. A proportional, integral and differential (PID) temperature controller adjusts
the power to the heater immersed in liquid N, container to regulate the N, gasflow and thereby
controls the temperature to within £0.5 K at a point just outside the cavity. The temperature
at this point was monitored by a precalibrated Copper-Constantan thermocouple which serves
as the controlling sensor. The temperature stability at the sample site was better than +50 mK
and the sample temperature was monitored continuously with the help of another calibrated
Copper-Cons.antan thermocouple in direct contact with the sample. Temperatures exceeding
300 K were obtained by sending hot air through the cavity by means of an air compressor. The
temperature of the air is controlled by the PID temperature controller.

Measurements with ESR spectrometer :

In the present work, FMR spectra at a fixed microwave field frequency of 9.3 GHz were
recorded on a - Fegg_;Co-Zryx = 0, 1, 2, 4, 6, & 8) alloys at constant temperatures of 0.5
K apart in the critical region (T¢+ 20 K). Since the amorphous aloys are extremely stress-
sensitive, an elaborate sample mounting technique [6], that gets rid of stress-induced specious
effects, was used for such measurements. The sample holder consists of a quartz rod, half cut
at one end. The sample strip of dimensions 2 x 3 mm cut from along ribbon was placed on the
half-cut portion of the quartz rod and sandwiched by another matching half-cut quartz piece.
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Two paper spacers of thickness just greater than the sample thickness were inserted between
half-cut portions so as to position the sample in the middle and to ensure that there is no
external stress on the sample. The quartz rod was inserted into a quartz tube which was then
inserted into the cavity. Two different sample configurations were used in the present work -
(i) horizontal-parallel (]j*),in which the external fidd H lies within the ribbon plane and is
directed aong the length, (ii) vertical-parallel (]|*), in which H lies within the ribbon plane
but is directed along the breadth. The accuracy of the FMR data depends on two factors: the
resolution in the external fidd measurements and the temperature stability. The fidd resolution
(SH) depends on the sweep width used; for instance, SH = £ 25 Oe (= + 125 Oe) for 1000
Oe (2500 Oe) sweep width. The present measurements were carried out mostly with 1000 Oe
sweep width. Different FMR runs on the same sample have revedled that the resonance field,
H..s,(defined as thefield at which dP/dH— 0 line cuts the power absorption derivative curve)
and the 'peak-to-peak’ linewidth, AH,,, are reproduced to within +1% and +10%, respectively.

2.4. FMR data analysis and lineshape calculations

The power absorption derivative (PAD), i.e, dP/dHvs. H, curves recorded in the ||
configuration at a few selected temperatures in the critical region for a — FeggZro dloy are
depicted in Fig. 2.7 (continuous lines). These curves are also representative of those recorded
for a — FegoZr10 in the || configuration and for other aloys in both [[* and {|* geometries.
An examination of Fig. 2.7 reveals that as the temperature is increased through T¢,the peak
in dP/dHvs. H curves at a lower field value ~ 800 Oe develops into a full-fledged resonance
(secondary resonance) for T ~ Tc + 10 K whereas the main (primary) resonance shifts to
higher fields and broadens out. A detailed FMR study [7,8] caried out on the glassy dloys
in question over a temperature range 77 K < T < 500 K reveals that the secondary resonance
(whose signature is first noticed at a temperature close to or above T¢ in the most sensitive
setting of the spectrometer) exhibits a "cluster-spin-glass-like" behaviour whereas the primary
resonance possesses features characteristic of ferromagnets with (x < 4) [9,10] or without [10]
(x > 4) reentrant behaviour at low temperatures. Since the present work concerns itself with
the critical behaviour near the ferromagnetic (FM)-paramagnetic (PM) phase transition in a —
Fego_xCo,Zr@loys and the FMR data recorded in [|* and ||’ configurations yield exactly
the same results as far as the critical behaviour is concerned, hereafter we will be dealing with
primary resonance recorded in the ||* configuration only. Since the resonance field, H,.,, in the
critical region is nearly fourtimes AHp,, the observed vaue of H,., could significantly differ
from the 'true' resonance center. Hence, a detailed lineshape analysis for each resonance line is
called for. The resonance curves recorded at different temperatures in the ||* configuration have
been fitted to the theoretical expression [7,8,11]
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dp|
dH ~ dn

s11/2

(4 p" Y1 4 23)

with the real and imaginary components of the dynamic permeability given by,

i — [(HA+Hx)(B+Hg)-T?—(w/7)?)[(B+Hx *~T°—(w/7)? 420 (B+ Hy )(B+H+2HK) (9 4a)

M [(H¥Hg)(B+Hy)—T2—(w/7) P+ T2(B+ H+2Hk )?

and

i =20 (B+Hyc)[(H+ Hye)(B+Hg )T (w/y)"|+ T(B+ H4+2Hk )[(B+ Hx)'~T*=(/1)"] (2.41)
(H+Hg) B+Hrg) -T2 —(w /72 4 T2 (B+ H+2H k)2

Egs.(2.3) and (2.4), derived for dP/dHin the parallel geometry, are obtained by solving the
Landau-Lifshitz-Gilbert (LLG) phenomenological equation of motion for dynamic magnetization
[7,8,11-13],i.e,

dM /di= -7 (M x Hegg) + (MAM?) [M x (dM/dt)) (2.5)

(Heyy is the effective fidd 'seen’ by the spins) in conjunction with Maxwell's equations for the
parallel geometry used in the present work. The best fits to the dP/dH vs. H data have been
obtained with the help of anon-linear least-squares-fit computer program which treats the Lande
splitting factor g and saturation magnetization Ms = (B - H)/4n as free fitting parameters and
uses the observed values of AH,, a 1.45T = 1.45Aw/v?Mg (where A is the Gilbert damping
parameter, ¥ =g | e | /2mc and v — w/2x is the microwave fidd frequency) and vaues of the
'in-plane’ uniaxial anisotropy field, Hy, deduced from the relations [7,8,11]

HI = HY, - Hy ad HY = H.+ Hy. (2.6)

The HY%, and HI%,in above expression are the observed resonance fields in the ||* and ||* config-
urations, respectively, and H!., is the resonance field in the absence of Hy.The theoretical fits
represented by open circles in Fig. 2.7 not only provide 'true' values for the resonance centers
for the primary resonance but also indicate that the LLG equation adequately describes the
resonant behaviour in the critical region. In addition, the lineshape calculations revea that
the splitting factor g has a constant value of 2.07 £ 0.02 within the investigated temperature
range for the presently investigated alloys. That the g-factoris temperature-independent and
LLG equation forms an adequate description of Hye,(T)and AHp,(T)in the critical region for
crystalline ferromagnets has also been claimed by Rodbell [14] and by Haraldson and Pettersson
[15] but this claim has been refuted by Bhagat and his co workers [16]. Further, the lineshape
analysis also revealed that the corrections to the observed values of H.syat different temper-
atures due to finite linewidth are negligibly small at al temperatures and fal wel within the
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experimental uncertainty limits of H.;y(7").This result is consistent with the observation that
the experimental values of H"}, and H":,satisfy the resonance conditiors [7,8,11-13]

[(w/‘y)2 + rﬁh} = (¥ + anMs+ Hy) (B Hy) @73
and
[t 13| = (Hl+ anMs - Hy) (B HE) 279

for ||* and ||* sample geometries, obtained by solving LLG equation (Eq.(2.5)) of motion. Note
that the exchange term [(247/M?)(Mx V2M)]in Eq.(2.5) has been dropped in view of the
observation {17,18] that the contributions to the linewidth and resonance field due to this term
are so small as to fdl wel within the error limits because the macroscopic exchange stiffness
parameter A and conductivity are both at least one order of magnitude lower [9,19] than their
corresponding values for crystalline metals. The present results are consistent with the earlier
observation [7] that Ms(T) deduced in this way from the FMR data are in excellent agreement
with M(T,H) data measured on the same sample at an external magnetic fidd of magnitude
comparable to H,.,. The Mgs(T)data in the critical region are analyzed in Chapter 4 and the
results are also discussed in the same chapter.

2.5. Electrical Resistivity

Design and fabrication of the experimental set-up

The electrical resistivity measurements were performed using a home-built apparatus which
employs the dc four probe technique. The cryostat arrangement, whose schematic diagram is
shown in Fig. 2.8(a), consists of aliquid nitrogen glass dewar and a double-walled glass cryostat
(the surfaces of both the walls in the annular space are silvered to minimize radiation) with a
provision for evacuating the annular space as well as the sample chamber. The sample holder
assembly, shown separately in Fig. 2.8(b), is made up of stainless steel tube and a copper sample-
mounting-cum-heater assembly joined to one another by a hylam tube. The heater is wound
non-inductively on a cylindrical copper bobbin and the sample is mounted in a rectangular
copper plate attached to the heater as shown in Fig. 2.8(c). A calibrated platinum (PT-103)
sensor, placed below the copper plate, measures and controls the sample temperature. Pressure
contacts are used to from current and voltage probes. A rectangular stainless steel (SS) plate
with a flat protruding step in the middle (Fig. 2.8(d)) and a copper fail to which the current
carrying lead is soldered, are used to make the current contact. The copper foil, sandwitched
between the SS plate and the sample, is pressed against the sample by tightening two SS screws
threading the SS plate. This arrangement ensures a good electrical contact with the sample. A
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thin sheet of mylar is inserted between the copper foil and the SS plate in order to insulate them
frem each other. Similarly, the sample is electrically isolated from the copper plate on which
it is mounted by using a mylar sheet in between them. The voltage contacts are also made up
of SS plates with circular conical protruding portions in the middle which press the voltage-
measuring copper leads against the sample with the help of two (each) SS screws (Fig. 2.8(e)).
In this way, one end of the voltage leads (wires) is in direct contact with the sample while the
other end goes to the nanovoltmeter (Keithley Model 182) without any intervening joints or
junctions. This avoids any spurious junction voltages or thermo emf's generated by soldering
joints. The temperature gradient along the length of the sample, if any, is monitored by means
of a differentia thermocouple, whose junctions are placed at either ends of the sample. An
auxilary heater wound on a copper can (which fits onto the copper heater cum sample mounting
assembly) produces a temperature gradient in a direction opposite to that present in the sample
so that the temperature difference at the ends of the sample in no case exceeds 20 mK. The
block diagram of the resistivity setup depicted in figure 2.9 shows the electrical connections and
the electronic instruments involved.

Resistivity Measurements :

Electrical resistivity measurements were performed on a - FegoyyZrio-fy = 0, 1) and
a- Fego-zCozZrigx — 0O, 1, 2, 4, 6, 8 & 10) dloys over a temperature range of 77 K - 350
K at 05 K steps outside the critical region and at fixed temperatures of 50 mK apart in the
critical region (Tcx 15 K). At every setting, temperature was stabilized to within +10 mK
using a PID temperature controller (DRC 93C, LakeShore Cryotronics, USA). A typical current
of 1 mA was passed through the sample and voltages of the order of 2-3 mV were measured
with a resolution of 1 nV using a Keithley 182 nanovoltmeter. The sample current at each
temperature was reversed in order to correct the measured voltage for thermo emf generated
due to small temperature gradient, if present, across the sample and also for the zero drift of
the nanovoltmeter. The temperature gradient measured by the differential thermocouple was
continuously monitored by means of another Keithley 181 nanovoltmeter.

The resistivity measurements over a wide temperature range extending from 1100 K down
to 4.2 K were carried out on a - Fego4yZT10-y (¥ = 0 & 1) aloys at Facultad de Ciencias,
Universidad de Cantabria, Santander, SPAIN, using the ac four probe technique. In such
measurements, a uniform heating rate of ~ 1 K/min was used from 4.2 K to 600 K and arelative
accuracy of 50 ppm was achieved.

This thesis also presents the analysis (and its results) of yet another set of resistivity data
on a- FegyZrypdloy in the temperature region 16 K < T < 300 K made available to us by the
research group at the Ruhr Universitat, Bochum, GERMANY . Though this measurement
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too employs the ac four probe technique, electrical resistivity has been measured to a relative
accuracy of 5 ppm in this case. The typical heating 01 -ooling rates used in these measurements
were ~ 1 K/min outside the critical region and ~ 0.15 K/min in the critical region.

An elaborate analysis of the resistivity data and the results obtained thereby are presented
and discussed in the light of various existing theoretical models in Chapter 5.
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CHAPTER 3
LOW-LYING MAGNETIC EXCITATIONS

In this chapter, the magnetization data taken over a wide temperature range extending from
42 K to T¢ on amorphous Ft - Zr, Fe - Co - Zr and (Fe,Ni)-metalloid aloy systems are
presented, analyzed and discussed in the light of existing theoretical models.

A. a-Fego+yZI‘10_y and a-FEQ()kaOxZI'u) alloyS

3.1. Results and Analysis

3.1.1. 'In-field’ Magnetization

The reduced ‘in-field magnetization, M(T,H)/M(0,Hdf a - FegoryZrio—y (Y - O, 1)
and a — Fego--Co;Zmdz = 0, 1, 2, 4, 6, 8 and 10) alloys measured at different temperatures
in a constant magnetic field of 10 kOe by VSM (vibrating sample magnetometer) and SQUID
magnetometer is plotted as a function of temperature in Fig. 3.1. A remarkably good agreement
between the SQUID and VSM data in the overlapping temperature range is noticed from this
figure. An elaborate analysis of the M (T, H Jlata, whose details are given below, is attempted
based on the following expressions, predicted by the conventional spin-wave (SW) theory [1-3],
Stoner model [34] and theoretical treatments [5 that include local spin density fluctuations
(LSF) in addition to spin waves and single-particle (SP) excitations, for various contributions
to the thermal demagnetization of either ‘in-field'’ magnetization, i.e, Am(T,H% [M(0,H)-
M(T,H)]/M(0,H), or spontaneous magnetization, i.e, Am(T, 0) = [M(0,0)M(T, 0)]/M(0,0)
(for details see Chapter 1),

knT 32 5 kgT \%/?
Amsw(r,ﬁ)=Mig"ﬂ){mg,zm(m’}%) +]5”ﬂ2(;—_}‘t”)(17375) } (3.1a)

with the spin wave gtiffness coefficient D(T) given by
D(T) = D(0)(1 - D,T?) (3.16)
or

D{T) = D(0)(1- Ds;aT*/%) (310
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Fig. 3.1 Comparison of the SQUID and VSM magnetization data taken at H = 10 kOe.
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Amsp(T,H) - AH)T*? exp(-A/kpT) for strong itinerant ferromagnets (3.2a)

Amgp(T,H)= A(H)T? for week itinerant ferromagnets (3.26)

[M(T, 0)/M(0,0)]3p, L5 S [1 - AM(T, 0)]* = 1 - (T/Tc)? (3.39)
and

[M(T,0)/M(0,0)]f sp = [1 - Am(T,0)]2 = 1 - (T/Tc)*/. (3.36)

Since the spin fluctuation theories [5-7], based on the itinerant-electron model, predict that
both single-particle excitations and local spin density fluctuations get strongly suppressed in the
presence of an external magnetic field, Egs.(3.3a) and (3.36) can be generalized to include the
effect of external field as

[M(T,H)/M(0,H)*s [1- Am(T H)]*= C" - A"(H)T? (3.3c)
and
[M(T,H)/M(0,H))*s [1 - Am(T,H)*= C'- A'(H)T*/? (3.34)

so that in zero-fiedld Egs.(3.3c) and (3.3d) reduce to Egs.(3.3a) and (3.36), respectively. In
order to test the validity of the above expressions (i.e., Egs.(3.1), (3.26), (3.3c) and (3.3c/)),
the reduced magnetization (m(T,H = M(T,H)/M(0,H)nd its square are plotted against
various powers of T, as shown in figures 3.2(a)-(d) for the M(T, H) data taken on the amorphous
alloys in question using SQUID magnetometer. These plots clearly indicate that the power
lavs m(T,H)~ 1 - BT32,m(T,H)~ C - AT?> and m2(T,H)~ C - A'T*/? destribe very
wel the observed temperature dependence of M (T, H pt low temperatures, over intermediate
temperatures and for temperatures close to T¢, respectively, for the aloys with y — 0 and 1
and 0 < x < 10 with the exception of x = 8 and 10 aloys for which the expression m?(T,H) ~
C" - A'T? reproduces the M(T,H) data more closdy than the one, m(T,H} C - AT in
the intermediate temperature range. Similar plots constructed for the aloy with x = 90 (the
M(T,H) data for this aloy were taken in the temperature range from 42 K to 300 K at H =9
kOe using Faraday balance) and shown in Figs. 3.3(a) and 3.3(b) indicate that the 73/2 law
alone seems to describe M(T, HYata at low temperatures (T < 175 K), as is the case for
other compositions in the aloy series a - FegotyZr10-y and a — Fego_zCoy Zry0.However, for
temperatures above 175 K, this aloy exhibits the same behaviour as that of the aloys with x
= 8 and 10 in that the expression m%(T, H)}~ C" - A" T? fits the M(T, H) data better than
the relation m(T,H) ~ C AT

Having roughly identified the temperature ranges over which different types of excitations
dominantly contribute to the thermal demagnetization of ‘in-field" magnetization for all the
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alloys under investigation, a detailed range-of-fit analysis of the magnetization data based on
the expressions predicted by the existing theoretical models is perform _d to find out their relative
importance in different temperature ranges. The details of this range-of-fit analysis are given
below.

Using the value of demagnetizing factor N, obtained by the method described in chapter 2,
and the estimates of splitting factor g (~ 2.07 £ 0.02) and anisotropy field, H4,deduced from
the FMR measurements [8-10], theoretical fits to Am(T, H) data have been attempted based on
the expression

Am(T,H)= Amgsw(TH) + Amgp(T, H) (3.9

(where Amgsw (TH) and Amgp(T, Hare given by Egs.(3.1a) and (3.2)) with D(T) given by
either Eq.(3.1b) or Eq.(3.1€). A nonlinear least-squares (LS) fit computer program, developed
for this purpose, was employed to arrive at the best LS fits. Such fits involve al the possible
combinations based on Egs.(3.1)-(3.2),i.e, thecases (i) 8 = A= A=0or (i) $#0,A= A=0
or (i) #=A=0A#00@) fi = A =0A#0o0 (V) Amgw- A - 0,A # 0 or (vi)
Amgsw= A = 0,A # 0 corresponding to the fits based on (i) the T3/2 term aone or (ii) the
T3/2 1. T5/2 terms or (iii) the T%2 + T2 terms or (iv) the T%/2 4T3/2 exp(—A/KgMS or (V)
Eq.(3.2a) alone or (vi) Eq.(3.2b) alone, respectively. Moreover, in each one of the cases (i)-(iv),
three possible expressions for D{T), i.e, D(T) — D(0) or D(T) = D(0)(1- D,T?)or D{T) =
D(0)(1 - Ds;T5/?), are considered. In addition to these fits, theoretical fits based on Eq.(3.3c)
and Eq.(3.3d) are also attempted. In other words, sixteen different types of fits to Am(T,H)
data have been attempted in total. In the range-of-fit analysis of the above-mentioned theoretical
fits, the values of free fitting parameters and the quality of fits are monitored continuously as the
temperature interval Tin < T < Tax IS progressively narrowed down either by keeping Tiin
fixed at agiven value and lowering Tmay in steps of 2-3 K towards T, Or by keeping Tinax fixed at
acertain value and raising Tmin towards Tmax. Typical results of this type of analysis when Tpay
is varied are shown in Figs. 3.4(a)-(e) for the aloy with x = 90. These plots are representative
of al other alloy compositions. Similar plots are obtained when Ty is varied. In these figures,
areduced chi square, x; > 1s defined as the sum of deviation squares (x®) for the M(T,H) data in
agiven temperature interval divided by the total number of data points (N) in that temperature
interval minus the number of free fitting parameters (Npara), i-e., x? = x*/(N—Npara)-Such a
choice enables one to make an unambiguous assessment of the quality of not only agiven type of
fit as afunction of Timax OF Tmin but aso of different type of fitsin the same temperature interval.
Judging by the value of 2 and by the stability of fitting parameters against a wide variation of
Tnax OF Temin (cf. Figs. 3.4(8)-(e)), the following observations can be made. (i) Out of al the fits
attempted, the one, based on the theoretical expression Eq.(3.4), that combines Eq.(3.1a) and
Eq.(3.1b) and sets Amgp— S - O provides the best fit to Am(T,H) data for temperatures below
a certain temperature T*. For temperatures T > T", even this combination does not describe
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the temperature variation of Am(T, H)properly as indicated by the unphysical increase in x?
as wel' as in most of the fitting parameters with increasing Tipax. (ii) For T < 7", regardless of
temperature range chosen, addition of single-particle term (Amgp)pr higher-order spin wave
term (T%/2) to the T3/ term does not improve the quality of fit and leaves the parameters of
the T3/2 fit practically unaltered. (iii) The LS fits to the Am(T, Hilata for T < T" based on
theoretical expressions which set D(T) - D(0)(1- D;T?)give lower x; than those for which
D(T) = D(0)1 - D5/2T5/2)whereas the quality of fits based on the expressions that consider
D(T)to be temperature-independent, i.e, D(T) - D(0), are much worse compared to the ones
that allow for the temperature dependence of D. (iv) Eq.(3.26) provides an excellent fit to the
data in the intermediate temperature range whereas Eq.(3.2a) does not describe the Am(T,H)
data in any temperature range even with unphysica values for the parameters A and A. For
the dloy with x - 90, the situation in the intermediate temperature range is similar to that
of the dloys with x = 8 and 10. As seen from the Figs. 3.4(d) and 3.4(e) for the dloy with
X = 90, the expression m*(T,H) C" - A"T? yields a dlightly lower x;n alarger temperature
range of 210 K to 300 K compared to that m(T,H) C - AT® which fits in the range 220 K
to 300K. (v) For temperatures close to T¢,the best description to M (T, H{lata is provided by
the expression m2(T, H¥ C’ - A'T*/3for the dloys with y =0 & 1 and x < 6. The analysis of
the type described above has also been performed on the M(T, Hylata taken at H = 10 kOe
using VSM in the temperature range from 70 K to T¢ on the alloys with y = 0 & 1 and x < 6
with the same results as those yielded by the SQUID data.

With a view to study in detail the effect of external magnetic field on the single-particle
excitations and local spin density fluctuations (LSF), the M(T, H Hata at several constant
external magnetic field vaues in steps of 1 kOe in the interval 15 kOe < H < 15 kOe are
obtained from the M vs. H isotherms measured using VSM in the temperature range from 70 K
to Tc on the alloyswithy = 0 & 1 and x < 6. A detailed range-of-fit analysis based on Eqgs.(3.2b)
and Eq.(3.3d), as described earlier, has been caried out to determine the field dependence of
the coefficients A and A’ of the T? and T/ terms, respectively. The best LS fits for the aloy
with x = 4 are shown in Figs. 3.5(a) and 3.5(b) as continuous straight lines through the data
points at a few representative field values. Such plots for other alloy concentrations are identical
to those depicted in Figs. 3.5(a) and 3.5(b). As the applied field is increased, the temperature
range over which the T? term fits broadens dightly and shifts to higher temperatures whereas
the range of the T4/3 fit seems to shift to lower temperatures. For a given concentration,
considerable overlap of temperature ranges of T? and T4/3 fits occurs as the field is increased,
so much so that for certain Co concentrations the overlap is nearly complete at fields H ~ 10
kOe. However, if the temperature range is narrowed down by lowering Tmax towards Tminthe
T2 term (Eq.(3.2b)) provides a better fit to the data than the T*/® term whereas the reverse is
true when the temperature range is narrowed down by raising Tmin towards Tc.

The final outcome of such an elaborate data analysis can be summarized as follows.
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(i) For dl the alloys including the one with x = 90, the best fit to Am(T', H Ylata for tempera-
tures T < T" is provided by the expression

3/2

I kgT 3
Aol H}= M0, 7)2 5 ™) I Bloy = Do) (359)

with the parameter vaues and temperature ranges for different compositions given in Table 3.1,
which also includes the corresponding values for the VSM data taken at H = 10 kOe within the
square brackets. (ii) For the dloys withy — 0 & 1 and x < 6, M (T, H Ylata are best described
by Eq.(3.26) or its more general form given by

M(T,H)/M(0,H)= C - A(H)T? (3.56)

over the intermediate temperature range 7°* < T < T'"" while Eq.(3.3d) yields the best fit
to the M(T, H data for temperatures close to T¢ in the intervad V < T < T”; the vaues of
different parameters and the temperature ranges for such fits are listed in Table 3.1. These fits
are represented by the continuous straight lines in Figs. 3.2(a)-(d). By contrast, for the dloys
with x — 8, 10 & 90, Eq.(3.3¢) reproduces the observed temperature variation of magnetization
more closdy in the range Tt < T < 7t than Eq.(3.2b) (Figs. 3.2(d), 3.3(a) and 3.3(b)). (iii)
The VSM and SQUID data taken at H - 10 kOe yidd identical results (Table 3.1). In this
context, it is gratifying to note that eventhough the VSM data for temperatures bdow 70 K,
which are crucid to an accurate determination of the spin-wave parameters such as D(0), D,
etc., are not presently available, the T3/2fitsto VAWM and SQUID data, based on Eq.(3.5a), give
the same (within the uncertainty limits) values for these parameters. (iv) The coefficients A and
A of the T? and T*/2 terms in Eq.(3.56) and Eq.(3.3d), respectively, decrease with increasing
applied magnetic field for a given composition and with increasing Co concentration for a given
field value (Figs. 3.6(a) and 3.6(b)). This observation implies that single-particle excitations
and LSF get suppressed by both magnetic field and Co substitution. These results are discussed
in section 3.2.

3.1.2. Spontaneous Magnetization

Temperature dependence :

In order to determine spontaneous magnetization at different temperatures, the M vs. H
isotherms in external fields up to 15 kOe have been measured by means of VSM on a -
FegoyyZrio-y (y = 0 & 1) and a- Fego_:Co:Z7(z = 0, 1, 2, 4, 6) dloys in steps of 1
K from 70 K to Tc (4.2-300 K for x = 90). Typica plots of M? versus H/M (Arrott plot-
s) at afew specified temperatures, constructed out of these M vs. H isotherms with external
field corrected for the demagnetizing field, are displayed in figures 3.7(a)-(c). The customary
approach of determining spontaneous magnetization at different temperatures, M(T,0), from



Table 3.1(a): The spin-wave parameters for a - Feg; Zrg and a - Fego-rCo:Zr@loys
deduced from the SQUID magnetization data a8t H = 10 kOe. The corresponding pa-
rameter values obtained from the VSM magnetization dataat H = 10 kOe are displayed
within the square brackets. The numbers in parentheses denote the uncertainty in the
least significant figure. ®Estimated from the value of coefficient A”in Eq.(3.3a).
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Alloy/ ] M(0.H) D(0) D, Tc D(0)/Tc
Conc.z | =T*/T¢ (G) (meV A?) | (1078 K-2) (K) (meVA?/K)
Feq1Zrg | 0.50 969(25) 29(2) 2.0(10) | 209.66(5) | 0.138(10)

[930(30)] | [29(3)] [1.9(10)]

0 0.50 1052(20) 31(2) 1.5(10) | 225.00(5) | 0.137(10)
[1015(30)] | [32(3)] [1.4(10)]

1 0.45 1120(25) 35(2) 2.0(5) 256.66(5) | 0.136(12)
[1100(30)] | [34(3)] [2.0(5)]

2 0.45 1165(25) 38(3) 2.5(5) 281.60(5) | 0.135(14)
[1150(35)] | [36(3)) [2.6(5)]

4 0.45 1305(20) 45(3) 2.0(5) 327.95(5) | 0.137(13)
(1280(25)] | [41(4)) [2.2(5)]

6 0.40 1315(25) 52(3) 3.5(10) | 374.75(5) | 0.142(14)
[1290(30)] | [48(5)] [3.2(10))

8 0.40 1343(25) 62(3) 3.5(10) | 419.50(10) | 0.148(8)

10 0.40 1360(25) 70(2) 3.0(10) | 462.50(10) | 0.152(5)

90 0.10 1034(20) | 386(4) 0.3(1) 1600(80)°
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Table 3.1(b): Parameter vaues and temperature ranges for the fit to the SQUID [VSM]
M(T,H) data at H = 10 kOe basad on Egs(3.26), (3.3c) and (3.3d) of thetext and t = T'/7T¢.

Alloy/ fit range A fit range A" fit range A’
Cone.x | t' - === | (10-° K-?) | ¢l —4tt | (10-° K-2)| t -t |(10-% K™473)
Feg1 Z1g | 0.58-0.98 12.02) 0.53-0.87 6.60(5)
[0.65-0.98] | [12.2(2)] [0.66-0.83] [6.65(5)]
0 0.55-0.91 11.0(3) 0.62-0.84 6.12(8)
[0.58-0.98] | [11.2(2)] [0.62-0.84] [6.22(8)]
1 0.53-0.92 9.2(1) 0.50-0.82 5.50(5)
[0.55-0.95] [9.2(2)] [0.50-0.85] [5.46(4)]
2 0.49-0.84 7.8(3) 0.46-0.79 4.94(8)
[0.45-0.89] [7.6(2)] [0.50-0.80] [4.85(5)]
4 0.40-0.69 5.4(2) 0.56-0.93 3.90(5)
[0.40-0.75] [5.5(2)] [0.56-0.93] [3.98(4)]
6 0.44-0.79 4.5(2) 0.70-0.90 3.44(4)
[045-0.78] |  [44(2)] [055-087] | [341(3)]
8 0.74-0.83 | 5.45(5)
10 053075 | 4.72(5)
0.14-0.20 0.39(1)




14

Q‘ a— Fepg_xcoxzr|o
NS
\}
12 ':\\‘\ oo H= 0.0kOe
Pt oo H= 1.5k0e
!‘:\‘\\\:\ eb H= 3.0kOe
e \\\\““\\ oo H= 5.0kQe
& Ve *» H= 7.5kOe
¥ 10+ “\\“\‘E\‘ o H=10.0kOe
e RN o8 H=15,0k0e
\Y
B L \\ \\\\\“:\\
[ L AN
o AN
SN
— a - \\\\ \\\
b SEBRNS (u)
< ‘.°§\\\;\
I Bl R
\-‘\\t'-\\
6 ‘Z{g\i\ -
.,3'-{‘_ Seg
L Xy 5
Ty

725

ﬂ\\
A
:‘\‘
A\
\
AR oo H= 0.0kOe
6.2 ‘:\\‘\\\\ oo H= 1.5k0e
& \:‘\\\\\‘. > H= 3.0kOe
a N <o H= 5.0kOe
s AR YO #%* H= 7.5kOe
IM B AN ¢¢ H=10.0kOe
LR ®o H=15.0k0e
« 52+ l:\\\‘\\\\
[ B \\‘\\\Q-\\\
= Rb \\\\\
-l St
S - \\§Q\\\\ (b)
AWIN N
- \%‘Q\\ \\
=1 \:\\\S\ ~
SN T,
Ry
4.2+ ENSE
5 NSE S
D
B SEN
NGO
L SESs o
-...?*:'.:?‘1)
s.‘ﬂ
3.2 A I i I

{a e FEpo_xCOKZﬁ QJ

0.0

2.0

4.0

84

Co conc. x (at.®)

Fig. 3.6 Concentration dependence of the coefficients (a) A in Eq.(3.2b) or (3.5b) and (b) A
in Eq.(3.3d) for a few sdected values of H.



85

8t GB-OK (a)
19.9%

g5.9%

\1
I

o))

° 426.0¢

T

M?*(T,H) (10° G)

200.0K

ly CI—F891 z‘l’g

O———2 "8 12 16 20
H/M

Fig. 3.7 (@) Arrott plot isotherms for a - Feg Zrg @t afenv sdected temperatures.




