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C H A P T E R - I



1.1. Introduction

Magnetic properties of amorphous alloys have been, in the

recent years, a subject of intense experimental and theoretical

interest. In the initial stages, scientific interest in such non-

crystalline systems was mainly aroused by the attractive technolo-

gical prospects that these alloys were supposed to offer. A comp-

lete success in the realization of the envisaged technological

applications has, in turn, triggered off intensive research acti-

vity regarding the fundamental properties of amorphous alloys.

When viewed in retrospect, a study of the magnetic properties of

amorphous materials was, initially, not given serious considera-

tion due to the belief that magnetic ordering and structural dis-

order are incompatible with each other. The possible existence of

amorphous ferromagnetism was first explored theoretically by Guba-

nov [1], who predicted that amorphous solids would be ferromagne-

tic on the grounds that the electronic band structure of crystal-

line solids does not change in any fundamental way upon transition

to the liguid or amorphous state (implying thereby that the band

structure is basically controlled by the short-range order).

Ferromagnetism, which is sustained by the direct exchange inter-

actions between the nearest-neighbour spins, should, therefore,

not be destroyed in the corresponding amorphous solid. The predic-

tions of Gubanov were experimentally verified only after the first

amorphous alloy, stable at room temperature, was prepared by Duwez

and coworkers [2] by rapid-quenching of the melt. Of particular

significance was the work of Duwez and Lin [3] on liquid-quenched
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amorphous Fe-P-C alloy, which exhibited properties like high satu-

ration magnetization, low coercive field, high Curie temperature

and good stability at room temperature against crystallization.

Since then, a huge amount of data on the fundamental as well as

applied properties of amorphous alloys has accumulated and their

physical implications have formed the subject of several books and

review articles [4-10]. A complete bibliography about amorphous

magnetism and magnetic materials has been compiled by Ferchmin and

Kobe [11,12].

1.2. Classification, Preparation and Characterization of

Amorphous alloys

Amorphous alloys or metallic glasses, as they are more

commonly known, have been grouped according to the nature of their

constituent atoms. For instance, the transition metal-metalloid

(TM-M) glasses consisting of 3d transition metals (Fe, Co, Ni) and

metalloids (B, C, P, Si) form the first group. Other groups com-

bine an early transition metal (Fe, Co, Ni) with a late transition

metal (Zr, Hf, Ti) . Yet another group of alloys is formed out of

the simple metals themselves or rare-earths with transition

metals. These alloys cannot be formed in the amorphous state over

the entire concentration range but within the concentration

regimes which are narrow and generally centered around the deep

eutectic points in the alloy phase diagrams. The width of the con-

centration range over which a particular alloy series can be for-

med in the amorphous state also depends on the type of preparation

technique used.
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There exist a number of techniques for the preparation of

amorphous alloys. Most of them fall into two main categories:

melt-quenching and deposition techniques. Melt-quenching methods

include, (i) splat-cooling, (ii) roller-quenching, (iii) spark-

erosion and (iv) laser glazing [13-18]. Fabrication of amorphous

alloys in a concentration range away from the eutectic point is

facilitated by the deposition techniques which include vacuum

thermal evaporation [19] and sputter deposition methods [20].

Other less popular, but occasionally used techniques, are electro-

deposition [21], ion-implantation [22] and solid-state reac-

tion [23].

Metallic glasses are characterized through a study of their

structural, physical, chemical or other properties. The simplest

way of determining whether the atomic structure conforms to the

amorphous state or not is to take an X-ray diffraction pattern.

The diffraction pattern of an amorphous solid typically consists

of diffuse rings or a broad peak at low 26 values in a diffraction

scan. But it is impossible to detect crystallites of size less

than 15-20A by diffraction methods. Consequently, it is not

possible at once to distinguish between a microcrystalline struc-

ture and a homogeneous random distribution of atoms on the basis

of diffraction patterns alone. A more refined X-ray technique,

called Extended X-ray Absorption Fine Structure (EXAFS), has been

developed to probe the local atomic structure of glassy alloys

[24]. EXAFS is the oscillatory modulation of the absorption coef-

ficient on the high energy side of X-ray absorption edge of a con-
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stituent atom in a system. Another extremely powerful technique

for probing short-range order of amorphous alloys is neutron scat-

tering. Since neutron scattering length of an individual nucleus

varies with different isotopes and their spin states, coherent and

incoherent scattering takes place according to the existence and

absence of interference occuring between neutron waves scattered

by different nuclei. The coherent neutron scattering provides the

information of collective structure and atomic pair correlation

function, while incoherent neutron scattering probes the localized

vibration and atomic diffusion. Local structural information can

also be inferred from resonance of atomic nuclei in amorphous

solids measured by NMR or Mossbauer spectroscopy. These techniques

are more sensitive to variations in the local environment than

methods which yield only partial distribution functions.

The chemical composition of metallic glass can be analyzed

by using different techniques. Atomic absorption spectroscopy, X-

ray fluorescence, electron microprobe analysis, Auger spectroscopy

and secondary-ion mass spectroscopy are some of the techniques

used for this purpose.

1.3. Atomic Structure

1.3.1. Structural models

A number of theoretical models have been proposed to des-

cribe the atomic arrangement in amorphous alloys,

Bernal [25] introduced the idea of dense random packing of



hard spheres (DRPHS) to simulate the structure of mono-atomic

liquid metals. There is a random distribution of atoms such that

only weak correlations exist between spheres separated by five

or more sphere diameters. This work was followed up by Scott [26]

and Finney [27], who concluded that the maximum density of a hard

sphere non-crystalline packing was 0.6366 t 0.0004. With this

model it was possible to calculate an accurate radial distribution

function (defined in the subsection 1.3.2.) which reproduced the

split second peak. But this model was not entirely successful as

no real amorphous alloy can be thought of as an experimental rea-

lization of the hard-sphere model or consisting of only one

species of atoms.

Subsequent models improvised on the DRPHS model by consider-

ing realistic softer potentials and by observing the structural

changes when two (or more) components and their chemistry are con-

sidered. One such model is due to Gaskell [28] who first built the

required chemical ordering and then allowed relaxation processes

to bring in the dense packing constraints. He used trigonal pris-

matic units as basic building blocks as compared to the tetra-

hedral structures of Bernal. This type of chemical ordering is at

the expense of packing constraints like large cavities. These

constraints are then manipulated by computer-relaxing the whole

assembly. Gaskell successfully applied this model to a-PdgC)Si20

and related TM-M alloys.

Besides these models, several other models [29,30,31] have

been put forward which involve computer simulation and allow for
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the interplay between local chemical ordering and overall packing

constraints of high density structures.

1.3.2. Short range order

Instead of assigning a negative description to the amorphous

character as that lacking in atomic periodicity, a localized pic-

ture in terms of short-range correlations and distributions is

more appropriate. The microscopic structural quantity that can be

directly determined from the scattering experiments is the atomic

pair distribution function. But many properties cannot be descri-

bed by the pair distribution function alone as they are either

dependent on more collective correlations or on the local environ-

ments of each atom. This necessitates definition of a chemical

short range order in terms of the pair distribution function. In

most glassy alloys, on a local scale, the chemical composition is

different from the macroscopic average and this deviation is

called Chemical or Compositional short-range order (CSRO). This

type of order is specific to the first nearest-neighbours only and

hence can be described in terms of a deviation in the nearest-

neighbour composition from the average. For a binary system (A-B),

the Warren-Cowley short-range order parameter, a , is defined as

where Z A B (ZBA) denotes the number of B (A) atoms in the nearest-

neighbour coordination of an A (B) atom, C. (C_) is the concentra-
A D
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tion of A (B) atoms, and <z> is the average coordination number.

a can be determined from the pair distribution function, which
P
describes the probability that two dissimilar atoms A and B are

separated by a distance ? and is given by [32]

where C , C denote the atomic concentration, N is the total num-

ber of atoms, r. . is the separation between the atoms occupying

the sites i and j and c.=l (c.=l) if the atom at the site i (j) is

A (B) and 0 otherwise. For an isotropic amorphous solid with iden-

tical atoms, this function can be described in terms of a radial

distribution function (RDF), which describes the number of atoms

in a spherical shell of radius r and thickness dr around some

chosen atom as origin averaged by taking each atom in turn as

origin, i.e.,

RDF(r) - 4rrr2p(r) (1.3)

This is an oscillatory function with a parabolic baseline. Hence,

this function can be more conveniently described in terms of a

reduced radial distribution function,

G(r) - 4Trr[p(r) - pQ] (1.4)

where pQ is the average atomic density. G(r) has a sharp but in-

tense peak at the average nearest-neighbour atomic spacing besides

( 1 . 2 )
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the second peak, which is usually split into two sub-peaks, and

the higher order peaks that fade away with distance (Fig. 1.1).

Area under the first peak gives the average coordination number.

There is another kind of short-range order (SRO) which

depends on the degree of randomness of the structure. This is more

applicable to single elementary glasses which are free from the

effects of CSRO. This SRO is called topological short range order

(TSRO). Geometrical distortions that are independent of topology

are also possible. Therefore, the SRO that characterizes the local

structure of an elementary glass may be called Geometrical short

range order (GSRO), which includes both TSRO and distortional

short range order (DSRO).

The local topology of the structure may be described in

terms of the Voronoi polyhedra [33]. The Voronoi polyhedron is the

equivalent of the Wigner-Seitz cell in crystalline solids. It is

defined by planes which bisect the lines drawn between the center

atom and its neighbours.

2.3.3. Types of Disorder

Amorphous structure is generally regarded as that lacking in

long-range periodic order, i.e., the correlations between the

atoms are lost completely beyond a few atomic spacings. The vari-

ous types of disorder that result have a direct bearing on the

magnetic properties of these alloys. Some of these types of disor-
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Fig. I.I. Reduced radial distribution function G(r) for a typical

amorphous alloy.



der are described below.

(a) Bond disorder:

Fig. 1.2(a) shows a perfect two-dimensional monoatomic crys-

tal. If the bond lengths and bond angles are distorted, then an

aperiodic structure would result. This kind of disorder is called

bond disorder (Fig. l.2(b)). The network, however, still remains

topologically equivalent to a crystal.

(b) Topological disorder;

Fig. 1.2(c) shows a much stronger disruption of periodicity

called topological disorder. Rings with different numbers of atoms

randomly distributed among six-membered rings are seen in the

figure. One can also arrive at this situation by making the number

of bonds at each atom in Fig. 1.2 (b) deviate from three. Hence

topological disorder includes bond disorder but such a disordered

network cannot be distorted back into a crystal.

(c) Chemical disorder:

The complexity of the structure can be increased by consi-

dering a binary AB alloy (Fig. 1.2(d)). Chemical disorder can be

induced by altering and swapping the positions of atoms A and B,

without affecting the bond lengths or their number (Fig. 1.2(e)).

The crystalline nature of the alloys is not affected by doing

this. The bond lengths of the chemically ordered (Fig. 1.2(d)) and

disordered (Fig. 1.2(e)) lattices can be altered to result in bond

disordered lattices (Figs. 1.2(f) & (g)). To further increase the

9



Fig. 1.2. Types of disorder on two-dimensional monoatomic and

binary lattices.
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disorder, conditions of topological disorder can be imposed on

each of these two bond disordered lattices to result in Figs.

1.2(h) & (i), respectively.

Chemical disorder with topological disorder in the binary

alloy system A B can give rise to interesting magnetic phases

depending on the type of atoms A and B and their concentration. If

A is a magnetic atom and x - 0 while atom B is of a non-magnetic

species, A B alloy then consists of a dilute magnetic impurity

in an otherwise non-magnetic host. When x is increased beyond a

certain specific limit, called the percolation threshold, the dil-

ute alloy can be transformed into a magnetically concentrated one,

which can support long-range ferromagnetic order.