86

10
s0. 7
(b)
o B
8 %
{:" 1058
~ & 1255
O
o ‘.f- Auh 4K
(=] ‘r
=
— 3 .‘5&.'?-"L
=
48 1832%
= gos 3
2 216.‘5\(
4
45 . 6 0 B 32
H/M

1.07

o
o
E B
£ %

M¥(T,H) (10° G?)

-
[=)
[

\

g
e
=

-

1.01 1215 18

9
H/M

Fig. 3.7 M? vs. H/M isotherms at afav representative temperatures for (b) a— FegoZr @
(C) a- CogZr10.



87

the intercepts on the ordinate that the linear extrapolation of the high-field portions of M? vs.
H/Misotherms to H = 0 yields has not been adopted in the present case (except for the aloy
with = = 90) for the following reason. Slight but finite curvature even in the high-field portion
of the M? vs. H/M isotherms makes an accurate determination of M(T, 0) impossible because
such an extrapolation cannot be carried out unambiguously. Since such a problem has not been
encountered in the case of a-CogpZrp, this procedure has been followed for that aloy only.
For the remaining alloys, this problem has been effectively tackled by constructing the modified
Arrott plot (MAP) (MY/8vs. (H/M)'plot) with the choice of spontaneous magnetization
and initial susceptibility critical exponents 8 and 7, respectively, that makes MAP isotherms
a set of paralel straight lines in the critical region. This procedure is discussed in detail in
Chapter 4, which deals with the thermal critical behaviour of these alloys. The modified Arrott
plot for a - FegyZrg,which is representative of al the remaining alloy compositions in the
above-mentioned series, is shown in Fig. 4.10 of Chapter 4. The values of spontaneous magne-
tization at different temperatures are then computed from the intercepts on the ordinate (M'/#
axis) obtained by extrapolating high-field linear portions of the MAP isotherms to H = 0. The
spontaneous magnetization, M{T, 0), data, so obtained, for the aloys with y = 0, 1 and x < 6
are shown in Fig. 3.8. The M(T,0) data have been analyzed in exactly the same way as the
'in-field magnetization data. The data presented in figures 3.9(a) and 3.9(b) clearly demon-
strate that the functional dependence of M(T, 0) on T is adequately described by Eq.(3.56) or
Eq.(3.2b) with M(T,H)/M (0, Beplaced by M(T,0)/M(0,0), (= m(T,0))in the intermediate
temperature range and by Eq.(3.36) for temperatures close to T¢. The departure of the m(T, 0)
data from fits based on EQq.(3.56) on the low-temperature side is mainly caused by spin wave
excitations which dominate at low temperatures. For the dloy with x = 90, M (T',0) data almost
coincides with M(T,H) data (cf. Figs. 3.3(a) and 3.3(b)) and hence the functional dependence
of M(T,0)on T is exactly the same as that of M(T,H). The range-of-fit analysis of M(T,0)
data (for x = 90), based on Egs.(3.3a) and suitably modified versions of Egs.(3.1), (3.2) and
(3.5), carried out in the same way as described for the M(T,H) data, reveals that the best fits
to the Af(T,0) datafor T < T* are provided by Eq.(3.5a) with the quantities Z(3/2,1gz%nd
M(0, H)in this equation replaced by £(3/2) and M(0,0), and with the parameter values given
in Table 3.2 while Eq.(3.3a) reproduces the observed temperature variation of M(T, O) over the
intermediate temperature range (T" < T < T***) more closely than the modified zero-field
version of Eq.(3.5b) does. The temperature ranges and values of free fitting parameters for
the above-mentioned alloys are given in Table 3.2 and the best LS fits are represented by solid
straight lines through data points in Figs. 3.9(a) and 3.9(b).

The values at O K :

The magnetization, M(T,H), data taken at T = 5 K in applied fields up to 70 kOe on
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a - FegZrg and a - Fego_,Co0,2710 (0 < X < 10) adloys using SQUID magnetometer are
plotted in the form of M(0, H)/M(0,0¥s. H crxve. in figure 3.10. Note that no distinction
has been made between the value of magnetization at 5 K and 0 K in this figure and in the
figures 3.9(a) and 3.9(b). The differential susceptibility, x(0, H), as afunction of field, obtained
by numerical differentiation of these M vs. H curves, is shown in Fig. 3.11. A close examination
of these figures reveals that for the aloys with zero or low Co concentration, magnetization does
not saturate even in fields as high as 70 kOe and that x(0, H) gradually decreases with increasing
H and approaches a constant value at high fields. This limiting value is nothing but the high-
field susceptibility, xay* The inset of Fig. 3.11 shows xsyplotted against Co concentration,
x. As the Co concentration is increased, a plateau in the x(0, H) vs. H curve is reached at a
lower field and correspondingly the field at which technical saturation in magnetization occurs
also shifts to lower values (inset of Fig. 3.10) while x,y decreases rapidly for x < 4 and the
deceasing trend dows down considerably for x > 6 (inset of Fig. 3.11). The value of spontaneous
magnetization at 0 K, M(0,0), is then obtained by subtracting x.yH from M(T,Hg H = 70
kOe. The values of M(0,0) and x.s, SO obtained, are listed in Tables 3.2 and 3.3, respectively.

3.2. Discussion

Before applying the theoretical models briefly introduced in Chapter 1 to the systems under
consideration, relevant details about the itinerant-electron models that bring out clearly the role
of spin density fluctuations and Stoner single-particle excitations in determining the magnetic
properties of wesak itinerant ferromagnets are given below. The main reason for giving these
details is to explore the possibility of attempting a quantitative comparison between experiment
and theory.

3.2.1. Spin fluctuation model: A unified approach

In this model, it is assumed that following the Ginzburg-Landau formalism, the local free
energy density can be expanded in terms of a small and dowly varying classical order parameter
(local magnetization) M + ri(r)as [5]

f(;):fH%m+rﬁ(r‘)|“+§|H+ﬁ(ﬂl‘+§ZIva{r‘)l’+“
where

7i(q) < e
() = § 5, (@) expli §- ), n‘l(«ﬂ={;"q ks

otherwise



Table 3.3: Band and exchange parameters. ® Ref.[40,41].
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Alloy/ Ho Xh{ x(0,0) S | IN(Er) | N(EF)® [TF]
Conc. X | (pg) | (107%) (10-4) (eV-1) | (eV) (K)]
Feor Zre | 1.34(2) | 12.32(10) | 14.00(20) | 83(1) | 1.012(1) | 400 | 0.25(1)

0 1.44(2) | 8.86(20) | 10.37(20) | 66(1) | 1015(1) | 374 | 0.27(1)

1 152(2) | 7.32(15) | 7.78(10) | 53(1) | 1019(1) | 349 | 0.29(1)

2 162(2) | 4.47(15) | 4.72(10) | 34(2) | 1029() | 330 | 0.31(1)

4 179(2) | 261(10) | 2.97(10) | 24(1) | 1.042(1) | 3.00 | 0.35(1)

6 181(2) | 1.38(10) | 150(10) | 13(1) | 1.079(4) | 282 | 0.38(1)

8 1.82(2) | 1.00(15) | 1.34(10) | 12(1) | 1.084(5) | 270 | 0.40(1)

10 | 1.84(2) | 0.60(20) | 0.64(10) | 6(1) | 1.170(23) | 261 | 0.45(1)

90 | 152(2) | 350(10) | 3.07(5 |36(1) | 1.028(10) | 1% | 0.53(1) 09

[9650(350)]
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Fig. 3.11 Differential susceptibility as a function of H. Inset shows the variation of xas with
z. Note that the error bars for s are smaller than the size of the symbols and smooth curves
(dashed curve in the inset) serve as a guide to the eye.
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f, is independent of M + m(7)and v is the polarization index. The coefficients a, b and c, in
general, depend on the cut-off wavevector g. which is itself temperature dependent. The total
free energy is obtained from the above expression in a straightforward manner with the result
[5,11]

F(M)= F(0)+ %[a +b(3<mi>+2<m] >)M*+ EM"

with

1 b .
F(0)= F, + ;{u+rq2)(< mi > 42 < mi >)+Z(<mﬁ >*+a<mi > ta<mi ><mi >)

’ dF [ dw "
<m?>= 4hj(2—“q)3fu En(u) Imx,(§.w)

n(w) = [exp(hw/kgT) - 1]~

In Egs. (3.6)-(3.8), < m? > and < m?%> are the thermal variances of the local magnetization
parallel (||) and perpendicular (L) to the average magnetization M, respectively, v = \\ , 1 ,
n(w) is the Bose function and x,(§w) is the dynamical wavevector dependent susceptibility.
The magnetic equation of state, which describes the dependence of M on T and H, is obtained
from Eq.(3.6) by differentiating with respect to M, i.e,

1 dF H

oA ... RO 2 2 2
MM - M at+b(3<m>42<m] >)+bM (3.9

where a and 6, the Landau coefficients for the Stoner theory, are defined by [3,4,12]

a(T) = —[2x(0,0)]" [1 - (T/TE)* - BS T (3.10)

b(T) = [2x(0,0) M*(0,0)] ' 14+ C T? (3.H)
with

x(0,0) = Nuj N(Ep)(Tr/TE)* = NupN(EF)S (3.12)

M?(0,0) = (Nuppo)® = (S7)~" (313)

Ti? = (x*kp/6)/ (3.14)

V' = [N'(Ep)/N(EF))? - [N"(EF)/N(Er)] (3.15)



5= [IN(EF)-1]" (3.16)

7= {8 NupN*(Ep)}) " {[N"(EF)/N(EF)]® - [N"(EF)/3 N(E))) @17

- (w’k};/ﬁ)’{g( F: )4 (ifgﬁ)})z !);"((f:)} + (L(ff)))i
17 / NY(E e 7 (N"E
1o (wen) () - (e ) @10
Y '\(;;k%ifl;)? {15 (1:;;)4 ~8 (I;\!(( f:-;;)g j;‘((;:))

N"(Ep)\* N'(E N"™E N"(E,

L ( N(EF))) ik ( N((E:))) ( N((E:)}) - ( N{L".j))} (319
In above equations, x(0,0) and y, are the zero-field differential susceptibility and moment
per aloy atom at 0 K, respectively, S is the Stoner enhancement factor, / is a measure of the
exchange splitting of bands, N is the number of atoms per unit volume, N(EF)is the density of
single-particle states at the Fermi levdl Er and N'(Ep)N"(Ep)N"(Eg)and N"'(Eg)re its
first, second, third and fourth energy derivatives, and T is the Stoner Curie temperature. In
the event that no external magnetic field is applied {H = 0), Egs.(3.7)-(3.19) permit calculation
of the temperature dependence of spontaneous magnetization for temperatures below T, as

follows. When H = 0, Eq.(3.9) reduces to

4
M¥T,0) = % (.3«:m”>+2<ml =) (3.20)
Generally, the coefficient C in Eq.(3.11) is negligibly small so that the term CT? in Eq.(3.11)
can be dropped altogether at al temperatures (even for T > Tc) and Egs.(3.20), (3.10) and

(3.11) can be combined to yield
MY(T,0) = M*(0,0)[1 - (T/TZ)* - BST*| - (3< mj > +2 < m} >) (3.21)

The actual functional form of M(T, 0) in different temperature ranges below Tc can be de-
rived from Eq.(3.21) with the aid of Eq.(3.7) provided due consideration is given to the fact that
< m2> consists of two parts: spin wave (SW) part, which is dominant at low temperatures, and
spin fluctuation (SF) part which dominates at intermediate temperatures and for temperatures
close to T. The contributions of the < m2>sw and < m2 >sF parts to thermal demagnetiza-
tion are obtained from Eq.(3.7) by inserting the following expressions [5] for Im x,(g,w) in this
equation and then evaluating the integrals.

[Im x1(gw)lsw = %w x1(9) [8(w — w()) + b(w + w())] (3.22)



and
I
m 3G @lsr = Xl 7l 329

with the spin wave propagation frequency w(g) and the relaxation frequency of a spontaneous
spin fluctuation of wavevector ¢ and polarization v (one || and two 1 to M) T,(§) given by

hw(@) = gup M(TH)xT' (D = gps M(T, H) (x7" +c1g’ +-+7) (3:24)
and

M@ =rax; (D =7e0c" +eug +-), (3.25)

respectively, in the random phase approximation (RPA) at low g and for a cubic lattice. In
Egs.(3.24) and (3.25), x.(¢) =x.(¢,w = 0) is a component of the static susceptibility, x.—
x.(¢§ = 0), g is the spectroscopic splitting factor while the parameters 7' = (4/7)5~x(0,0) vg+
e+« (to zeroth order in < m? >, where vris the Fermi velocity) and ¢ (the coefficient of the
gradient term in the Ginzburg-Landau expansion) are independent of v for small M.

At low temperatures (0 ~ T ~ 0.37c), T < T£and the term B ST* in Eq.(3.21) is negligibly
small so that Eq.(3.21) can be approximated by

) 2
<m}> 3 <mj>

M(T,0)= M(0,0) |1 - M?%(0,0) 2 MZ2(0,0)

Thermal demagnetization of M(T, 0) in elemental (homogeneous) crystalline ferromagnets such
as Fe, Co, Ni a low temperatures is mainly due to spin wave excitations (transverse spin
fluctuations), i.e., the second term in Eq.(3.26) is exceedingly large compared to the third. The
expression for [Im x1(§,w))sw, EQ.(3.22), when substituted in Eq.(3.7) and the result inserted
in Eq.(3.26), yields the well-known Bloch 73/2 power law

M(T,0) quB kgT 13/
M(0,0) M(O.U)f(m} 4:1)(7‘)]

Considering that x7' = 8H,/0M,= H/M (xﬁ' = 8H,/6M) = dH/dM), Eq.(3.24) relates
the spin wave diffness coefficient, D(T), with the spontaneous magnetization, M(T, 0), through
the expression D(T) = gup ¢y M(T,0\octe that in the presence of the external magnetic field,
H, the same equation yields the spin-wave energy gap equal togpue M xT' = gugH In the case
of crystalline or amorphous ferromagnets with competing interactions and/or Invar systems, the
contribution to M(T, 0) arising from longitudina spin fluctuations, i.e., from the third term in
Eq.(3.26), cannot be ignored even at low temperatures since the orientation of a given magnetic
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moment in such systems is, in general, not parallel to the direction of bulk magnetization. As a
consequence, the displacements of the longitudinal component of magnetization from the local
equilibrium value are of the same order of magnitude as the transverse displacements which
give rise to spin waves. Thus, the diffusve modes (“diffusons”) associated with the longitudinal
component of magnetization (which are of hydrodynamic origin) contribute to the T*/? decrease
of magnetization as significantly as the transverse fluctuations (spin waves) do. In sharp contrast
with spin waves (undamped modes), diffusons represent overdamped modes that are described
by Eq.(3.7) with Im xy(§,w) given by the version of Eq.(3.23) in which T(¢) - D,q* [13] and
D; is the diffuson constant. The contribution due to diffusons to the decline of M{T, 0) with
T, computed from Eq.(3.7) and the modified version of Eq.(3.23), is given by [13]

cnT N\
2 E(3/2) (“’T )3 2 (3.28)

2
<mi>=
™ 2 2 D,

where A is a constant. According to Egs.(3.26)-(3.28), thermal demagnetization of spontaneous
magnetization is faster in spin systems in which diffusons do contribute, besides spin waves, to
the T3/2 dependence of M(T,0). However, unlike magnons, diffusons show up as a broad central
(elastic) peak in the (inelastic) neutron scattering intensity versus neutron energy isotherms
taken a constant values of q [13]. An immediate consequence of this prediction is that the
value of spin wave stiffness coefficient deduced from the magnetization data, D, should be
substantially lower [13] than that measured in the inelastic neutron scattering experiments, Dy,
in such systems. Such a discrepancy between the values of D, i.e.,, Dy Dy, has indeed been
found in a number of Invar systems.

In the intermediate range of temperatures (typicaly, 0.4T¢ ~ T ~ 0.8T¢), spin-wave con-
tribution to M(T, 0) is completely swamped by the spin fluctuation contribution, which, in this
temperature range, varies with temperature as [5]

<m>sp (<> +2<mi S)or (1)2 (3.29)
M?#(0,0) M?(0,0) T .

The T? dependence of < m?2 >SF over a wide range of intermediate temperatures is basically
dictated by the dominant longitudinal spin fluctuation contribution. Combining Egs.(3.21) and
(3.29), one obtains

2 2
M(T.O)]2 1 (1)2 T _BST'=1- (% '
=1-|{=2 = - =1-(=) +BT 3.30
[M(O.U) -\w) "\, Tz (3:30)
where (1/T2)? = (1/TE)* (1/To)’and B' = —B S.The last term in Eq.(3.30) is normally

too small to merit consideration because the coefficient B usually has a value close to zero
(note that depending upon the structure of the density of states curve and hence on the relative
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magnitude of various terms in Eq.(3.18), B can be either positive or negative or zero) but it can
be significant for systems in which the Stoner enhancement factor 5 has an eziremelylarge value,
i.e., for very weak itinerant ferromagnets in which IN(Ep*— 1 and hence 5 — 0o. From the
coefficient of the T2 term in Eq.(3.30), it is evident that local spin density fluctuations (Stoner
single-particle excitations) dominantly contribute to M(T,0) if To <« T& (T& < To). However,
if To = T&,the contributions due to LSF and SP excitations are comparable in magnitude.

For temperature close to T¢ (0.87c ~ T ~ 0.957c), Xﬁl 15 essentially approximated by
XI] and the longitudinal and transverse fluctuations are thus treated on the same footing with
the result that the temperature variation of LSF contribution in this temperature region is
accurately given by [5

M?(0,0) M2(0,0)

<m?>gp (3< mﬁ >+2 < m} >)sF _ (£>4/3 (331
T

where Ty = 2.387 D(0)v/M(0,0) (hv')*/4/gupksThe T4/ dependence of < m2 >srin the
above-mentioned temperature range is basically due to transverse spin fluctuations [7]; longitu-
dinal fluctuations lead to a change in the magnitude of T¢ but do not affect the 7'4/3 dependence.
Moreover, at such temperatures, the spin-splitting of bands is approaching zero, N(Eg)and its
derivatives are undergoing substantial changes especialy for weak itinerant ferromagnets (for
which the T* term in Eq.(3.21) is significant at intermediate temperatures) and consequently.
the coefficient B assumes a considerably reduced value compared to that in the intermediate
temperature range. Substituting the result, Eq.(3.31), for the SF term and completely dropping
the T* term in Eq.(3.21) gives

M(T,0)]* _ T\? s7\3
M(0,0}] ke (Tg) ‘(ﬁ) - (3.32)

The Curie temperature T¢ can be determined from Eq.(3.32) by the condition M(T,0) = 0
at T = Tc provided the vaues of T§ and T; are known. Alternatively, at T = Tc, Eq,(3.32)
reduces to

2
TC T(! 4/3

From Eq.(3.33), it follows that Tc = T8 if TS < Ty and Te = Ty if Ty < T§. In these two
limits, single-particle excitations and enhanced loca spin-density fluctuations are respectively
predominant. Specificdly in the latter limit, Eq.(3.32) assumes the form (cf. Eq.(3.36) and
Eq.(1.22) of Chapter 1)

[M(T,O) 2 i ( T)4f3

M(0,0) To

TG (3.34)
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In the paramagnetic regime (T > Tc), x5’ = x7' = x~! andas such < mﬁ >=<mls> =
< m?> /3, and 2 reasons stated above, the terms T* in Eq.(3.10) and T? in Eq.(3.11) can bo
completely ignored. With this input, the magnetic equation of state, Eq.(3.9), takes the form

x NT) = o(T) + %b <m?>+4b,M¥T,H) (3.35)
with

a(T) = =[2x(0,0)]7"[1 = (T/T§)?) (3.36a)
and

b= [2x(0,0)M?(0,0)]? (3.366)

Mohn and Wonhlfarth [14] have calculated the temperature dependence of < m? > by approx-
imating the fluctuating moment by a three-dimensional harmonic oscillator whose maximum
amplitude equals the saturation moment squared. For temperatures above T¢ but wel beow
T8, i.e, T ~ Tc,such calculations yied [14]

<m?>=6kpx(0,0)T (3.37)

Now that the inverse initial susceptibility vanishes at Tc and so does the spontaneous magneti-
zation M(T¢,0), Egs.(3.35)-(3.37) permit an estimation of T¢ through the relation

1= (Te) - Ze 338
TS Tsr (3.38)

where
Tsr = M?*(0,0)/1kp x(0,0) (3.39)

Following this approach, Mohn and Wohlfarth [14] have been able to calculate the Curie tem-
peratures for Fe, Co and Ni as well as for their compounds with Y with a fair degree accuracy.
In the event that T§ > Tsr,Eq.(3.38) asserts that Tsr= Tc.

In the following text, the present findings are discussed in terms of the existing theoretical
models including the one described above. Since both ‘in-field and ‘zero-field’ (spontaneous)
magnetizations exhibit roughly the same temperature in a given temperature range but com-
pletely different temperature variations in the low-temperature region, the intermediate temper-
ature region and the region close to Tc, it is imperative to discuss the results obtained in these
regions separately.
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3.2.2. Low-temperature or spin-wave region

The main observations of the present study in the low temperature region can be summarized
as follows. (i) In a - FegopyZri0o-(y = 0, 1) and a - Fego-:C0:Z7110 (x =0, 1,2,4, 6,8, 10 &
90) alloys, the spin wave excitations give dominant contribution to the thermal demagnetization
of both spontaneous as well as 'in-field' magnetization for temperatures below T* (T ~ 175
K or 0.1 T¢)which ranges between 0.57c and 0.47b for the alloys with y = 1, 0 < z < 10
(z = 90). The values of M(0,H)nd M(0,0) obtained from the best LS fits are in good
agreement (within the uncertainty limits) with those actually measured a T - 5 K. Such a
close agreement particularly in the case of M(7,0) data is gratifying considering the fact that
the spontaneous magnetization for al the aloys (except for | — 90) in the present study was
determined for T > 70 K only. (ii) The present results clearly demonstrate that the temperature
dependence of spin wave stiffness ‘D’ cannot be ignored and D(T) renormalizes with temperature
in accordance with the expression, D(T) = D(0)(1- D2T?), predicted by the itinerant-electron
model for al the aloys under investigation. (iii) The spin wave stiffness at 04", D(0), does not
depend on the external magnetic field. This finding refutes the earlier clam [15,16] that D(0)
is field-dependent, (iv) The D(0)/Tcratio for the aloys with y = 0, 1, x < 6 possesses a vaue
close to 0.14, which is typical of amorphous aloys with competing interactions, while for the
aloys with x = 8 and 10, D(0)/T¢> 0.14. On the other hand, this ratio for a-CoggZr10 has a
value that is typical of the Co-based alloys. (v) It is evident from the concentration dependence
of Te,D(0) and M(0,0)hown in Fig. 3.12 that Tc and D(0) increase more or less linearly with
x while the steep rise in Af(0,0) observed for x ~ 4 dows down considerably beyond x — 6 so
much so that M(0,0) remains nearly unaltered for higher Co concentrations.

The existence of well-defined spin wave excitations at low temperatures (observation (i)) in
amorphous aloys under investigation can be understood in terms of both localized [Eq.(3.1a))
as well as itinerant-electron [Eq.(3.27)] models. However, the observation (ii) provides evidence
for itinerant behaviour in these aloys and indicates that the magnon-single-particle interactions
dominate over magnon-magnon interactions. The values of spin wave stiffness coefficient at 0 K,
D(0), obtained from spontaneous and in-field magnetization (i.e., M(T,0)and M{TH)) data
agree very well with one another. However, at low temperatures, the spontaneous magnetization
data yield a lower value of D(0) than that obtained from the M(T,H) data for the aloys with
y = 0, 1, x ~ 4, as aready reported [17] for a - FegotyZT105,Al0ys. This discrepancy in
the values of D(0) should not be taken to imply that D(0) is field-dependent but the reduced
value of D(0) should be viewed as signaling the softening of spin wave modes [9,17,18] in the
reentrant state (in which long-range ferromagnetic order coexists with cluster spin glass order)
which comes into existence at temperatures T < Tgrg, well below Tc, in these aloys [19,20].
In the present work, one does not observe the softening of spin wave modes for the aloys with
y — 0,1 and x < 4 because the spontaneous magnetization datain the present case are available
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only for T > 70 K, atemperature well above the reentrant temperature, Tre. For x ~ 6, such
a behaviour is not expected since the reertrant behaviour is completely suppressed when x ~ 4
[9,21]. Thus, it is not surprising that no such complication occurs in the case of a-CogoZ710
alloy [22] which behaves like a conventional ferromagnet [19] down to the lowest temperature
and for which M(T, O) data have been taken for temperatures extending from 300 K down to
4.2 K in the present work. In view of the field-independent value of spin wave diffness, D(0),
deduced from the present study, the dependence of D(0) on H reported [15,16] earlier could
be an artifact of the analysis which attributes the observed thermal demagnetization to either
spin-wave or single-particle contribution alone and neither takes into account the temperature
renormalization of D nor corrects for the gap in the spin wave spectrum arising from the applied
field. The plot of D(0) vs. T for the presently investigated aloys shown in Fig. 3.13 also
includes the D(0) data for several 3d transition metal-metalloid amorphous aloys available in
the literature. According to the theoretical prediction [23], based on the Heisenberg model,
the D(0) values for amorphous ferromagnetic aloys, when plotted against 7¢,should fdl on a
straight line represented by

D(0) = D, + mTc (3.40)

where m - 0.144 meVA2K-! and D, is either finite or zero depending on whether the exchange
interactions extend beyond the nearest neighbour (NN) distance or not. It is noticed from the
Fig. 3.13 that the D(0) values for a - (Fe, M) - B dloys (M - CT, Mn, W) [24-26], in which
competing interactions are known to be present, fal on a straight line with slope m - 0.144
meVA2K~! and passing through the origin whereas the D(0) values for @ — (FeNi) - M(M —
P, B, S, Al) dloys [23,27,28] fdl on a different straight line parallel to the earlier one but with
finite intercept D, = 24 + 3 meVA?. This implies that the competing interactions present in
the former set of amorphous aloys restrict the range of exchange interactions to the nearest
neighbours only whereas the direct exchange interactions extend to the next nearest neighbours
in the latter set. Following these arguments, the D(0) values for the aloyswith y =1,0<z < 6
fdl on the straight line with m = 0.144 meVA2K~! and D, = O indicating thereby that the
competing interactions present in these aloys confine the direct exchange interactions to nearest
neighbours only. With increasing Co concentration, the competing interactions are gradually
suppressed and for the alloys with x > 6, D(0) values depart from this straight line and approach
the line with finite intercept. This observation implies that exchange interactions in these alloys
extend beyond the NN distance.

A linear relation between D(0) and T¢ of the type D(0) — m T¢is also predicted by the
theory, based on the itinerant-electron model, due to Katsuki and Wohlfarth [29]. With the
assumption that the Curie temperature T¢is determined by the Stoner single-particle excitations
alone, Katsuki and Wohlifarth [29] have derived for wesk itinerant ferromagnets the following
relation between D(0) and Te
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D(0) = kg Tc a® f(n) (3.41)

where o is the nearest-neighbour (NN) distance and f(n) is a function of the number of electrons
per atom determined by the band structure. When the effective-mass approximation is used,
Eq.(3.41) reduces to [29]

D(0) = (rkp/6V2kE)Te (3.42)

where kris the Fermi wavevector. The typical value of kp = 1.54-! when inserted into
Eq.(3.42), yields the value of dope (m) as 0.014 rneV A*K-1. This slope value is exactly one
order of magnitude smaller than the observed one. Such alarge discrepancy between theory and
experiment is not surprising in view of the fact that the assumptions, namely, (i) T¢is determined
by single-particle excitations alone and (ii) the effective-mass approximation, on which the above
theory rests, are not vdid in the present case. The description of different theoretical models
given in Chapter 1 and section 3.2.1 asserts that even for wesk itinerant ferromagnets the Stoner
theory, which regards the single-particle excitations as the sole cause of thermal demagnetization
in such systems, invariably overestimates T and that this theory has to be modified to include
the effect of local spin-density fluctuations on the thermal demagnetization if a correct estimate
of Tc and a proper description of Curie-Weiss behaviour of magnetic susceptibility for T > T¢
is sought. Thus, there is a dire necessity of reviewing a relation of the type Eq.(3.41) or (3.42)
within the framework of a theory which includes loca spin density fluctuations, besides the
spin wave and Stoner single-particle excitations, i.e., in the light of the spin fluctuation model
described in section 3.2.1.

The results of the present investigation that provide a strong evidence for the existence of
well-defined spin wave excitations in the amorphous aloys in question arein direct contradiction
with the earlier claim [30], based on inelastic neutron scattering experiments, that no propagating
features, indicative of spin waves, are noticed in the constant g scans at any temperature below
Tein the wavevector transfer range 0.054~! < g < 0.12471 in a Fegoxy ZT10%y aloys. In order
to resolve this apparent contradiction, recourse is taken to the infinite three-dimensional (3D)
ferromagnetic (FM) matrix plus finite FM spin clusters model proposed by Kaul for amorphous
ferromagnets [17,18,31-33]. In this phenomenological model, it is postulated that (a) the spin
system for T < Tc consists of an infinite 3DFM matrix and finite spin clusters (composed
of a set of ferromagnetically coupled spins), which are embedded in, but ‘isolated’ from, the
FM matrix by zones of frustrated spins surrounding the finite clusters (Fig. 3.14(a)), (b) awide
distribution in the size of spin clusters exists, and (c) the spin clusters are not completely isolated
in that the long-range RKKY interactions provide a weak coupling between the finite clusters
and the FM matrix and aso between the clusters themselves. The mechanism that can lead to
such a spin structure can be understood as follows. In view of the fact that the cooling rate
is not uniform throughout the melt during the melt-quenching process, the nearest-neighbour
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q2

;iﬂ' 3.14 Schemetic depiction of the infinite ferromagnetic matrix plus finite spin clusters model
the spin-wave digperson rdlation that it predictsfor (@) T< Tcand (b) T > Tc.
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(NN) distance between the atoms varies erratically from one portion of «he amorphous aloy to
the other so much so that the average NN distance is appreciab'y greater in certain microscopic
regions than in the remaining bulk. Considerable mismatch in the NN interatomic spacings is,
therefore, expected to occur within the zones that separate these microscopic regions from the
bulk. As a consegquence of this mismatch, large 'quenched-in' local stresses exist in these zones.
For a magnetic dloy system in which the majority of the atoms carry a magnetic moment,
the microscopic regions and the bulk can be identified as the finite spin clusters and infinite
matrix, respectively. If the average NN distance (ryn)between the spins in the matrix just
exceeds the critical distance, r., a which the exchange integral changes sign in the Bethe-Slater
curve, ferromagnetic coupling exists not only between the spins in the infinite matrix but also
between those within the finite spin clusters (ferromagnetic coupling being stronger in the finite
clusters than in the bulk); whereas the spins contained in the zones surrounding the clusters
get 'frustrated' due to both a sizable magnetostrictive coupling (since the amorphous aloys in
question exhibit Invar behaviour [34]) between the spins and the 'quenched-in' local stresses
and competing interactions between the spins arising due to the fluctuation in the NN distance
around r. within these zones. Within the framework of this model, the following explanation
can be offered for the absence of spin-wave-like features in the inelastic neutron scattering
(INS) spectra [30] taken in a certain wavevector transfer range. Though spin waves, whose
stiffness is controlled by the strength of exchange interaction between spins in the FM matrix,
are excited for all wavevectors in the infinite ferromagnetic matrix at temperatures T < Tc, all
of them do not propagate through the matrix unhindered for the following reasons. The spin
waves for which q fals within the range ¢ < q < ¢ (Fig. 3.14(a)), where ¢, and ¢., are
the caliper dimensions of the smallest (largest) and the largest (smallest) spin cluster in the
wave vector (direct) space, get severely damped due to coupling to, and intense scattering from,
the finite spin clusters. Therefore, if the INS measurements are performed in the wavevector
range g, < g < g2, only a broad "diffusive-like” spectrum with no propagating features would
be observed at any temperature below T¢. By contrast, constant—g scans recorded at the
wavevector values that lie outside this q range should exhibit well-defined spin-wave peaks for
al temperatures below T¢ but the nature and origin of these spin waves now depend on whether
g < gq or > go. In thelong-wavelength limit (i.e., when g < gc1),well-defined spin waves
can be excited in the FM matrix only and that too at temperatures well below T¢ because of
the low energy-cost involved, and such spin waves propagate through the matrix without any
significant damping. On the other hand, in the short-wavelength limit (i.e., when q > gc2).Spin
waves can be excited in the FM matrix as wel asin the finite clusters; in the latter case, either
at very high incident neutron energies when the temperature is low or at high temperatures
for the range of incident neutron energies conventionaly used. However, but in this case (i.e.,
when g > g,,),the spin waves in FM matrix are expected to get damped due to strong exchange
fluctuations (caused by the fluctuation in the NN distance between spins) as contrasted with the
intra-cluster spin waves which should be relatively well-defined because the exchange coupling



106

between the spins within the clusters is much stronger and has a much narrower distribution.
Thus, the INS spectra should consist of reasonably sharp spin-vave peaks signaling the existence
of intra-cluster Spin wave excitations superposed on very broad "diffusive-like” structure arising
from the overdamped FM spin waves. The magnon dispersion relation for dl g and T < T¢,
schematically depicted in Fig. 3.14(a), indicates that the slope of ftw, versus o? straight line,
i.e., the spin wave dtiffness coefficient, D, is larger for q > g.2 than for g < ¢a because the
exchange coupling between the spins in the clusters is much stronger than that in the FM

matrix. As the temperature is increased through Tc, exchange coupling between spins in the
FM matrix weakens, the frustration zones start 'melting' away and the finite clusters grow in
size by polarizing spins originally belonging to the frustration zones (as well as some spins of the
FM matrix) and interact with one another through individual spins of the matrix. For T > T¢,
the long-wavelength spin waves characteristic of the FM matrix are completely absent and well-
defined intra-cluster spin waves can be excited only for q > ¢. (Fig. 3.14(b)) but now ¢, < ¢c3.

In view of the earlier finding [33] that in @ - Fegoty, Zri0gyal0ys the average cluster size for
T ~Tcis — 25A, the range of q values (0.05A4~! < g < 0.124~1) covered in the INS experiments
[30] fals wel within the range g1 < q < g2 in figure 3.14(a) and hence no resolvable spin-wave
peaks are found in the INS spectra. In view of the foregoing arguments, the INS measurements
for T < T¢ need to be extended to q values low enough (q < 0.054~1) to observe well-defined
spin waves, characteristic of the 3D FM matrix.

In Co containing alloys, the Fe-Co and Co-Co exchange interactions are ferromagnetic and
much stronger than the Fe - Fe exchange coupling with the result that a progressive replace-
ment of Fe by Coin a- Fego--Co:Zr )0 aloys gradually suppresses the competing interactions
in the frustration zones. This, in turn, leads to breaking up of finite spin clusters into smaller
ones and merging of some of them with the infinite FM matrix. Hence, as the Co concentra-
tion is increased, the number of spins within the FM matrix increases at the expense of those
forming finite clusters, finite clusters shrink in size and decrease in number, and cluster size
distribution narrows down while the average distance between the FM matrix spins increases
and the spins within the FM matrix tend towards a collinear configuration. As a conseguence,
the exchange coupling increases in strength (hence both D(0) and T¢ also assume higher values;
in conformity with the observation (v) mentioned above) and the spin system becomes more
and more homogeneous with increasing Co concentration. This implies that the shaded region
(Fig. 3.14(a)) in the magnon dispersion curve between g, and g, gradually shrinks and shifts
to higher g values with increasing Co concentration so as to finally disappear at some value of
X. These arguments assert that, if the inelastic neutron scattering (INS) experiments in the
same range of q vaues (i.e., 0.054~! < g < 0.124!) as used earlier [30], are performed on
a— Fegg_CozZ1)0 aloys, the constant-g scans exhibiting broad diffusive-like structure at zero
or even low Co concentrations should gradually acquire the propagating features corresponding
to well-defined long wavelength spin wave excitations even in this wavevector transfer range at
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higher Co concentrations. Such a behaviour has indeed been observed recently [35] in the INS
spectra taken in the above-mentioned g range on the homologous aloy series a- Feg,—z4:ZT10.
The competing interactions present in the alloys with z ~ 6 give rise to dight canting of the
spins in the FM matrix at low temperatures, T ~ Tgrg,due to large local random anisotropy
fields that come into play when spin clusters freeze in random orientations [17]. The canted spin
arrangement, in turn, reduces net exchange coupling between the FM matrix spins, leading to
softening of FM spin wave modes, and makes the saturation in magnetization extremely difficult
to achieve even at fields as high as 150 kOe [15,16,36] and temperatures as low as 4.2 K. As the
Co concentration is increased, the competing interactions (and hence the reentrant behaviour
at low temperatures) get (gets) progressively suppressed with the result that the canting an-
gle between the spins decreases and the spin arrangement becomes increasingly collinear. This
explains the sharp rise in spontaneous magnetization at 0 K, Ms = M(0,0), for compositions
X ~ 4 and dower increase or even saturation in Ms(x) curve at higher Co concentrations (Fig.
3.11). The above arguments aso provide a straightforward interpretation for the observation
(Fig. 3.10 and inset of Fig. 3.11) that at low temperatures, saturation in magnetization is
achieved at lower fields for compositions x > 4 than for x ~ 4 and that x;decreases rapidly
for x < 6 but remains essentially constant for x > 6.

Another consequence of the non-collinear ground state spin arrangement in amorphous
FegoyyZri0-y and a - Fegy_Co;Zrgloys with y ~ 2 and x ~ 4 is that the diffusve modes
associated with the longitudinal component of magnetization ("diffusons’) do contribute, be-
sides magnons, to the T%/2 decrease of magnetization, Eq.(3.28), and thereby lower spin wave
dtiffness coefficient, Dp(0)in magnitude compared to the value that Dy (0) possesses when
such a contribution (due to diffusons) is totally absent, as happens to be the case in collinear
ferromagnets. Considering that diffusons give rise to an elastic peak [13] in the INS spectra, the
value of spin wave stiffness determined from such measurements, i.e., Dn(0), should greatly ex-
ceed Dps(0)n these systems. Such a disparity between Dn(0) and Das(0)is expected to reduce
continuously with decreasing y or increasing x as the spin orientations tend towards a collinear
configuration. This process continues till a value of x is reduced beyond which Dy{0)equals
Dps(0pecause by then non-collinearity is fully suppressed. This prediction needs to be verified
by INS measurements performed at very low q (q <0.05471) on a- Fego_,Co.Zr@lloys. It
should be emphasized at this stage that a progressive suppression of Invar effect and reentrant
behaviour with Co substitution is accompanied by an increase of Da(0Yowards Dn(0) and an
enhancement of both Dp(0) and Dn(0)such that the difference Dn(0) Da(0)diminishes
in magnitude as x increases. Yet another interesting aspect of spin waves in weak itineran-
t ferromagnets is that in the absence of any spin-dependent (spin-orbit or magnetic) impurity
scattering process, spin diffusion provides the sole intrinsic mechanism for relaxation of the long-
wavelength, low-frequency modes of spin-density fluctuations. This diffusive relaxation causes
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a damping of spin waves (proportional to the spin-diffuson constant) which is temperature-
independent and varies with q as g* [37]. Consistent with this theoretical r:sult, recent inelastic
neutron scattering (INS) experiments [35] on the spin dynamics of amorphous Fegg—z NizZ710
aloys have revealed a temperature-independent spin-wave linewidth which exhibits a ¢* or ¢®
dependence. Temperature-independent spin-wave damping proportional to ¢° is also predicted
by the random Heisenberg model of localized spins [38,39] in which damping of spin waves arises
from the scattering of magnons from fluctuations in the exchange interaction but this damping
mechanism yields a value for magnon linewidth which is an order of magnitude smaller than the
observed values.

3.2.3. Intermediate temperature region

In the intermediate temperature range (T* < T < T"), the main observations are as
follows. (i) The temperature dependence of both ‘in-field' and spontaneous magnetization is
best described by the appropriate versions of Egs.(3.56) (with C ~ 1) and (3.3c) (with C" ~ 1)
or (3.3a) for the dloys with y =0, 1, x =0, 1, 2, 4, 6 and z = 8, 10, 90, respectively, (Figs.
3.2(b), 3.2(d), 3.5(a) and 3.9(a)). (ii) In the absence of the external magnetic field, the coefficient
of the T? term in Eq.(3.56) (with C ~ 1 and H = 0) or Eq.(3.3c)(with C" ~1,H = 0) decreases
with decreasing y or increasing x (Fig. 3.6(a)). (iii) For a given composition, the coefficient
of the T? term, i.e,, A in Eq.(3.5b) and A”in Eq.(3.3c), decreases with increasing applied field
(Figs. 3.6(a) and 3.15). Note that (a) the fidd dependence of A”is not shown in figures 3.6(a)
and 3.15 since the values of A”at H — 0 and H = 10 kOe only have been determined in the
present work and (b) H.ysin Fig. 3.15 (and those subsequent figures in which it appears) denote
the effective field defined as Heyjg— H - 47 N < M >, where N is the demagnetizing factor and
< M > is the average value of magnetization over the temperature interval (T** < T < T===pf
the fit based on Eq.(3.5b) or Eq.(3.3c). The error bars for H.g(less than or equal to the symbol
size in the above-mentioned figures) are computed taking into account both the uncertainty in
H and deviations of the extreme values of M from its average value, i.e., M(T"*)— < M > and
<M> -

Now that the least-squares fits to the M{T,H) or M(T,0) data based on Egs.(3.56) and
(3.3c) yield values for the parameters C and C" that are close to unity and independent of the
field H (Tables 3.1 and 3.2), Eq.(3.5b) can be rewritten in the form

[M(T, H)/M(0, H))> =1-2A(H)F? A*(H)T? (3.43)

where H is either finite or zero. Eq.(3.43) obviously reduces to

[M(T,H)/M(0, H) = 1 — 2A(H)T?, (3.44)
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i.e., Eq.(38.3c) with C" m 1 and A"(H) = 2A(H )or Eq.(3.38) with
T;%= 2 A(0), (3.45)

when the T* term in Eq.(3.43) is negligibly small compared to the T? term.

In view of Eq.(3.30), the finding that the expressions (3.43) and (3.44) reproduce closdly the
observed variation of M(T, 0) and M(T, H) with temperature in the aloys with y £1,0<z <6
and x = 8, 10 and 90, respectively, (observation (i) mentioned above) implies that the T* term in
Eq.(3.30) makes a significant contribution to M(T,0) and M(T, H) only for the first set of aloys;
presumably due to a sizable value of the Stoner enhancement factor S. To verify this, vaues of
x(0,0) and M(0,0) (and hence u,) for each aloy are computed respectively from the slope and
intercept (on the ordinate) of the Arrott (M? vs. H/M) plot isotherm at T — 5 K, constructed
out the M(T, Hylata taken at 5 K (Fig. 3.10). From the values of these quantities so obtained
and listed in Table 3.3, one can, in principle, calculate various band and exchange parameters
using Egs.(3.12) - (3.19) provided the actual shape of the density of states (DOS) curve for each
composition is known. In the absence of any such information, values of 5 displayed in Table 3.3
are deduced from Eq.(3.12) by making use of the presently determined values of x(0,0) and those
of N(Ep) estimated from the coefficient 15 = (V k}/3)N(EFr)of the electronic specific heat,
reported in the literature [40,41] for the glassy alloys in question, after making corrections [41] for
the electron-phonon enhancement. Note that the vaues of N(Efr) for Co concentrations other
than x = 0,4,10 and 90 are the interpolated values obtained by passing a cubic spline through
the data points in the N(EFf)vs. x plot [40] over the concentration range 0 < z < 30. The data
presented in Table 3.3 clearly demonstrates that (a) 5 indeed possesses large values for x ~ 6 and
decreases rapidly with increasing z and (b) Stoner parameter / and hence the exchange splitting
of bands AE = | M(0,0)/Nipgreases with x while N(Er)decreases with x such that the
Stoner criterion for ferromagnetism, i.e., IN(Er)> 1, is satisfied for al the compositions. A
direct consequence of the increase in AE with x is that the excitation of single particles and
more so the formation of correlated particle-hole pairs (local spin-density fluctuations) becomes
increasingly difficult as x is increased. This leads to a progressive suppression of spin fluctuations
with Co substitution (Fig. 3.6(a)).

Considering the well-known fact that by holding the weak temperature dependence of the
thermal density of states (the one-electron density of states times the Fermi function) solely
responsible for the T decrease of M(T,0), the Stoner model grossly overestimates Tc,Tg > To
in Eq.(3.30) and as such Tp S T¢. Alternatively, local spin-density fluctuations dominantly
contribute to the thermal demagnetization of M(T, 0) in the intermediate temperature range.
This inference is vindicated by the observation that the values of T¢ calculated from the relation
Tz = [2A4(0))7Y/? [¢f. Egs.(3.30) and (3.43)] using the presently determined values of A(0) are
consistently lower than the actual Tc vaues (Table 3.4), i.e, Tg/Taatio ranges between 0.85



Table 3.4: Comparision of the spin fluctuation temperatures with
the Curie temperature. *Values obtained from the estimates of A”(0)
given in Table 3.2

conc. Te Tz TclTc r

y/x (K) () (K)

V=l 209.66(5) | 180(1) | 0.86(1) 21§(ﬁ) 1.016(5)
z=y=0| 2250005 | 193(3) | 0.86(1) |229(2) | 1.018(9)

z=1 | 256.66(5) | 227(1) | 0.88(1) |261(2) | 1.017(9)

r=2 | 281.60(5 | 244(3) | 0.87(1) | 286(3) | 1.016(10)

z=4 | 327.95(5) | 286(2) | 0.87(1) | 334(3) | 1.018(10)

=6 | 37475(5) | 323(6) | 0.86(2) | 380(3) | 1.014(9)

x=8 | 419.50(10) | [362(5)]° | [0.86(1)]*

z=10 | 462.50(10) | [398(6)]* | [0.86(1)]"

=90 [1600(80)]

111



112

and 0.87 for the aloys with y = 0,1 and = < 6. If T for the aloys with x = 8 and 10
is computed from the relation Tg = [A(0))~!/2 (i.e., ignoring the T* t .rm in Eq.(3.30) and
comparing Eq.(3.30) with the zerofidd (H = 0) version of Eq.(3.44)), T¢/Tc ratio for these
samples too comes out to be 0.86T¢. Since this ratio is nearly constant (~ 0.86) over this
composition range, it is not surprising that the coefficient A(0) scales with Tz (Fig. 3.16) in
accordance with Eq.(3.45). The result A(0) x Tg’ together with the finding that Tc¢ increases
with x (Fig. 3.12) is the manifestation of the fact that the spin fluctuations get progressively
suppressed as the Co concentration increases. When Co concentration is increased beyond x = 6,
the contribution to M(T,0) arising from spin fluctuations diminishes at a rapid rate with the
result that it is reduced to an insignificant level for compositions in the vicinity of x = 90. In
other words, the decline of M(T,0) with T in the intermediate temperature rangein a—CogZ710
is mainly due to Stoner single-particle excitations. This deduction is further supported by the
‘in-field magnetization data, as shown below. Thus, a — CeggZr)o represents the extreme
situation in which the particle-hole pair excitations are weakly correlated and T3 =~ Tcln such
a case, Eq.(3.30) reduces to the expression [M(T,0)/M(0,0 1 - (T/T¢)?, which forms an
adequate description of the observed variation of M(T, 0) with T in this aloy (Fig. 3.3(b)).

A close scrutiny of the Co concentration dependence of A(H) for a few representative values
of H depicted in Fig. 3.6(a) reveals that the A(H)vs. x curves for finite fieds are similar in
shape to the one for H = 0 but are shifted down by an increasing amount with respect to it for
higher field values. For agiven concentration, the fidd dependence of A(H.yss)s clearly brought
out by the data presented in figure 3.15. A rapid decline in the magnitude of A(H.f fyith
increasing Heyyis a clear indication of the suppression of spin fluctuations with field. The effect
of increasing magnetic field in the itinerant-electron picture is to increase the splitting between
spin-up and spin-down sub-bands and hence, in analogy with the influence of increasing AE
by Co substitution on spin fluctuations discussed above, field, like x, strongly suppresses local
spin-density fluctuations. The theoretical attempts [7,42] made so far to quantify suppression
of spin fluctuations by external magnetic fidd within the framework of the spin fluctuation
model cannot be regarded as satisfactory because a large number of adjustable parameters and
the unrealistic electron-gas model have been used to achieve quantitative agreement with the
experimental M(T, H) data. Moreover, the same M(T, H) data on Se¢z/nhave found qualitative
explanation in terms of a band model [43] which does not take into account the local spin-
density fluctuations and differs from the Stoner model in that, in addition to the Stoner exchange
interaction parameter 1, it has another interaction parameter (a nearest-neighbour ferromagnetic
exchange interaction J) that gives rise to a temperature- and magnetization-dependent band
narrowing. However, even this qualitative agreement between the experimental data and the
variation predicted by the latter theoretical treatment [43] cannot be taken seriously because this
model fails to produce the the experimental variations, e.g., the T*4/3 dependence of M(T,0) and
T5/3 dependence of resistivity in certain temperature ranges, which the spin fluctuation model
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successfully docs. The limitation of the spin fluctuation model to make specific predictions about
the effect of field on spin fluctuations ste-»s from the fact that spin fluctuations do not explicitly
depend on the external magnetic field H but, by virtue of their dependence on M, indirectly
couple to H via magnetization. Another point that merits attention at this stage is that while
attempting a quantitative comparison between theory and experiment [7,42] due consideration
has not been given to the observation that different types of excitations are primarily responsible
for the decay of magnetization in different temperature ranges. In order to arrive at the exact
functional dependence of the coefficient A in Eq.(3.5b) or Eq.(3.43)on H, a number of functional
forms that could reproduce the observed variation of A with H were tried with the result that
the empirical relation

A(Hesp) = A0)[1- B Hy ] (3.46)

with the choice of the parameters B and n given in Fig. 3.17 describes the A{H) data the best,
as is evidenced from the quality of fits (continuous curves), based on Eq.(3.46), in figure 3.15.
It is also noticed from Fig. 3.15 that the rate at which the coefficient A decreases with H,
dows down considerably as x increases, e.g., < dA/dH.;p>.—¢~ (1/7) < dA/dH.s5> =0,
where <> denotes the average vaue in the range 15 kOe < H.yy < 15 kOe. Considering
that in the absence of H, progressive substitution of Fe by Co leads to a strong suppression
of fluctuations, it is not surprising that the coefficient A is far less sensitive to H for higher
Co concentrations than it is for lower Co concentrations. An extreme situation arises when Co
concentration approaches £ = 90 in that the 'zero-field' and 'in-field' magnetization data even
for fields as high as 15 kOe coincide with one another at dl temperatures below 300 K (Fig. 3.3).
This observation implies that spin fluctuations are completely suppressed as this concentration
(Cog0Z710) is reached and no further suppression is possible with the external field. Thus
the Stoner single-particle excitations are solely responsible for thermal demagnetization in this
temperature range in @ — CoggZr10. NoOte that the exchange field (proportional to spontaneous
magnetization) when H = 0 plays the same role as the external field so far as their influence on
the spin fluctuations is concerned.

3.2.4. Temperatures close to Tc

In this temperature range (T' < T < T"), the main observations can be summarized as
follows. (i) Appropriate versions of Egs.(3.3d) (with C' =~ 1) and (3.36) yield the best de-
scription for the temperature dependence of both ‘in-field' and ‘zero-field' magnetization in the
temperature interval V < T < T for the aloys withy - 0, 1 and x < 6 (Figs. 3.2(c), 3.5(b)
and 3.9(b)). (ii) When H - 0, the coefficient of the T4 term in Eq.(3.3d) (with C ~ 1 and
H = 0) or Eq.(3.36) decreases rapidly with decreasing y or increasing x (Fig. 3.6(b)). (iii) For
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a given composition, the coefficient A'(H) of the T4/3 term in Eq.(3.3d) (with C' ~ 1) decreas-
es with increasr.g «pplied fidd (Fig. 3.6(b) and 3.18). In view of Eq.(3.32), the observation
that Eq.(3.36) closely reproduces the temperature variation of M(T,0)ymplies that for the a-
loys in question, T8 > Ty and hence Ty ~ T, i.e., Eq.(3.34) is satisfied in the present case.
This deduction is not only consistent with the assertion made in the preceding subsection that
T3 »To ~0.86 Tc but also permits determination of T from the observed values of A’(0)when
the relation Tc = [A’(0)]~*/%is used. The values of T so computed are very close to the actual
Tc vaues (Table 3.4) but lie consistently higher. The deviation from actual values, however,
does not exceed 5 K in any case. Such a close agreement, besides testifying to the correctness
of the above inference that T; ~ T¢, indicates that A’(0) should scale with TC"“. That this is
indeed the case is demonstrated by the data displayed in Fig. 3.16. Since T¢ increases roughly
linearly with x (Fig. 3.12), the finding that A’(0) T54/3 (Fig. 3.16) offers a simple explanation
for the decline of A’(0)with x (Fig. 3.6(b)) along the lines already mentioned in the subsection
3.2.3.

In an attempt to find out the exact functional dependence of the coefficient A' of the T4/3
term in Eq.(3.3d) on H, severad expressions representing different functional forms were fitted
to the A'(H) data. Out of these expressions, the one that yielded the best least-squares (LS) fit
to the A'(H) data has the form

A'(Hep)= A'(0)[1 - B'HY) (3.47)

Such LS fits with the choice of parameter B’ given in Fig. 3.17 and n' = 0.50 £ 0.02 are
represented by continuous curves in Fig. 3.18. An excellent agreement between the best LS
fits based on Eq. (3.47) and A'(H.ss¥ata is evident from this figure. The H'/hower law
dependence of A" on H,; ffor the compositionsy = 0, 1 and x < 6 is clearly brought out by the

A'(H.s5)/A'(Orsus Hc'j’;lplot shown in Fig. 3.19. Note that a similar study on the aloys
with x — 8, 10 and 90 for temperatures close to T¢ was not undertaken for the following reason.
These alloys have high Curie temperatures (Tc 3300 K) so that an appreciable interference of
the data from structural relaxation-induced specious effects is expected at such temperatures.
Since the data cannot be unambiguously corrected for such effects, the studies of this type are
bound to be inconclusive. While the exponent n' is independent of composition in the range
0 < x < 6, the slope B' of the A'(H.ss)/A"(&k. H:,/; straight lines (the IS fits) in Fig. 3.19
decreases with x in accordance with the empirica relation B'(x) = B'(0)[1- az®]in which
B'(0)= 1.30£0.02, a = (4.15+0.05)x 10~*and 8 = 0.25+0.02. The continuous curve through
the B'(x) data in Fig. 3.17 denotes the LS fit based on the above expression with the choice
of parameters just stated. The spin fluctuation model, described in section 3.2.1, provides an

1 n

adequate theoretical justification for the observed H.f;dependence of A'(Hessls is evidenced
below. In the temperature range under consideration, the Bose function n(w) and ! can
be approximated by kgT/fw and xll,respectively. Egs.(3.7), (3.8), (3.23) and (3.25), when
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combined and solved for < m? > with these assumptions, yield [15]

1 ) kgT A{a
<m?>= ﬁﬂ#ﬂM(?,H}(—;ﬁ)qr [1 ’ 2lq (2%’*) \/F] (3.48)

where the temperature-dependent cut-off wavevector ¢, is given by [5]
gc = (kpT/hy.c,)' . (3.49)
Substituting for D and ¢. in the prefactor, Eq.(3.48) can be cast into the form

4/3 1/2
St (ki’) T4/3 [1 .8 (-9-%“1) ﬁ] (3.50)

2r2p1340M3 \ ey 2q.

Use of Eq.(3.50) in the following version [45] of the magnetic equation of state, Eq.(3.9),

M(T,H)]’ B [M(0.0}r _d<mi> 2<cmk >
M(0,H)| — [M(0,H) M?(0,0) ~  MZ2(0,0)

results in the expression

[“L‘fa‘.ﬂ’)’]? _— (Tl)’ [1 = (’ifl‘)ﬁ)‘”\/ﬁ]. 352)

Considering that M(0, H > M(0,0), Eq.(3.52) clearly demonstrates that the spin fluctuation
model correctly predicts the +/Hdependence of A'(H). Using the typical values g. ~ 14-1,
g~2and D ~ 100 meV A?, the coefficient of the v/H term turns out to be ~ 5 x 10~4. This
estimate is of the same order of magnitude as the observed values. If for a moment g, (~ 1)’1")
is taken to be independent of composition and the observed values of stiffness coefficient D and
splitting factor g (— 2.07 + 0.02, value determined from FMR measurements) are inserted into
Eq.(3.52), the coefficient B' of the v/Hterm possesses the values 9.6x 104 and 8.1 x 10~ for the
aloys with x = 0 and 6, respectively, as against the observed values 13.0 X 10~4 and 6.6 x 1074.
From this comparison, one may be tempted to conclude that the spin fluctuation model predicts
a much dower decrease of the coefficient B' with x than the observed one. But when it is
realized that both the quantities ¢, (the coefficient of the gradient term in the Ginzburg-Landau
expansion) and 7', appearing in the expression, Eq.(3.49),0f g., decrease rapidly with = because
these aloys become more and more homogeneous magnetically and N(EF)fdls steeply as the
Co concentration in them is increased, a much closer agreement between the theoretical and
experimental variation of B' with x is expected. For a quantitative comparison between theory
and experiment, values of ¢, and v, for different compositions are needed. Such data are not
available at present.



3.3.

118

Conclusions

Based on an elaborate analysis of highly accurate magnetization data taken over a wide

range of temperatures and external magnetic fields on amorphous Fego+yZri10-y (¥ = 0, 1) and
Fego_:Co.Zrygx - 0, 1, 2, 4, 6, 8, 10 and 90) aloys and a detailed discussion of the results,
following conclusions can be drawn.

0]

(in)

(iii)

@iv)

(v

~

(vi)

Magnetization at 5 K does not saturate even for fields as high as 70 kOe for the aloys
with y — 0, 1 and x ~ 6. The high-field differential susceptibility, xas(0),is extremely
large in the alloys with y = 0, 1 and x = 0, 1 and decreases rapidly with increasing x for
X ~4 so that it possess values typical of crystalline counterparts for x > 6. Large xas(0)
strongly indicate presence of competing interactions in the alloys with y — 0, 1 and x ~ 6.

While spin-wave excitations are mainly responsible for thermal demagnetization at low
temperatures (T ~ 0.37c), enhanced fluctuations in the local magnetization give a dom-
inant contribution to M(T, O) over a wide range of intermediate temperatures (0.47b ~
T ~ 0.87b) and for temperatures close to T¢ (0.87b ~ T ~ 0.957h) in al the aloys except
for the one with z = 90. In this aloy, dominant spin-wave contribution to both M(T, 0)
and M(T,H) at low temperatures (T ~ 0.17b) is followed by an overwhelming contribu-
tion from Stoner single-particle excitations at higher temperatures, implying thereby that
the particle-hole pair excitations are very weakly correlated in this case.

The spin-wave diffness coefficient D is independent of the external field for dl the com-
positions while the D/Tc ratio possesses a value ~ 0.14 in the aloys with y = 0, 1 and
X < 6 which is characteristic of amorphous ferromagnets with competing interactions.
In these alloys, competing interactions confine the direct exchange interactions to the
nearest-neighbours only. The range of direct exchange interactions extends beyond the
first nearest-neighbour distance in the aloys with x > 6.

The observed temperature renormalization of D augurs well with the temperature variation
predicted by the itinerant-electron model and asserts that the magnon - single-particle
interactions are more important in these systems than the magnon-magnon interactions.

For compositions y = 0, 1 and z ~ 6, the value of D directly measured by inelastic neutron
scattering (INS) experiments, Dp,is expected to greatly exceed that deduced from the
magnetic measurements, Dps. This is so because in these alloys, "diffusons’ (longitudinal
spin fluctuations) contribute to the 73/2 decrease of magnetization as significantly as the
transverse spin fluctuations (spin waves) do but they (diffusons) show up as an elastic
peak in the INS spectra.

The infinite three-dimensional ferromagnetic (FM) matrix plus finite FM clusters model
offers a straightforward explanation not only for the absence of spin-wave peaks in the INS
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spectra taker in the vavevector transfer range of 0.054~! < g < 0.12A4~! hut also for the
compo: .iion der :ndence of D(0), T, M(0,0) and xns(0).

(vii) In accordance with the predictions of the spin fluctuation model, spin fluctuations get
strongly suppressed by Co concentration and external magnetic field. This model provides
a consistent theoretical basis for the observed temperature dependence of spontaneous and
'infield’ magnetization over the entire temperature range 0 ~ T ~ T¢.

(viii) The Stoner criterion IN(Ef)> 1 for the occurrence of ferromagnetism is satisfied. All
the aloys studied in this work are weak itinerant ferromagnets.

Before concluding this section, certain issues relating to the application of the spin fluctuation
(SF) model to the type of spin systems under consideration need to be addressed. From a
puristic point of view, this model is strictly valid for nearly ferromagnetic metals or ferromagnetic
metals with unsaturated moments only. Therefore, a direct application of the SF model to a
concentrated system with 90 at.% or more 3d transition metal content would seem to be far
fetched unless due consideration is given to the fact that the ferromagnetic ground state in
a - Feypo-pZry, aloys becomes unstable when p = p. ~ 7 at.% [36,46] and the aloys with y
— 0, 1 and x = 0O, 1, in particular, have a composition close to p. where the ferromagnetic
instability occurs. Considering that the SF model adequately describes the magnetic behaviour
of the dloy systems in question, it is not immediately obvious as to why some of its predictions
such as the fidd dependence of D and the Curie-Weiss behaviour of magnetic susceptibility
for T > Tc (chapter 4) are not borne out by the present results. One way to reconcile with
this situation is to invoke the possibility that the field dependence of D in the investigated
aloys is so small as to escape detection in the measurements that cover a relatively narrow
field range (0 ~ H ~ 15 kOe). Magnetic measurements over a much wider field range (e.g.,
0 ~ H ~ 150 kOe) should help in clarifying this issue. The deviation from the Curie-Weiss
behaviour in the present case is due to giant FM clusters which exist even at temperatures well
above Tc and interact with one another through individual spins, as inferred previously from
magnetization [17,33], Mossbauer [18,47], ac susceptibility [33,48], ferromagnetic resonance [8
10,22,49] and small-angle neutron scattering [50] studies. The spin fluctuation model, however,
fails completely in the critical region because this theory is nothing more than the first fluctuation
correction to Landau theory. Therefore, the SF theory represents a first step towards a crossover
theory between the Landau region and the critical region. A correct description of the magnetic
and thermodynamic behaviour in the critical region is provided by the renormalization group
calculations, as is evident from the data presented in the following chapter. For this reason, one
full chapter (Chapter 4) is devoted to the critical behaviour of the aloy systems of interest in
this work.
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B.: a-(Fe,Nij_p)go(B,Si)y, and a - (Fe Niy_p)gP14Bs alloys

3.4. Results and Analysis

Fig. 3.20 shows the magnetic phase diagrams for a - (FepNiy-p)so( B, St)a0(Series 1) and
a— (FepNiy_p)eoPraBs(Series I1) dloys constructed using the vaues of T¢ (Curie temperature),
Tsc (spin glass freezing temperature) and Tre (the reentrant transition temperature), accurately
determined from ac susceptibility, electrica resigtivity and bulk magnetization measurements
[19,23,31,32,51-56]. Figure 3.20 indicates that the critica concentration p = p., a which the
ferromagnetic (FM)-paramagnetic (PM), PM-spin glass (SG) and FM-reentrant (RE) phase
trangition lines medt, is different for the two series; p. ~ 0.03 for series | and . ~ 0.10 for series
I1. Since the low-lying magnetic excitations in the compositions exhibiting ferromagnetism are
of main interest in this chapter, henceforth attention is focussed on the FM phase only.