1.4. Influence of disorder on magnetic properties

1.4.1. Density of states

A major influence of structural and chemical disorder is on

the symmetry and density of electronic states at the Fermi energy,

Ep. The dominant contribution of the density of states at E comes

from regions of Fermi surface in which the wave functions have

strong d-character. For pure amorphous transition metals, it has

been theoretically proved [34] that structural disorder does not

drastically affect the electronic structure with respect to their

crystalline counterparts. In view of the fact that most amorphous

materials are alloys of transition metals with glass-forming

metalloids or with other metals, one might wonder as to how much
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of the d-character of density of states at Ep is still preserved.

It has been observed experimentally that the main contribution to

the density of states at Ep still arises from d electrons in tran-

sition-metal base amorphous alloys. Therefore, one can safely

assume that the main contribution to the magnetism in these alloys

comes from the electrons of the d-band.

1.4.2. Magnetic moment

The variation of magnetic moment, u, and Curie temperature,

Tc# for amorphous alloys as a function of transition metal content

was first reported by Mizoguchi et al [35], who plotted n and Tc

as functions of the number of valence electrons for amorphous

TO/_B,_P._ (T=Fe,Co,Ni) thin films. It was observed that both M andou iu iu

T lie consistently lower than those of crystalline transition

metal alloys of the same composition. The variations in v were

explained on the basis of the rigid band model [36], which is

based on the assumption that the d-bands do not alter on alloying

and a transfer of charge from metalloid atoms to the d band takes

place. However, the rigid band model represents an oversimplifi-

cation as ample experimental evidence exists to show that the

addition of metalloids changes the structure of the d-band and

does not merely transfer charge. Alben et al [37] came out with an

alternative explanation and suggested that the moment suppression

is a result of a loss of d character by the magnetic states

because of their participation in local chemical bonding with the

metalloid species termed as p-d hybridization.
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1.4.3. Exchange interactions and Curie temperature

The dominant magnetic interactions in transition metals are

the direct exchange interactions resulting from the overlap of

wavefunctions of nearest-neighbour atoms. This is phenomenologi-

cally represented by the isotropic Heisenberg interaction for a

pair of localized spins as

(1.5)

where J. . is the exchange integral between spins at sites i and j.

The sign of J. . is positive for ferromagnetic coupling and nega-

tive for antiferromagnetic coupling. Apart from direct exchange,

there are other exchange mechanisms like superexchange via ligands

and indirect exchange via conduction electrons, also called the

Ruderman-Kittel-Kasuya-Yoshida (RKKY) interaction. The RKKY inter-

action is the main exchange coupling in dilute 3d al?«oys where

direct exchange cannot operate and it is an oscillatory function

of r, the interatomic distance. All these interactions depend sen-

sitively on the distance between the interacting spins. Fig (1.3)

shows a schematic variation of exchange coupling J as a function

of distance between spins in the 3d-shell for 3d transition

metals. A direct inference from Fig. 1.3 is that a distribution in

interatomic distances in an amorphous alloy can lead to a distri-

bution of exchange interactions. In spite of the distribution of

exchange interactions in amorphous ferromagnetic alloys, they

usually exhibit a well-defined Curie temperature, Tc- For amor-

phous alloys, Tc is a smooth function of the alloy composition in



Fig. 1.3. Schematic variation of exchange coupling as a function

of distance between the spins in the 3d shells in 3d

transition metals.

Fig. 1.4. Curie temperature as a function of the valence electron

concentration N of the metallic atom for some typical

amorphous alloys of 3d transition metals [35].
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the entire range, as shown in Fig. (1.4). It is observed that

Curie temperatures of amorphous alloys are slightly lower than

those of the corresponding crystalline alloys. This is an

indication of the strong influence of short-range order on the

exchange interaction.

1.4.4. Magnetic anisotropy

Another important magnetic property that is influenced by

disorder is the magnetic anisotropy. Amorphous alloys do not pos-

sess long-range order and hence are normally considered to be iso-

tropic on a macroscopic scale. As a result, the magnetization vec-

tor is supposed to point in all directions with equal probability.

However, most amorphous alloys exhibit magnetic anisotropy. Seve-

ral mechanisms [38] have been proposed for this anisotropic beha-

viour and magnetic anisotropy reflects the existence of short-

range order in these alloys.

1.4.5. Temperature dependence of magnetization

The coexistence curves, i.e., the plot of reduced magnetiza-

tion M(T)/M(O) versus reduced temperature T/T of amorphous ferro-

magnets generally fall below those of their crystalline counter-

parts. Handrich [39] assumed a distribution of exchange integrals

(resulting from the structural fluctuations) in amorphous alloys

and arrived at the following equation for reduced magnetization



m(T)

where Bg is the Brillouin function, x = [ 3Sm/ (S+l) ] (Tc/T) and A is

a measure of degree of disorder.

J. . is the exchange integral between spins at the sites i and j

with radius vectors r. and r., A J. . is the deviation of J. . from

the average value <J^.> and <> denotes the structural average. It

is obvious that A is the root mean square of deviation from an

average exchange integral between two nearest-neighbour spins.

Though much of the reduced magnetization data for amorphous alloys

have been interpreted in terms of this model [40], Alben et al

[41] point out that since similar flattening effects are observed

in disordered crystalline alloys [42], local chemical disorder is

responsible for the flattening of m(T) rather than local struc-

tural disorder.

The existence of well-defined spin-wave excitations obeying

a normal ferromagnetic dispersion relation, E = A + Dq2 + EQq
4...,

has been confirmed by inelastic neutron scattering measurements

[43] on amorphous alloys. Correspondingly, magnetization at low

temperatures varies with temperature as

14
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The coefficient of the T 3' 2 term, B, was found to be five to ten

times larger than in comparable crystalline alloys. This is under-

stood to be a consequence of the chemical disorder. Kaneyoshi [44]

contends that while exchange fluctuations alone can describe the

magnetization behaviour of rare-earth-based amorphous alloys, 3d

transition-metal-based alloys behave quite differently with tempe-

rature, in that they exhibit faster thermal demagnetization than

that predicted by Handrich's model. This is due to the fact that

in the 3d transition metal alloys, where the moment is more easily

perturbed by its environment, both the variations in moment magni-

tude as well as the exchange fluctuations play a decisive part in

determining m(T).

In many amorphous systems, particularly in those exhibiting

Invar behaviour, the spin-wave stiffness constant D determined

from neutron scattering measurements, D , is found to be larger

than that (Dm) calculated from magnetization data [45]. This dis-

crepancy between the values of Dn and Dm, has been attributed to

the total neglect of the contribution to thermal demagnetization

due to Stoner single-particle excitations [46] while analyzing the

magnetization data. For weak itinerant ferromagnets, both the

single-particle and spin wave excitations contribute to the dec-

rease of magnetization with increasing temperature but the contri-

bution due to the former type of excitations dominates over that

arising from the latter type. For weak itinerant ferromagnets, the

15
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single-particle contribution varies with temperature as

M(T)/M(O) = 1 - AT2 - ... (1.10)

1.5. Concentration regimes

The various magnetic phases that come into existence as the

magnetic impurity concentration in a diamagnetic host is progres-

sively increased are briefly described in the following text.

1.5.1. Dilute systems

The subject of dilute transition metal alloys has been a

well-studied one. The non-interacting 3d magnetic impurities dis-

solved in a non-magnetic host are classified under the general

heading of Kondo (effect) alloys. In these systems, the appearance

of magnetic moment on the 3d impurity is the result of a balance

between two processes: intra-atomic interactions concerning mainly

d electrons, and interaction of the impurity states with the con-

duction (itinerant) electrons of the host. The interactions bet-

ween the magnetic impurities can induce, within the dilute limit,

a random magnetic state termed as a spin glass. A spin glass can

be more clearly defined as a random, mixed-interacting magnetic

system characterized by a random, yet cooperative, freezing of

spins at a well-defined temperature Tf below which a highly irre-

versible, metastable frozen state occurs without the usual long

range spatial order. The magnetic impurities interact with each

other through RKKY interaction which has a 1/r3 dependence, where
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r is the distance between impurities. RKKY interaction ir. oscilla-

tory in nature and hence the alignment of the two impurity spins

may be parallel or anti-parallel depending on r. This gives rise

to competing ferromagnetic and antiferromagnetic interactions. The

combination of spatial randomness induced by dilution plus comple-

ting interactions give rise to frustration, which is the basic

ingredient for a spin-glass type of ordering. The main experimen-

tal characteristics of spin glasses include: (i) a cusp in the ac

susceptibility versus temperature curve at the freezing tempera-

ture Tf; the shape of the cusp as well as Tf are sensitive to mea-

suring freguency and dc applied field, (ii) thermomagnetic history

effects occuring at temperatures close to, but below, T , e.g.,

displaced hysteresis loops, decay with time of the remanence, and

(iii) for certain low concentration range of impurities, all the

relevant physical parameters characterizing the spin glass state

scale with concentration.

1.5.2. Intermediate concentration regime

When the magnetic impurity concentration is continuously

increased, a magnetic alloy undergoes a series of transitions from

one complex magnetic ordering regime to the other. First, there is

an increased statistical probability of the magnetic impurity

being the first or second nearest-neighbour to another impurity.

Since the 3d electron wave-function has a finite spatial extent,

the interatomic wavefunctions overlap and a direct exchange

results. A short-range exchange interaction, depending on its



18

sign, can couple neighbouring impurity spins parallel or anti-

parallel. Thus, magnetic clusters are formed as a result of con-

centration fluctuations in a random alloy. These magnetic clusters

then freeze in random orientations below a certain temperature to

form a cluster spin glass. When the impurity concentration is inc-

reased further, two or more magnetic clusters coalesce to form a

bigger cluster and hence the clusters grow in size. This concen-

tration regime is termed as mictomagnetic [47]. As the impurity

concentration is increased beyond the mictomagnetic limit, a situ-

ation is reached where each magnetic site has at least one magne-

tic nearest-neighbour and a macroscopic connection or uninterrup-

ted chain from one end of sample to the other is established. The

critical impurity concentration at which a long-range ferromagne-

tic order first sets in is called the percolation threshold.

Alternatively, the percolation threshold is the concentration at

which the probability that a given occupied site belongs to an un-

bounded cluster becomes finite. The alloys with composition just

above the percolation threshold (or critical concentration) have

attracted considerable attention both from theoretical and experi-

mental points of view during the past couple of decades because

they exhibit very unusual magnetic properties at low temperatures.

These phenomena have come to be known better as the xreentrant'

ferromagnetism or reentrant spin-glass. These alloys undergo a

phase transition from paramagnetic (PM) to ferromagnetic (FM)

state as the temperature is reduced and against further lowering

of temperature the FM state becomes unstable and paves way to a

magnetically disordered state, the spin glass (SG) state. The SG
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state is characterized by an abrupt drop in ac susceptibility at a

certain temperature called the reentrant temperature, TRSG' a n d

other magnetic effects such as the onset of magnetic viscosity and

history dependent effects at TRS(,. Many amorphous alloys have been

identified which exhibit reentrant behaviour and their magnetic

phase diagrams determined. Such a phase diagram for a typical re-

entrant alloy is shown in Fig. (1.5). The critical lines between

the PM-FM, FM-SG and PM-SG intersecting at a multi-critical point

(MCP) are determined by the scaling analysis of dc magnetization

data taken at finite fields. The nature of transitions between

these different magnetic phases has been investigated by dillerent

experimental techniques and the results of these investigations

have given rise to a lot of controversy about their exact nature.