The magnetization, M (T, H }data taken in the temperature range from 4.2 K to 300 K (or
T, which over is lower) a an external magnetic fidd of H = 9 KOe on a - (Fe,Niy_p)s0B1051;
(00625 < p < 0.20), a - (FepNiy_p)soB20(0.25 < p < 10) ad a - (Fe,Ni1_p)s0P14Bs
(01125 < p < 10 dloys usng the Faraday technique were andyzed in the same way as in
the case of @ — Fego_,Co.Zro dloys In order to identify the temperature ranges over which
the functiona dependence of M(T,H)on T is governed by a dominant contribution arising
from one or more types of low-lying magnetic excitations such as soin waves, single-particle
excitations and locd spin-dendty fluctuations, the reduced magnetization, M(T,H)/M(0.H).
is plotted against 7%/? and T2 whereas the reduced magnetization squared, [M (T, H)/M(0, H)}?,
is plotted against T> and T4/3. Such plots for a- FegoBzo, shown in Figs. 3.21(a) and 3.21(b),
ds0 serve as an illudtration of the behaviour observed in the remaining compositions. These
figures indicate that for the a - FegoB2o dloy, the M(T,H = 9 kOe) data are better described
by a 732 law for T ~ 140 K and by a T? law for 140 < T < 300A' while the other power
laws (Fig. 3.21(b)) do not fit the data in any temperature range. Having completed such
an exercise on the M(T, H)data of dl the compostions in both the dloy series, a detailed
‘range-of-fit' analyds of the type described in Sec.3.1.1 has been caried out to ascertain the
relative importance of different contributions to Am(T,H) = [M(0,H) - M(T,H)]/M(0,H).
A representative example of the variation of various fitting parameters with the upper limit
(Tmax) Of the temperature range Tmin < T < Tmax Used for different types of fits is shown
in figure 3.22. For the least-squares fits to M (T, H)data based on Eqgs.(3.1)-(3.3), use has
been made of the vaues of demagnetizing factor N determined from low-fidd magnetization
measurements and those of the splitting factor g as wdl as anisotropy fidd H 4 reported in the
literature [19,23,57,58]. Such an exhaustive analysis of the magnetization data taken on these
dloys is necessitated by the fact that most of the previous determinations [19,23,24,26-28,53,59
78] of the spin wave diffness, D, do not take into account either the single-particle contribution
or the dfect of externa magnetic fidd or the temperature renormdization of D eventhough
indlastic neutron scattering (INS) data [79-82] clearly demonstrate that an appreciable reduction
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in D occurs with increasing temperature. The main observations based on the above analysis
are as follows. (i) For temperatures t(= T/Tc)< t°(p), the hest fit to Am(T, HYata is
provided by Eq.(3.1a) with 0 = 0 and D{T) - D(0)(1 - Ds/;75/%pr the dloys with p < 0.625
and D(T) = D(0)(1 - D2 T*)or those with p > 0.75 in series I. For t > t"(p), the Stoner
single-particle excitations of weak-itinerant (WI) type, i.e, Eq.(3.26), and loca spin-density
fluctuations (LSF), i.e., Eq.(3.30), are responsible for the thermal demagnetization for al the
compositions in series |. In series I, the observed temperature variation of Am(T,H) is closely
reproduced by the first spin-wave term in Eq.(3.1a) aone, i.e., by the expression represented by
Eq.(3.1a) with 0 - 0 and D(T) - D(0)(1 — Ds/» T*for temperatures t < 0.9 (T < 300 K) and
concentrations p < 0.25 (0.375 < p < 0.625). However, for the aloys with p > 0.75, the T3/2
spin-wave term in Eq.(3.1e) with D(T) = D(0)(1 - D, T?)plus the single-particle contribution
of strong-itinerant (SI) type described by Eq.(3.2a) yield the best fit to the Am(T, H jata
in the entire temperature range (0 ~ T < 300 K). (ii) In dloy series I, the single-particle
contribution of WI type (Eq.(3.26)) as well as the LSF contribution (Eq.(3.30)), though present
at dl temperatures, are completely overshadowed by the spin-wave contribution for t ~ t"(p) but
they completely account for the observed temperature dependence of Am(T, H)for t > t'(p). By
comparison, single-particle excitations of the SI type (Eq.(3.2a)) contribute significantly, besides
a dominant spin-wave contribution, to Am(T, Hin the entire temperature range T < 300 K
only for Fe concentrations p > 0.75 in aloy series Il whereas for p < 0.625 in this alloy series,
the spin wave contribution is so large as to make a reliable estimation of Amgp(T, Hand
Ampsp(T, Hiytually impossible. The latter inference can be drawn from the fact that the
addition of single-particle and LSF contributions of the form given by Eq.(3.26) or Eq.(3.30) to
the spin-wave term marginally improves the quality of fit for p < 0.625 while the addition of
single-particle contribution of the Sl type, Eq.(3.2a), brings forth a marked improvement in the
quality of fit for concentrations p > 0.75 compared to that when only the 73/2 term is present.
(iii) The quality of LS fits based on the theoretical expressions that set D(T) = D(0) is much
worse compared to the ones that dlow D{T) to vary as D{T) ~ T%/2 or T? indicating thereby
that the temperature renormalization of D is important. (iv) The LS fits are able to clearly
distinguish between the different functional dependences of D(T) on T and they revea that
D(T) ~ T3/2 for p < 0.625 whereas D(T) ~ T2 for p > 0.75 in both the aloy series.

Figures 3.23 and 3.24 show the reduced magnetization data plotted against T3/2 for series
| and Il, respectively. The continuous curves through the data points represent the best LS
fits to the Am(T, Hdata with the parameter values for series | and Il given in Tables 3.5 and
3.6, respectively. The presently determined parameters, M(0,0), D(0), Tc, Dsj3, D2 and A
are plotted as functions of Fe concentration for both the aloy series in figures 3.25 and 3.26
together with the values of these parameters for crystalline (¢—)Fez Nt 00-alloys [83,84]. Note
that in these figures, p, which denotes the Fe concentration in the aloy series | and 11, has been
changed to x = 80p in order to facilitate a direct comparison between the present results and
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those previoudy reported [8384] for crystdline (c-) Fer Nijgo--aAloys In addition, the vdues
of mean-square range of exchange interaction, < r* >, for differen’ compositions in series | and
11, computed from the relations [19,23,53,85]

- gUB kg & 2 .
Dyj2 = 7€(5/2) (M(e.m) (4—“m(0)) s (353)
and
D(0) (5/3) [r2J(r)G(r)dr kg 3

<> (3.54)

Te [25(S + 1)/3kg] [ J(r)G(r)dr - 2(5+1)
using the presently determined vaues of M(0,0), D(0), Tc and Ds;, and by setting 5=1,
are included in Tables 3.5 and 3.6 for comparison. The observations (i) - (iii) mentioned above
assert that the temperature renormalization of D cannot be neglected for the alloys in question
and the property Dy (tiffness value determined from inelastic neutron scattering data) » Da
(stiffness deduced from the magnetization data) is inherent to Invar systems (e.0., @ - FegpBzo
in Table 3.5). This result refutes the earlier claims [77,86] that the wide disparity between
the values of Dps and Dy usually found in Fe-based amorphous (and crystalline) Invar dloys
completely disappears when contribution to Am(T, H grising from both spin-wave and single-
particle excitations (of either WI type [77] or S| type [86]) are taken into account without
considering the temperature renormalization of spin wave gtiffness D.

3.5. Discussion

In order to facilitate a direct comparison between the present results and those reported on
¢ — Fe; Nijgo-aAloys, the Fe concentration in the amorphous aloys in question will be referred
to as x (=80p) instead of p in this section. Before proceeding with the discussion, the main
findings of this work are summarized below.

(i) In @ — FeyNigo_-(B, St)aalloys (series 1), the spin wave excitations aone seem to
account for the observed thermal demagnetization below a certain (reduced) temperature t*,
which decreases with increasing x (Fig. 3.26), but the existence of single particle (SP) exci-
tations of weak-itinerant (WI) type and local spin-density fluctuations (LSF) cannot be ruled
out completely. For t > t', SP excitations of WI type (Eq.(3.2b)) and LSF (Egs.(3.30) and
(3.43)) completely account for the decrease of magnetization with increasing temperature. Asin
a—Fe; Nigg_(B, Si)gloys for t < t', the spin-wave (SW) contribution completely masks the
WIl-type SP plus the LSF contributions in the temperature range O ~ T ~ 0.97b (0 ~ T < 300
K) for Fe concentrations x < 20 (30 < x < 50) in the a - Fe,Nigo_Pi4Bglloy series (se
ries 11); however, SP excitations of strong-itinerant (Sl) type (Eq.(3.2e)) contribute significantly
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to the thermal demagnetization, in addition to the dominant SW contribution, in the entire
temperature range 0 ~ T ~ 300 K only for x ~ 60 a % in series Il. In c - Fe;Ni,p04d-
loys, a SP contribution of W1 type accompanies a dominant SW contribution throughout the
temperature range covered in the experiments (note that the SP and SW contributions become
comparable only for x ~ 60 at.%) as is aso the case with a- (Fe,Nii—-p)s0(St)20 aloys in the
entire composition range and a - Fe,Nigg_,Py4Bglloys for x < 50 at.%. The only difference
between the crystalline and amorphous aloys is that in the former case, the SP contribution
(i.e., coefficient A in Fig. 3.26) could be estimated because of its larger magnitude whereas in
the amorphous case, such an estimation is only possible for al the concentrations in series | at
t > t. (ii) In both the amorphous aloy series, D varies with temperature as D(T) ~ T%/2 for
X < 50 at.%, in accordance with the expression (Eq.(3.1c)) predicted by the localized-electron
(Heisenberg) model, whereas consistent with the behaviour of D(T) (Eq.(3.1b)) predicted by the
itinerant-electron model it, renormalizes with temperature as D{T) ~ T? for Ft concentrations
in the range 60 < x < 80. A crossover from the 7/2 to T2 dependence of spin wave stiffness at
X ~ 60 at.% in the presently studied amorphous alloys has also been previously observed [83,84]
in ¢ — Fe; Ntjg0-, dloys (Fig. 3.26). The concentration dependence of the coefficient Ds; of
the T%/2 term in Eq.(3.1r) for the amorphous aloys investigated is similar to that observed in
c — Fe; Nijgo_alloys. (iii) The values of < r? > for different compositions in series | and 11
computed from Eq.(3.53) (Tables 3.5 and 3.6) suggest that the range of exchange interaction
increases rapidly with x whereas Eq.(3.54) predicts that < r? > decreases with increasing x. (iv)
The spontaneous magnetization, M{T = 0,z ), versus x curves in the range 0 < x < 60 for series
| and Il are systematically shifted down by ~ 20 and ~ 40 emu/g, respectively, with respect to
that for ¢— Fe;Nijgo-gloys (Fig. 3.25). However, a sudden drop in M(0,zfor x > 60 at.% in
the c— FezNiy00-geries is not observed in the investigated amorphous aloys for which M(0,z)
continues to increase with x but with a progressively dower rate (Fig. 3.25). (v) The spin-wave
diffness at 0 K, D(T = 0, x) and Curie temperature, Tc(x), as functions of x go through a broad
peak a x ~ 60 at.% (x ~ 70 at.%) for a - Fe;Nigo_(B,Si){a - Fe;Nigo_.P4B)oys
(Fig. 3.25). As x is increased beyond z ~ 60 at.% , both D(0,z)and Tc(x) decrease at rate
which is very steep in ¢— Fe. Nijpodloys but dows down considerably in the amorphous aloys
studied so much so that the drop in these quantities is barely discernible in a— Fe; Nigo—zPi4Bs
aloys.

Within the framework of the band model, the effect of increasing the Fe concentration x
is to increase the exchange splitting of spin-up (1) and spin-down (l) d subbands (since T¢
increases with x, Figs. 3.20 and 3.25) and to shift the Fermi level EFrto higher energies (as the
spontaneous magnetization Af(0, x) increases with x, Fig. 3.25). The observation (i) mentioned
above implies that Erbes within the d; and d; subbands in the entire composition range for the
adloy series | (wesk itinerant ferromagnetism) whereas Erin series Il shifts up with x to such
an extent that it lies just above the top of di subband at x ~ 60 at.%, where a transition from
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weak (X < 60 at.%) to strong (z > 60 at.%) itinerant ferromagnetism occurs. This deduction is
consistent with the results of spontaneous resistivity anisotropy [87,88], high-field susceptibility
[88], spin-polarized photoemission [89] and compton scattering [90] experiments on the same
or similar Fe — Ni amorphous aloys as the present ones. In addition, the observation that t"
decreases with x is consistent with the result [91] that the temperature range over which T3/2
variation of spontaneous magnetization in crystalline Fe dominates is confined to temperatures
T < 0.157c or simply to t* < 0.15 only. In view of the arguments presented in subsection
3.2.3., one expects a significant reduction in the magnitude of coefficient A of the T? term in
Eq.(3.2b) or Eq.(3.5b) in the presence of an external magnetic field as large as 9 kOe compared
to its value in zero field because of the suppression of LSF by external field. Nevertheless, if
we ignore this reduction in A for the moment, i.e., set A(H) = A(0), and calculate T~ from
the relation Tg = [2 A(0)]~1/2 using the present A values, the numerical estimates of Tg, so
obtained, consistently exceed the actual T¢ values by about 10 % for a - Fey;Nigy— (ESi)s0
aloys. Since A(0)is actually larger than A(H), the values of T¢ should be very close to those of
T¢. Considering that the Stoner theory overestimates T¢ by at least an order of magnitude, this
result strongly suggests that local spin-density fluctuations dominantly contribute to thermal
demagnetization in these aloys.

The observation (ii) that a transition from 7'/2 variation of D(T) to T? occurs at z ~ 60
at.% should not be interpreted as a transition from localized- to itinerant-electron behaviour
but as an indication of the fact that the magnon-magnon interactions, within the framework of
itinerant-electron model (Eg.(1.21), Chapter 1), wesken with increasing x so much so that the
magnon— S P interactions show up with ease for x > 60 at.%. It is now well-known [19,23,53,92]
that the nearest-neighbour (NN) configuration of atoms (short-range order) in the Fe — Ni
amorphous alloys in question is similar to that found in their crystalline counterparts. In view
of this result, the finding that the concentration dependence of Dg/;1s the same (within the
error limits) regardless of whether Fe - Ni aloys are in the crystalline state or in the amor-
phous state and irrespective of whether the metalloids are present or not suggests that the
observed functional dependence of Ds;; on x (and hence the magnon-magnon interactions) is
primarily dictated by the alteration in NN coordination (both type and number) brought about
by the change in Fe concentration. Considering that even the slight change in NN coordina
tion has a marked influence on the creation or annihilation of short-wavelength magnons, the
magnon-magnon interactions involving the short-wavelength magnons play a decisive role in the
temperature renormalization of spin-wave energies. In view of this argument and the observa
tion that M(0,0) and D(0) have much lower values in the amorphous state compared to those
in the crystalline state, it is not surprising that the values of < r* > calculated from Eq.(3.53)
(Tables 3.5 and 3.6) underestimate the range of exchange interactions and hence tend to give the
misleading impression that such interactions for the glassy alloys with z in the range 0 < x < 60
at.% are confined to the nearest neighbours only. By contrast, the values of < r? > computed
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from the D(0)}/T¢ratio using Eq.(3.54) (Tables 3.5 and 3.6) provide a better handle on the range
of exchange interactions since both D(0) and Tc are directly related to the _schange integral
through the expression given by the numerator and denominator in Eq.(3.54), respectively.

A downward shift in the M(T'= 0,z)vs. x curves (Fig. 3.25) for amorphous aloys in
question, i.e., observation (iv) stated above, can be understood [52] in terms of the simple but
crude rigid band model by assuming that P donates roughly twice as many electrons per atom
to the transition metal d bands as B does. The sharp drop in M(T— 0,z), D{T = 0,z) and
Tc(x) for x > 60 at.% in c - Fe;Nijgo-Aloys is a manifestation of the Invar effect, i.e,
the coexistence of antiferromagnetically coupled (low-spin state) and ferromagnetically coupled
(high-spin state) spin pairs. Alternatively, the antiferromagnetic (AF) interactions build up
at the expense of the ferromagnetic (FM) interactions in these alloys as x is increased beyond
60 at.% resulting in a sharp drop in these quantities. In view of these arguments, progressive
dowing down of the rate of increase in M(T= 0, z)and drop in D(T — 0, x), Tc(x) for x > 60
at.% in the presently studied aloys indicate that the competing (AF+FM) interactions, more
pronounced in a — FeggBgo than in a— Fego P14 Bgare present in the aloys with x in the range
60 ~ x < 80. This inference is consistent not only with the finding that the ratio D(0)/T¢
for a - FegoBao possesses a vaue (= 0.14 meV A?/K Table 3.5) characteristic [9,10,17,26] of
amorphous ferromagnets with competing interactions but also with the fact that a — FegoBag
does exhibit [93] Invar behaviour. Competing interactions, in turn, give rise to canted spin
arrangement in such ferromagnets. Mossbauer [94] and spin-polarized neutron scattering [95]
experiments performed on amorphous Ferich (Fe-Ni)-metalloid and/or Fe-metalloid aloys do
support the existence of non-collinear (canted) spin structure in the aloys with Ft concentration
greater than 60 at.%.

As already mentioned earlier, the present results unambiguously demonstrate that Dy >
Dy is a characteristic property of the amorphous ferromagnets with competing interactions
and/or of amorphous ferromagnetic alloys that exhibit Invar effect (e.g., a - FegoBy in Table
3.5). Severd arguments [13,79-82,85,96-98] have been put forward to explain this discrepancy
between Dpsand Dy in amorphous ferromagnetic alloys. According to Continentino and Rivier
[13], the diffusive modes (“diffusons”)originating from the longitudinal spin fluctuations, con-
tribute as significantly to the 7'3/2 decrease of magnetization in amorphous canted ferromagnets
(i.e., the glassy ferromagnets with a noncollinear ground-state) as the transverse spin fluctu-
ations (magnons) do, but these diffusons do not give rise to any propagating features in the
constant—gq INS intensity versus energy scans. The recent triple axis polarized INS data [99] on
a - FeggBy{Invar system) and a - FeqNigPi4Bénon-Invar system) aloys provide strong
evidence for the existence of longitudinal spin fluctuations, which, far from being nonpropagat-
ing modes (as envisaged by Continentino and Rivier [13]), appear as propagating excitations
at energies close to the spin wave peaks in constant-q scans for temperatures wel below Te
in both the alloy systems studied. Moreover, these longitudinal propagating excitations, like
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magnons, follow the dispersion relation E(T) = D{T)q® and hence give rise to an additional
T3/2 contribution to thermal deriagnetization while leaving Dy unaltered from its 'spin-wave-
only' value. The possibility of a coupling between transverse (spin-wave) and longitudinal spin
fluctuations that leads to propagating longitudinal excitations which peak at spin-wave energies
was earlier suggested by various workers [100-102]. Another important observation made by
Lynn et al. [99], based on the triple-axis polarized INS experiments mentioned above, is that
the intensity of the longitudina mode peaks is very weak in a - FesqoNigoPi4Bempared to
that in a- FeggB14. This result isin agreement with the present work (Tables 3.5 and 3.6) that
the discrepancy between Dy and Dy 1s more pronounced for a — FegoB2o(Dn/Dm 1.85(32))
than for a - FeqoNigoP14B(Dn/Dg 1.13(2)). However, none of the theoretica models
proposed hitherto [13,100-102] explains why the peaks in the INS spectra belonging to the lon-
gitudinal spin fluctuations are more intensein Invar aloys than in non-Invar systems. These
results find a simple interpretation in light of the infinite three-dimensional (3D) ferromagnetic
(FM) matrix plus finite FM spin clusters model [17,18,31,32,51] proposed earlier for amorphous
ferromagnetic alloys and already described in detail in section 3.2.2. In this model, wild fluc-
tuations in the NN distance within the frustration zones surrounding the finite clusters around
the critical distance (r.) at which the exchange integral changes sign in the Bethe-Slater curve
gives rise to competing interactions, which, in turn, result in noncollinear arrangement of spins
within the infinite 3D FM matrix in amorphous alloys. In Invar systems, an additional con-
tribution to competing interactions arises from strong magnetostrictive coupling between the
loca 'quenched-in' stresses and spins in the buffer zones surrounding the finite spin clusters.
Thus, the longitudinal spin fluctuations are more pronouncedin Invar systems than in non-Invar
ones. As the concentration of the moment bearing (Fe) atoms in the amorphous alloys under
investigation increases, the total density decreases (Tables 3.5 and 3.6) such that the average
NN distance (7~ n)oetween spins in both the FM matrix and the finite spin clusters increases
progressively beyond r. for z < 60 at.%, whereas for z > 60 at.% the finite spin clusters grow
at the expense of the bulk with the result that rxxbetween spins in the finite clusters is much
larger than r. but rnnis lowered towards r. for spins in the FM matrix. This process leads
to an increase in the average NN (positive) exchange coupling, Jyn,between spins in the FM
matrix (and hence in D(T - 0, x) and Tc(x)) for x up to 60 at.% but as x is increased beyond
60 at.%, Jnn decreases and so do D(T = 0,z) and T¢(z).

3.6. Conclusions

From the detailed analysis and discussion of highly precise magnetization data taken on
amorphous (a—)(Fe,Nij_p)so( B, Si)zo (series 1) and (FepNiy_p)soPraBs (series 11) alloys, the
following conclusions can be drawn.
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In series |, the spin wave contribution to thermal demagnetization completely dominates
ove: that due to single-particle (SP) excitations of the ‘weak-itinerant-type’ plus 'oca.
spin-density fluctuations (LSF) in the temperature range 0 ~ t (= T/Tc) ~ t'(p) for dl
p but the reverse is true for al the compositions at temperatures t > t*(p).By contrast,
in series |1, the SW contribution masks the feeble contribution from SP excitations of
‘weak-itinerant-type’ and LSF in the range of temperatures 3.8 K < T < 0.97c (3.8
K < T < 300K) for p < 025 (0.375 < p < 0.625), but for p ~ 0.75 and T < 300
K, a dgnificant contribution from SP excitations of strong-itinerant type accompanies a
dominant spin-wave contribution. This result indicates that al the compositions in the a-
(FepNiy_p)so(ESt)g0 alloy series behave as weak itinerant ferromagnets while a transition
from weak-itinerant to strong-itinerant ferromagnetism occurs at a concentration p ~ 0.75
in the a - (Fe,Ni;_p)soPi4Bedlloy series.

In both the dloy series, the spin-wave diffness coefficient renormalizes with T as D(T) ~
T5/2 for Fe concentrations up to p ~ 0.625 whereas D(T) ~ T for 0.75 < p < 10.
Such a crossover in the temperature dependence of D from 75/2to T? a p ~ 0.75 is adso
observed in ¢ - FezNijgo-Az = 80p) aloys. Within the framework of the itinerant-
electron model, this observation implies that the magnon-magnon interactions (especialy
the ones involving short-wavelength magnons) wesken with increasing p so much so that
magnon-SP interactions show up with ease for p ~ 0.75.

The present results unambiguously demonstrate that Dy (the value of D determined from
either inelastic neutron scattering (INS) or Brillouin scattering experiments) > Dy, (the
value of D deduced from the magnetization measurements) is a characteristic property of
the amorphous ferromagnets with competing interactions and/or of amorphous ferromag-
netic aloys that exhibit Invar effect. Based on the observed Fe concentration dependence
of M(T = 0,p), D(T = 0,p) and Tc(p) in the investigated amorphous alloys, it is argued
that the competing interactions present in the aloys with p in the range 0.75 ~ p ~ 10
give rise to noncollinear (canted) arrangement of spins in the ground state. This cant-
ed spin structure for p ~ 0.75, in turn, gives rise to longitudina spin fluctuations which
contribute as significantly .to the T3/? decrease of magnetization as the transverse spin
fluctuations (spin waves) do but leave Dy unaltered from its 'spin-wave-only' value. This
explains as to why Dn > Dy for the aloys with p ~ 0.75.

The direct exchange interactions extend beyond the second nearest-neighbor distance for
compositions close to, but above, the critical concentration for the appearance of long-
range ferromagnetic order whereas the competing interactions in the amorphous aloys
with p > 0.75 confine the direct d-d exchange interactions to the nearest neighbors only.

The concentration dependence of D and Tc observed in the present work as wel as the
recent finding that the peaks in the INS spectradue to the longitudinal spin fluctuations are
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more intense in Invar aloys than in non Invar systems find a straightforward explanation
in terms of the infinite 3D ferrowmagnetic matrix (FM) plus finite FM spin clusters model.
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CHAPTER 4
THERMAL AND PERCOLATION CRITICAL BEHAVIOUR

This chapter is divided into two parts. The first part describes the bulk magnetization
(BM) and ferromagnetic resonance (FMR) study of the thermal critical behaviour near the
ferromagnetic (FM) - paramagnetic (PM) phase transition at the Curie temperature, T¢, in
a —FegoyyZT10-yand a - Fego-,Co.Zr @lloys whereas the second part deds with the perco-
lation critical phenomena associated with the critical concentration (percolation threshold) for
ferromagnetism in a - (Fe, Ni)-metalloid aloys.

A. THERMAL CRITICAL BEHAVIOUR

4.1. Results and analysis

Severad methods of analysis have been used in the literature [1] to extract the critical expo-
nents from bulk magnetization data. The critical exponents that some of these methods yield
are the effective exponents which depend on the temperature range used in the andysis (even
within the asymptotic critical region) and can be significantly different in magnitude from the
'true’ asymptotic exponents that are of interest in the theory. The vaues of these effective ex-
ponents approach those of the asymptotic exponents only in the immediate vicinity of T¢ (i.e.,
in the limit T — T¢). On the other hand, the method that includes the 'correction-to-scaling'
(CTS) terms in the analysis yields the true asymptotic values of the exponents. Some of these
methods described below are used to analyze the magnetization data of a — Fego4y ZT10-4{y =
0, 1) and a - Fego_rCozZrfx = 0, 1, 2, 4 and 6) aloys.

4.1.1. Arrott equation-of-state

This method employs the Arrott-Noakes equation-of-state [1,2] (cf. Eq.(1.32) of Chapter 1)
given by

(H/M)' = o' € +b' M'/P (4.12)

where g and 4 are the spontaneous magnetization and initial susceptibility critical exponents,
respectively, and the temperature-independent coefficients & and 6' are related to the critical
amplitudes m,, T and D defined by Eqgs.(1.29a), (1.296) and (1.306) of Chapter 1 as

I'= (mo/ho)= (@), D =) ad mo= (a'/¥) (4.16)
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According to this method, the raw M vs. H isotherms teken at different temperatures in the
critical region are usd to construct the MY/# vs. (H/M)'/plot, popularly known as the
modified Arrott plot (MAP). The vaues of critica exponents O and 7 are varied S0 as to make
the MY/P vs. (H/M)!/isotherms in a narrow temperature range around Tc nothing but a
st of parald straight lines (with the critical isotherm at T passing through the origin) over
as wide a range of H/M vaues as possble. The criticd exponents obtained in this way are
dill effective exponents. However, exponent vaues very dose to the asymptotic ones can be
obtained if during the course of this analyss, the temperature range around Tc is narrowed
down to such an extent as to gpproach T as dosdy as possble [34]. The modified Arrott plots
S0 constructed for a— FegoyZrio-y (Y = 0, 1) and a- Fego_.Co0.Zr10(Xx = 0, 1, 2, 4 ad
6) dloys are digplayed in Fig. 4.1(a)-(f). In these figures, only the isotherms at a fev sdected
temperatures in the critica region are included for the ske of clarity. It is evident from these
figures that the M(T, H)data sgnificantly deviate from the lineer MAP isotherms at low fields
for temperatures awvay from Tc and such deviations become more pronounced as \ T - Tc \
increases. In order to determine the ‘zero-field' quantities such as spontaneous magnetization,
M(T,0), and initid susceptibility, x,(7), the highfidd linear portions of the MAP isotherms
are extrapolated to H/M = 0 to yied intercepts [M(T,0)]*/¢ and [x;*(T)]*/on the ordinate
(T < T¢)and abstissa (T > Tc),respectively. The M(T,0) and x;*(T)data, computed from
these intercepts, are plotted againgt €= (T - Tc)/Tc in Fig. 4.2(a) and 4.2(b), respectively.
The M(T,0)and x;'(T)data, so obtained, are andyzed usng the methods described below.

4.1.2. Single-power-law (SPL) analysis

The spontaneous magnetization and initiadl susceptibility datain the critical region have been
directly fitted to Sngle power lav expressions (df. Eqs.(1.298) and (1.296); Chapter 1) given by
[139]

M(T,0) = m&! {- €)Pets €<0 4.2
and
XO(T) =Teyy €% €>0 4.3

where 8.;; and 7.5, are the effective exponents, and m¢// and Tesy = (mo/ho)*!! ae the
effective critical amplitudes. A detailed range-of-fit andysis of M(T, 0) and x,(T) data besed
on the above expressions indicate that the vaues of critical exponents and amplitudes depend
on the temperature range chosen for the analysis. The dashed curves in Figs. 4.2(a) and 4.2(b),
respectively, represent the best theoreticd fits based on Eqs.(4.2) and (4.3) over the temperature
range |e|< 0.02 with the choice of the parameters given in Table 4.1.
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Table 4.1. Results of the Kouvel-Fisher (KF) and Single Power Law (SPL) analysis of the M(T,0)
and xo(T) data taken on the a — FegoyyZri0-,20d @ - Fego—;CozZrdlloys.

Alloy | ana- | fit range fif| T Vess (mo/ho)!!
conc. | lysis | (10%]e]) (K) (G) (1073)___|

y=1 | KF | 1010 | 200.69(10)| 0.382(15)| 870(30) | 209.63(10) | 1.400(20)| 4.95(5)
KF | 1020 | 209.72(10)| 0.392(15)| 905(30) | 209.62(10) | 1.415(20)| 4.65(5)
KF | 1040 | 209.81(10)| 0.406(15)| 950(30) | 209.60(10) | 1.431(20)| 4.35(5)
SPL | 10-10 | 209.76(10)| 0.386(18)| 850(40) | 209.60(10) | 1.402(20)| 4.90(10)
SPL | 1020 | 209.80(10)| 0.398(18)| 935(40) | 209.60(10) | 1.420(20)| 4.60(10)

y=0; | KF | 1.0-10 | 22500(10) | 0.382(15)| 870(35) | 224.98(10) | 1.405(20)| 3.50(10)
KF | 1020 | 225.04(10) 0.392(15)| 905(35) | 224.96(10) | 1.435(20)| 3.05(10)
KF | 1040 | 22511(10) | 0.406(15)| 950(35) | 224.87(10) | 1.473(20)| 2.80(10)
SPL | 1010 | 225.00(10) | 0.370(15)| 840(50) | 224.94(10) | 1.409(20)| 3.50(15)
x=0 | SPL | 1020 | 22505(10) | 0.400(15) | 950(50) | 224.92(10) | 1.440(20)| 3.10(15)

KF | 1010 | 256.75(12) | 0.384(15)| 925(35) | 256.62(10) | 1.416(25)| 2.45(10)
KF | 1020 | 256.76(12) | 0.400(15)| 995(35) | 256.64(10) | 1.439(25)| 2.25(10)
KF | 1040 | 256.75(12)| 0.411(15)| 1060(35) | 256.66(10) | 1.473(25)| 1.90(10)
x=] | SPL | 1010 | 256.73(20)| 0.390(20)| 940(50) | 256.67(15) | 1.413(20)| 2.30(12)
SPL | 1020 | 256.80(20) | 0.410(20)| 1035(50) | 256.65(15) | 1.440(20) | 2.20(12)

KF | 09-10 | 281.60(10) | 0.381(15) | 915(35) | 281.63(10) | 1.388(20) | 2.05(8)
KF | 0920 | 281.61(10)| 0.384(15)| 935(35) | 281.58(10) | 1.431(20) | 1.75(8)
KF | 09-40 | 281.67(10)| 0.392(15) | 950(35) | 281.54(10) | 1.491(20) | 1.35(8)
x=2 | SPL | 0910 | 281.54(12) | 0.370(15) | 875(50) | 281.63(12) | 1.390(20) | 1.95(10)
SPL | 09-20 | 281.57(12) | 0.383(15)| 950(40) | 281.61(12) | 1.420(20)| 1.80(10)

KF | 1010 | 327.95(10)| 0.386(15)| 1130(35) | 327.99(10) | 1.407(20) | 1.60(8)
KF | 1020 | 327.99(10)| 0.404(15)| 1195(35) | 327.98(10) | 1.428(20) | 1.40(8)
KF | 1040 | 328.10(10) | 0.416(15) | 1260(35) | 327.91(10) | 1.479(20) | 1.15(8)
x=4 | SPL | 1010 | 327.95(10) | 0.382(15) | 1150(50) | 327.99(12) | 1.399(25) | 1.55(15)
SPL | 1020 | 327.94(10) | 0.400(15) | 1170(50) | 327.98(12) | 1.425(25) | 1.40(15)

KF | 0810 | 374.77(10) | 0.390(15) | 1095(35) | 374.79(10) | 1.402(20) | 1.36(6)
KF | 0820 | 374.81(10)| 0.402(15) | 1130(35) | 374.80(10) | 1.423(20) | 1.20(6)
KF | 0840 | 374.93(10) | 0.416(15) | 1190(35) | 374.81(10) | 1.466(20) | 0.95(6)
x=6 | SPL | 0.8-10 | 374.79(15) | 0.382(20) | 1090(50) | 374.74(15) | 1.400(25) | 1.40(12)
SPL | 0820 | 374.80(15)| 0.395(20) | 1105(50) | 374.72(15) | 1.430(25) | 1.25(12)
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4.1.3. Kouvel-Fisher (KF) Method

Kouvel-Fisher (KF) method [6] is based on the single power laws, Egs.(4.2) and (4.3), and
determines critical exponents through analytical means by rewriting the Egs.(4.2) and (4.3) in

the form
Y(T) = M(T,0)[dM(T,0)/dT]™ = (T - Tc)/Bess (4.49)
and
XM = xsH(T) [dxg (T)/dT]'= (T- Te)/ress - (4.46)

These equations indicate that in the temperature range (asymptotic critical region) over which
Egs.(4.2) and (4.3) and hence Egs.(4.4a) and (4.46) are valid, the plots of Y(T) vs. T and
X(T) vs. T should be straight lines with slopes (1/8.s7pnd (1/7.75and the intercepts on
the T-axes equal to Ts and T2, respectively [3,4,6]. The Y(T) and X(T) data plotted against
€= (T - Tc)/Tc in Fig. 4.3(a) and 4.3(b) demonstrate the validity of the KF approach for the
presently investigated alloys. In these figures, Y(T) and X(T) have been displayed as functions
of reduced temperature, €, instead of T so as to accommodate such plots for compositions with
widdy different Tc values in a single graph. The straight lines through the data points represent
the linear fits, based on Eq.(4.4a) or (4.46), over the € range indicated by the upward arrows.
Accurate values for Bess, vessand Te in different temperature ranges for the dloys in question
obtained by using the KF procedure are listed in Table 4.1. The entries in this table clearly show
that the results of the KF analysis are in very good agreement with those of the single-power-law
analysis and that the effective exponents and amplitudes depend on the temperature range used
for the fit.

4.1.4. Scaling equation-of-state (SES) analysis

This type of analysis assumes the validity of scaing and makes use of a particular form
of the scaling equation-of-state (SES) to extract two critical exponents (0 and v or /3 and 6)
at a time from the 'in-field' magnetization data. This method completely avoids the problems
associated with the extrapolation and facilitates analysis of FMR data as shown below. At
any given temperature, FMR spectrum yields only a single value of saturation magnetization
corresponding to the resonance field, H,.,, as against a complete M vs. H isotherm obtained in
bulk magnetization measurements. Consequently, neither FMR data can be used to construct
the modified Arrott plot nor the extrapolation methods can be employed to deduce M(T,0) and
Xo(T) from such data. However, the SES anadlysis of FMR data, which yields reliable vaues
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for the critical exponents O and 7, is possible. At this stage, it should be noted that the ‘zero-
field FMAR (ferromagnetic antiresonance) transmission technique has been successfully used
[7] in the past to determine spontaneous magnetization and hence the critical exponent /? for
crystalline ferromagnets. That the SES analysis of FMR and BM data in the critical region
yield identical results (within the uncertainty limits) can be noticed from the analysis presented
below. Two types of SES methods, referred to as SES-1 and SES-II in the literature [1], have
been used to analyze the magnetization as wel as FMR data, as described below.

This approach is based on the SES form
m = fi(h) (4.59)

where plus and minus signs refer to temperatures above and beow Tc and m = M/ |€|?
and h = H/ |€|ft (with €= (T - T¢)/Tchre the scaled magnetization and scaled field,
respectively. According to Eq.(4.5a), the M vs. H isotherms in the critical region are made
to fal onto two universal curves (/_ for € < 0 and f; for € > 0) with a proper choice of the
parameters Tc, B and 7 [1,4,8-10]. However, this choice is by no means unique in the sense
that nearly the same quality of data collapse onto two universal curves can be achieved for a
wide range of parameter values (typically, 2% for T¢ and + 10% for O and 7) particularly
when the data outside the asymptotic critical region are also included in the analysis. This
problem is effectively tackled by employing the range-of-fit SES analysis [10] in which more
and more of data taken at temperatures away from T¢ are excluded from the m vs. h plot
so that the exponents O and 7 become increasingly sensitive to the choice of Tc and the data
exhibit strong departures from the curves f-(h) and f4(h) if the choice of the parameters differs
even dlightly from the correct one. This procedure, therefore, goes on refining the values of the
critical exponents until they approach the asymptotic values. Evidently, such an analysis can be
carried out successfully only when sufficient data are available in the asymptotic critical region.
FMR data taken on a - Fego—Co,Zr g@loys with x = 0, 1, 2, 4, 6 and 8 have been analyzed
in this way by identifying H..s with the ordering field conjugate to M(= Ms,the saturation
magnetization). The effect of the variation in the value of Tc on the quality of data collapse
in Inm vs. Inh plots is illustrated in Fig. 4.4(a) using the FMR data of a - FegoZrgloy.
Similar effects are observed if any one of the exponents is varied while keeping T¢ and the other
exponent fixed. Fig. 4.4(b) shows a comparison between the In m vs. In h scaling plots for the
dloy with x = 0 constructed using the BM data and three sets of FMR data (taken in different
experimental runs) on the same sample. A perfect agreement between different sets of FMR
data and between the results of FMR and BM measurements is evident from this figure. At this
stage, it is important to note that in the present work, two sets of BM data have been taken on
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the alloy samples having the same nominal composition FegoZryo but coming from two different
batches. These samples will henceforth be referred to as Bl and B2. The FMR and one set of
BM data, taken on the sample B1 with Tc - 238.5 K in the critical region only, are presented in
this section alone with the sole purpose of comparing FMR and BM results on the same sample.
On the other hand, the BM data on the B2 sample of the same nominal composition x = 0 but
with a different value of T = 225 K have been taken in a much wider temperature range 70
K< T ~ 1.3T¢, which embraces the critical region. Thus, the BM data taken on sample B2
figure not only in this chapter but also in other relevant chapters of this thesis. Moreover, for
al other compositions in the amorphous aloy series a - Fego-zCo:Zr0FMR and BM data
have been taken on samples coming from two different batches. The In m vs. In h scaling plots
for a — Fegy Zrgand sample B2 of a — FegpZr10,depicted in Fig. 4.4(c), when compared with
the plots shown in Fig.4.4(b) clearly demonstrate that such plots for both the samples Bl and
B2 are essentially the same eventhough the two samples have different Tc values.

(b) SES-II:

An alternative form of SES given by [1]
m? = Fay + by (h/m) (4.56)

(where the plus and minus signs have the same meaning as mentioned earlier and the constants
ez and bt are related to the critical amplitudes as m, — /a_ and h,/m,= a4 /b, )has dso
been used in the literature [1,11-14] to determine the exponents 0 and 7. In this case too, the M
vs. H isotherms (and hence Ms(T, Hylata of FMR) in the critical region are made to fal onto
two universal curves, one bdow Tc and the other above T¢,in a m? vs. h/im plot through a
proper choice of Tc, 0 ard 7. This form of SES has the distinction of providing a more rigorous
means of determining Tc, 0 and 7 since even the slight deviations of the data from the universal
curves, which do not show up clearly in alnm vs. In h plot because of the insensitive nature of
the double-logarithmic scale, become easily discernible [11-13] in the m? vs. h/m plot. Another
advantage of SES-II (Eq.4.56) is that it allows estimation of the critical amplitudes (m, and
ho/m,)rom the intercepts made by the universal curves on the m? and h/maxes. The m?
vs. h/mplots constructed using the FMR and BM data taken on sample Bl with the choice
of parameters Tc, fi and 7 given in Table 4.2 are shown in Fig. 4.5(a) and 4.5(b). Consistency
among different sets of data is now al the more obvious from these figures, particularly when
FMR and BM data are plotted on a more sensitive scale and only those BM data that are taken
at fields comparable in strength to H,., values of the FMR data are included in Fig. 4.5(a). The
critical amplitudes are then computed from the intercepts made by the smooth curves drawn
through the data points (Fig. 4.5) on the m? (T < Tc¢)and h/m(T > Tc)axes. This is
clearly brought out by the insets in which data near the origin are plotted on a more sensitive
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scale. The critical exponent and amplitude values obtained in this way are listed in Table 4.2.
It is not :ed from the values displayed in this table that both FMR and BM data yield si.uilar
results in the critical region and that FMR is a powerful tool to study the critical behaviour.

The FMR and BM data for the remaining compositions have also been analyzed by using
both the SES forms and the results of the SES-1I analysis are listed in Table 4.2. Since the SES-1
and SES-II analyses yield identical values for critical exponents, the exponent values obtained
by the SES-| method are not listed separately in this table. Fig. 4.6(a) and 4.6(b) depict the
m? vs. h/mplots, constructed out of the FMR and BM data, respectively, for al the aloys
in question. The values of T¢ for different Co concentrations extracted from the FMR data do
not match those yielded by the BM data (Table 4.2) partly because the aloy ribbons used in
the FMR and BM measurements could differ slightly in composition as they belong to different
batches and partly due to the extreme sensitivity of the Curie temperature of a given amorphous
dloy to the preparation conditions. Like Te¢,the critical amplitudes obtained from the FMR
and BM data are also different, but this disparity is mainly due to the fact that these effective
amplitude values are obtained from data taken in different temperature ranges, i.e., |€| < 0.05
and |g| < 0.01 in case of FMR and BM data, respectively. But for these minor differences in the
absolute values of certain quantities, the present work clearly demonstrates that both FMR and
BM datayield similar results (when analyzed in the same way) as far as the critical behaviour in
these aloys is concerned. Before undertaking further analysis of BM data by a different method,
it is imperative to examine the behaviour of FMR linewidths in the critical region.

4.1.5. FMR linewidth

The temperature dependence of 'peak-to-peak’ FMR linewidth, AH,,(T'),in the critica
region for horizontal-parallel (||*) sample geometry is displayed in Fig. 4.7(a). Since the val-
ues of AH,,(T) in the critical region are the same (within error limits) for both ||* and ||v
sample configurations, Fig. 4.7(a) reproduces al the features of the AH,,(T)data in ||¥ con-
figuration even to the minutest detail. The slope change (not pronounced) in the AH,,(T)
data (Fig. 4.7(a)) noticed at T ~ T¢ is an indication of a well-defined phase transition at 7T¢.
Frequency-dependent FMR studies on a large number of amorphous ferromagnets [15-17] have
reveded that AH,, consists of a frequency-independent part, AH;,and a frequency-dependent
Landau-Lifshitz-Gilbert (LLG) part, AHpLg. While AH[ probably originates from the two-
or multi-magnon scattering from spatially localized magnetic inhomogeneities [18,19], AHpL¢
= 1.45(Aw/y2 Mg)(Where w = 27mv)has alinear dependence on microwave frequency v and
results from the LLG relaxation mechanism [20]. In the above definition of AHrgthe quan-
tities A , 4, and Ms, respectively, are the Gilbert damping parameter, gyromagnetic ratio and
saturation magnetization (cf. section 2.4., Chapter 2). We find that in the critical region
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(-0.05 ~ € ~ 0.05), AH,,(T)for dl the aloys in question except for those with x = 0 and 4
can be very well described (dashed lines) by the empirical relation

AHp,(T) = AH(0)+ [A/Ms(T)] . (4.6)

That a linear relation between AH,, and M;‘ of the type given by Eq.(4.6) holds is clearly

brought out when AH,,(T)is plotted against M3'(T) (Fig. 4.7(b)). For the aloys with x =

0 and 4, best fit to the AH,,(T)data is obtained only for temperatures below T¢ in the range
-0.05 ~ e ~0. The terms AH(0) and [A/Ms(T)]n Eq.(4.6) can be identified with AH; and

AHpigrespectively, and hence the coefficient A — 145 Aw/+Z, determined by the least-squares
(LS) fits (Fig. 4.7(b)) based on Eq.(4.6) for different compositions, permits a calculation of the
damping parameter A. The vaues of A so obtained lie in the range 2 x 108 - 3 x 10° sec~! and

exhibit a weak decreasing trend with Co concentration (x). By contrast, the values of AH(0)
do not show any systematic trend with z; AH(0)has a minimum value of AH(0)~ 20 Oe for

z= 2 and a maximum vaue of AH(0)~ 140 Oe for x = 4. Moreover, the quality of LS fits
based on Eg.(4.6) improves considerably when such fits are attempted only for temperatures
below T¢ in the range -0.05 ~ € ~ 0 but the parameters AH(0)and A (hence A ) undergo

only slight changes when the fit range is increased to -0.05 ~ € ~ 0.05. However, for the aloys
with z = 0 and 4, drastic changes in the parameter values occur when the temperature range
-0.05 ~ € ~ 0.05 is narrowed down to -0.05 ~ € ~ 0, eg., AH(0)decreases by a factor of 15

while A (and hence A) increases by the same factor. The appearance of secondary resonance
(cf. Chapter 2) at T ~ Tc for z= 0 and 4 alloys and at a temperature well above T¢ for the
remaining aloys could be the reason for the distinctly different behaviour of AH,,(T)for the

alloys with x — 0 and 4. That the parameter A is temperature independent in the critical region

for the alloys in question is aso observed in many crystalline ferromagnets [21-23].

4.1.6. Analysis with 'correction-to-scaling’ (CTS) terms

So far the M(T,0)pnd XofT) data have been analyzed in terms of single power laws which
are strictly valid in the asymptotic limit of T — T¢. However, in practice, Tc cannot be
approached so closdly as to warrant use of single power laws and frequently single-power-law fits
are attempted on datataken at temperatures not very close to T¢. Such fits, therefore, invariably
yield effective critical exponents and amplitudes which depend on the fit range chosen. In view
of the fact that al the methods of analysis considered so far are based on single power laws
and yet, with the exception of the MAP method, they have been used to analyze data taken at
temperatures not too close T¢,the values of exponents and amplitudes so determined are nothing
but the' effective values. In order to determine the true asymptotic values of the critical exponents
and amplitudes, the expressions for spontaneous magnetization and initial susceptibility (and of
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course, for other 'zero-field' thermodynamic quantities) vaid in the asymptotic critical region
should include the ‘correction-to-scaling’ (CTS) tern.s arising from nonlinear irrelevant scaling
fields, as predicted by the renormalization group (RG) theories [24-31]. The expressions that are
valid for amorphous ferromagnets and retain only the leading CTS terms have the form [25-29)]
(cf. Eqs.(1.33b) and (1.33c); Chapter 1)

M(T,0)=m, [€l [1+ap |€[% +ars €] €< 0 (4.72)
and
xo(T) =T [€]7 [1 4+ a1 [€]® +ays [€]47] €>0 (4.76)

where Ay, Az and (ean, am2), (ay1, ay2) aretheleading CTS critical exponents and amplitudes,
respectively and T — (h,/m,While the remaining quantities have the same meaning as stated
earlier. By virtue of the fact that A; « A, [25-27,29,31], the CTS term involving exponent
A; in Eq.(4.7) is significant only for temperatures close to Tc whereas the second CTS term
dominates for temperatures in the asymptotic critical region but away from T¢. In order to
accurately determine these correction terms, the following procedure has been adopted. At first,
the amplitudes ap2 and a,, areset equal to zero and a detailed 'range-of-fit' analysis of the
M(T,0) [xo(T)] data, based on the modified version of Eq.(4.7a) [Eq.(4.7b)] is carried out with
the help of a nonlinear least-squares (LS)-fit computer program which treats m,, 8, T, and
apn [T, 7, Tgf,and a,1] as free fitting parameters and keeps the CTS exponent A, fixed at
the theoretically predicted [31-33] vaue of A; — 0.11. In the 'range-of-fit' analysis, the lower
bound [Emin| Of the temperature range {€min|l < |€] < |E€max| is fixed at |Emin| = O while the
upper bound |E€max} is increased so as to include more and more data points for temperatures
away from T¢. Such an exercise reveals that over a certain temperature range close to T¢,
the values of all the parameters including the coefficient aps 1 or a,, are essentially unaffected
by the variation in |€max|- Next, the coefficient of first CTS term am [aya] 1s fixed at this
value and the 'range-of-fit' analysis of M(T, 0) [x.(T")] data is carried out by using Eq.(4.7a)
[Eq.(4.7b)] with both the correction terms included and treating m,,7Tg, 8 and em2 [T, TE,7
and ayz] as free fitting parameters while keeping A; and A; fixed a A, = 0.11 and A; — 0.55
[32-36]. The quality of LS fits obtained in this way (henceforth referred to as the CTS analysis)
is much superior to that of the single-power-law fits in the same temperature range, as inferred
from the lower sum of deviation squares, x;,and from the deviation plots. Fig. 4.8 shows the
deviation plots for a- FegyZrgand a — FeggZr10 aloys in which the percentage deviation of
the M(T,0pr x; (T data from the corresponding theoretical values deduced from the best LS
fit, i.e, 100 x [M{exp) - M(fit)/M(exp) or 100 x [xz'(exp) — x5! (fit)]/x;'(exp3, plotted
against €. This figure clearly demonstrates the superiority of the CTS fits over the KF (or
SPL) fits in the asymptotic critical region in that the former type of fits closely reproduce the
observed variation of M(T, 0) and x,(T") with T over a wider temperature range (especially so
for temperatures in the immediate vicinity of Tc) whereas the latter type fits present systematic
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deviations. The deviation plots for x;1(T)es wel as M(T,0) data for al the remaining aloys
are simil; ¢ to those shown in Fig. 4.8. The CTS analysis, apart from yielding accurate valu s for
the asymptotic critical exponents and amplitudes, reveds that the exponents and amplitudes are
temperature-independent (within the error limits) over a wide temperature range which spans
the asymptotic critical region (ACR). The maximum vaue of |€max| Upto which the CTS fits
yidd stable vaues for al the parameters marks the crossover temperature €, (6 < 0) and €2,
(€ > 0) for M(T,0)and x,(T), respectively, while €;, < € < €}, gives the extent of the ACR.
The theoretical fits, based on Egs.(4.7a) and (4.76), in the ACR with the values of parameters
given in Table 4.3, are shown as continuous curves in Figs. 4.2(a) and 4.2(b). In these figures,
the crossover temperatures €%, are indicated by upward arrows. It is noticed from Table 4.3 that
the values of T and T& are in good agreement with one another within the uncertainty limits
and the asymptotic critical exponents are composition-independent. These results are discussed
in section 4.2.

4.1.7. Critical isotherm

The critical exponent 6 characterizing the M (T, H) versus H isotherm at T — Tc (the critical
isotherm) is obtained by analyzing the M vs. H isotherms in the immediate vicinity of T¢ using
the relation [1,3-5]

M=AHY  or H=DM® ae=0 (4.8)

where D = AT%. 1t is evident from Eq.(4.8) that the plot of In M vs. InH a T - T¢ should
be a straight line with dope 6! and intercept on the ordinate equal to In A,. Such In M vs.
In H plots, constructed using the M vs. H isotherms in the immediate vicinity of T¢ for the
presently investigated dloys (Fig. 4.9), clearly demonstrate that the isotherm at T is indeed
a straight line and the isotherms on either side of T¢ exhibit a concave-upward curvature and
concave-downward curvature for T < Tcand T > T¢,respectively. The curvature becomes more
pronounced as the temperature increasingly deviates from T¢. Fig. 4.9 (in which isotherms at a
few selected temperatures only are used for the sake of clarity) brings out these features clearly,
which are characteristic of many amorphous as wel as crystalline ferromagnets [35-39]. The solid
line in Fig. 4.9 for eech composition is the straight line fit to the critical isotherm a T¢. The
exponent 6 and amplitude A, or D are computed from the sope and intercept of this straight
line on the ordinate. The values of T¢,é6 and D so obtained are listed in Table 4.4. The values
of T for al the dloy compositions determined by this method are in excellent agreement with
those extracted using methods described earlier.



Table 4.3(a). Results of the CTS analysis of the M(T,0)ata.

Alloy | fit range T: J¢] m,
conc. | (10°]¢]) | (k) ©)
y=I 10-115 | 209.68(3) | 0.366(4) | 795(15) | -0.03(1) | 0.52(8)
x=y=0 | 10-115 | 225.02(4) | 0.360(5) | 830(25) | -0.05(1) | 0.85(15)
x=I 10120 | 256.69(5) | 0.368(6) | 840(25) | -0.04(2) | 0.80(10)
x=2 0.9-137 | 281.57(5) | 0.363(5) | 870(25) | -0.02(1) | 0.25(10)
x=4 1.0-137 | 327.90(6) | 0.365(6) | 1000(20) | -0.06(2) | 0.90(10)
x=6 | 08-151 | 374.75(5) | 0.370(5) | 950(25) | -0.05(2) | 0.70(8)

Table 4.3(b). Resul

ts of the CTS analysis

of the Xo(T) data.

Alloy

fit range

T 7 mo/ho | @y ax2
conc. | (10°|el) | (k) (107%)
y=1 | 1041 | 209.63(3) | 1.383(d) | 5.7(3) | -0.03(1) | -0.5(2)
x=y=0 | 1045 | 224.97(4) | 1.390(5) | 4.3(2) | -0.05(1) | -0.8(1)
x=1 1045 | 256.66(5) | 1.385(5) | 3.2(2) | -0.05(2) | -1.0(2)
X=2 | 0941 |28161(5) | 1.389(6) | 2.2(1) | -0.05(2) | -1.0(3)
x=4 1062 | 327.98(6) | 1.383(7) | 1.9(1) | -0.05(2) | -1.1(3)
x=6 0.8-46 | 374.72(5) | 1.386(6) | 1.6(1) | -0.05(2) | -1.0(2)

Table 4.4. Parameter values for the critical isotherm.

Alloy Tc 6 D
conc. (K) (10-° Qe'~?%)
y=1 |209.6(1) | 475(5) | 3.04(10)
x=y=0 | 225.0(1) | 4.83(4) 2.00(6)
x=1 | 256.7(1) | 4.80(4) | 3.20(10)
x=2 | 281.6(1) | 4.81(5) | 3.76(10)
x=4 | 328.0(1) | 4.85(5) 1.98(7)
x=6 | 374.8(1) | 4.84(5) | 3.08(12

165
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4.1.8. Analysis using nonlinear variables

All the methods of analyss employed till now are basad on the expressions that involve
the linear variables € and H only. Such expressons, eg., Egs.(4.7a) and (4.76), provide the
best theoretical fits to the spontaneous magnetization and initial susceptibility datain the ACR
only. However, the quality of these fits deteriorates considerably for temperatures outside the
ACR. Such abehaviour has been previoudy observed [1,3/4,6,10,33-39] in many crystdline and
amorphous ferromagnets. However, nearly a decade ago, Souletie and Tholence [40] have found
that x.(T")data of crystaline Ni are described by a power law of the fom x,(T) =4, T '€~ +
B,,in the nonlinear variable € = (T - Tc)/T (generdly referred to as the modified Curie-Weiss
law) over an incredibly large temperature range of T¢ to 3T¢. A theoretica treatment (the so-
cdled nonlinear scding theory) [41] that, besides making use of the renormalization group idess
and nonlinear varidbles € =t — 1 and h = H/t(t s T/Tc), takes into account both nonlinear
irrdlevant as wel as nonlinear relevant scding fidds has provided a firm basis for this power law.
Now that the recent investigations [3541,42] of the critical behaviour of certain ferromagnetic
sysems over a very wide temperature range vindicate the nonlinear scaing approach [41],
detailed andlysis of M(T, 0) and x,(T) data has been carried out based on the expressions,
predicted by this theory, that either include the leading nonanalytic corrections, arising from
nonlinear irrelevant scaing fidds i.e.,

M(T,0)=m, |EF [14am | €& +amz | €1%]  E<o, (4.99)
XoT) =Tt €7 [14an €% +a,2] €% &3>0 (4.96)

or analytic corrections, originating from nonlinear relevant scding fidds, i.e.,

M(T,0)= By | € P [1 + aps €] € <0, (4.108)
Xo(T)= Axt™ | € |77 [1 + a5 €] _E>0D. (4.106)

The M(T,0) and x,(T) data have been extracted in the same way as described in section 4.1.1
from the MAP isotherms constructed in a temperature range as wide as 0.37c ~ T ~ 157c
using the vaues of exponents # and ~ obtained in the critica region (Fig. 4.1(a)-(f)). One
such modified Arrott plot (MAP) for a - Feg; Zrg, congtructed out of a fev sdected M vs. H

isotherms taken in the range 68 K to 300 K, is shown in Fig. 4.10(a) and 4.10(b) for T < T¢
and T > Tc, respectively. This figure captures dl the essentia features of the modified Arrott
plats for the remaining compositions. Detaled andysis of the M(T,0) and x,(T) data (Figs.
4.11 and 4.12) based on Egs.(4.9) and (4.10) reveds that in the ACR, the Egs.(4.9a) and (4.96),
reproduce the M(T,0) and xo(T) data to far greater an accuracy than the expressions given by
EQs.(4.108) and (4.106). Note that in the theoreticd fits based on Eq.(4.9), the CTS exponents
are kept fixed at their theoretical vdues Ay = 011 and Az = 0.55 as was the case with the
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CTS analysis involving linear variables € and H earlier. In the ACR, the CTS analysis, based
on *he expression that includes the non-analytic correction terms alone, yields the s sme results
regardless of whether these correction terms are expressed in linear variables, Eq.(4.7), or in
nonlinear variables, Eq.(4.9). On the other hand, Eqs.(4.10a) and (4.106), which include a
single leading analytic correction term, provide very good overal fits in temperature ranges as
wide as 0457b ~ T ~ T¢ for M(T,0)and Tc ~ T ~ 137b for xo(T) for al the aloys
in question with the vaues of fit parameters and fit ranges given in Table 4.5. These fits are
represented by continuous curves in Figs. 4.11 and 4.12. In view of the clam [40] that for
crystalline Ni the empirical relation

Xo(T) = Ay t™1 | € | + B, € >0 (4.100)

with the background correction term B, describes very well the observed variation of x,with T
from Tc to 37b, Eq.(4.10c) has been used to analyze the x,(T') data over the entire temperature
range. This exercise shows that eventhough Eq.(4.10c) with B, # 0 provides a slightly better fit
than when B, — 0 in Eq.(4.10c), it does not reproduce the observed temperature variation of x,
as closely as Eq.(4.106) does. The deviation plot shown in Fig. 4.13 for a —Fego4yZr10-y {Y - O,
1) aloys testifies to the correctness of this inference in that the percentage deviation for the fits
based on Eq.(4.106) is considerably smaller than that for the fits based on Eg.(4.10c) in the entire
temperature range (even for temperatures close to Tc). However, none of these expressions (i.e.,
Eqs.(4.10b) and (4.10c)) correctly describes the actual functional form of xo(T) in the ACR. as
inferred from large systematic deviations of the theoretical values from the observed ones in the
ACR (Fig. 4.13). By comparison, the expression that includes the nonanalytic correction terms
either in linear variables, Eq.(4.76), or in nonlinear variables, Eq.(4.9b), provides a much better
description of x,(T) in the ACR (Fig. 4.8).

Sopes and intercepts of MAP isotherms :

A cursory glance at the modified Arrott plots depicted in Figs. 4.1(a)-(f) and 4.10 suffices
to reveal that the slope of modified-Arrott-plot (MAP) isotherms decreases continuously with
increasing temperature. This feature of MAP is characteristic [1,3,4,10,12-14,35-38,41,42] of both
crystalline and amorphous ferromagnets. The Arrott-Noakes equation of state in linear variables
€ and H (i.e., Eq.(4.1a)) cannot account for this variation in the siope of MAP isotherms since
the coefficients ¢’ and 6' in Eq.(4.1e) are temperature-independent. By contrast, the magnetic
equation-of-state in nonlinear variables € and h of the form

MV = a(~&) 4 b=/ (H/M)'/, (4.11)

with



Table 4.5(a). Parameter vdues for the LS fits based on
Eq.(4.10a) of the text, to the M(T, 0) data over a wide temper-
ature range.
Alloy | fit range By
conc. | (T/T¢) (K) (G)
y=1 0.45-1.0 | 209.68(8) | 0.380(10) | 885(30) | -0.15(3)
x=y=0 | 0.45-1.0 | 225.10(10) | 0.390(15) | 970(30) | -0.20(3)
x=1 0.50-1.0 | 256.72(8) | 0.395(10) | 1000(30) | -0.22(3)
x=2 0.45-1.0 | 281.59(10) | 0.380(10) | 1030(30) | -0.14(3)
x=4 0.50-1.0 | 327.95(10) | 0.395(15) | 1230(30) | -0.20(4)
x=6 | 0.45-1.0 | 374.70(10) | 0.385(10) | 1100(30) | -0.13(3)
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Table 4.5(b). Parameter vaues for the LS fits, based on Eq.(4.106) of the text, to x;(T')
data over a wide temperature range .