1.5.3. Concentrated systems

As the concentration of transition metal is increased well

above the percolation threshold, a conventional ferromagnetic

ordering results. This is due to the dominance of direct exchange

interactions over indirect and competing exchange interactions.

However, the onset of long range order in amorphous alloys is in-

homogeneous in character, presumably due to the fluctuations in

the coordination number and interatomic spacings. All the pheno-

mena exhibited by dilute and 'slightly concentrated' (interme-

diate-concentration) alloys like Kondo effect, spin glass, reent-

rant ferromagnetism etc., completely disappear in this concentra-

tion regime.



Fig. 1.5. Magnetic phase diagram of the reentrant alloy series a-
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1.6. Theoretical models for different kinds of magnetic order

A number of theoretical models have been proposed to des-

cribe the nature of spin-glass order. These models try to describe

the phenomena that set-in at the characteristic spin freezing tem-

perature, Tf. Edwards and Anderson (EA) [48] were the first to

propose a model to describe the transition at Tf. They postulated

the existence of a ground state where each spin freezes in a pre-

ferred direction that is randomly oriented and different at every

site. In order to describe transition to the above ground state at

Tf, it is necessary to define some order parameter. In all ordi-

nary phase transitions, there not only exists a long-range order

which does not depend on time (i.e., ergodic behaviour), but also

an ordinary spatial order parameter, which is absent in spin

glasses. Hence, as spin glasses do not possess long-range order in

space, EA introduced a long-range order in time, i.e., a local

autocorrelation function in time, defined as

(1 .11)

where the inner angular brackets represent thermal average while

the outer brackets represent average over all the spin configura-

tions. It is assumed that q is finite for T<Tf and is zero for

T>Tf when the system is in the paramagnetic state. Thus, the non-

vanishing value of the local autocorrelation function in time dif-

ferentiates a spin glass phase from the paramagnetic state and the

thermodynamics of the spin glass phase crucially depends on the
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temperature variation of q. EA considered the Hamiltonian

which is relevant to classical spins on sites i and j interacting

via the exchange interaction J.. and H. is a local iield. J..

occur with probabilities

The free energy of the spin system is calculated by evaluating the

partition function Z, or more precisely the free energy (-kT lnZ) .

That is, lnZ has to be averaged over a random distribution of

J. .'s, or more simply, average Zn, where n is an integer. To do

this, EA resorted to the famous xreplica trick' in which n identi-

cal systems sj 1*, sj 2 ), s|n) , specified by Si are introduced.

The formal structure which is obtained involves a coupling between

the different "replicas" a and in particular, coupling between two

replicas a and /3 can be interpreted as representing the system at

two different times so that the replica-replica correlation func-

tion behaves in a manner identical to the long-time autocorrela-

tion function [<S.(0)S.(»)>]. EA obtained the following expression

for the susceptibility, x,

where x =C/T is the paramagentic susceptibility. Since q=0 for

T>Tf but is finite for T<Tf, x obeys the Curie law for T>Tf and

( 1 . 1 2 )

( 1 . 1 3 )

( 1 . 1 4 )
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deviates from it for T<Tf giving rise to a kink in the suscepti-

bility at T=T,p.

Sherrington and Kirkpatrick (SK) [49] proposed a variant of

the EA model in which the mean-field theory should be exact and

which accounts for the reentrant behaviour at low temperatures.

The mean field theory of ferromagnetism becomes exact in the limit

of infinite range interactions where every spin couples equally

with every other spin. SK considered Ising spins interacting via

an exchange interaction of infinite range and a Gaussian distribu-

tion for J. . of width A which is centred about a finite value J ,

i.e.,

(1.15

SK used the replica method and calculated the free energy exactly

for all identical systems n and then, taking the thermodynamic

limit N -» oo, extrapolated to n-*0. The results achieved were almost

identical to those of the EA model. Fig. (1.6) shows the phase

diagram for the SK solution. For 1 =s J
o/

A s 1.2J, the system

undergoes a phase change from a paramagnetic to a ferromagnetic to

axreentrant' spin glass phase as the temperature is reduced. But

the SK model gives unphysical results for T-oo : the entropy beco-

mes negative, the free energy has a maximum and ground state

energy is too low. Also, an exact solution does not have a reen-

trant spin glass phase.



Fig. 1.6. Magnetic phase diagram predicted by the Sherrlngton-

Kirkpatrick (SK) model [49].

Fig. 1.7. The presumed exact phase diagram of the SK model with

H=0. F' is a ferromagnetic -phase with replica symmetry

breaking (irreversibility) and is separated from F

(where the SK solution is exact) by the de Almeida and

Thouless line [49],
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An alternative method for the solution of the SK model was

suggested by Thouless, Anderson and Palmer (TAP) [50] who avoided

the replica trick. In the replica method, disorder is averaged

right away to obtain an effective Hamiltonian. TAP first deter-

mined the local mean-field equations for the site magnetizations

for a given set of bonds and then performed the thermal average

followed by averaging over disorder. This model removes all the

apparent shortcomings of the SK model, but permits a large number

of solutions which possess a range of free energies, those with

lowest energies being stable and others, metastable.

A thorough analysis of the SK solution by de Almeida and

Thouless (AT) [51] resulted in the problem being traced to the

choice of a solution that is symmetric in replica labelling, i.e.,

treating replicas as indistinguishable. This study resulted in a

modified phase diagram of the SK model, Fig. (1.7). The AT line is

the boundary between the FM phase and the modified ferromagnetic

(FM') phase. Above the AT line, the SK solution is stable and

exact, but below this line, the solution is unstable. The solution

below the AT line is due to Parisi [52] who postulated that there

is a breakdown of the permutation symmetry of the replicas. A fur-

ther interesting development came in the form of the infinite-

range vector spin glass model of Gabay and Toulouse (GT) [53]. In

the (T, J ) phase diagram two mixed phases are introduced [Fig.

(1.8)]. The mixed phase M^ is characterized by the coexistence of

a ferromagnetic order in the z-direotion (longitudinal direction)

and a spin-glass ordering, corresponding to frozen transverse (xy-



Fig. 1.8. Magnetic phase diagram predicted by the Gabay-Toulouse

model [53].
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) components of the spins. The transition line between the FM and

M phases is the Gabay-Toulouse (GT) line. The mixed phase M has

the same coexisting phases as in M and in addition, involves the

spontaneous breaking of replica symmetry.

All the above models are based on the assumption that mag-

netic order is created by random exchange only. Hence, they neg-

lect the effects of random anisotropy. Another totally independent

basic approach is to assume that magnetic order is created by ran-

dom axial anisotropy in the presence of ferromagnetic exchange.

The Hamiltonian for this model, due to Harris et al [54], has the

form

(1.14)

where n^ is a randomly-oriented easy direction at site i, D, the

anisotropic crystal-field parameter and H,the external magnetic

field. If the magnitude of the random anisotropy is large compared

to the exchange, the local anisotropy fields orient the spins

along their anisotropy axes, whose random orientation gives rise

to a magnetically disordered state termed as the speromagnetic

state. In the presence of external magnetic field, the above

Hamiltonian gives an ordered state, with a net magnetization in

the z-direction, but with individual spins canted away from this

direction by amounts determined by the local anisotropy axes. Such

an ordered state is termed as the asperomagnetic [55] state. In

the strong anisotropy limit, random fields and anisotropies des-

troy long-range ferromagnetic order eventhough the exchange favo-
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urs such an order. In the absence of external magnetic field, the

local magnetization smoothly and stochastically rotates over the

volume. This state is called the correlated spin-glass (CSG) [56]

state. In the presence of magnetic field, this state transforms

into a ferromagnetic state which still has some amount of disor-

der. Such a state has been given the name "Wandering-axis ferro-

magnet" [57]. The CSG state has zero net magnetization and at

small distances, the spins are ferromagnetically correlated, but

at large distances the correlation between the directions of spins

decays exponentially with distance between the spins. In the Wan-

dering-axis ferromagnetic state, the system is not completely

ordered, since the random anisotropy causes the local direction of

magnetization to wander slightly over a few atomic spacings.

Apart from these random exchange and random anisotropy

models, there are several phenomenological models based on cluster

percolation. A cluster is formed when, for a given group of spins,

the short range exchange energies are much larger than the disor-

dering effect of the temperature, kgT. In order to present a phy-

sical interpretation of the essential phenomena of some archtypal

spin glasses, Mydosh [58] proposed that as the temperature is

lowered from T>>Tf, the spin freezing temperature, many of the

randomly positioned and freely rotating spins get locally correla-

ted and group themselves into clusters. The spins within these

clusters may be ferromagnetically coupled so as to result in a

superparamagnetic moment. The remaining spins, the ones that do

not belong to any cluster, are independent of each other, but
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serve to transmit interactions between the clusters. As T->Tf, the

various spin components begin to interact with each other over a

longer range and there is an increase in the size and density of

cluster. The system would seek a lower energy state in which the

clusters lock themselves along a favourable set of randomly

aligned axes. Strongly interacting clusters give rise to a broade-

ning in the distribution of relaxation times. The formation of the

lower energy state causes a sudden shift in the height of energy

barriers for various clusters. The height of energy barriers is

proportional to the cluster moment. As a consequence, the larger

clusters freeze earlier and finally at T=Tf even the the smallest

finite clusters and the individual spins freeze in random in ori-

entations. The finite clusters retain their identity but no longer

respond to an external field since they are embedded in the matrix

of randomly frozen individual spins. Palmer et al [59] and Sarkis-

sian [60] show that the Kohlrausch anomalous relaxation law des-

cribes the dynamics of the clusters for temperatures above and

below Tf. In this model, Kohlrausch relaxation, which is of a

stretched exponential form, is the result of hierarchical dynamic

constraints over many energy barriers associated with the cluster

size distribution, i.e., the smaller fast clusters constrain the

large slow clusters over many time scales. Hence, clusters of dif-

ferent sizes freeze at different temperatures.

Coles et al [61] postulate, in a model for alloys with com-

position just above the percolation limit, that finite magnetic

clusters coexist with an infinite cluster and contain a larger
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proportion of the iron moments. These finite clusters respond

relatively freely to external fields at temperatures immediately

below the Curie temperature T_ of the infinite cluster, but freeze

like a spin glass at a lower temperature T-.

Kaul [62] considered the spin system for T=sT to be composed

of an infinite three-dimensional ferromagnetic (FM) network or

matrix and finite spin clusters that are embedded in this matrix

(Fig. 1.9). In this model, a magnetic cluster denotes a set of

strongly (ferromagnetically) coupled spins and has a vanishingly

small interaction with the FM network due to frustration (caused

by the topological disorder and by the combined action of sizable

quenched-in local stresses and large volume magnetostriction) of

exchange bonds around the boundary of the clusters. Only those

spins that constitute the FM matrix participate in the transition

at T_ whereas the finite spin clusters are responsible for the su-

perparamagnetic-like behavior at T>>TC> As the temperature is dec-

reased well below T_, there is another temperature, T_._, below

which the finite spin clusters are frozen in random orientations

and coexist with the FM matrix. The spin freezing process is not

abrupt but proceeds slowly extending over a wide temperature range

from temperatures well above T__ to T-.̂ ,. Hence, below T__, there
KHi Kill H.hi

is a mixed state, in which long-range ferromagnetic order coexists

with the spin glass order.