Alloy | fit range 7 Ay ay T Qs 9c/9s
conc. | (T/TC) (K) (10-3) (#B) (MB)

y=1 1.0-1.43 | 209.60(8) | 1.39(2) | 4.5(3) | -2.0(4) | 6.67(24) | 1.34(2) | 4.98(25)
x=y=0 | 1.0-133 | 224.96(8) | 1.39(2) | 37(2) | -1.8(3) | 6.25(22) | 1.44(2) | 4.34(20)
x=| 1.0-1.17 | 256.67(10) | 1.40(2) | 2.9(2) | -25(4) | 5.85(25) | 1.52(2) | 3.85(20)
x=2 1.0-1.07 | 281.61(10) | 1.39(2) | 2.1(2) | -3.6(4) | 5.13(30) | 1.62(2) | 3.17(20)
x=4 | 10-135 | 327.98(10) | 1.41(3) | 15(2) | -1.5(4) | 4.61(30) | 1.79(2) | 2.58(20)
x=6 | 0.8-1.20 | 374.70(10) | 1.42(3) | 102 | -1.0(3) | 3.92(30) | 1.81(2) | 2.17(20)
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a~ Au[i+ami €12 +am| € 1%) (4.120)
and
6~ A [1+a|€l +a| €)% (4.126)
or
a=[By(L+am&)'? ~ An[L +amé] (4.139)
and
6= [By(L+ame)V? (A, (L +a &) ~ A [L+a€] , (4136)

yidded by the nonlinear (NL) scdling theory [41], predicts the temperature dependence of the
MAP intercept [= a(—&)) and dope [= bt~1/7] of the type diven by Eq.(4.12a) or Eq.(4.139)
and Eq.(4.12b) or Eq.(4.136), respectively. Note that Eq.(4.12) [Eq.(4.13)] contains nonanaytic
[analytic] correction terms done but the NL theory predicts the expressons that combine both
the types of corrections. However, to facilitate comparison with experiment, it is convenient to
separate correction terms that become important in different temperature ranges. Encouraged
by the accurate predictions that the nonlinear scding theory makes about the temperature
dependence of M(T,0) and x,(T) over awide temperature range, which embraces the critica
region, a detailled andyss of the observed temperature variation of the MAP intercept and
dope in terms of Egs.(4.11)-(4.13) was undertaken. The man outcome of this exercise is that
the observed temperature variation of dope and intercept (on the MAP ordinate) is dosdy
reproduced by the relations, dopg(T) = bt~/ and intercept(T) [= MYA(T,0)] = e(-€),
respectively, for temperatures in the immediate vicinity of T (over a much wider temperature
range) with the expressions for the coefficents a and 6 given by Eq.(4.12) (Eq.(4.13)). This
implies that the nonanalytic correction terms dominate over the analytic ones for temperatures
close to Tc wheress the reverse is true for temperatures away from T¢. This result is consistent
with the amilar observation made above in the case of M(T, 0) and x,(T). Furthermore, when
the intercept datafor T < T¢ only are used in the andlyss, the term (- € ) with the coeffident
a given by ether Eq.(4.12a) or Eq.(4.138) provides the best fit with the choice of parameters
and temperature range that is exactly the same as that for the fit to M (T, 0) data based on
Eq.(4.98) or Eq.(4.10a). This results is not surprisng when it is redized that the intercepts
for T < T¢ are nothing but M (T, 0) expressed as [M(T,0)]*/%. Fig. 4.14 shows the obsarved
temperature variations of dope and intercept for a— Fegoyy Zr10-, AlOys. In these figures, the
continuous curves through the data points represent the best LS fits based on the versons of the
expressions for the coefficients e and 6 given by Eq.(4.13) while the dashed curves correspond to
the LS fits based on the expressons for a and 6 given by Eq.(4.12). Such an agreement between
the theory and experiment is symptomatic of the remaining samples as well.
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4.2. Discussion

4.2.1. Asymptotic and effective critical exponents and
amplitudes

The present results demonstrate that the CTS analysis that includes the nonanalytic correc-
tion terms, arising from nonlinear irrelevant scaling fields, yields accurate values for the asymp-
totic critical exponents and amplitudes that are independent of temperature over a temperature
range which spans the asymptotic critical region (ACR). On the other hand, the effective critical
exponents and amplitudes obtained by using KF and SPL methods depend on the temperature
range used and denote the average values over this temperature range. This observation is clear-
ly brought out by the results presented in Table 4.1. It is also noticed from this table that the
results of KF and SPL analyses conform well with one another. Such an agreement is expected
since both the methods are based on the same pure-power-law expressions (Egs.(4.2) and (4.3))
for M(T,0) and x.(T). The effective exponents B.ssand 7.ssas functions of temperature can
be obtained from the Kouvel-Fisher relations Eqs.(4.4a) and (4.46) rewritten in the form [1,6]

(T-Tc) _Tc €

_AT=Tc) Tc'€
Y(T) ~— Y(T)

;3”?}‘{7‘): and '),ff(]") = TT-) = X(T) .

(4.14)

The vaues of B.syand v.ssat different temperatures, so obtained, are plotted as a function of
€ in Figs. 415 and 4.16, respectively, within the ACR. The asymptotic and effective critical
exponents for temperatures not too far from Tc are related in accordance with the expressons
[24,33-36,42]

Bess =B + am A €] +apa Ay €], (419

and
Yers = ¥~ @ D1 €% —a2 Ag €[ (4.16)

It is evident from these equations that over afinite temperature range around T, where the cor-
rection terms are sgnificant, the effective exponents can appreciably dffer from the asymptotic
ones and that B.ss(€) and v.55(€) coincide with  and v only in the limit e— 0. This obsarvar
tion is clearly brought out by the data presented in figures 4.15 and 4.16 for the dloysin question.
The continuous curves through the data points in these figures represent the theoretica fits to
the Bes5{7.ss] databased on Eq.(4.15) [Eq.(4.16)] obtained by keeping the CTS exponents (T¢)
fixed at their theoretical values A; = 0.11 and A; = 055 (at the KF vaue obtained in the
range |€]~ 0.01) and treatings , aam and am2[7, aya and a,s] as free fitting parameters. The
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Fig. 4.15 Beys V. € in the asymptotic critical region. The continuous curves denote the LS fits
based on Eq.(4.15).
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values of these parameters determined in this way serve as a cross-check for those deduced from
the CTS analysis of M(T,0pnd Xo(T) data (Table 4.3) in the ACR bec iuse the above analysis
involves three fitting parameters as against five in the CTS analysis. Therefore, it is gratifying
to note that both the analyses yield the same parameter values. Moreover, the necessity of
including the (non-analytic) confluent singularity corrections in the analysis is evident from the
functional dependences of 8.y; and v.50n 6 depicted in figures 4.15 and 4.16 when it is recog-
nized that the exponents Bessand 7.4y should be independent of temperature if such correction
terms are not important. Another interesting feature presented by the data shown in Figs. 4.15
and 4.16 is that both fes; and 7.5y increase with increasing |€]| for the presently investigated
aloys as contrasted with a monotonous decreasing trend with increasing |€| exhibited by these
effective exponents in the ACR in many amorphous 3d transition metal-metalloid ferromagnetic
aloys as wel as crystalline elemental ferromagnets [6,33,35,36,42]. Consistent with this varia-
tion of Bess(€) and vess(€), the sgn of the CTS amplitudes (positive for ap, and negative for
apm1, a1 and a,z; Table 4.3) in the present case is exactly opposite of that previously found
in the ferromagnetic systems mentioned above. However, the overal behaviour of v.s(€) in
a larger temperature range, i.e., from Tc t0 Tyax (the maximum temperature covered in the
present experiments), shown in Figs. 4.17(a) and 4.17(b), for the present alloys is similar to
that observed earlier in a number of disordered systems [1,3,10,35-38]. The continuous curves
in Figs. 4.17(a) and 4.17(b) represent the CTS fits to the v.ss(€) data based on Eq.(4.16) in
the ACR, as described above. It is evident from these figures that for temperatures outside
the asymptotic critical region, i.e, for € > €2, 7.y increases rapidly and goes through a peak
(peak velue 7, )at €, and as the Co concentration is increased, €7, (€,)shifts to slightly
higher (lower) temperatures while -yfu dowly diminishes in value.

Table 4.6. tests the validity of the Widom scaling relation, 8 S= 8+ 7, for the investigated
aloys besides comparing the experimentally determined values of asymptotic exponents 0. 7 and
6 with the corresponding theoretical estimates yielded by three-dimensional (3D) Heisenberg,
Ising and XY models for ordered spin systems [1,31,32]. The vaues for the amplitude ratios
Dmé/h,,m,/M(0,0pnd po h,/kp Tc(the values of p,, the magnetic moment per aloy atom
at 0 K, and M(0,0) have aready been determined in Chapter 3; Table 3.2) calculated using the
presently determined vaues of asymptotic critical amplitudes are listed in Table 4.7 alongwith
the corresponding theoretical estimates. Note that the theoretical values for these amplitude
ratios have been taken from references [1,36,43] which are, in turn, computed from the data
given in references [44-48]. The main observations, based on the datapresented in Tables 4.6 and
4.7, are: (i) the CTS values for the asymptotic critical exponents and the universal amplitude
ratios D mé/h,and apzfayz (@ well as ami/ay) are composition-independent (within the
error limits) and conform very wel with the theoretical estimates for the pure (ordered) spin
system with d (lattice dimensionality) - n (order-parameter dimensionality) = 3, (ii) the Widom
scaling relation is satisfied to a far greater accuracy by the asymptotic critical exponents than
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Table 4.6. Asymptotic and effective critical exponents, validity of the Widom
scaling equality. Comparison between theory and experiment. Abrreviations:
CTS - correction-to-scaling; HM - Heisenberg Model; IM - Ising Model; KF -
Kouvel-Fisher; MFT - Mean Field Theory. °Ref.[1,32,36].

Alloy | Analysis 0 7 b B+
conc.
y=1 CTS | 0.366(4) | 1.383(4) | 4.75(5) | 1.749(8) | 1.739(38)
KF | 0.382(15) | 1.400(20) 1.782(35) | 1.807(90)
x=y=0 | CTS | 0.360(5) | 1.390(5) | 4.83(4) | 1.750(10) | 1.739(39)
KF | 0.382(15) | 1.405(20) 1.787(35) | 1.845(88)
x=I CTS | 0.368(6) | 1.385(5) | 4.80(4) | 1.753(11) | 1.766(43)
KF | 0.384(15) | 1.416(25) 1.800(40) | 1.836(87)
x=2 CTS | 0.363(5) | 1.389(6) | 4.81(5) | 1.752(11) | 1.746(42)
KF | 0.381(15) | 1.388(20) 1.769(35) | 1.825(90)
x=4 CTS | 0.365(6) | 1.383(7) | 4.85(5) | 1.748(13) | 1.770(48)
KF | 0.386(15) | 1.407(20) 1.793(35) | 1.872(92)
x=6 CTS | 0.370(5) | 1.386(6) |4.84(5) | 1.756(11) | 1.791(43)
KF | 0.390(15) | 1.402(20) 1.792(35) | 1.888(93)
3D-HM?® 0.365(3) 1.386(4) | 4.80(4) | 1.751(7) | 1.752(30)
3D XY® 0.325(2) | 1.241(2) |4.82(3) | 1.566(4) | 1.567(20)
3D IM® 0.345(2) 1.316(3) | 4.81(3) | 1.661(5) | 1.660(20)
MFT 0.500 1.000 3.00 1.500 1500
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by the effective ones, (iii) the agreement between theory and experiment is much better for the
asymptotic exponents than for the effective counterparts, and (iv) while the discrepancy between
experimental and theoretical values of the ratio m,/M(0,0) is small, the ratio p, ho/kp Tts
atleast one order of magnitude lower than the theoretical estimate of 158 for a 3D Heisenberg
ferromagnet.

The result that the values of asymptotic critical exponents for the a — Fego4yZr10-,20d
a — Fego_Co.Zmlloys are the same as those of an isotropic 3D Heisenberg ferromagnet
refutes the earlier claims [49,50], based on the single power law analysis, that for the same aloys
critical exponents B and 7 have anomalously large values. The results of the present investigation
make it clear that such unphysically large exponent values are an artifact of the analysis carried
out on the bulk magnetization data taken outside the critical region since even in the ACR.
Yess(€) depends on temperature (Fig. 4.16) and possesses much larger values for € > €} (Fig.
4.17). The finding that the values of asymptotic critical exponents and universal amplitude
ratios for the investigated amorphous aloys exactly coincide with the 3D Heisenberg values
(observation (i)) vindicates the Harris criterion [51] which states that the critical behaviour of
an ordered n - d = 3 spin system remains unaltered in the presence of short-ranged quenched
disorder if the specific heat critical exponent «a, of the pure (ordered) system is negative (i.e.,
o, < 0). Validity of the Widom scaling relation for the aloys in question (observation (ii))
demands that the M(T,H) data taken in the critical region must saisfy the scaling equation
of state for a second-order phase transition, i.e., SES-I (Eq.(4.5¢)) or even SES-II (Eq.(4.56)).
That this is indeed the case for the glassy aloys under consideration is evident from Figs. 4.4-
4.6. The critical exponents § and 7 determined from the BM as wel as FMR datain a narrow
temperature range around T¢,using both the forms of SES (Egs.(4.5a) and (4.56)), are in very
good agreement (within the error limits) with the asymptotic exponents obtained from the CTS
analysis. The values for the ratio o ho/ks T¢, obtained from the FMR and BM data using
the SES analysis (Table 4.2), are of similar order as those listed in Table 4.7. The physical
implication of the significantly lower values of the ratio u,h,/kpTc than that expected for a
3D nearest-neighbour Heisenberg ferromagnet is as follows. Since A, is presumably an effective
exchange interaction field, the product of k, and an average effective elementary moment (uerys)
involved in the FM-PM phase transition, i.e, the effective exchange energy pegsho, is expected
to equal the thermal energy kg T¢ at T¢. Evidently, this is not the case for the aloys in question
unl&ss#c” takes on values that are much larger than p,. Now that the critical exponents possess
the 3D Heisenberg values for the presently investigated aloys, the ratio pessho/ksTc is aso
expected to equal the 3D Heisenberg estimate of 1.58. This is possible only when geys assumes
values given in Tables 4.2 and 4.7. Moreover, if the concentration of such effective moments is
€ ¢ po/tess-1Ne values of ¢ calculated in this way, included in Tables 4.2 and 4.7, indicate
that only a small fraction of moments actually participates in the FM-PM phase transition and
this fraction increases with increasing Co concentration (z)-
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These results find a straightforward but quditative explanation [1,3,35,36] in terns of the
infinite ferromagnetic matrix plus finite FM spin clusters modd [1,3,4,20,52,53], described in
detail in section 3.2.1. of Chapter 3. Within the framework of this mode, even at low tempera-
tures (T « Tc), the ferromagnetic coupling between the spins that constitute the finite clusters
is much stronger than that between the spins of FM matrix. As the temperature is increesed
towards T, the exchange interaction between the spins in the FM matrix weskens wheress the
FM coupling between the spins within the finite clusters is till rdatively strong so that the pins
of finite clusters increasingly polarize the FM matrix spins and hence these clusters grow in Sze
a the expense of FM matrix. Consequently, number of spinsin the FM matrix decreases rapidly
& T — Tc 9 much s that only a smdl fraction of spins participates in the FM-PM phase
transition a T¢. As explaned dready in section 3.2.2 of Chapter 3, the effet of increasng Co
concentration in the a— Fego_Co.Zro dloy seriesisto (i) decrease the sze as wel as number
of finite gpin clusters, (i) increase the number of spins in the infinite FM matrix and (iii) meke
the ferromagnetic coupling between the spins in the FM matrix stronger (hence increese Tc)-
This implies that higher the Co concentration, larger is the number of spins available in the
FM matrix to start with a low temperatures and grester is the number of spins left behind at
Tc by the temperature-induced growth of finite oin clusters. In other words, consistent with
the present observation, the fraction of spins, ¢, participating in the FM-PM transition a Tc
increases with Co concentration. Moreover, since the spin-gpin correlaion length, &(T'), diverges
a Tc,the presence of finite clusters is not fet at dl for temperatures dose to T and as such
amorphous and crystalline ferromagnets exhibit the same critica behaviour in the ACR. As the
temperature is increased beyond T¢, £(T) decreases and a temperature €, is reeched a which
&(T) equds the cdiper dimendon of the largest goin cluster. The magnetic inhomogenety in
the spin system is now no longer averaged out and +.sy begins to increase and attains a pesk
vaue v}, ; a €, when £(T) is compareble to the linear dimension of the smallest cluster. For
€ > €,, the clusters shrink in Sze at a much faster rate than that a which £(T') decreases with
increasing temperature and hence .45 decreases towards the meen field vaue.  Furthermore,
as the Co concentration is increased, cluster Sze as wel as their number decreases and hence
&(T') becomes comparable to the Sze of the largest (smallest) cluster at larger vaue of the tem-
perature €%, (€,) wheress 1%, , decreases because of the lower average sze and narrower size
distribution of the oin clusters for higher Co concentrations.

4.2.2. Nonlinear scaling behaviour

Elaborate andysis of the M(T, 0) and x,(T') datain terrns of the expressions predicted by
the nonlinear scaling theory [41] reveds that the nonanalytic ‘correction-to-scaing' (CTS) terras
are of paramount importance for temperatures dose to T¢ and that in the ACR, nonlinear
scaling theory yidlds exactly the same results as the linear counterpart wheress the analytic
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corrections become important for temperatures outside the ACR. Furthermore, the magnetic
equation-of-state in nonlinear variables (17.(4.11)) correctly predicts the temperature variation
of dope and intercept (on the ordinate) of the modified Arrott plot isotherms over a wide
temperature range around T¢. Since the expression that includes a single leading analytic
correction term in nonlinear variable €, i.e., Eq.(4.106), adequately describes the x,(7T) data
over a wide temperature range above T¢ for the investigated alloys and thereby permits an
unambiguous determination of the paramagnetic moment g. (magnetic moment per aloy atom
in the paramagnetic state), Eq.(4.106) may be termed as the generalized Curie-Weiss law [41].
The Curie constant C = A, Tc¢is related to the effective paramagnetic moment (p.ss) as pesy
- 2.828,/C A/pwhere A and p are the atomic weight and density, respectively. Pess.in turn,
is related to ¢g. as pg,, gc(gc + 2). The values of ¢., computed from these relations using
the Ax and Tc values listed in Table 4.5(b), and those of the ratio g./q,, Where g, (= p,)
is the magnetic moment per aloy atom a O K, are included in Table 4.5(b). For al the
amorphous aloys in question, the ratio ¢./q, > 1 and its vaues for different compositions
when plotted against Tg! or T;*/* fal on a straight line as shown in Fig. 4.18. According
to the criteria proposed by Rhodes and Wohlfarth [54] and by Moriya [54] for weak itinerant
ferromagnetism, the observations ¢./¢; > 1 and ¢./g, x TE' or g./gqs ng/a imply that the
presently investigated amorphous alloys are weak itinerant ferromagnets.

Based on the finding [40] that x.(T) data of crystalline Ni can be described by a single
power law in nonlinear variables, i.e, Xo(T) ~ (1/T) €& (Eq.(4.10c)), over the temperature
range T¢ to 3T¢, Fahnle and Souletie (FS) [55] introduced the effective exponent

Yeiy = Tejrt= € (4.17)
where v5Fs Toxo(T) [dx;(T)/dT]€ is the usual KF effective exponent, and using the series
expansion method [55], calculated its temperature dependence over an extremely wide temper-
ature range, 0 < € < 1 for 3D Ising and Heisenberg spin systems in which spins of arbitrary
magnitude are localized at the sites of a simple cubic (sc) or body-centered cubic (bcc) or face-
centered cubic (fec) lattice. Since in the present work, Eq.(4.106), which includes the leading
analytic correction term in nonlinear variables, but not the single power law (i.e., the first term
in Eq.(4.106) alone) provides a very good overal fit to the xo(T') data, a direct comparison with
the theoretically predicted [55] temperature variation of 7f,§is not possible unless Eq.(4.106) is
reduced to a single power law by subtracting the correction term (= Ay ay t"€'~") from both
the sides of this equation. In other words, the measured Xo(T) data are corrected for this cor-
rection term by using the presently determined values of T&,7, Axand ax and the xo(T') data
so corrected are used to calculate y5F (Wpich, in turn, is employed to compute 7/77(T) from
Eq.(4.17). The values of 4;, at different temperatures obtained in this way are plotted against
¢ in Figs. 4.19(a) and 4.19(b) for al the compositions and compared with the corresponding
theoretical values [55] (continuous and dashed curves). A close examination of these figures
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reveals that (a) compared to -ye"j"f"(T)in Fig. 4.17, the temperature variation of ‘7ffs,has dowed
down while the pesk value has decreased; but for these changes, the overall variation of 7/5(T)
remains the same as that of -y:‘f"]‘"(T)awd hence the 72'}5,(T) finds same qualitative interpretation
in terms of the infinite 3D FM matrix plus finite pin FM clusters model as 7,",’; (T')does, and
(b) out of the theoretical curves shown in Fig. 4.19(a), only the one for S = 1/2 spins on the
fee lattice has a form which mimics the observed variation of 'yf}f,with temperature over alarge
temperature range but the agreement between theory and experiment is satisfactory only in the
ACR.

4.3. Conclusions

The main conclusions regarding the thermal critical behaviour of a — FegoyyZ710-yand
a — Fegyg_Co.Zrpdloys that can be drawn from the results of the bulk magnetization mea-
surements on these systems over a wide temperature range, which embraces the critical region,
are as follows

(i) The asymptotic critical exponents and the universal amplitude ratios D md/h, and
apmz/ay, aein very good agreement with the corresponding theoretical estimates for the
pure (ordered) spin system with d = n = 3. Such an agreement vindicates the famous
Harris criterion.

(ii) Consistent with the result that Widom scaling equality is satisfied to a very high degree of
accuracy, the magnetization data obey the scaling equation of state vaid for the second-
order phase transition. Both BM and FMR data in the critical region yield identica
results and assert that FMR is a powerful technique to study the critical behaviour of
ferromagnetic systems.

(iii) The fraction of spins that actualy participates in the FM-PM phase transition in the
amorphous aloys in question is small and increases with increasing Co concentration.

(iv) Nonanalytic correction terms, arising from nonlinear irrelevant scaling fields, dominate
over the analytic ones, originating from nonlinear relevant scaling fields, in the asymptotic
critical region but the reverse is true for temperatures outside the ACR.

(v

~

The magnetic equation of state in linear variables, vaid for second-order phase transition,
describes the magnetization data for temperatures close to T¢ whereas its counterpart in
nonlinear variables properly accounts for the observed M(T, H) behaviour in a much wider
temperature range around Tc-

(vi) Xo(T) follows the generalized Curie-Weiss law, Eq.(4.106), from Tgto ~ 15 Tc and thereby
makes an unambiguous determination of the paramagnetic moment possible.
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(vii) All the investigated amorphous aloys are weak itinerant ferromagnets.

(viii) The infinite 3D FM matrix plus finite FM spin clusters model provides a simple but
qualitative explanation for al the diverse aspects of the present results including the
temperature variations of v5%and f5.

B. PERCOLATION CRITICAL BEHAVIOUR

This part of the chapter is devoted to a detailed study of the percolation critical behaviour
of the a - (FepNiy_p)g0(S7)20 (series |) and a - (FepNiy_p)soPr4Bdseries 11) aloys near the
percolation critical point Q(p= p.,T= 0). Using the results of the preceeding chapter (Chap-
ter 3), the thermal-to-percolation crossover exponent ¢ (= vp/vr¥,p and vr are the critical
exponents for the percolation connectedness length and thermal correlation length, respective-
ly) as wdl as the percolation critical exponents for spin wave stiffness, 6,, and spontaneous
magnetization, B,, defined as [56-58] (cf. section 1.8, Chapter 1)

Te(p) = t(p—pe)® P> Pe (4.18)

D(T = 0,p) = dp(p-po)* P>Pc | (4.19)
and

M(T = 0,p) = my(p—pc)” P>p. (4.20)

are determined from the Te(p)D(T = 0,p) and M(T = 0,p) data. Above definitions, Eq.(4.18),
on the one hand, and Egs.(4.19) and (4.20), on the other, pertain to the cases in which the critical
point Q(p = p.,T= 0) is approached either along the ferromagnetic (FM)-paramagnetic (PM)
phase transition line in the magnetic phase diagram or along the path p — p.a T = 0. The
values for different exponents, obtained in this way, are compared with the estimates given by
the existing percolation theories mentioned in Chapter 1 and the validity of various scaling
relations is tested.

4.4. Results and analysis

4.4.1. Magnetic Phase diagram

The magnetic phase diagrams for the a - (FepNij_p)ao(B,St)20 (series 1) and a -
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(FepNiy_p)soP14aBg (scries 1) aloys in the Fe concentration range 0 ~ p ~ 0.625, displayed
in Fig. 4.20(a) and <.20(b), respectively, are constructed using the values of T¢,Tre and TSG
accurately determined [1,3,13,33,34,36,59-62] from ac susceptibility, electrical resistivity and
bulk magnetization measurements. In these diagrams, Tc and Tsg denote the temperature at
which ferromagnetic (FM)-paramagnetic (PM) and spin glass (SG)-PM phase transitions oc-
cur while THE (<« T¢) marks the onset of strong irreversibility in the low-field (H ~ 100 Oe)
magnetization. In other words, Tre(H Jepresents the temperature at and below which the
zero-field-cooled (ZFC) and field-cooled (FC) magnetization curves bifurcate (ZFC magnetiza-
tion starts decreasing while FC magnetization remains essentially constant as T is lowered below
THE) from each other for a given field value and THE — lim g0 Tre(H ). It is evident from these
figures that the Fe concentration at which FM, PM, RE and SG phases coexist is p. ~ 0.03
for series | and p, ~ 0.10 for series Il. As the temperature is lowered below Tc, the aloys with
p ~ Pcenter into the reentrant (RE) state at Trg. The observations that the spontaneous mag-
netization does not drop to zero but instead remains finite as T is lowered through THE and this
non- zero spontaneous magnetization in the RE phase is accompanied by the thermomagnetic
and thermoremanent effects, which are normally associated with SG order, strongly suggest that
the reentrant phase is a mixed phase in which long-range ferromagnetic order coexists with the
cluster spin glass order. Moreover, there are strong indications that, unlike PM-FM and PM-SG
phase transitions, the FM-RE transition (dashed curve through THE(P) in Fig. 4.20) is not a
true thermodynamic phase transition [53]. However, since the main concern of this part of the
chapter (and of the thesis) is the percolation critical behaviour in these amorphous alloys, the
exact nature of the reentrant phase or the transition at THE do not fal within the scope of this
thesis.

4.4.2. Thermal-to-percolation crossover exponent (¢)

In order to accurately determine the thermal-to-percolation crossover exponent ¢  from the
Tc(p)data, Eq.(4.18) is rewritten in the following form

(s To(p)dTo(p)/dT) ™= (p-pc)/d - (4.21)

It is obvious from Eq.(4.21) that for concentrations in the close proximity to p. (i.e., in the
asymptotic critical region, ACR), the plot of t vs. p should be a straight line with slope (1/¢)

and the intercept on the p-axis equal to p. (this approach is identical to the Kouvel-Fisher (KF)
analytic method described in section 4.1.3). The data presented in Fig. 4.21 testify to the
validity of this approach for both the aloy series in question. The best least-squares (LS) fits to
the t(p) databased on Eq.(4.21) yield the values ¢ = 1.09(3) and p. = 0.026(2) [¢ = 1.06(3) and
p. = 0.070(2)] in the concentration range 0.012 < (p—pcy 0.174 [0.043 < (p— pcJ 0.168] for
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series | [series I1]. The straight linefit in Fig. 4.21 represents the LS fit to the combined t(p) data
for both the aloy series with the choice of the crossover exponent ¢ = 1.08(3), and p. for series
| and Il the same as those mentioned above. The critical amplitude ¢, is then computed using
these values of ¢ and p. in Eq.(4.18). The continuous curves through the Tc{p) data points in
Fig. 4.22 represent the fit obtained by using the presently determined values of tp,p. and ¢ in
Eq.(4.18).

4.4.3. Percolation exponent for spin-wave stiffness at OK

Accurate values of the spin-wave diffness at 0 K, D(T = 0,p), plotted in Fig. 4.22 against
p, have been determined accurately in Chapter 3 (section 3.1) through a detailed analysis of the
M(T,H) data. The percolation critical exponent 6, is extracted from the D(T = O,p) data by
employing the same procedure as described in section 4.4.2, i.e., at first, Eq.(4.19) is rewritten
in the form

d = D(T = 0,p)[dD(T = 0,p)/dp] "= (p — pc)/6p (422)

and then the quantity d is plotted against (p — p.),as shown in Fig. 4.21. This figure demon-
strates that the above analytic approach is valid for the investigated glassy aloys. The best
LS fits to the d(p) data based on Eq.(4.22) yield the vaues 6, = 0.505(5); p. = 0.025(2)
[6, - 0.509(5); p. = 0.071(2)] in the concentration range 0.038 < p < 0.6 [0.042 < p < 0.43]
for series | [II]. The solid straight line through the data points in Fig. 4.21 corresponds to
the best LS fit to the combined d(p) data with 8, = 0.505(5) and p. values for series | and Il
the same as those stated above. These values of 6, and p. are then inserted in Eq.(4.19) to
obtain the values of the critical amplitude d, for both the dloy series. The continuous curves
through the D{T = 0,p) data (denoted by open circles and sguares) shown in Fig. 4.22 repre-
sent the theoretical variation arrived at using the presently determined vaues of d,, p. and 6,
in Eq.(4.19).

4.4.4. Percolation exponent for spontaneous magnetization

at 0 K

The M vs. H isotherm in fields up to 20 kOe has been recorded a T = 1.6K for al
the compositions in both the dloy series. Fig. 4.23 shows such M vs. H curves for a few
representative compositions in series |. These curves present dl the features characteristic of all
compositions in the dloy series I1 as well. The spontaneous magnetization at 0 K for different
compositions in a given dloy series, M(T = 0,p), is obtained as an intercept on the ordinate
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when the linear high-field portion of the M vs. H isotherm taken at T = 16 K is extrapolated to
H = 0 Note that no distinction between the values of spontaneous magnetization at 1.€ K and
0 K is made in this work. The M vs. H isotherm at 1.6 A" presents aslight curvature in the high-
field region that persists to fields as high as 20 kOe (the curvature is more pronounced in series ||
than in series I) and a large [63] high-field susceptibility (~ 5 x 10"° emu/g Oe) particularly for
the aloys with compositions just above p. (i.e., for p —p. ~ 0.06), presumably due to the frozen
randomly oriented clusters (SG order) embedded in a (long-range) FM matrix. The curvature
increases progressively as p — p.. Such acurvature gives rise to undesirably large uncertainty in
M(T= 0O,p) vaues for (p- p.) ~0.06 if the above-mentioned extrapolation technique is used.
This problem is overcome by making the modified Arrott plot [M'/f vs. (H/M)1potherm,
constructed out of the M (T, H Ylata taken at T = 16 K, linear, particularly in the high-field
region, through a proper choice of the thermal critical exponents 8 and 7. M(T = 0,p) is then
computed from the intercept on the ordinate obtained by extrapolating the high-fidd linear
portion of the MAP isotherm to (H/M)'~ 0. The concentration dependence of M(T - 0,p),
so obtained, for both the aloy series is shown in Fig. 4.22. In the ACR, percolation theories
[56-58] predict a variation of M(T = 0,p) with p of the form given by Eq.(4.20). At first an
attempt has been made to extract the exponent g, from the

m(p) = M{T = 0,p)[dM (T = 0,p)/dp)”’

data using the analytic method employed earlier for the t(p) and d(p) data. However, such an
attempt did not succeed, primarily because the plot of m vs. p exhibits a marked curvature
and hence B, and p. depend on the range of p used for the fit. A curvature in the m vs. p
plot evidently implies that the ACR for M(T — 0,p) is extremely narrow compared to that for
Tc{p) and D(T = 0,p) and that the correction-to-scaling (CTS) terms contribute significantly
for concentrations not too close to p.. In order to verify this assertion, the expression

M(T = 0p) = mp(p- po)[1+ a(p- pc)*'] (4.23)

which includes the CTS term with exponent A; and coefficient 'a’, is fitted to the M(T = 0,p)
data over different concentration ranges by the LS method. The range-of-fit analysis, in which
the variation of the fitting parameters m,,p., B, @ and A], if any, is monitored as more
and more data points taken at p values far away from p. are excluded from the fit, yields the
best LS fits (continuous curves through the M(T = 0,p) data in Fig. 4.22) corresponding
to the choice of the parameters values m, = 90(3) [109(2)] emu/g, p. = 0.026(2) [0.070(2)],
Bp = 0.41(2) [0.43(2)], a = 1.95(5) [0.95(5)] and A, = 1.00(1) [1.00(1)] in the concentration
range 0.037 < (p- pc) < 0.22 [0.043 < (p - p.) < 0.43] for series | [I1].