1.7. Aim and scope of the thesis

A number of amorphous alloys have been shown to exhibit re-



Fig. 1.9. The Infinite ferromagnetic matrix plus finite ferromag-

netic clusters model [62,87].
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entrant spin glass behavior. But most of the existing theoretical

models [48-57] do not adequately reproduce the experimentally ob-

served phenomena. The basic mechanism of reentrant behavior is

still unclear and the diverse findings based on various investiga-

tions have complicated the situation further.

For instance, despite the fact that the amorphous Fe-rich

Fe-Zr alloy system has been the subject of intense experimental

investigation during the recent years, the magnetic properties of

this alloy system form a subject of much debate and controversy,

The magnetic phase diagram [63-67] for amorphous Fea0+
 Zrin+

alloys shows a multicritical point at 93 at.% Fe (Fig. 1.10). It

is noticed from the figure that there is a transition from the

paramagnetic (PM) state to the "ferromagnetic-like" (FM) state at

the Curie temperature, T^, followed, at a lower temperature, T-,.,,

by another transition from the FM to the mixed phases M.̂  and VL

[53] for concentrations in the range 0 s x s 3. It is the exact

nature of these phases that is a matter of debate as different

experimental groups have reported conflicting results. First, the

FM phase has found two main but contradictory descriptions based

on different experimental findings. On the one hand, the following

observations have been made: (i) a low value of saturation Fe ato-

mic moment; (ii) a broad hyperfine field distribution with finite

probability even at zero fields [66-71] for T<T ; (iii) magnetic

broadening in the Mossbauer spectra for temperatures well above T

[66-67]; (iv) values of critical exponents considerably larger

than those theoretically predicted for an ordered three-

dimensional nearest-neighbour isotropic Heisenberg ferromagnet,



Fig. 1.10. Magnetic phase diagram proposed for the a-Fe Zr

alloys [65].
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which either satisfy [72] or do not satisfy [73] the Widom scaling

relation; and (v) the finite (* 27 A) spin-spin correlation length

£ at T=TC indicated by small-angle neutron scattering data [74] on

a-FegiZrg. The observations (i)-(v) have been taken to imply that

the alloys in question behave either as "Wandering-axis ferromag-

nets", in which the spin structure is locally ferromagnetic

[66,67] with small variations in spin directions on neighbouring

sites but the local ferromagnet axis changes direction over dis-

tances of order £, or as a strongly exchange-frustrated system

[74] in which the ferromagnetic correlations are short-ranged (<*27

A), or else these alloys enter the spin glass state directly [76]

at T=T (i.e., in no case does a long-range ferromagnetic order

develops at any temperature and the transition at T is not a

true phase transition in the thermodynamic sense). On the other

hand, AC susceptibility (ACS), x , measurements in the absence
ac

and presence of a superposed static magnetic field [76-78] as well

as the recent bulk magnetization, M, data [78,79] taken in a nar-

row temperature range around T c demonstrate that the transition at

T , marked by the divergence [65,76-78] in 'zero-field' suscepti-

bility at T-, is a second-order magnetic phase transition charac-

terized by 3D Heisenberg-like critical exponents and the ferromag-

netic order for temperatures below Tc has a long-range character

as inferred from the demagnetization-limited behaviour of both x
ac

and M(T) in external dc fields < 10 Oe for T < Tc.

The nature of the transition at T=T and the reentrant

phase below T R E is also not clearly understood. The changes in
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various physical parameters, which characterize the behaviour of

the spin system, as a function of temperature consequent upon a

transition to the reentrant state have been basically understood

from three divergent points of view. The first approach [66,80-83]

considers the reentrant phase as a mixed phase in which the (long-

range) ferromagnetic order along the z-direction coexists with the

spin glass order in the xy-direction, following the transverse

spin freezing (TSF) model of Gabay and Toulouse (Section 1.6). In

this picture the appearance of 2 and 5 lines in the xfinite-field'

Mossbauer spectrum corresponding to the AmI=0 nuclear transitions

below a certain temperature T = T^.-, when the sample is cooled

through T is an external magnetic field intense enough to nearlyxy

saturate the sample (so that the AmI=0 transitions are completely

suppressed for T>T ) at temperatures above T and applied paral-xy xy

lei to the y-ray direction (z-direction) is taken to imply that

the transverse (xy) components of local magnetization at different

sites freeze in random orientations in the xy-plane at T=T while
xy

the longitudinal (z) components point in the field direction and

their resultant remains unaltered. The second school of thought

[63,65,84] regards the reentrant state as consisting of the spin

clusters of anti ferromagnetic (AFM) Fe spins and the ferromagnetic

Fe-Zr matrix in which these clusters are frozen in random orienta-

tions. The onset of irreversibility [85] in the low-field magneti-

zation as well as the evidence of a peak [84] in the imaginary

part of the ACS at T ^ TR and the rapid decline in the x zero-

field-cooled' magnetization for T < T_._ [85,86] can be satisfac-

torily accounted for in this model by properly correcting for
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self-demagnetizing effects in the presence of exponentially incre-

asing coercivity (caused by pinning of domain walls by the frozen

AFM spin clusters in the ferromagnetic matrix) and the associated

magnetic hardness (magnetic anisotropy energy) on cooling through

TR£. The third model [62,77,78,87-88] postulates that the spin

systems for T 5 T comprises an infinite 3D ferromagnetic (FM)

network or matrix and finite spin clusters (composed of a set of

ferromagnetically coupled spins) which are frozen in random direc-

tions and embedded in the FM matrix. Though all the three models

agree in that the reentrant state is a mixed state (a state in

which long-range ferromagnetic order coexists with spin glass

order), the underlying mechanism varies from model to model. For

instance, in the TSF model, the longitudinal and transverse spin

components coexist at every site and hence the spin system is per-

fectly homogeneous even on the microscopic scale. Such a picture

would-be in sharp contrast with the spatial segregation of finite

spin clusters and FM matrix in the other two models. The origin of

this spatial segregation is the concentration fluctuations in case

of the AFM clusters plus FM matrix model. Concentrations fluctua-

tions imply that the glassy alloys in question consist of Fe-rich

regions in which a given Fe atom has only Fe neighbors in an fcc-

like nearest neighbour (NN) coordination (AFM Fe clusters), and

the remaining Fe-poor bulk (FM matrix) , in which a given Fe atom

has at least one Zr neighbour. In the third model, the spatial

segregation originates from the density fluctuations, which mean

that in these alloys, which are homogeneous as far as the chemical

composition is concerned, there exist microscopic regions of low-
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density in an otherwise high-density bulk such that the average NN

distance between Fe atoms in these "low-density pockets" is appre-

ciably greater than that in the remaining bulk, and as a conse-

quence the ferromagnetic coupling between spins within the finite

clusters (low-density regions) is much stronger than that between

the spins in the FM matrix (high-density bulk).

A systematic study of the magnetic properties of amorphous

Fe90+xZrl0-x a n d Fe90-yCoyZrl0 a l l o v s e r i e s w a s undertaken with a

view to find out the exact nature of magnetic order in the former

alloys and to bring out the effect of partial substitution of Fe

with Co on the FM and reentrant states in the parent alloy

a-Fe9O
Zrio" T n e o t n e r extreme composition in the latter alloy

series, i.e., the a-CogQZr10 alloy, serves as a reference in that

it is known [64] to behave as a conventional ferromagnet for tem-

peratures down to 4.2 K.

In this thesis, the results of a detailed study of the mag-

netic properties of a-Fe10Q_xZrx (x=9,10) and a-Fe90_yCoyZr10

(y=0,1,2,4,6,8,10 and 18), using ferromagnetic resonance and Moss-

bauer spectroscopic techniques, are presented. These results

include:

i) The temperature dependence of linewidth, resonance field and

magnetization,

ii) Angular dependence of the resonance field for temperatures

below and above Tc.

iii) Determination of the critical exponents and critical ampli-
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tudes characterizing the FM-PM phase transition.

iv) Temperature dependence of average hyperfine fields and other

Mossbauer parameters.
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2.1. Ferromagnetic resonance

Introduction

Ferromagnetic resonance is the resonant absorption of exter-

nal microwave radiation in ferromagnetic materials. When a spin

(electron), which acts like a magnetic dipole, is placed in an ex-

ternal magnetic field of uniform strength H, it precesses around

the direction of the magnetic field. The frequency of the preces-

sion (the Larmor precession frequency) is related to H by

wL = r H (2.1)

where y=g^B/h is the gyromagnetic ratio of the electron. Resonant

absorption of energy can occur when this magnetic dipole is ex-

posed to an external electromagnetic radiation of frequency u> =

(j , applied perpendicular to H, and the resonance condition can be

written as

ho) = quBH (2.2)

This phenomenon is the well-known electron spin resonance (ESR)

which occurs in substances with unpaired electron spins and in

which the moments are non-interacting. In the case of ferromagne-

tic substances the situation is quite different from that of non-

interacting spins as in paramagnetics. The phenomenon of ferromag-

netic resonance (FMR), first discovered by Griffiths [1], is the

resonant microwave absorption in a system of strongly interacting

spins. This strong exchange interaction leads to a parallel align-

ment of spins which, in turn, gives rise to a large resultant mag-

netization or a large internal field. The resonance condition,

Eq.(2.2), is no longer valid in the sense that in the case under

consideration the external field H has to be replaced by an effec-
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tive field H e f f which, besides H, takes into account the aniso-

tropy fields present in ferromagnetic materials.

2.2. Theoretical background and lineshape calculations

The first phenomenological equation of motion for magnetiza-

tion in a ferromagnet in the presence of an external magnetic

field H of the form,

where the parameter A characterizes the relaxation rate, is due to

Landau and Lifshitz [2]. As this equation is not entirely correct

at low frequencies, Gilbert [3] suggested a modified equation of

motion, i.e.,

where T and T are the longitudinal and transverse relaxation

times, respectively. Bloembergen assumed that

where T is the spin-lattice relaxation time and T2 is the spin-

spin relaxation time. The Bloch-Bloembergen form, unlike the

(2.4)

The third equation of motion for magnetization is due to

Bloembergen [4], who used the Bloch's relaxation equation

(2.3)

(2.6)
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Landau-Lifshitz and Gilbert forms of damping, does not conserve

the magnitude of magnetization, |ft|. The thin-film switching

experiments on ferromagnetic materials have demonstrated that |#|

is conserved during switching. Hence, the Bloch-Bloembergen form

of damping does not form a correct description of damping in

ferromagnets. In the small damping limit, the Landau-Lifshitz and

Gilbert forms are equivalent and the usage of a particular form is

a matter of convenience or familiarity. With the choice of the

relaxation term of Gilbert form and neglecting the exchange

conductivity contribution to d*!/dt for reasons stated later

(Section 3.1), the appropriate resonance conditions and the line-

shape are derived as follows.

Consider an ellipsoidal isotropic ferromagnetic sample which

is subjected to a homogeneous external static magnetic field it

directed along the z-axis and to a weak alternating magnetic

field, S(t)=lt elut (itf (t) |«|i!|) acting in the xy plane. As a

result of the combined action of these fields, the magnetization

comprises a steady and an alternating component, i.e., $ = $ +in(t)

with t(t) = m elu)t and |in(t)l«|#sl. Assuming that the steady

field is intense enough to saturate the ferromagnetic sample so

that F&s and ft point in the same direction, the Gilbert form of

equation of motion for magnetization (hereafter referred to as the

LLG equation) is

(2.7)

where the first term is the torque experienced by the magnetiza-

tion vector and the second term is the damping term and
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n*(t) - itdem + ftk, itdem - 6-tf is the demagnetizing field and

itĵ -Î -l! is the uniaxial anisotropy field with easy axis along it;

6 and 6^ are diagonal tensors, y=g|e|/2mc is the gyromagnetic ra-

tio, Mg is the saturation magnetization and X is the Gilbert damp-

ing parameter.

(2.8)

with

(2.9)

(2.10)

(2.11)

(2.10)

(2.12)

(2.13)

and

gives

where use has been made of the relation dlt /dt = 0 - -7 (Ft xit) and

the term -y [in(t) xn*(t) ] has been dropped because of its small mag-

nitude. Using the above-mentioned exponential form for ift(t) and

neglecting the second order terms, the Cartesian components of Eq.

(2.8) can finally be written in the form
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that m and m have non-trivial solutions only when h = h = 0x y x y

In other words, this implies that

where H is the steady field corresponding to u> . After a few

simplifying steps, the following relation is arrived at

(2.25)

The subscript for CJ is dropped because in experiments the

microwave-field frequency, u>, is kept constant while the steady

field, H, is swept through the resonance.

In the vertical-parallel (llv) configuration, both H and the symme-

try axis lie in the ribbon plane and point in the z-direction

(perpendicular to the ribbon axis) and x direction, respectively.

Hence, D)£ = D2 = 0, Dy = 4n, DkyMs = D^li, = Hk and D)cx = 0. These

values when substituted in Eq. (2.25) yield

In the horizontal-parallel (llh) configuration, H is directed

along the z-axis (the sample length and also the symmetry axis) in

the sample (thin ribbon) plane, which also contains the x-axis.

Hence, Dx = Dz = 0, Dy = 4TT, DkxMs = DkyMs = Hk and D R z = 0, and

Eq.(2.25) reduces to

[2.26)



In order that Eq.(2.27) has a form similar to that of Eq.(2.26)

the assumption that H.<<4TTM is made and Eq. (2.27) is rewritten

as

Since the linewidth parameter r is independent of H. and u is kept

fixed, the left-hand side of Eqs.(2.26) and (2.29) has the same

value regardless of the magnitude of H^. Setting H.=0 in these

equations, therefore, yields

In the horizontal-perpendicular (i ) geometry, H points in the z

direction and is normal to the sample plane, which contains both x

and y (symmetry) axes. In this case, D =D =0, D =4rr,

DkzMs=DkxMs=Hk a n d Dk = 0 s o t n a t E(3-(2.25) assumes the form

It can be immediately observed that these equations are identi-

cally satisfied only when

(2.30)

(2.31)

(2.32)

(2.28)

(2.29)
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(2.27)

and



The Eqs.(2.26) (2.27) and (2.28) constitute the resonance condi-

tions for the three sample geometries used.

For any general direction of the external magnetic field

with respect to the sample plane, the resonance conditions may be

derived as follows. Two sample geometries, i.e., in-plane (IP)t in

which the external field, H, always lies in the sample plane, and

out-of-plane (OP), where H could be oriented at any angle in the

range 0° to 360° with respect to the sample plane, are considered.

For a thin film with an in-plane uniaxial anisotropy field

Hk = 2Ku/Mg, the coordinate systems for out-of-plane (OP) and in-

plane (IP) cases shown in Figs. 2.1(a) and 2.l(b) are adopted. For

the OP case it is assumed that the external field H and magnetiza-

tion vector f! lie in the xz-plane and make angles a and O, respec-

tively, with the z-axis (Fig. 2.1(a)) which represents the easy

anisotropy axis (i.e., H^ lies along this direction). Since the

frequency is held constant and H is varied in the present experi-

ments, H and M are not parallel to each other so that the change

in H is not the same as the change in the effective field. Also,

as the field H changes, the direction of M changes, which is quite

substantial when H is directed out of the sample plane.

For an arbitrary orientation of H with respect to the sample

48

(2.33)

(2.34)

and

From Eqs. (2.32) and (2.33) , it follows that



a. Out-of-plane case

b. In-plone cose

Fig. 2.1. Coordinate system showing various angles used in the

computation of angular variation of resonance field for

(a) OP and (b) IP cases.
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plane in the OP case, the resonance and the equilibrium conditions

are given by

For the IP case the applied field lies in the sample plane

and \/J and <p are the angles that the external magnetic field and

magnetization subtend with z-axis (Fig. 2.1(b)).The resonance

condition for an arbitrary orientation of H within the sample

plane takes the form

A commercial ESR spectrometer operating in the X-band has

been used for the detection of FMR in the present samples. The

block diagram of the basic instrumental set-up is depicted in Fig.

(2.2). The sample is placed in a cavity resonator that is posi-

tioned between the pole pieces of an electromagnet. The electro-

magnet produces a steady uniform field which can be swept at a

constant rate and is modulated at a frequency of 100 kHz. The sam-

ple is then subjected to a transverse microwave field of constant

while the corresponding equilibrium condition for the direction of

M is given by

2.3. FMR experimental set-up

(2.38)

(2.37)

(2.35)

(2.36)

and



Fig. 2.2. Block diagram of the ESR spectrometer.
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frequency. At resonance, sample absorbs a part of the microwave

energy as a result of which the Q-value of the cavity resonator

changes. The microwave energy from the oscillator is divided by

means of a directional coupler, one line being fed into a phase

shifter and the other to the cavity resonator through a circula-

tor. The reflected wave from the cavity and the phase-adjusted re-

ference wave are then detected in the detector and then amplified

before being displayed. In the off-resonant condition the refe-

rence wave is adjusted to give a reflection equal in amplitude and

opposite in phase to the reflection from the sample and cavity and

thus, sending zero power to the detector. When the resonance

occurs, the off-balance signal is detected.

2.4. Sample preparation, sample characterization and the

measuring procedure

Amorphous Fe100_xZrx (x=9,10), Fe90_yCoyZr10 (y=0, 1, 2, 4,

6, 8, 10 and 18) and Cog()Zr10 alloys were prepared under helium

(inert) atmosphere by the single-roller melt-quenching technique

in the form of long ribbons of ~2mm width and 30-40 urn thickness.

The amorphous nature of the samples at room temperature was ascer-

tained by using Mo Ka X-ray diffraction method. A typical X-ray

diffraction pattern is shown in Fig.(2.3). The presence of a

single broad peak at about 20 = 20° indicates amorphous nature of

the sample and absence of sharp peaks at higher angles suggests

that a minor crystallographic phase, if present, is less than 5

volume percent of the main amorphous phase. The 100 percent amor-

phicity of the alloys in question was confirmed by electron micro-



Fig. 2.3. Typical X-ray diffraction pattern (Mo Ka: reflection

geometry) of the a-Fe Zrg alloy.
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scopic examination.

JEOL FE-3X ESR spectrometer operating in the X-band with a

fixed microwave frequency of -9.23 GHz was used for FMR measure-

ments. Variation in the sample temperature could be accomplished

by a variable temperature accessory. Sample was cooled by cold

nitrogen gas, obtained by boiling liquid nitrogen, circulated

through the cavity. In this way the sample temperature, monitored

by a pre-calibrated copper-constant thermocouple in physical con-

tact with the sample, could be varied from 100K to 300 K. The tem-

perature just outside the microwave cavity was measured by another

pre-calibrated copper-constant thermocouple and controlled to

within ±0.5K (±0.1K at the sample site) at every temperature set-

ting by regulating the cold nitrogen gas flow. A proper gas flow

regulation was achieved by controlling the power input to a

heater, immersed in the liquid nitrogen container, with the aid of

a PID temperature controller. The sample temperature was varied

from 300K to 500K by heating air, blown through the cavity by a

compressor. Measurements at 77K were performed by immersing the

sample in liquid nitrogen, contained in a tailed dewar, which had

been inserted into the microwave cavity. Low-temperature FMR mea-

surements extending down to 10K were also performed on a few alloy

compositions using the low-temperature ESR facility available at

the Radiochemistry Division, BARC, Bombay. The spectrometer used

was a Bruker Model ESP100 ESR spectrometer operating in the X-band

with a fixed microwave frequency of -9.25 GHz. A closed-cycle

refrigerator was coupled to the spectrometer in order to attain

low temperatures. The sample holder consisted of an OFHC copper
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rod (0=5mm) which was thermally anchored to the cold head of the

refrigerator. The temperature was controlled using a PID cont-

roller to a stability better than 100 mK. Measurements were taken

at fixed temperatures after the sample had been cooled down to the

lowest temperature (9K) in zero-external field or in an external

field of 5 kOe.

As amorphous alloys are extremely sensitive to stress, it is

very important that the samples do not experience any stresses

during the measurement. An appropriate sample mounting technique

[5], which ensures high reproducibility in the data by getting rid

of specious stress-induced effects, was used for measurements. The

sample holder consisted of a quartz rod half-cut at one end. The

sample (a strip of typical dimensions 2x4x0.03 mm cut from the

ribbons free from crystalline regions and thoroughly cleaned using

ethanol) was mounted on the flat surface and sandwiched with a

small flat quartz piece on top and kept in position by two paper

spacers of thickness just greater than the sample thickness. The

quartz rod was then inserted into a quartz tube, which was then

inserted into the cavity. The cavity is provided with a goniometer

arrangement which enables to rotate and orient the sample plane at

specific angles with respect to the external field during the mea-

surement of the angular dependence of resonance field and line-

width. Three different sample geometries were used for FMR measur

rements - (i) horizontal-parallel (li ), in which the external

field H lies in the ribbon plane and is directed along the length,

(ii) vertical-parallel (Hv), in which H lies in the ribbon plane

and is directed along the breadth, and (iii) horizontal-



perpendicular (i ) , in which H is normal to the ribbon plane. FMR

measurement consists of recording the field derivative of the

microwave power (P) *dP/dH' that is absorbed during the resonance

process as a function of the external static magnetic field H at

different fixed temperatures in one of the sample geometries just

mentioned. To check the reproducibility, data were repeatedly

taken on the same sample which was remounted several times and

also on samples that were cut from different parts of the ribbon

of a given alloy composition.

The resonance field and linewidth were studied as functions

of the angle between the external static magnetic field and the

sample plane using the goniometer arrangement. Such measurements

were performed on each sample at two temperatures using two diffe-

rent sample-configurations. Given that the field H is always along

the z-direction and the sample plane coincides with the yz-plane

with its length directed along z-axis, the sample is rotated about

the y-axis from 0° - 360°. In the second configuration, the sample

plane coincides with the xz-plane and the sample is again rotated

about the y-axis from 0° - 360°, but now H lies always within the

sample plane. In each of these two configurations, power absorp-

tion derivatives for each sample at different angles were recorded

at the temperatures, 0.6 Tc and 1.2 T_.

Since the microwave field penetrates only the surface layer

of thickness <* 1 urn, it is imperative to ascertain whether the ob-

served resonances are characteristic of the bulk. In order to

verify this, the samples were either etched in nital solution (10%



HNO_ plus 90% ethanol) or mechanically polished and then power

absorption derivative (PAD) curves were recorded. These experi-

ments [6] demonstrated that the observed resonances were indeed

characteristic of the bulk and did not originate from the surface

layer.

The results of all the experiments described above are

presented and analyzed in the next chapter.

2.5. Experimental accuracy and sources of error

The accuracy with which the PAD curves are measured is basi-

cally decided by two factors, namely resolution in the measurement

of the external field and the stability limits of the sample tem-

perature. Since the resolution of the field is ±5 Oe (±2.5 Oe)

when the sweep-width is 2000 Oe (1000 Oe) , the upper bound on the

error in the measurement of the resonance field is given by the

above resolution limit whereas in the measurement of the peak-to-

peak linewidth the maximum error could be twice this value. Stabi-

lity of the temperature becomes important especially in the tempe-

rature region where slope of H r e s and AH versus T curves becomes

steep, i.e., in and around the critical region. The long-term

(time duration greater than 1 hour) temperature stability of the

present set-up was better than 50 mK while a stability of better

than 25 mK was achieved for short durations of time (*30 minutes).