Note that the vaues of Tc(p)D(T = 0,p) and M(T= 0,p) for a - (Fe,Nii_p)so(B, Si)20
(series 1) and a—(FepNii_p)oPra@Beries 1) aloys are listed in Tables 3.5 and 3.6 of Chapter 3.
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4.5. Discussion

In order to demonstrate that the values of the percolation exponents ¢ , 8, and 8, as well
as the amplitudes t,, d, and m, determined by the methods described in the previous section
are true asymptotic values and to bring out clearly the importance of the CTS term in case of
M(T = 0,p), the quantities [Tc(p)/t]"4D(T = 0,p)/d,])'/% and [M(T = 0,p)/m,]/Prare
plotted against (p—p.)in Fig. 4.24. In this figure, the continuous straight lines/curves represent
the best LS fits described earlier whereas the dashed curves serve as a guide to the eye. The
main observations are: (i) the Tc{p), D(T — 0,p)and M(T= 0,p) datayield the same value for
P (within the uncertainty limits) for a given aloy series, (i) p. is nearly three times smaller in
series | than in series |1, (iii) the asymptotic critical region (where Egs.(4.18)-(4.20) hold) is very
wide for Te(p) and D(T = 0,p) data but extremely narrow for M(T = 0,p), and (iv) the CTS
term has to be included in Eq.(4.23) in order to arrive at the true asymptotic values of3, and m,
from M(T= 0,p) data taken at p values not too close to p.. The present values of p. (= 0.026(2)
for series | and 0.070(2) for series 1) lie well below the critical concentrations for bond and site
percolation [58] for nearest-neighbour (NN) exchange interactions on the fec lattice (note that
the presently investigated amorphous aloy systems possess fcc-like short-range atomic order
[13,61]) po = 0.119 and p? = 0.195, but compare favourably with the critical concentration for
site percolation on the fcc lattice when the exchange interactions involve first (1), second (2)
and third (3) nearest neighbours [58], i.e., with p3(1,2,3) = 0.061. This implies that the range
of exchange interactions in series || nearly equals the third N N distance whereas the exchange
interactions in series | extend well beyond the third N N distance.

To understand most of the properties of random systems such as dilute magnets, random
resistor networks. microemulsions and gels, a complete knowledge about the structure of perco-
lating cluster at and above the percolation threshold is necessary. Of al the model descriptions
[56-58, 64-66] of the structure of the percolating cluster proposed so far, the node-link model [66]
due to Skal and Shklovskii, and de Gennes (SSG) is by far the simplest one. In the node-link
picture, the backbone of the infinite cluster is considered to be made up of a superlattice of s-
mall clusters (nodes) which are connected by one-dimensional random paths or links (for details
see Chapter 1). According to this model, the exponents ¢ , 6, and o, the percolation critical
exponent for macroscopic conductivity (X(p) ~ (p—pc)?)are related to the critical exponents v,
and ¢ for the average distance between the nodes (the percolation correlation or connectedness
length, €T - 0,p) ~ (p - p.)~*r) and the average length L of the one-dimensional random
paths between adjacent nodes (L ~ (p- p.)~¢)through the exponent equalities [56-58,64-67]

o=( = p/vr, 0, =2(¢C-vp) and o =(d-2)%C . (4.24)

The values of the percolation exponents v, = ¢ - (6,/2)and o computed from Eq.(4.24) using
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Table 4.8. Comparison between experiment and theo-
ry. °Ref.[64,68-72], PRef.[73], “Ref.[68,70,71,74,75], “Ref.[75,80],
Ref.[78].
parameter | series | series [l | combined Theory
(K) data d=3
109(3) | 1.06(3) | 1.08(d 1.10(2)°
0.505(5) | 0.509(5) | 0.505(5)
B, 0.41(2) | 0.43(2) 0.41(3)°
A, 1.00(1) | 1.00(1) 1.10(20)®
Uy 0.84(3) | 0.81(3) | 0.83(3) 0.87(7)°
a 1.93(6) 1.87(6) 1.91(6) 2.00(5)2
Bp/v, | 0.488(42) | 0.531(45) | 0.506(55) | 0.471(16)¢
2.30(15) | 2.31(16) | 2.30(16) | 2.31(6)°
d 251(4) | 2.47(5) 2.49(5) 2.50(2)¢
d 1.32(13) | 1.31(13) | 1.31(14) 413

199



200

the presently determined values of ¢-and @, for the aloy series 1 and |l as well as for the combined
dataare listed in Table 4.8 dongwith the correspondirg t..coretical estimates [64,68-72]. A close
examination of the data presented in Table 4.8 reveds that the presently determined exponent
values are in excdlent agreement with the recently reported [64,68-72] theoretical estimates for
site or bond percolation on d = 3 lattices. The vaue of o obtained in this work is not only
in perfect agreement with the corresponding theoretical vaue but aso with the experimental
vaue [73] o = 1.94(6) for water-in-oil microemulsion. Like the exponent values, the vaues of
the exponent ratios o /v, and fi/v, for series | and 11, and the combined data conform very wel
with the corresponding theoretical estimates obtained by finite-size scaling [71], series expansion
[68,70], and Monte Carlo simulations [74,75]. Moreover, the conductivity critica exponent o
for the aloys in question satisfies the Golden inequality [76] ¢ < 2 for d = 3, derived by
assuming that the conducting backbone near p. has a hierarchical node-link-blob structure [65]
(cf. Chapter 1).

Within the framework of a model which is based on the assumption that the finite cluster
a p. has a sdf-similar fractal structure [77] and makes use of the scaling arguments, the fractal
dimension d and the spectral (fracton) dimensionality d of the percolating cluster at threshold
can be expressed in terms of the Euclidean dimension d and percolation critical exponents §,,
vp and o as [78,79)

3=d- (Bp/vp) and 3=2(dvy- By)/(0- By +21,). (4.25)
Alexander and Orbach [78] have conjectured that for percolation on the infinite cluster
3 = 4/3 (4.26)

independent of d. The values of d, computed by substituting the exponent values determined in
the present work and setting d = 3 in Eq.(4.25) for both the dloy series and the combined data,
(included in Table 4.8) are in good agreement with the Monte Carlo [75] and series expansion
[80] results while the present estimates of d (Table 4.8) are consistent with the Alexander-Orbach
conjecture (Eq.(4.26)). Combining Egs.(4.25) and (4.26) and solving for o, one arrives at the
expression

o= [(3d-4)y, - 5]/2 . (4.27)

For d = 3, Eq.(4.27) reduces to 0 — (5v, — B,)/2and the presently determined vaues of v, and
Bp, when substituted in this relation, give the values o = 1.90(8) and 1.81(8) for series | and
I, which are same (within the error limits) as those obtained from Eq.(4.24) and predicted by
SSG node-link model [66]. Note that the expression for o in Eq.(4.24) reduces to Eq.(4.27) if
¢ mdv,/2. This condition is aso satisfied in the present case.
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The above observations demonstrate that the SSG node-link, hierirchical node-link-blob
and sdlf-similar fractal models are mutually consistent, eventheugl. they differ widely in micro-
scopic details and hence form completely different descriptions of the structure of the infinite
cluster at p.. This is not surprising in view of the fact that the structural details at length
scales less than the correlation or connectedness length, £(T" = 0,p), are of no consegquence
so long as &(T = 0,p) diverges at p.. Thus, Egs.(4.24) and (4.27) have a universal character
in that they are of more general validity than what an oversmplified underlying model would
normally suggest. Other important points worth noting are: (i) a close agreement between the
experimental values of the percolation critical exponents for amorphous site-diluted ferromag-
nets determined in this work and those theoretically predicted for site- or bond- percolation
on three-dimensional crystalline lattices asserts that the critical behaviour of percolation on a
regular d = 3 lattice remains unaltered in the presence of quenched randomness if the specific
heat critical exponent of the regular system is negative [56-58], and (ii) the finding that the
range of exchange interactions is widely different in the two alloy series and yet both the aloy
series possess the same vaues for the percolation critical exponents vindicates the universality
hypothesis. The inference same as the observation (i) made above has also been drawn recently
based on the results of Monte Carlo simulations [81] of bond (site) percolation on random two-
dimensional (three-dimensional) systems. Furthermore, consistent with the above observation
(i), the results of electrical resistivity [34,36,82], bulk magnetization [1,3,36,38] and 'zero-field'
susceptibility [33,36,39,83] measurements (performed in the asymptotic critical region on the
same and/or similar (Fe — Ni)-metalloid aloy systems as the present ones) have proved be-
yond any doubt the validity of the Harris criterion even for extreme disorder by unambiguously
demonstrating that, even for compositions extremely close to (just above) p., T¢ is sharply de-
fined (ATc/Tc 10~%) and the asymptotic values of the thermal critical exponents for specific
heat, spontaneous magnetization and initial susceptibility are composition-independent and the
same as those theoretically predicted for an ordered three-dimensional (d = 3) Heisenberg spin
system.

Considering the fact that the critical concentration has not been approached sufficiently
closely in the present experiments, a close agreement between experiment and theory may seem
to be fortuitous, but the following observations do not support such an inference. These obser-
vations are : (a) three different types of data namely, Tc(p), M(T= 0,p) and D(T = 0,p), yield
the same value for p. for a given aloy series, (b) eventhough p. is widely different in the two
aloy series, both the alloy series yield identical values for the percolation critical exponents, and
(c) within roughly the same concentration range, the need to include the ‘correction-to-scaling'
(CTS) term is fet only in the case of M(T= 0,p) but not for Tc(p)and D(T = 0,p). The
main difficulty in approaching p. sufficiently closdy in this work arises from the breakdown of
long-range ferromagnetic order at §. (the concentration at which the present aloys enter into a
spin-glass state when the concentration p is lowered through p., see Figs. 4.20(a) and 4.20(b)
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which lies above p.. At this juncture, one has to admit that the actual behaviour of the inves-
tigated aloy systems is mud more complicated than a simple dilution picture would normally
suggest. This is so because the spin glass phase exists for p < p. (and hence the SG order is
present even for concentrations p. ~ p ~ p.) and long-range ferromagnetic order breaksdown
before the percolation threshold, p., is reached. As a consegquence, the magnetic atoms have
a power-law (fractal) correlation near the percolation threshold if only the nearest-neighbour
interaction is assumed. The Harris criterion is replaced by the Weinrib-Halperin criterion [28]
which predicts new exponents even if @ < 0 in the pure system. Thus, a crossover to a new
fixed point (critical behaviour) is expected. The presence of spin interactions beyond the first
neighbour in the systems under consideration should make the crossover spread out and new
critical behaviour hard to detect. This might offer a simple explanation for a seemingly wide
critical region for Tc(p) and D(T = 0,p) but certainly not for the necessity to include the CTS
term only for M(T = 0,p). Moreover, there is no a priori reason to believe that one should
obtain the pure values for the exponents in the crossover region. Furthermore, if the Weinrib-
Halperin criterion [28] is applicable to the amorphous aloy systems studied in the present work,
the thermal critical exponents are also expected to possess values widely different from the pure
ones for p close to p.. However, the detailed studies [33,34,36,38,39,82,83] of the thermal critical
behaviour in the aloys with p close to p., in which T¢ has been approached sufficiently closely.
revea that the thermal critical exponents do possess pure values. These contradictions can be
laid to rest only when the type of measurements described in this work are performed on amor-
phous magnetic systems in which the formation of the spin glass state at low concentrations can
be completely avoided and long-range ferromagnetic order breaks down at p.. However, such a
metallic dloy system is hard to realize in practice.

4.6. Conclusions

Through an elaborate data analysis, accurate values for the crossover exponent <p and per-
colation exponents for spin-wave stiffness 8, and magnetization 8, have been determined from
the Tc(p),D(T - 0,p) and M(T = 0,p) data taken on amorphous (Fe,Nij_p)so(B, Stilho
(FepNiy_p)soP14Bs aloys over a wide range of Fe concentration 0.025 ~ p ~ 0.625. The ex-
ponent values, so obtained, are used to compute the percolation critical exponents v, and o for
percolation correlation length and the conductivity, respectively, with the help of the exponent
equalities. A detailed comparison between experiment and theory then permits us to draw the
following conclusions regarding the percolation critical behaviour of the amorphous aloys in
question.

(i) An excellent agreement between the experimentally determined values of crossover and
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(iii)
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percolation critical exponents (¢, 8, 8, v, and ¢) and the corresponding theoretical esti-
mates predicted for site- or bond-percolation on d — 3 crystalline lattice as<er. that the
critical behaviour of percolation on aregular d = 3 lattice remains unalteredin the presence
of quenched randomness if the specific heat exponent of the regular system is negative.

The asymptotic critical region, where the single power-law behaviour (i.e.. Egs.(3.18)-
(3.20)) is valid, is wide for Te(p)and D(T = 0,p) but extremely narrow for M(T= 0,p);
in the latter case, the correction-to-scaling term had to be included in order to arrive at
the true asymptotic value of the critical exponent 8, and amplitude m, from M(T = 0,p)
data taken at concentrations not too close to p,.

Consistent with the Alexander-Orbach conjecture, the fracton dimensionality d of the
percolating cluster at threshold turns out to be d ~ 4/3 and the conductivity exponent o
obeys the Golden ineguality a < 2.

The observation that the range of exchange interactions is widely different in the two
glassy dloy series and yet the percolation critical exponents have the same values for both
of them vindicates the universality hypothesis.
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CHAPTER 5
ELECTRICAL RESISTIVITY OF (FeCo)-Zr AMORPHOUS
ALLOYS

In this chapter, the electrical resistivity data taken over a wide temperature range on amor-
phous Fego+yZri0-4y = 0, 1) and Fegp-Co-Zri(x = 0, 1, 2, 4, 6, 8 and 10) aloys have
been analyzed with a view to identify the scattering processes that dominantly contribute to
the total resistivity in different temperature ranges and the results are discussed in light of the
existing theoretical models which have already been briefly introduced in chapter 1.

5.1. Results and data analysis

Electrical resistivity (p(T)) of @ — Fego4yZ710-y (¥ = 0, 1) aloys has been measured as a
function of temperature in the ranges 4.2 - 600 K at the University of Cantabria (UC). Spain
and 77 « 350 K at the University of Hyderabad (UH), India One more set of p(T) data for the
aloys with y — 0 has been taken in the range 2 - 300 K at the Ruhr Universitat Bochum (RUB),
Germany. The above-mentioned sets of data taken on samples coming from different batches
of the aloys with nominal composition y — 0 and 1, whose details have already been given in
Chapter 2, will henceforth be referred to as the UC, UH and RUB p(T) data. Figs. 5.1(a) and
5.1 (b) compare different sets of p(T) data for the dloys with y = 0 and 1 by plotting them in the
form of the normalized resistivity, r(T) - p(T)/p(T = 273.15A"), versus T plots. Similarly. Fig.
5.1(c) shows the temperature dependence of »(7')in the range from 77 K to 350 K for different Co
concentrations in the a- Fegy_,Co,Zro dloy series. Note that very high density of data points
gives rise to the continuous r(T) curves in these figures (for that matter, in most of the figures of
this chapter) and the different sets of data belonging to different concentrations of either Fe in
a—FegoyyZr10Qr Coina — Fego_.C o Zrdlloy series are shifted with respect to one another
for the sake of clarity; the exact shift in the ordinate scale for different sets of data for the same or
different concentrations is indicated in the figure captions. The main observations based on the
data presented in these figures are: (i) for al the amorphous aloys in question, resistivity as a
function of temperature goes through a broad minimum at a temperature as high as (Timin~ 250
K); Trin lies fairly close to, but above, the Curie temperature T¢ (TC and Tminare indicated by
downward arrows in Fig. 5.1, (i) like Tc, Tminshifts to higher temperatures and the difference
(Temin =Tc ) Progressively decreases as the Co concentration is increased, (jii) specificaly for the
dloys with y - 0 and 1, Ty @dmost coincides with the Debye temperature ©p (Op- 249 K
and 251 K [1] for y = 1 and O, respectively), (iv) temperature coefficient of resistivity (TCR)
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Fig. 5.1 A(T)/p(273.15KYys. T for different sets of data taken on the a- Fegoy, Zrio_, alOys.
The origin on the ordinate scale for curve 2 in (a) should read as 0.985, while?or curves 2 and
3in (b) it should be read as 0.985 and 0.975. Dashed curves are the LS fits to the data based

on Eq.(5.3).
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is negative (positive)for T < Tpin (7" > Tmin): negative TCR decreases in magnitude as the Co
concentration increases and (iv) r(7T')exhibits another weak minimum at very low temperatures
(T ~ 10 K) in the dloys with y = 0 and 1; for the dloys with x = 6, 8 and 10. the minimum
in r(T) presumably occurs a a temperature which lies wel above the maximum temperature
(Timax = 350 K) covered in the present experiments. In the absence of a theory that takes into
account al the possible scattering mechanisms for a correct description of electrical resistivity
in amorphous magnetic alloys over an extremely wide range of temperatures, Matthiessen’s rule
is assumed to be valid in the present case. The r(T) data in different temperature ranges have
been analyzed in terms of the expressions, predicted by the existing theoretical models already
mentioned in Chapter 1, which represent the scattering mechanisms that dominantly contribute
to total resistivity in a given temperature range. The present analysis gives due consideration to
the contributions to p(T) arising from electron-electron interaction (EEI), quantum interference
(QI) or wesk localization (WL) effects, Kondo spin-flip scattering, structural-disorder scattering.
electron-magnon scattering and the scattering of conduction electrons from spin fluctuations.

In order to find out the functional dependence of resistivity on temperature at very low
temperatures. different sets of r(T) data in this range have been plotted against In T and 7
for the adloys with y = 0 and 1 in Figs. 5.2(a)-(c). It is evident from these figures that both
UC and RUB datafor y = 0 and UC data for y = 1 exhibit alogarithmic dependence on T for
T~ 10 K and aV/T variation in the range ~ 10 - 25 K. Thus, a detailed range-of-fit analysis of
r(T)data based on the expressions

r(M =r0)-alnT (5.1)
and
T)=r(0)-bvT (5.2)

has been carried out in order to ascertain the relative importance of In T and /T terms and to
identify the exact temperature ranges in which these terms dominate. The range-of-fit analysis,
as already described in previous chapters, consists of narrowing down the temperature range of
the fit either by fixing the lower limit of the range at a certain value and lowering the upper
limit so as to exclude more and more high-temperature data points or by keeping the upper limit
of the range fixed at a certain value and raising the lower limit. During both these processes.
the reduced chi square (xZ) (defined as the sum of deviation squares (%) divided by number of
points (N) minus number of free fitting parameters (Npara), i.€, X2 - x?/(N- Npara)and the
stability of the fitting parameters are continuously monitored. The best least-squares (LS) fits,
based on Egs.(5.1) and (5.2), obtained in this way are depicted by the solid straight lines through
the data points in Figs. 5.2(a)-(c), while the corresponding values of the fitting parameters and
the temperature ranges of the fits are displayed in Table 5.1.



212

Table 5.1: Parameter values for the fits, based on Eqgs.(5.1) and (5.2), to the UC and RUB sets

f 7(T') data on a — FegpyyZ7y0-, aAloys. The numbers within the parenthesis denote errors in
he least significant figure.

lit tor[T) - r((1) alnT fit to T(T) = r(0) - bvT
conc. | data | fit range r(0) a fit range r(0) 6 D
Vv (K) (107%) (K) (10=4 K~2) | (cm?/sec)

1 [ UC | 4-10 | 103482 | 135(3) | 10-24 | 10852(2)| 11.02) 0.10(2)

0 | UC | 4-10 | 103382 | 1.102) | 10- 25 | 1.0333(2) | 6.5(3) 0.29(2)
RUB | 2-10 | 10411(1) | 112(2) | 10-20 | 10413(2)| 84(3) 0.18(2)
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The resistivity data for temperatures 7 > 25 K have been analyzed in terms of the ex
pressions that exhaust al possible corbinations of the contributions to electrical resistivity
originating from different scattering mechanisms (including those of structural and magnetic
origin). Moreover, this type of analysis has been carried out in different temperature ranges
since nat only the contributions due to electron-phonon scattering and wesk localization have
different temperature dependences for 7 < &p and for T > ©p but the temperature variation
of magnetic contribution is also different for T < Tc and T > T¢. In view of the experimental
observation that the density remains nearly constant [2] in the concentration range (0 < =< 10)
and that the reported [3] values of @, for Co concentrations x = 0 (@p = 251 K) and x = 90
(O@p = 279 K) are not significantly different. ©p in a - Fegp--CorZralloys is expected to
hardly vary with x in the concentration range just mentioned. Out of al the LS fits attempted.
the one based on the expression

T(T) = r(0) - aT**+ bT? (5.3)

provides the best fit to the resistivity data for temperatures T < ©pin therangeT < T< T
Note that the exact temperature ranges over which the above expression describes the r(7) data
and the values of fitting parameters, listed in Table 5.2(a), are obtained using a detailed range
of-fit analysis of the data, based on Eq.(5.3), as described above. This table aso includes the
values of Tc and Tminfor the aloys in question. The LS fits obtained in this way are represented
by dashed curves in figures 5.1(a)-(c) and 5.3. Similarly, for temperatures close to, but below,
Tc the best fit to the T(T) data is provided by the expression

n(T)=r'(0) — o' T%? 4 ¥ T (5.4)

in the range T <T<T with the choice of the parameters given in Table 5.2(b). Such
fits (dashed curves) are displayed in Figs. 5.4(a) and 5.4(b) for al the investigated dloys. For
temperatures T > Tc, the r(T) data of the aloys with y = 1 and x < 2 (for which T¢ and Ty
lie well below Trmax) are reproduced with far greater precision by the expression

n(T)=r"(0) - a"T + ¥"T° (5.5)

than by Eq.(5.4) in the temperature range T' < T < T". For the remaining compositions in
the a - Fego—-Co.Zr@lloy series, i.e, 4 < x < 10 (x = 4), validity of Eq.(5.5) could not be
tested for want of (sufficient) datafor T > T¢. These LS fits for T > T¢, based on Eq.(5.5), are
depicted as dashed curves in figure 5.5 while the corresponding parameter values and fit ranges
are given in Table 5.2(b). An important observation that merits attention at this stage is that
the expressions for r(T) given by Egs.(5.4) and (5.5) both fail to correctly describe the functional
dependence of resistivity on temperature in the critical region, i.e., |€| ~ 0.05, €= (T - T¢)/Tc.
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Table 5.2(b): Results of the theoretical fits. based on Eq.(5.4) and (5.5), for T ~ Tc
and 7 ~ Tc. respectively. The quantities within the sguare brackets correspond to
temperatures 7 ~ T¢. Errorsin the least significant figure are indicated in the paren-

thesis.

conc. | data |t - r(0) a 6
[t>-1") [r" (O] . [a"] (6"]
Xy t = TTc (107° K~2) | (107* K™1) | (107° K~ 7)

UC | 0.72- 095 1.038(2) 7.5(5) 2.5(2)
[1.05- 1.33] | [1.091(5)] [9.4(6)] [1.4(1))

UH | 0.72-0.95 | 1.035(2) 7.5(5) 2.6(3)
[1.05-129] | [1.115(5)] [12.4(11)) [2.0(1)]

y=0;| UC | 0.73-0.98 1.032(2) 6.8(10) 2.3(7)
Xx=0 [1.05- 124] | [1.113(5)] [11.5(13)] [1.7(2)]
RUB | 0.73-096 | 1.044(1) 7.5(5) 2.5(5)
[1.05-1.18] | [1.109(5)] [10.6(7)] [1.6(1)}

UH | 0.73-096 1.045(3) 8.7(13) 3.0(5)

[1.05- 118 | [1.120(5)] [12.1(12)] [1.8(2)]

x=I UH | 0.74-097 1.052(2) 7.6(5) 2.5(3)
[1.05- 123 | [1.115(5)] [10.2(6)] [1.4(1))

r=2 | UH | 0.71-094 1.047(2) 6.0(5) [8.6(9)] 1.9(2)
[1.05- 124] | [1.100(10)] (1.2(1)]

x=4 | UH | 069-095 | 1.042(1) 7.0(10) 2.3(4)
rz=6 | UH | 065-0.93 | 1.035(1) 5.0(5) 1.5(2)
7=8 | UH | 0.63-0.83 | 1.035(1) 35(5) 1.0(3)
z=10 | UH | 0.60-0.76 1.030(2) 2.4(6) 0.6(3)

Table 5.3: Parameter vaues for the LS fits to the UC sets of r(T)
data based on Eq.(5.6) a high temperatures for a- FegoiyZrio—y

dloys.
conc. | data | 4f _¢it r(0) 3 b
y t="T/Tc (10-* K1)
y=1 | UC | 1.50-2.45 | 1.038(3) 9.5(5) 4.0(5)
y=0 | UC | 148-242 | 1.035(4)  10.0(10) 4.4(6)
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Fig. 5.3 r(T) as a function of T over a wide temperature range. The data for y = 1 is shifted
up by 0.01. The dashed curves represent the LS fits to the data based on Egs.(5.3) and (5.6).
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Fig. 5.4 (a) Variation of r(T) with T/Tfor different sets of data taken on a@ - Fégo4yZ710-y
alloys. The dashed curves denote the LS fits based on Eq.(5.4). Note that the origin on the
ordinate scale for the curves ¢, bof y = O and a b of y - 1 should read as 0.99. 0.985 and 0.98.
0.975, respectively.
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Fig. 5.4 (b) »(T)VS. T/Tcor the UH set of data taken on a - FegoCo;Zm6lloys. The origin
on the ordinate scale for x = 0 and 1 should read as 0.9795 and 0.9865 (there is no shift in the
remaining compositions). The dashed curves represent the LS fits based on Eq.(5.4).
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Fig. 5.5 Plot of r(T) against T/Tc for different sets of data. The zero on the ordinate scale for
the UC dataof y = 1 in (&) should read as 0.994, while for the UC, RUB dataon x - 0 and UH
dataon x = 2 dloy in (b) it should read as 0.9956, 0.995 and 0.985, repectively. The dashed
curves are the LS fits based on Eq.(5.5)
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presumably due to an additional contribntion to the resistivity arising from the scattering of
conduction electrons from critical flu. tuations of magnetization. Since this contribution is known
to manifest itsdlf as a singularity in the temperature derivative of resistivity at T = Tc, dr(71')/d1
is plotted against T/Tc in figure 5.6. using the values of 7¢ determined from the magnetization
data (Chapter 4). In order that such plots for compositions with widely different Tc values can
be accommodated in a single graph, dr(7")/d1data are not plotted against T but against the
reduced temperature T'/Tc. However, for the presently investigated aloys, neither a clear-cut
dope change in the T{T) curves (Fig. 5.1) nor a pronounced anomaly in the dr(T)/dT vs. T
curve (Fig. 5.6) is noticed at T¢. At the firg sight, the result that a structure identifiable
with the critical anomaly at Tc is not discernible from the dr(T)/dT vs. T curves would
seem to contradict our earlier findings about the critical behaviour of these systems based on
the magnetization data. This apparent contradiction is resolved in the next section where a
plausible explanation is provided for the mysterious absence of a cusp-like singularity in dr/d1
aT=Tc.

The sets of resistivity data labelled as UC and taken on a - Feggyy Zr10-glloys with y = 0
and 1 over a wide temperature range extending from 4.2 K to 600 K permit a close examination
of the temperature dependence of r(T) for temperatures T > ©p in these alloys. A detailed
analysis of the r(T) in this temperature range reveals that the expression

n(T)= r(0) - avV/T+ ~bT (5.6)

reproduces the resistivity data of the aloys with y = 0 and 1 with greatest accuracy in the
temperature range Th < T< Tt (Table 5.3) with the choice of parameters given in Table 5.3.
These LS fits are denoted by dashed curves in figure 5.3. For the concentrations x > 0 in the
a — Fego_-Co-Zr@loy series, the maximum temperature (Trax = 350 K) up to which the
present measurements (the UH data sets) extend does not lie wel above ©p. Consequently. the
validity of Eq.(5.6) for these aloy systems could not be tested in the present work.

5.2. Discussion

Before proceeding on with the discussion, the main results are summarized as follows. (i)
For the aloys with y — 0 and 1, resistivity varies with temperature as In T (Eq.(5.1)) and VT
(Eqg.(5.2)) in the temperature ranges 2 ~T < 10 K and 10 K < T < 25 K, respectively. (ii) In
the temperature range extending from 77 K (50 K fory=0and 1) to T , Eq.(5.3) completely
accounts for the observed temperature variation of resistivity in all the investigated amorphous
alloys. (i) For temperatures close to, but below, Tc,r(T) is best described by the relation
#(T)= r'(0) - ' T¥2+ ¥ T5/3(Eq.(5.4)) in the range T** < T R 0.95T¢ [T < T < Trual
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for the concentrations y = 0, 1, < 4 [x > 4]. (iv) For temperatures above 7¢: and in the
range V < T < T", the expression r(7') = r”(0) - a” T + ¥ 7°/3 (Eq.(5.5)) provides the best
fit to the T(T) data for the dloys with y = 0, 1 and = < 2. (v) Electrica resistivity follows
closely the temperature variation dictated by the relation r(T) = r(0) - a VT + bT (Eq.5.6) for
temperatures (T > Op)in the range 320 ~ T ~ 540 K for the dloys with y = 0 and 1. (vi)
The coefficients (a, b), (a’, b') and (a", 6") appearing in Egs.(5.3), (5.4) and (5.5), al decrease
in magnitude with increasing Co concentration, as shown in figures 5.7(a) and 5.7(b). (vii) For
a given concentration, the coeffidient of the T°/3 term is larger in magnitude for T < Tc than
for T > Tc (cf. the vaues of the coefficients b' and 6", appearing in Egs.(5.4) and (5.5), in
Table 5.2(b)). (viii) Neither a clear-cut slope change in r(T) nor a well-defined anomaly in the
temperature derivative of resistivity (dr(T')/dT'% Tc is discernible for the dloys with y — 0,
1 and r < 4 whose T values fdl wdl within the temperature range covered in the present
experiments.