Inappropriate and incorrect sample mounting is a major

source of error in FMR measurement of amorphous ribbons. The mag-

netic properties of these alloys are extremely sensitive to

S 4



stress, the effects of which manifest themselves as highly distor-

ted lineshapes, multiline FMR spectra, irreproducible values of

linewidth and resonance centers when measurements are repeated

after remounting the sample, etc. The most appropriate sample

mounting technique which gave reproducible results free from

stress-induced effects is the one described in Section 2.4. A

slight misorientation of the sample from the required sample geo-

metry can result in drastic changes in the values of linewidth,

resonance field and intensity, especially in the horizontal- per-

pendicular geometry. Hence, in order to minimize/eliminate the

error in the measurements, the sample should be mounted in a

stress-free manner and in the correct orientation.

b5
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2.6. Mossbauer effect

Introduction

Since its discovery, the Mossbauer effect [7] has been

studied extensively and recognized as a powerful microscopic probe

to study local environments of certain nuclei. The theory of

Mossbauer effect spectroscopy (MES) has been extensively dealt

with in several text books and review articles [8-12] and hence,

only some important aspects of the theory will be presented.

When a y-ray is emitted by a nucleus in a free atom, the

energy of the y-ray is reduced by the recoil energy that is impar-

ted to the nucleus in accordance with the momentum conservation

laws. The same occurs in the case of absorption also. Hence, ini-

tially it was very difficult to observe y-ray resonance. Early

methods that sought to compensate this energy loss either by hea-

ting to increase the thermal broadening of emission and absorption

profiles so as to cause an overlap or by mechanical motion at high

velocity with the aid of an ultracentrifuge were not successful.

However, if the emitting nucleus is embedded in a solid lattice or

matrix, the recoil energy can be transferred to the crystal as a

whole through the quantified vibrational energies, leading to a

negligible recoil energy. Then, there is a finite probability for

zero-phonon transitions where a fraction of y-rays is emitted

without any transfer of recoil energy to the lattice. This frac-

tion, f, called the recoil-free fraction, is given, in the Debye

approximation, by



57

where E is the recoil energy and 0 is the Debye temperature of

the host lattice. At low temperatures, i.e., for T << 0D, Eq.

(2.39) reduces to

whereas in the high temperature limit, it takes the form

To date, Mossbauer effect has been observed in a number of nuclei,

but the most widely used one has been that of iron, Fe.

2.7. The 57Fe Decay Scheme

The decay scheme for Fe Mossbauer effect is shown in Fig.

(2.4). 57Co, having a half life of 270 days, in the state 1*7/2

decays through electron capture into the 1=5/2 state of 3 Fe.

Eleven percent of the decays from this state result in a 136.32

keV r-ray and 85%, in a 121.9 keV y-ray. The 1=3/2 state then

decays to the ground (1=1/2) state through emission of 14.41 keV

r-rays. The lifetime of this energy state is about 99 ns, corres-

ponding to a Heisenberg linewidth of 0.192 mm/s. The power of MES

lies in this narrow linewidth with which finely spaced nuclear

energy levels, which are a result of nuclear interactions, can be

resolved and observed.

( 2 . 3 9 )

( 2 . 4 0 )

( 2 . 4 1 )



Fig. 2.5. Nuclear energy level scheme for the 14.41 keV Mossbauer

transition In Fe as modified by various hyperfine

interactions: (a) Isomer shift, (b) magnetic hyperfine

interactions, (c) combined magnetic hyperfine and quad-

rupole interactions and (d) quadrupole Interactions.
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2.8. Hyperflne interactions

The various interactions that play a role in the transitions

between the nuclear energy levels of the absorber nucleus are a

combination of one or more of the following hyperfine interac-

tions: (i) the isomer shift, a result of the Coulombic interac-

tions between the nucleus and the surrounding electrons, (ii) the

hyperfine field, on account of a resultant magnetic field at the

nucleus that causes a nuclear Zeeman splitting of the energy

levels, and (iii) the electric quadrupole moment, due to the

interaction between the nuclear electric quadrupole moment and an

electric field gradient at the nuclear site.

2. 8.1. Isomer shift

The effective nuclear size gets altered during the course of

nuclear transitions. This implies that the s-electron wavefunc-

tions, which have a non-zero electron charge density within the

nuclear volume, will be different for the emitting (E) and absorb-

ing (A) nuclei. The net energy difference between the two transi-

tions can be written as

(2.42)

where Z is the nuclear charge, Re and R are the nuclear radii in

the excited and ground state, respectively. This shift in the

energy levels is the isomer or chemical shift, which is only a

minute fraction of the total Coulomb interaction and hence, obser-

vable only by comparing against a suitable reference. This inter-
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action is schematically depicted as case (a) in Fig. (2.5). There

is also a relativistic temperature-dependent contribution to the

isomer shift which is caused by the time dilations resulting from

the thermal motions of the y-ray emitting and absorbing nuclei.

This contribution, called the second-order Doppler (SOD) shift, is

proportional to the mean square velocity of the nucleus and is

given by

(2.43)

where E is the recoilless y-ray energy, 6E is its shift and v is

the velocity of the emitting nuclei. In the harmonic approxima-

tion, the temperature dependence of the centroid of the ME spec-

trum is given by (in velocity units)

(2.44)

where M is the atomic mass, CL is the lattice specific heat, and

Ta and T denote the temperature of the absorber and source, res-

pectively. In the high temperature limit (Ta,Tg >> eD) , CL* 3kB

and 5vT is a linear function of temperature with slope -3kB/2Mc.

2. 8. 2. Magnetic hyperfine interaction

In the presence of a magnetic field at the nuclear site, a

nuclear Zeeman splitting of the energy levels occurs. The Hamilto-

nian that describes the hyperfine interaction is given by

(2.45)
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where ̂ 1. is the nuclear Bohr magneton, 1 is the nuclear spin and it

is the magnetic field. The energy eigenvalues for this Hamiltonian

can be written as

(2.46)

where m is the magnetic quantum number representing the z compo-

nent of 1 if it is oriented along the z-axis. For 1=3/2, m =±3/2,

±1/2 and for 1=1/2, m =±1/2 and the transitions between various

levels are governed by the selection rule Am =0, ±1 (case (b), Fig

(2.5)). There are several possible origins for the magnetic field.

In general, this field can be written as

HQ is an externally applied field, -DM is the demagnetizing field

and -= TTM is the Lorentz field for cubic symmetry. H , called the

Fermi contact term, arises from the interaction of nuclear spin

with the unpaired s-electron spin density at the nucleus and is

(2.47)

(2.48)

where the term in angular brackets is the expectation value of the

local spin density, r. is the radial coordinate of the i-th elec-

tron. This field is the dominant contribution to the hyperfine

field in case of transition metals. The last two terms in Eq.

(2.49)

(2.50)

and

(2.47),
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arise from a non-zero orbital angular momentum and the dipolar

interaction of the nucleus with the neighbouring spins, respec-

tively. Both the terms are either zero or negligible for transi-

tion elements, but can be larger for rare-earths because in that

case, the orbital angular momentum is not quenched.

2.8.3. Electrical quadrupole interaction

When any nucleus has a spin quantum number greater than

1=1/2, the nucleus no longer has spherical symmetry and hence

higher order terms in the multipole expansion of the electrostatic

interaction between nuclear and electronic charge come into being.

The deviation of the nucleus from spherical symmetry is described

by the nuclear quadrupole moment, given by

(2.51)

where e is the charge of the proton, p is the charge density in a

volume element dx, which is at a distance r from the center of

nucleus and makes an angle 9 with the nuclear spin quantization

axis. The quadrupole interaction lifts the spin degeneracy of the

excited states only partially (Fig. (2.5), case (d)). The interac-

tion Hamiltonian of the nuclear electric quadrupole moment with

the electric field gradient (efg, which is a traceless tensor with

components in the principal axes directions V . V and V and
xx yy zz

Vzz+Vxx+Vyy=0) i S g i V 6 n b y

(2.52)
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where TJ - (Vv -V )/V_. is the asymmetry parameter and IV I >

|v
vv' *

 |V\/J' s o t n a t 0 « TI s l. The Hamiltonian given by Eq.xx yy

(2.52) has the eigenvalues

2.8.4. Combined magnetic and electric hyperfine coupling

Under the combined action of magnetic hyperfine and electric

quadrupole interactions, an additional shift in the excited state

energy levels (Fig. (2.5), case (c)) occurs. If the efg tensor is

axially symmetric with its principal axis making an angle 6 with

the magnetic axis, the quadrupole interaction may be treated as a

first order perturbation to the magnetic interaction, provided

that eqQ<<jiH. Then, the energy eigenvalues for 1=3/2 are given by

When the quadrupole interaction is no longer a small perturbation

on the hyperfine field, the splittings and intensities become

difficult to predict or to interpret when observed and usually

recourse has to be taken to analysis by computer simulation [13],

2.8.5. Intensity ratios

The intensities of the six Zeeman transitions (Am =0,±l)

are, in general, a function of the angle © between the hyperfine

field and the direction of the r-ray. Given the energy levels of

( 2 . 5 3 )

( 2 . 5 4 )
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the Zeeman Hamiltonian and their spin quantum numbers, the inten-

sities can be calculated from the theory of the coupling of two

angular momentum states, which gives two terms. One of them

depends on 0 whereas the other does not. The intensities are pro-

portional to the product of angle-dependent and angle-independent

terms, which are obtained from the appropriate Clebsch-Gordon co-

efficients. The angular dependence of various transitions is given

by, -3/2 —> -1/2 (AmI=+l, intensity = 1^ , (9/4)(l+cos
20); -1/2 —>

-1/2 (AmI=O, I 2), 3sin20; +1/2 —• -1/2 (Am^-1, I3) , (3/4) (1+

cos26) ; -1/2 —> +1/2 (AmI=+l,I4) —> (3/4) (l+cos20); +1/2 —• +1/2

(AmI=0,I5), 3sin
20 and +3/2 —> +1/2 (AmI=-l,I6), (9/4)(l+cos2G).

For a thin, polycrystalline/amorphous absorber, the angular

term can be integrated over all orientations to give an average

value. In such a case, the average value of cos 0, denoted by

<cos20>, turns out to be 1/3 and <sin20> == 2/3. The ratio of line

intensities can be written as 3:b:l::l:b:3 where

b = I2/I3 - I
5/

I
4 " 4sin20/(l+cos20) (2.55)

According to this equation, b assumes the values 0 and 4 when all

the moments are aligned parallel (0=0°) and perpendicular (0=90°)

to the y-ray direction, respectively, and for a perfectly random

alignment of the local moments, b = 2.0.

2.9. Experimental procedure

All the Mossbauer experiments were carried out in the stan-

dard transmission geometry in a zero external field. The spectra

were taken using two different spectrometers operating in the con-
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ventional constant acceleration mode. Room temperature ME spectra

for all the samples were taken using an Elscint Mossbauer spectro-

meter with a 25 mci 57CoRh source having an intrinsic linewidth

(FWHM) of about 0.25+0.01 mm.s"1. The source transducer was driven

by a triangular waveform and a proportional counter was used for

detection. Spectra were collected over 512 channels and then

folded. Typically 10 counts were collected per channel.

Low temperature ME spectra were taken with the Mossbauer

facility using 50 mCi 57CoRh source available with the Low Tempe-

rature Physics section, TIFR, Bombay. Folding of the spectra was

obviated by driving the velocity transducer by a linear ramp wave-

form, the end of which is returned to the starting point by two

parabolas. These parabolas are such that the velocity and accele-

ration are continuous functions of time to avoid * ringing'. A high

efficiency scintillation counter with 0.2 mm thick Nal (Tl) scin-

tillator stage was used for detection. The multichannel analyser

was provided with a serial port through which data, collected over

512 channels, could be transferred directly to a computer. A sche-

matic diagram of the Mossbauer spectrometer is shown in Fig.

(2.6). For calibration, natural a-iron foils were used. Typical

intrinsic linewidths for the innermost lines were 0.24 ±

0.01 mm.s"1.

The low temperature cryostat was of the continuous flow type

(Lake Shore, Model 310) with which measurements were made from 5K

to 300K. The samples were fixed at one end using GE 7031 varnish

and sandwiched between 0.5 mm thick Beryllium plates, which were

clamped to the copper tail. The temperature was measured using a



Fig. 2.6 Block diagram of the Mossbauer spectrometer
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Si diode and controlled by a PID temperature controller to a sta-

bility better than 50 mK. The time taken to acquire typically 10

counts per channel for each spectrum was of the order of 24-36

hours.
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3.1. Analysis of FMR spectra of metallic glasses

In ferromagnetic materials, apart from the damping term,

there is also a contribution to the line broadening because of the

exchange interaction and electrical conductivity. It is well-known

that in highly conducting metallic specimens, microwave field

penetrates only a thin surface layer of the sample of thickness

<10~" cm and as a result, the dynamic magnetization becomes inho-

mogeneous. The spatial variations in magnetization exert a torque

on ft which is expressed as (2Ar/Mg) (ft x V ft) , where A is a pheno-

menological exchange stiffness parameter. Thus the equation of

motion of the magnetization should be augmented by this term and

then solved in conjunction with the Maxwell's equations to obtain

a correct solution for the observed lineshape. The exchange term

leads to a shift in the resonance field and also contributes to

the broadening of the resonance line. This term would become unim-

portant if the conductivity is low or if the exchange stiffness is

small. The conductivities of amorphous alloys are typically one or

two orders of magnitude lower than those of their crystalline

counterparts. It has also been observed [1] that the stiffness

parameter values are a factor of two or three smaller. Hence, a

total neglect of the exchange-conductivity term while writing the

equation of motion of magnetization in the case of amorphous

alloys is fully justified.

The temperature dependence of FMR linewidth is extremely sen-

sitive to the type of magnetic order in the sample under study.

This feature is effectively utilized in the analysis of linewidth

behavior with temperature in reentrant amorphous alloys. To eluci-
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date this point further, the FMR linewidth F is independent of

temperature T [2] for T < 0.8 T c but increases steeply for tempe-

ratures above T in the case of a concentrated homogeneous ferro-

magnet whereas F increases exponentially [3] as temperature is

lowered below -2^^,, the spin-freezing temperature, has practi-

cally little or even no variation with temperature within the in-

terval 2T_,r,< T < 0.8 T^ and exhibits a steep rise for T > T for a

Kt- - c c

re-entrant spin-glass. For an archtypal cluster spin glass with

composition just below the percolation threshold [4], F varies

exponentially with T for T <3TS_ and passes through a broad mini-

mum around 3Te_ before displaying a linear dependence on tempera-

ture in the paramagnetic region. It has been observed through fre-

guency-dependent FMR measurements [2,3,5] on a large number of

amorphous ferromagnetic alloys that within the temperature range

where F is nearly a constant (i.e., F • FQ) , F comprises fre-

quency-independent and -dependent parts given by the relation

FQ = a + b v (3.1)

where v is the frequency of the microwave field.

In view of the fact that LLG equation of motion for dynamic

magnetization (Eq.2.7), on which Eqs. (2.17) and (2.18) are based,

is, as stated earlier, strictly valid for a single crystal ferro-

magnetic alloy in which magnetization is homogeneous and

^eff=^+^int' w n e r e ^ static applied field and ^int"^)c"^deiii
+^an

includes demagnetizing field, it, , ft, and other anisotropy

fields, it , with easy axis along it, the frequency-dependent terman

hv in amorphous ferromagnetic systems has its origin in LLG rela-
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xation and can be adequately described by Eq. (2-7) provided $ and

it. . are replaced by their average values, i.e., <$> and ^^n^**

The frequency-independent term 'a' originates from exchange

fluctuations, inhomogeneous magnetization and local random aniso-

tropy which, in turn, arise from the topological disorder (fluc-

tuations in the nearest-neighbor distances between atoms) and can

be accounted for by using the fluctuation parts of S and it n̂t#

i.e., S*!(r\t) and 6itint(r\t), instead of ft and itint in Eq. (2.7)

or by invoking the two-magnon scattering mechanism [6,7] in which

magnon scattering is caused by spatial inhomogeneities in the

local random anisotropy fields and/or inhomogeneities in the local

exchange interactions. In case of the former approach, for

amorphous ferromagnets, S and it ff in Eq.(2.7) should be replaced

by lt=<ft>+6tf(r>,t) and H*ef f
=3+^i n t(2,t) =it+[<itint>+6ftint (r\t) ] and

the microwave power absorbed during the resonance process could

then be calculated [2,3,8] by assuming Gaussian distribution for

magnetization and internal fields centered around <M>«M and

<Hint> with standard deviation $M and «H , respectively. The

inclusion of 6M and «„ has only a slight effect [3] on the

lineshape but explains the increased magnitude of r . Conse-

quently, it is possible to represent the resonance line by a A f f

value in Eq. (2.7) but then * e f f would be a function of v. How-

ever, in the absence of a complete knowledge about the constant

part r , the A f f values so obtained cannot be relied upon as they

are bound to overestimate A and hence, one can talk only about the

relative differences in A from one alloy concentration to the

other.
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3.2. Power Absorption Derivative Curves

The observed functional dependence of dP/dH on H in the hori-

zontal-parallel (li ) configuration is depicted in Figs. 3.1(a-c)

for three ranges of temperature for a-Fe9QZr . Each of the figu-

res (a-c) represents the power absorption derivative (PAD) curves

at a few selected values of temperature in the low (10 K s T s

TRE) , intermediate (TR£ s T * Tc) and high (T > Tc) temperature

ranges. These PAD curves are also representative of those recorded

for a-FegQZr in the vertical-parallel configuration and for a-

Fe91Zr9 and a-Fe9Q_ Co Zr10 in both ll
h and llv (vertical-parallel)

geometries. At this stage, it should be mentioned that an attempt

was made to measure the FMR spectra in the horizontal-

perpendicular (1 ) configuration but the resonance in this sample-

configuration was observed at 9.23 GHz only for T > T because the

primary as well as secondary resonances are expected to occur well

above 10 kOe, the highest value of the field obtainable with the

available electromagnet. Moreover, in spite of utmost care exer-

cised in sample mounting and its positioning in external field,

the lineshape for ih configuration and hence, the values of the

resonance centers for T > Tc, could not be reproduced with an

accuracy comparable to that achieved in the case of the parallel
.h

configuration, presumably due to the extreme sensitivity of H^eg

to the angle between the field direction and sample plane. Thus,

any consistency between the observed values of H and those cal-

culated using the numerical estimations of the parameters like g

and Mg, deduced from the lineshape analysis for the parallel con-

figuration, in the resonance condition for 1 configuration



Fig. 3.1a. Field dependence of the microwave power absorption

derivatives for a~Feg QZr 1 0 using II sample geometry in

low temperature region. Full curves depict the observed

variation whereas open circles denote values calculated

using Eqs. (2.22)-(2.24).



Fig. 3.1b. Field dependence of the microwave power absorption

derivatives for a-FeoriZriri using II sample geometry in

the intermediate temperature region. Full curves depict

the observed variation whereas open circles denote

values calculated using Eqs. (2.22)-(2.24).



Fig. 3.1c. Field dependence of the microwave power absorption

derivatives for a-Fe90Zr10 using II sample geometry in

the region near and above the Curie temperature. Full

curves depict the observed variation whereas open circ-

les denote values calculated using Eqs. (2.22)-(2.24).
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(Eq.(2.28)), is purely coincidental. The full curves in the figure

depict the observed variation whereas the open circles denote the

values calculated using Eqs.(2.22)-(2.24). Figs. 3.1(a) and 3.1(b)

show that the dP/dH curves for temperatures in the range 10K * T <

T_ (<*240K for a-Fe Zr Q) consist of a single resonance (hence-

forth referred to as the primary or main resonance) line which

shifts to higher fields as temperature is increased. This reso-

nance broadens at a rapid rate for TXK8T-,. Apart from this reso-

nance, the signature of a secondary resonance at a lower field

value (-800 Oe) is noticed at T<*TC in the most sensitive setting

of the spectrometer (the numbers on the left-hand side of the

dP/dH curves indicate the spectrometer sensitivity at which the

spectra have been recorded, Fig. 3.1(c)). This secondary resonance

gets better resolved as the temperature is increased beyond T-+10

K. The physical quantities that are deduced from the dP/dH curves

are the resonance field, ^res (defined as the field where the

dP/dH=0 line cuts the dP/dH versus H curve or alternatively as the

field where dP/dH possesses half the peak-to-peak value if the

dP/dH curves is symmetrical about the baseline), and the peak-to-

peak linewidth, AH (defined as the field difference between the

points of inflection of the dP/dH versus H curve) . It has been

observed that the peak-to-peak linewidth, AH , forms an appreci-

able fraction of the resonance field, H , for the alloys under

study, and hence, the observed value of H can differ signifi-

cantly from the actual ("true") resonance center. For this reason,

a complete lineshape calculation for each resonance line has been

carried out separately. Such a calculation consists of fitting the

theoretical expression, Eq. (2.24), with the aid of Eqs. (2.22)
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and (2.23), by making use of a non-linear least-squares fit com-

puter program which treats the Lande splitting factor g and satu-

ration magnetization M as free fitting parameters while using the

observed values of AH ( = 1.45 Xo)/r2M ) and the values of H. deri-
pp s K

ved from Eqs.(2.32) and (2.34). The theoretical fits so obtained,

denoted by open circles in Figs. 3.1(a-c), indicate that the LLG

equation adequately describes the resonant behavior over the en-

tire temperature range covered in the present investigation. In

addition, the lineshape analysis reveals that the splitting factor

g has a temperature-independent value of 2.07±0.02 within this

temperature range and that the correction to the observed values

of H due to finite linewidth turn out to be negligibly small

even for temperatures as high as 325K where AH attains a fairly

large value for the primary resonance.

3.3. Resonance Fields

3.3.1.Temperature dependence

The resonance field, H , deduced from the lineshape analy-

sis for both II and llv configurations as a function of temperature

is depicted in Fig. 3.2 for the primary resonance for a-Fe9QZr10

and a-Feg Zr alloys. Fig. 3.3 depicts the H (primary) versus

T/T curves for a-FegQ Co Zr1Q alloys for ll configuration. The

variation of H r e g with T in the low temperature region ( 10K * T *

80K ) , for a few selected samples on which FMR experiments were

performed in the specified temperature range, is shown in Figs.

3.4(a-d). H r e s exhibits a slow increase up to T<*0.8Tc and then



Fig. 3.2 Temperature dependence of resonance field, H r e s > for the

primary resonance in a ~ F e 9 0 + x
Z r

1 0 - x
 a l l°y s- °P e n a n d

solid symbols denote the experimental data taken using

llh and IIV sample configurations, respectively, In dif-

ferent experimental runs. The inset shows Hk plotted

against M .