The logarithmic temperature dependence of resistivity observed at very low temperatures
(T < 10 K) can normally be attributed to any one of the three possible scattering mechanisms.
viz., Kondo spin-flip scattering [4], scattering from two-level tunneling states (TLS) [5] and scat-
tering of conduction electrons from ("diffusons’) longitudinal spin fluctuations [6], al of which
give rise to aIn T variation of resistivity at low temperatures. The Kondo spin-flip scattering
(which is essentially the scattering of the conduction electrons of a non-magnetic host from the
(local) moment of an isolated magnetic (impurity) solute atom) dictates the behaviour of resis-
tivity at low temperatures only in dilute magnetic: aloys and is therefore an unlikely candidate
for the In 7 behaviour in concentrated systems such as a — Fego4y Z710-4(y = O, 1) aloys even-
though in the past, the Kondo mechanism has been held responsible for the In T behaviour of
p(T) found previously in a large number of magnetically concentrated metallic glasses [7,8]. The
experimental observation [5,9] that the resistivity minimum is insensitive to even strong applied
magnetic fields has led Cochrane and coworkers [5] to propose a two-level tunneling model in
which In T variation is of structural origin. However, the main difficulty [6] of this model is that
if electrons have to distinguish two possible configurations of tunneling states, their scattering
time should be less than the tunneling time but the reverse should be true for the flips to give
rise to the resistance minimum. Moreover, the TLS contribution to r(7") has been calculated to
be an order of magnitude smaller than the experimental contribution [10]. According to Conti-
nentino and Rivier [6], scattering of conduction electrons by the diffusve modes associated with
the longitudinal spin fluctuations (“diffusons’) gives rise to aln T variation in resistivity at low
temperatures. Since our magnetization results strongly indicate that the amorphous aloys with
y = 0, 1 and X ~4 have a non-collinear spin arrangement in the ground state, the longitudinal
displacements of magnetization from the loca equilibrium value are of the same order of mag-
nitude as the transverse displacements, which give rise to spin waves. Moreover, large values of
the residual resistivity in amorphous aloys (p(0)~ 125u-cm in the present case) reflect short
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mean free paths of conduction electrons and since the collisions with diffusons do not involve mo-
mentum conservation, electron-diffuson scattering becomes the fundamental scattering process
a very low temperatures [6j. In addition, the results of bulk magnetization described in Chap
ter 3 of this thesis clearly indicate that longitudinal spin fluctuation do contribute to thermal
demagnetization at very low temperatures. Therefore. the logarithmic temperature dependence
of resistivity observed at very low temperatures in the aloys with y - 0 and 1 (observation
(i) stated above) can be attributed to the scattering of conduction electrons from the diffusve
modes associated with the longitudinal spin fluctuations.

Conduction electrons undergo more frequent collisons in amorphous (disordered) systems
with high resistivity than in crystalline (ordered) solids. Increased scattering makes electronic
screening less effective and thereby leads to a substantial enhancement in the electron-electron
interactions (EEI) [8,11-13]. Therefore, at very low temperatures, the quantum corrections to
conductivity, arising from the EEl effects in amorphous alloys, cannot be ignored. The EEI
contribution to resistivity due to the particle-hole diffuson mechanism is given by [11-13] (cf.
Eq.(1.68) of chapter 1)

o 1.294 /4 3 - £2 kgT 1/2
T)=r(0)1- ) ] [ ) (__
r(T) = rl r[l o(0) =7 (-5 )(“”J LIy

where D is the diffuson constant and F,, defined by Eq.(1.67b) of Chapter 1, is the screening
factor for the coulomb interaction. Note that the EEI contribution to resistivity arising from the

particle-particle Cooper mechanism is negligibly small in metallic (non-superconducting) systems
with very high Fermi temperature. Eq.(5.7) clearly demonstrates that the v/7'dependence of
r(T) observed over the temperature range 10K - 25 K in the present work (observation (i))
arises from the electron-electron interaction (EEl) effects. The vaues of diffuson constant D
for the alloys with y = 0 and 1 have been calculated by replacing [14] the screening factor F,
in Eq.(5.7) with F, - X (where A, the electron-phonon mass enhancement factor, has a value of
0.3 [15] for @ - Fego4yZ710-y dlOys) and using the estimate F, - X ~ 0 (because the vaues of
F, in the range 0.3 - 0.4 have been reported [16,17] for similar dloy systems such as CoZr and
CuTi) as wdl as the presently determined vaues of r(0), p(0) and the coefficient 6 of the /T
term in Eq.(5.7). The vaues of D so obtained and listed in TableS.2@are not only in reasonable
agreement With the estimates 0.16(1) cm? sec™® and 0.17(1) cm? sec™! for concentrations y = \
and 0 deduced from the Einstein relation D = [p(0)e? N(Ep)]~'when the N(Eg)vaues given
in Table 3.3 of Chapter 3 are used but also with those previously reported [16-21] for a number
of 3d transition metal (TM) - 4d TM and 3d TM - metalloid amorphous alloys.

In disordered systems, electrons experience intense scattering owing to the random potential
and hence their mean free path is of the order of interatomic distance. Due to the elastic nature
of collisions at low temperatures, electron wavefunctions retain their phase over long distances.
Therefore, there exists a finite probability for two partial waves starting from the same point
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(origin) and undergoing scattering in a time-reversed sequence with respect to each other to
return to their origin and interfere constructively . Alternativ ly, multiple elastic scattering leads
to a phase coherence between partial waves scattered from nearby ions and hence enhances the
probability for an electron to (get localized) return to its origin. Such weak-localization (WL)
or quantum interference (Ql) effects set in if the disorder is not strong enough to give rise
to completely localized states. A number of processes such as inelastic (i) electron-phonon
scattering. Spin-orbit (SO) scattering, Zeeman splitting of spin sub-bands. electron-magnon
scattering and scattering from spin fluctuations, apart from the external magnetic field, tend to
destroy the phase coherence and hence progressively (delocalize electrons) reduce the additional
resistivity (due to weak localization). The last three scattering mechanisms occur in magnetic
systems only. As the temperature is raised from very low temperatures, quantum corrections to
conductivity (or resistivity) arising from EEI and WL or QI effects become less effective with
the consequence that the classical Boltzmann behaviour of conductivity is progressively restored.
With these considerations, the expression for total resistivity takes the form [12.13.22-26]

- 2 e 1/2 .
NT) = r(m[l—mn){(m)(a) (3vBz - \/Ba)
(J;—Q,) (k#le)® K (pep(T) + pem(T) + pr.sr—‘('n"))” (5.8)

where

_ch
T 4deDry

B; = B, + % Bso + ‘;i Bs, B, = B;. +2Bs, B, (5.9)
the index j stands for it (inelastic electron-phonon scattering), SO (spin-orbit scattering), S
(scattering from either a single impurity spin or collective excitations of a spin system) whereas
Pep. Pem and ppspdenote the Boltzmann contributions to resistivity arising from the electron-
phonon (ep) scattering, electron-magnon (em) scattering and scattering from local spin-density
fluctuations (L SF), respectively. In Eq.(5.8), the contribution due to the EE! effects. Eq.(5.7),
(which is significant at very low temperatures only) has been dropped, the first term represents
the zero-temperature quantum-corrected resistivity due to localization, the second term is the
correction to temperature-dependent resistivity arising from the weak localization and the third
term is the classica Boltzmann contribution to resistivity due to the thermal excitation of
various inelastic scattering processes. While the second term tends to decrease resistivity, the
third term increases resistivity as the temperature is increased. Hence, a minimum in r(T) is
produced at a certain temperature Thin. For the magnetic glassy aloys under consideration,
the most appropriate expressions for pe,(T)pem(T)and prsp(Tpre the ones predicted by the
diffraction model [27-28], spin-disorder model [29] and spin fluctuation model [30], respectively.
Thus. the relevant expressions for these contributions are
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60 7 T \? r@o/T 2d:
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1 W2 kHT 2 -
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with
IThQ.5% fJa\? .
Pmagl0) = mg— (E) Js(2kp)
and
pLs(T) = A T2 % T « T¢
= ATSIE & P
A" T5(3 > (512)
= . T& To
= A"T » T > T(.‘

The meaning of various symbols appearing in Egs.(5.10) and (5.11) as wel as the details
about the above-mentioned models are given in Chapter 1. In the event that Bsp <« Bs « B;,
(i.e., spin-orbit scattering time, 7so> spin-flip scattering time, rs > inelastic scattering time.
Tie), EQs.(5.8)-(5.12) assert that at temperatures well below Tc and @p,r{T) is given by

(T) = r(0) — p(0)(0) (z;ih) D‘T" + CT? (5.13)
where the constant C is the sum of the coefficients of the T2 terms in Pep(T)pem(Td prsp(T)
since al the three contributions vary as T? in this temperature range. For dominant inelastic
electron-phonon scattering, different theoretical treatments [13,31] predict atemperature depen-
dence of =, of the form r,, — 72T ~Pfor T < &D with the exponent p assuming a value 2, 3 or
4 depending upon the temperature range. If in a certain temperature range p = 3, Eq.(5.13)
has the same form as Eq.(5.3). A close similarity between the two expressions for r(T) strongly
indicates that the origin of the second term in Eq.(5.3) lies in the destruction of phase coherence
by the electron-phonon scattering, which is the dominant inelastic scattering mechanism in the
present case, whereas the third term is the sum of the contributions to r(T) arising from the
electron-phonon, electron-magnon and electron-spin fluctuation scattering processes. Qut of the
three scattering processes, the inelastic electron-phonon scattering dominantly contributes to
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the T2 term in Eq.(53) since the remaining two contributions are exported to be smaller by at
least an order C: magnitude [28] in amorphous magnetic alloys. At this stage, it should be point-
ed out that. at the first sight, the above interpretation seems to be contradictory. To elucidate
this point further, it is not immediately clear as to why 7, varies as T~° and T~? for the second
and third terms in Eq.(5.3) in the same temperature range when the inelastic electronphonon
scattering mechanism is the common cause of the both the terms. However, the theoretical
prediction [31] that the inelastic electron-phonon collision rate, i.e., 7,1, varies as T° and T for
longitudinal and transverse phonons, respectively, at moderately high temperatures (T < Op)
provides a simple explanation for this puzzle in that the longitudinal phonons offer a more d-
fective dephasing mechanism than their transverse counterparts whereas the transverse phonons
basically dictate the behaviour of Boltzmann conductivity. A temperature dependence of T,, of
the type r;e ~ T~P with p= 3.5+ 0.5 has also been observed previously [32-35] at temperatures
in the range 10 K~ T ~ 50 K in a large number of three-dimensional non-magnetic/weakly
magnetic amorphous aloys that include Zr-rich Zr - M (M = Ni, Co, Fe) glassy dloys. A
power-law variation of 7;, with T of the form 7, ~ T-3 has been found in two-dimensional
thin Cv films [36] as well. Thus, the inelastic electron-phonon scattering time seems to have a
universal temperature dependence over a fairly large temperature range.

The physical basis for the expressions for r(T) in different temperature ranges, i.e., Egqs.(5.4)-
(5.6), becomes clear when due consideration is given to the following cases. Case I: for tem-
peratures close to, but below, Tc and T < Op, r,, continues to vary as T-° while p.,(T),
pem(Tand prsr(Texhibit a crossover from the T? dependence to T, T and T'%/3 dependences
(however, the crossover is complete only in the case of pr.sp(T))Case Il: for temperatures just
above T¢ but close to @p,the rate at which 72! increases with temperature sows down from
T® to T? while pep(T)pem(T)and PLSF{T) exhibit the same temperature variations as in the
previous case. Case Ill: for temperatures wel above Te and @p,7i. ~ T, pem(T )= constant
whereas both pep(T)and prsr(T)ncrease linearly with temperature. Taking cognizance of the
above temperature variations of the quantities in question and the fact that the second term
in Eq.(5.8) reduces to the second term in Eq.(5.13), i.e,, to a term proportional to r'/2in all
the above cases, it is obvious that the second terms in Eqs.(5.4)-(5.6) are manifestations of the
dephasing action of the electron-phonon scattering while the third terms in these expressions
reflect the dominance of the structural (electron-phonon) and spin fluctuation contributions to
T(T) for temperatures T ~ T¢ (T < Op),T ~ Tec (T=Op)and T > T¢ (T > Op). Consis-
tent with the above identification of the scattering processes that contribute to r(T) in different
temperature ranges and the theoretical prediction [30] that the coefficient A” < A' in Eq.(5.12),
we indeed find that for a given composition, the coefficient 6' > b" (Table 5.2(b)) in Egs.(5.4)
and (5.5), i.e., the observation (vii) mentioned at the beginning of this section.

Considering that the atomic density does not vary with composition [2] for the amorphous
dloys studied, the diffuson constant D is expected to remain essentially unaltered when the
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composition is varied in the present range. In view of this argument and the structure of the
second term in Eq.(5.13), reduction in the magnitude of the coefficients a, a' and ¢” [a], appearing
in Egs.(5.3)-(5.5) [Eq.(5.6)]. with increasing Co concentration X in @ — F ego-CorZT@lloys
(Fig. 5.7) [increasing Fe concentration in a - Fego4,Z710-y aloys is a consequence of the fact
that the increase in 7, with J more than offsets the increase in p(0). Keeping D constant at its
value for x = 0 and using the values of p(0) presently determined for a — Fego4yZ710-y aloys
and previously reported [37] for @ - Fego_,CorZri0dloys, the vaues of 7, for different Co
concentrations have been computed from the second term in Eq.(5.13) and are listed in Table
5.2(a). These estimates of r;., when modified so as to be valid in the temperature ranges covered
in previous experiments [32-35], are in close agreement with the vaues obtained earlier [32-35]
for a wide variety of amorphous aloys. A monotonous decrease in the coefficients b, b' and b"
(appearing in Egs.(5.3)-(5.5)) with increasing x reflects a progressive weakening of al the three
contributions 7p(T)rem(T) and rpsp(Tat a given temperature as the Co concentration is
increased. According to Egs.(5.8), (5.10)-(5.12), 7ep, Tem and rpspconstantly fdl in strength
when r increases, respectively, due to the fact that the elastic scattering mean free path, /..
decreases as the impurity (Co in the present case) concentration increases, the spin-wave iffness
D(0) increases with x (Fig. 3.12) and spin fluctuations get suppressed with Co substitution
(Chapter 3).

Finaly, the absence of a pronounced anomaly in dr(T')/dTvs. T curve at T despite a
well-defined ferromagnetic (FM) to paramagnetic (PM) phase transition at this temperature
revealed by magnetization measurements finds the following straightforward explanation. For
the presently investigated amorphous alloys, a detailed analysis of the magnetization data taken
in the critical region, described in the previous chapter, clearly demonstrates that the fraction
of spins actually participating in the FM - PM phase transition is as small as 5% for the aloy
with x = 0 and increases to 12% at x = 6. This result implies that the magnetic entropy released
at Tc is aso correspondingly very small. Therefore, the singular contribution to resistivity due
to the scattering of conduction electrons from critical fluctuations of magnetization is at least
one order of magnitude smaller than the case in which all the spins are involved in the mag-
netic order-disorder phase transition. The problem of detecting such a week critical resistivity
contribution in total resistivity, p(T"), measurements is compounded by an overwhelmingly large
non-singular background arising mainly from the scattering of conduction electrons from the
disordered structure (the so-cdled 'lattice’ contribution). Such a problem is, however, not en-
countered in magnetization or 'zero-field' (ac) susceptibility, xac(T"), measurements because the
magnetic response of the system is directly probed in such experiments and hence even a small
magnetic entropy release at T cannot go undetected in these measurements [38-40].
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5.3. Conclusions

An elaborate analysis of high-precision electrical resistivity data taken over a wide tempera-
ture range on amorphous Fegg4yZTi0-y (Y = 0. 1) and Fego-Co,Zm¢x = 0, 1, 2, 4, 6, 8 and
10) dloys and a detailed discussion of the results so obtained. permit us to draw the following
conclusions.

(i) In the aloys with y = 0 and 1, diffusons associated with the longitudinal fluctuations of
magnetization are mainly responsible for the observed In 7 variation of electrical resistivity
at very low temperatures (T < 10 K) while the electron-electron interaction effects account
for the /T behaviour of r(T) in the temperature range 10 K to 25 K.

(ii) In the presently investigated amorphous alloys, weak-localization or quantum interference
effects, electron-phonon scattering, electron-magnon scattering and scattering of conduc-
tion electrons from spin fluctuations are the main mechanisms that contribute to total
resistivity for temperatures T > 25 K.

(iii) Spin fluctuations make their presence fdt through contributions to resistivity varying as
T2 and 7°/3 in the intermediate temperature range and for temperatures close to T,
respectively. The temperature ranges over which spin fluctuation contribution is significant
coincide with the corresponding ranges in the magnetization data (Chapter 3).

(iv) The coefficients of spin fluctuation terms, i.e., the T and T°/3 terms, gradually decrease
with increasing Co concentration as is also the case with the coefficients of the T? and
T4/ terms (which reflect the spin fluctuation contribution to magnetization). The decay
of these coefficients with z is a consequence of the suppression of spin fluctuations by Co
substitution.

Consistent with the prediction of the spin fluctuation model, the coefficient of the T5/3
term is larger for T ~ Tc than for T ~ T¢.

(v

-

(vi) Out of the inelastic scattering processes such as electron-phonon scattering, spin-orbit
scattering, spin-flip scattering, that destroy phase coherence, electron-phonon scattering
is the most effective dephasing mechanism.

(vii) Dephasing due to inelastic electron-phonon scattering mechanism persists to temperatures
well above T¢ and ©p.

(viii) Absence of a pronounced anomaly in the temperature derivative of resistivity asserts that
only a smal amount of magnetic entropy is released at T¢ which goes undetected in a
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measurement of total resistivity which, besides this singular (magnetic) contribution, con
tains an overwhelmingly large non-singular contribution arising mainly from the scattering
of conduction electrons from the disordered structure.
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SUMMARY

High-precision bulk magnetization (BM) measurements on amorphous (e—) FegotyZr10-y
(y =0, 1), Fego-zCo0:Zr10 (0 < X < 10; 1 = 90), (Fep Niy_p)gu( B, 5(0.0625 < p < 1.0) and
(FepNiy_p)soP14B6 (0.1125 < p < 1.0) aloys over a wide range of temperatures (4 K < T < 300
K or 70 K < T < 400 K) and fidds (0 < H < 15 kOe), ferromagnetic resonance (FMR)
measurements on a - FegoryZr0-, (Y = 0. 1) and a - Fego_oCo,Zr:d0 < x < 8) dloys
in the critical region, and electrical resistivity (p(T)) measurements on a — Fego—,CorZry
(0 < x < 10) [a — FegoyyZm10-4y = 0, 1)] dloys in the temperature range 77 K < 7 < 350 K
[4 K < T < 600 K] have been performed with the following objectives in mind.

(i) To make an in-depth study of low-lying magnetic excitations in al the above-mentioned
aloy systems.

(i) Toinvestigate the asymptotic critical behaviour of a— Fegyyy ZT10-,and a—Fego--Co;Z710
aloys near the ferromagnetic (FM)-paramagnetic (PM) phase transition.

(iii) To study the effect of quenched randomness on the percolation critical behaviour of three-

dimensional site-diluted ferromagnets.

(iv) To identify the scattering mechanisms responsible for p(T) in a - FegpyyZrio-yand a -
Fegg_rCorZri0dloys and to determine their relative strengths in different temperature
ranges.

A brief summary of the most important findings, based on elaborate data analyses and a
detailed discussion of the results in terms of the existing theoretical models, is given below.

In @ — Fego4yZr10-y and a — Fegg-,CorZT108ll0ys, magnetization (M) does not saturate
even for external magnetic fields (H )as high as 70 kOe at 5K for the aloys with y = 0, 1 and
x ~ 6. The high-field differential susceptibility, x»s(0), determined from the M vs. H isotherm
taken at 5 K isextremely large in the alloyswith y — 0, 1 and x — O, 1 but decreases rapidly with
increasing x for x ~ 4 so that it possesses values typical of crystalline counterparts for x > 6.
Large values xns(0) have been observed previously in the aloys with p ~ 0.75 in the series
a- (FesNiy_p)soBaand a - (FepNij_p)soPr14Bs Well. Large xas(0) is a strong indication of
the presence of competing interactions in the aloys mentioned above. Competing interactions
progressively pick upin strengthasx— 0O,y— 1andp— 1inthecorresponding dloy systems.
This inference is further corroborated by the observations that (a) spontaneous magnetization
as well as Curie temperature (Tc) fdl steeply as these limiting concentration values (i.e., x = 0,
y = 1 and p = 1) are approached, and (b) the spin-wave stiffness coefficient (D) to T¢ ratio (
i.e,, D/Tc ratio) possesses a value ~ 0.14 that is characteristic of amorphous ferromagnets with
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competing interactions. Competing interactions confine the direct exchange interactions to the
nearest neighbours only and are primarily responsible for a non-collinear arrangement of spins
in the ground state. Non-collinearity in the spin structure in a way ensures that the diffusons
(diffusive modes associated with the longitudinal component of magnetization) contribute to
the T3/? decrease of magnetization as significantly as the transverse spin fluctuations (spin
waves) do. However, longitudinal spin fluctuations (diffusons) do not alter the 'spin-wave-only'
value. Dy ,of the spin wave stiffness because their coupling with the transverse spin fluctuations
leads to propagating longitudinal excitations which peak at spin-wave energies in the inelastic
neutron scattering (INS) spectra. Consequently, for the aloys with x < 6 , y = 0, 1 and
p > 0.75, D (the value of D deduced from the magnetization measurements) < D (the
vaue of D determined from INS experiments). Significantly large longitudinal spin fluctuation
contribution also gives rise to a In T temperature dependence of resistivity at low temperatures
(T < 10 K) in a- FegopyZrio-{y = 0, 1) dloys.

Dominant contribution to the thermal demagnetization of spontaneous magnetization.
M(T,0)in dl the dloys in the series @ — Fego4yZri0-y and @ — Fego_Co,Zripexcept for
the one with x = 90, is due to spin-wave excitations at temperatures T ~ 0.37¢ (at these
temperatures, diffusons also give a contribution whose strength depends on composition) and
enhanced fluctuations in the loca magnetization over a wide temperature range extending from
~ 04T to ~ 0.95T¢. In a - CogZrAloy, a dominant spin-wave contribution to both
M(T,0) and M(T,Hxpt low temperatures (T ~ 0.17c) 1s followed by an overwhelming con-
tribution from Stoner single-particle excitations of weak-itinerant type at higher temperatures.
implying thereby that the particle-hole pair excitations are very weakly correlated in this case.
Notwithstanding the temperature ranges, which depend on composition , spin waves and loca
spin-density fluctuations do contribute to the thermal demagnetization in al the aloys in the
series a - (FepNij_p)so(£Si)0and a - (FepNii_p)soPi4Bayith the exception of those with
p ~ 0.75 in the latter series, in exactly the same way asin the adloys withy =0, 1 and T < 10.
For the compositions p ~ 0.75 in the dloy series a- (FepNi1_,)s0P14Bs, a significant contribu-
tion from the Stoner single-particle excitations of strong-itinerant type accompanies a dominant
spin-wave contribution at temperatures < 300 K. The above finding asserts that dl the aloys
in the series a - FegoyyZTi0-y, @ - Fego-zCo:Zriand a - (FepNii_,)so(B, Si)gre weak
itinerant ferromagnets while a transition from weak-itinerant to strong-itinerant ferromagnetism
occurs at a concentration p ~ 0.75 in the a - (Fe,Nii_p)soPr4 B0y series. Despite an over-
whelmingly large electron-phonon scattering (structural disorder scattering) contribution, spin
wave excitations and local spin-density fluctuations make their presence felt through their con-
tributions to resistivity in the temperature ranges similar to those observed in the M(T, 0) data
for the alloys with y = 0, 1 and x < 10. Contrasted with the suppression of spin fluctuations by
the external magnetic field (H) and/or Co substitution in a - Feso—-CorZr10 aloys, spin-wave
stiffness does not depend on H and spin-wave modes stiffen with increasing co concentration
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(i.e., D(0) increases With x). Sensitivity of spin fluctuations to fidd and Co concentration finds
a straight forward explanation in terms of t} < spin fluctuation model.

Accurate values of the asymptotic critical exponents and universal amplitude ratios that
characterize the FM-PM phase transition at 7, . determined from the magnetization data taken
in the critical region on a - FegoyyZrioy = 0.1) and a - Fego-rCo,Z110(x = 0. 1. 2. 4,
6) alloys. are composition-independec nt and conform very wel with the corresponding theoretical
estimates for an ordered (pure) isotropic spin system with d — n = 3. This result vindicates
the famous Harris criterion which states that the critical behaviour of a three-dimensiona (3D)
ordered spin system does not get altered in the presence of short-ranged quenched disorder if the
specific heat critical exponent of the pure system is negative. Consistent with the result that the
presently determined asymptotic critical exponents satisfy the Widom scaling equality to a very
high degree of accuracy, the magnetization data obey the scaling equation of state (SF.S) vdid for
the second-order phase transition. SES analysis of the BM and FMR data taken in the critica
region yields identical values for the effective critical exponents and amplitudes. This result.
for the first time, projects the FMR technique as a powerful experimental tool to study critical
behaviour of ferromagnetic systems. In accordance with the theoretical expectations, the present
results demonstrate that the nonanalytic confluent corrections, arising from nonlinear irrelevant
scaling fields. dominate over the analytic ones, originating from nonlinear relevant scaling fields.
in the asymptotic critical region (ACR) but the reverse is true for temperatures outside the
ACR. Another important finding is that the magnetic equation of state in linear variables forms
an adequate description of the magnetization data for temperatures close to To whereas its
counterpart in nonlinear variables properly accounts for the observed M(T, H pehaviour in a
much wider temperature range around I¢. Instead of exhibiting a Curie-Weiss-like behaviour,
the initial susceptibility follows the generalized Curie-Weiss law for temperatures in the range
Tc to ~ 1.5T¢. This permits an unambiguous determination of the atomic moment in the
paramagnetic state, g.. Consistent with the conclusions drawn from the M (T, H¢ata taken at
temperatures below T¢ regarding the nature of magnetism in these alloys, the observations that
the gc/gsratio is > 1 and scales with Tz or 75 ' assert that the alloys with y = 0, 1 and x < 6
are weak itinerant ferromagnets. An order of magnitude smaller value of the ratio u,h,/kgTc in
the above-mentioned alloys than that theoretically predicted for a 3D Heisenberg ferromagnet is
shown to imply that the fraction of spins actually participating in the FM-PM phase transition
is as small as 5% for the aloy with x — 0 and increases to 12% at x = 6. This inference
is in consonance with the absence of a pronounced anomaly in the temperature derivative of
resistivity at T¢ because it is impossible to detect a small amount of magnetic entropy released at
Tc in the measurement of total resistivity which, besides this singular (magnetic) contribution,
contains an overwhelmingly large non-singular contribution arising mainly from the scattering
of conduction electrons from the disordered structure. The infinite ferromagnetic matrix plus
finite (ferromagnetic) spin clusters model provides a simple but qualitative interpretation for al
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the diverse aspects of the results mentioned so far.

The T¢(p), M(T= O.p) and D(7 = O.p) data, obtained from the bulk magnetization
measurements performed on a — (Fe, Niy_,)go( B. S7)2 anda- (F ¢, N t3_,)s0 P14 Balloys, when
analyzed with caution, yield accurate values for the 'percolation-to-thermal’ crossover exponent,
¢. for Curie temperature and the percolation critical exponents, é,. for spin wave stiffness at
0 K, and 4, for spontaneous magnetization at 0 K. It is observed that the asymptotic critical
region. where single power laws are valid, is wide for Tc(p) and D(T = 0,p) but extremely
narrow for M (7= O.p); in the latter case, the leading ‘correction-to-scaling' term had to be
included in the expression for M(T — 0O,p) in order to arrive a the true asymptotic values of
the critical exponent 8, and amplitude m,. Other percolation critical exponents such as v, for
the correlation (connectedness) length and o for macroscopic conductivity are calculated from
the exponent equalities using the presently determined vaues of the exponents 3,, 8, and ¢.
Making use of the vaues of 3,. v, and o in the relations predicted by the self-similar fractal
model for the structure of the percolating cluster at threshold (p.),the fractal dimension d and
the fracton (spectral) dimensionality d of the percolating cluster at p. are calculated. A close &
greement between the percolation critical exponents for amorphous site-diluted ferromagnets. so
determined, and those theoretically predicted for site- or bond-percolation on three-dimensional
crystalline |attices asserts that the critical behaviour of percolation on a regular d = 3 lattice
remains unaltered in the presence of quenched randomness if the specific heat critical exponent
of the regular system is negative. In other words, the Harris criterion is vdid for the perco-
lation critical behaviour, as is the case for the thermal critical behaviour also. In accordance
with the Alexander-Orbach conjecture, the fracton dimensionality d has a value close to 4/3.
Moreover. the conductivity critical exponent ¢ obeys the Golden inequality ¢ < 2. From the
values of the critical concentrations for site percolation in the glassy dloy series in question, it
is inferred that, particularly for concentrations near p., the range of exchange interactions in
a - (FepNiy_p)soPraBeélloys nearly equals the third nearest-neighbour (NN) distance whereas
the exchange interactions in a - (FepNii_p)s0(B, S7Hboys extend well beyond the third NN
distance. The observation that the range of exchange interactions is widely different in the two
series and yet the percolation critical exponents have the same vaues for both of them vindicates
the universality hypothesis.

While the enhanced electron-electron interaction effects account for the v/T behaviour of p(T)
in the temperature range 10 K to 25 K, the weak-localization or quantum interference effects,
electron-phonon scattering, electron-magnon scattering and scattering of conduction electrons
from the spin fluctuations are the main mechanisms that contribute to the total resistivity for
temperatures T > 25 K. Unambiguous identification of the dominant scattering processes in
different temperature ranges and the determination of their relative magnitudes permits us to
calculate the values of the diffuson constant, D, and the dephasing time (inelastic scattering
time) r,,. Consistent with the prediction of the spin fluctuation model, the coefficients of the
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7% and T3/% terms (which reflect the spin fluctuation contribution to resistivity in different
temperature ranges) decrease with increasing Co concentration and the coefficient of the 7°%/%
term is largerfor 7 ~ Tc than for 7 ~ 7. Out of the inelastic scattering processes such
as electron-phonon scattering, spin-orbit scattering and spin-flip scattering, that destroy phase
coherence, electron-phonon scattering is the most effective dephasing mechanism. Dephasing
due to inelastic electron-phonon scattering mechanism persists to temperatures well above T
and ©p for the aloys with y = 0 and 1.
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FUTURE SCOPE

The study of magnetic and transport properties of ferromagnetic systems in the amorphous
state, whose results this thesis embodies, besides doing full justice to its objectives, raises a
number of fundamental questions which the future investigations should address themselves to.
Some of these questions are listed below.

(i) Do the diffusve modes of the longitudinal spin fluctuations, besides spin waves, contribute
to the thermal demagnetization of spontaneous magnetization in al the amorphous aloys
or do they contribute only in the case of amorphous systems with competing interactions ?

(ii) Are diffusons non-propagating or propagating longitudinal excitations ? Alternatively,
under what conditions do the longitudinal modes strongly couple to the transverse modes
of spin fluctuations ?

(iil} Is there a fundamental connection between competing interactions, Invar effect and the
re-entrant behaviour ?

(iv) What is the exact nature of the re-entrant state and the transition at Trgin site-diluted
amorphous systems such as a—(Fe,Niy_p)g057)20 and a—(Fe,Niy_p)s0P14Be dloys ?

(v) Does the InT variaton of p{T), observed in a FegpyyZrio-y (y = 0, 1) and
a- Fego-;Coy2Zr{x = 0) dloysa T < 10 K, persist when Fe is progressively replaced
by Co in the latter aloys series ?

In order to find proper answers to the questions (i)-(iii) stated above, spin-polarized in-
elastic neutron scattering experiments and magnetic measurements need to be performed on
amorphous spin systems with or without competing interactions which either do or do not ex-
hibit Invar/re-entrant behaviour. Such a comparative study would clearly bring out the role of
competing interactions so far as the nature of low-lying magnetic excitations in such systems is
concerned and the fundamental connection, if any, between competing interactions, Invar effect
and re-entrant behaviour. Systematic neutron depolarization studies in zero-field as well as in
the presence of the external magnetic field on the systems in question should unambiguously
answer the queries such as whether the re-entrant state is a mixed state in which long-range
ferromagnetic order coexists with cluster spin glass order or whether the re-entrant state is a
pure spin glass state and if the transition to the re-entrant state is a true thermodynamic phase
transition. The present resistivity measurements on a - Fegy_.Co;Zr @lloys need to be ex-
tended to as low temperatures as possible if the exact functional dependence of resistivity on
temperature at low temperatures has to be ascertained. Detailed magnetoresistance measure-
ments in the low temperature region (1 K ~ T ~ 50 K) should help in reveaing the physical
origin Of InT, VT and other terms in the expression for p{T).
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