Fig. 3.3. H versus T/T_ for the primary resonance (II sampleres c
configuration) in a-Fe Co Zr alloys.



Fig. 3.4 Variation of H with T in the low temperature region

for the primary resonance in (a) a-Fe9QZr10 (ZFC and FC

denote the data taken after the sample is cooled in zero

external field and a field of SkOe, respectively), (b)

a ~ F e 9 1 Z r V (cJ a~ F e89 C°l Z rl0 a n d ( d ) a~ F e84 C°6 Z rl0

alloys.
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increases steeply with further increase in temperature. At very

low T, H r e g decreases faster with decreasing temperature than can

be ascribed to an increase in magnetization for some of the

samples. This behaviour has been observed earlier in reentrant

glassy systems [8] and has been attributed to the anisotropy

fields that develop in the reentrant state.

The variation of the secondary resonance field, H^_es, which

is first noticed at T<*TC, with temperature is shown in Figs.

3.5(a-b) for a-Fe90Zr10 and a-Fe91Zr9, respectively. Fig. 3.5c

shows the variation of H' with T for a-Fe Co Zr-0 alloys. It

is observed that for a-FegQZr _ and a-Fe Zr_, the secondary reso-

nance, H' , increases with temperature and in the latter case, a

steep decline in H' occurs for T > 450 K, which is indicative of

structural relaxation effects. In a-FegQ_ Co Zr alloys, the

increase in H' with T is observed for the alloys with y«l,2 and

4 only. By contrast, this resonance in the alloys with y=6,8 and

10, could not be studied to high enough temperatures so as to dis-

cern an increase in H^.es(
T) because the upper temperature limit of

the high-temperature attachment of the spectrometer is only 500 K.

3. 3.2. Concentration dependence

Fig. 3.6 shows the variation of H r e g with Co concentration y

for a-Fe9Q Co Zr1Q alloys. Values of H r e g for the primary reso-

nance have been compared for the different alloy concentrations at

different T/Tc values. In general, there is a decrease in H r e g

with concentration. For Co concentrations y < 6, H r e g decreases at

a rapid rate whereas this rate of decrease slows down for y > 6



Fig. 3.5a. Variation of the resonance field, H

dary resonance with T in a-Fe9QZr10

. for the secon-

observed in diffe-

rent experimental runs. The symbols have the same mea-

ning as in Fig. 3.2 and the dashed curve through the

data points is intended to serve as a guide to the eye.



Fig. 3.5b. Variation of the resonance field, H for the secon-

dary resonance with T in a-Fe91Zr9 observed in diffe-

rent experimental runs. The symbols have the same mea-

ning as in Fig. 3.2 and the dashed curve through the

data points is intended to serve as a guide to the eye.





Fig. 3.6. Variation of H r e g with Co concentration at different

T/T values in a- Fe9Q_ Co Zr J 0 alloys. The curve drawn

through the data corresponding to a given T/T value is

intended to highlight the observed trend.
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such that H has a value of 725 Oe for y=10. In case of

a-Fe9Q+xZr10_x alloys, H r e g has a value of 1028 Oe (1017 Oe) for

x=0 (x=l) at 0.6 Tc,

For the secondary resonance, H^ e s
 n a s a value of 800 Oe for

all the concentrations at a temperature of T^+ 10 K where this

resonance is fully resolved.

3. 3, 3. Angular dependence

As mentioned earlier, the FMR spectra for the alloys in

question exhibit a single resonance for T<TC called the primary

resonance and for T > T_ an additional resonance, referred to as

the secondary resonance, appears while the primary resonance broa-

dens and shifts to higher fields. The secondary resonance, which

gets well-resolved for Tc + 10K, has properties that are quite

different from those of the primary resonance. Hence, in this sec-

tion, the results of the angular variation of the primary reso-

nance for T<T_, i.e., T=0.6T , and that of the secondary resonance

for T>TC, i.e., T=1.2TC, are described. Figs. 3.7(a) and 3.7(b)

show the dP/dH curves plotted against the external field for vari-

ous angles of H for the in-plane (IP) and out-of-plane (OP) sample

geometries at 0.6Tc for the primary resonance in a-Feg8Co2Zr10

alloy. The angular dependence of H r e s at 0.6Tc, for the primary

resonance in a" F e
9 0_ y

C o
y
Z rio a l l°y s i s depicted in Figs* 3.8(a)

and 3.8 (b) for the in-plane (IP) and out-of-plane (OP) cases. The

continuous curves through the data points are least-squares fits

based on Eqs. (2.35) and (2.37). It is evident from the two figu-

res that while the change in H in the IP case as the angle 0 is





Fig. 3.7b. dP/dH vs. H curves for various angles a (OP case).



Fig. 3.8. Variation of Hreg with (a) angle 0 for the IP case and

(b) angle a for the OP case, in a-Fe9Q_ Co Zr alloys.

The continuous curves through the data points are the LS

fits based on Eqs. (2.36) and (2.38).
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swept through 90° is of the order of a few hundred Oe>»«5&6, H r e s

changes by more than an order of magnitude from its value at a=0

when a goes through 90° in the OP case. The break in the curve in

Fig. 3.8 (a) at a=90° should not be interpreted as a signature of a

divergence, instead the resonance field for a in the immediate

vicinity of 90° exceeds the highest magnetic field generated by

the electromagnet coupled to the spectrometer. The variation of tf,

the angle between the magnetization and sample plane, with a, the

angle between the external field and sample plane in the OP case

for various Co concentrations is depicted in Fig. 3.9, It is noti-

ced from this figure that M lags behind H until a reaches a value

of «45° beyond which it orients itself abruptly along the direc-

tion of H. The values for M and H. have been self-consistently

obtained from Eqs. (2.35)-(2.38) and are shown in Figs. 3.10(a)

and 3.10(b).

3.4. Linewdiths

3.4.1. Temperature dependence

The variation of *peak-to-peak' linewidth, AH , with tempe-

rature in the ll and llv configurations for a-Fe Zrio alloys

with x=0 and 1 is depicted in Fig. 3.11 (a) . AH goes through a

flat minimum in the temperature range 0.5 T_ < T < 0.8 T_ (0.6 T-,

< T < 0.8 Tc) for a-Fe9QZr10 (a-FegiZr9) where it assumes a cons-

tant value * 210 Oe ("290 Oe) for both ll and llv configurations.

For T > 0.8 Tc, AH exhibits a steep rise. Fig. 3.1l(b) displays

the variation of A H
p p with reduced temperature (T/Tc) for

a-Fe9Q_yCoyZr10 alloys, in the ll
h configuration. For T < 0.8 Tc,



Fig. 3.9. Variation of the magnetization angle 0 with a, the angle

between the external field and the sample plane.



F i g . 3 . 1 0 . D e p e n d e n c e on Co c o n c e n t r a t i o n , y , of ( a ) M a n d ( b ) H





Fig. 3.11b. Variation of AH with T/Tc in the intermediate

temperature range for the primary resonance in

a-Fe90_yCoyZr10 alloys. -
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AH for these compositions exhibits a weak increase with decrea-
PP

sing temperature. Fig. 3.11(c) shows AH plotted against tempera-

ture in the range 10 K < T < 250 K in an independent experimental

run for a few selected samples which have been reported [9,10] to

exhibit spin glass-like behaviour at low temperatures. The dashed

curves depict the variation of AH with temperature obtained from

the theoretical expression [3]

(3.2)

with the choice of the parameters rQ,ri and TQ determined from a

least-squares fit to the data and given in Table 3.1.

Table 3.1

Composition

F e90 Z r!0

F e91 Z r9

Fe89C°lZri0

r o
(Oe)

334.7

257.0

236.7

ri
(Oe)

257

580

321

Fo
(K)

31.10

22.68

48.20

The variation of linewidth for the secondary resonance,

AH' , with temperature in the range T +10K < T < 500 K is depicted

in Figs. 3.12 (a-c). Figs. 3.12(a) and 3.12(b) show the variation

of AH^p with T for a-Fe90Zr10 and a-Fe91Zr9, respectively. AH'

goes through a minimum at Tm^n* 410 K for both the compositions.

However, for a-Fe91Zr9, AH' also undergoes a steep decline for T

> 450 K. Fig. 3.12(c) displays the variation of AH' with tempera-

ture in the range 200 K < T < 500K fbr a~Fe90-y
CoyZrl0 a l l o v s* For

all the compositions, AH' decreases with increasing temperature.

For the alloys with y=l and 2, AH' goes though a minimum at -420K



Low-temperature behaviour of AH for some typical

alloy concentrations in a- Fe 9 Q_ Co Zr alloys. The

dashed curves through the data points are the LS fits

based on the Eq. (3.2).

Fig. 3.11c.



/
Variation of linewidth, AH , for the secondary reso-

PP
nance with T for a-Fe9QZr10 observed in different

experimental runs. The symbols have the same meaning

as in Fig. 3.2 and the dashed curve through the data

points is intended to serve as a guide to the eye.

Fig. 3.12a.



Fig. 3.12b. Variation of llnewidth, AH , for the secondary reso-

nance with T for a-Fe91Zr9 observed in different expe-

rimental runs. The symbols have the same meaning as in

Fig. 3.2 and the dashed curve through the data points

is intended to serve as a guide to the eye.
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before displaying a slight increase.

3.4.2. Concentration dependence

It has been observed that AH for the primary resonance

does not show any systematic variation with concentration and

varies between 180 Oe and 250 Oe at 0.6 T . By contrast, the line-

width for the secondary resonance, AH' , attains a value of <50 Oe

above 400 K for all the compositions.

3.5. * In-plane* uniaxial magnetic anisotropy

Values for the xin-plane' uniaxial anisotropy, H. , have been

calculated for all the alloy compositions at different temperatu-
h v

res from the values of H^eg and H^es , using Eq. (2.34). The va-

lues of H. so obtained are plotted against saturation magnetiza-

tion, Mg, deduced from the lineshape analysis and it is observed

that Hk ( =2Ku/Mg) is related to Mg through a linear relation of

the type

HR(T) = a Ms(T) (3.3)

or, alternatively

KU(T) = (a/2)[Ms(T)]
2 (3.4)

Inset of Fig. 3.2 shows H^ plotted against Mg for
 a ~ F e

9 0 + x
Z r

1 0 _

alloys. The slope a determined by a least-squares-fit method

yields values of the uniaxial anisotropy constant K at T=77K for

the alloys with x=0 and 1 as Ku(77K) = (2.91 ± 0.40) x io4

erg.cm"3 and (1.6 ± 0.2) x io4 erg.cm"3, respectively. Fig. 3.13



Fig. 3.13a. HR vs. Mg for a-Fe90_yCoyZr1Q alloys. The straight

lines through the data points represent the best

least-squares fits to the data based on Eq. (3.3).



Fig. 3.13b. Variation of Ky at T-0.6Tc with Co concentration.



(a) and (b) depict the variation of HR with Mg, and Ku as a func-

tion of Co concentration at T=0.6 TQ for a-Fe90_yCoyZr10 alloys.

3.6. Magnetization

Values of saturation magnetization, Mg, have been deduced

from the lineshape analysis of the spectra taken in H geometry at

different temperatures for the primary resonance on a~ F e
9 0 + x

Z r
1 0_ x

and a-Fego Co Zr10 alloys. It is customary to determine Mg(T)

either by using the resonance condition for II configuration (Eg.

2.26) and the results of FMR measurements performed in the same

geometry at widely spaced values of the microwave frequency or by

making use of the resonance conditions for the II and i configu-

rations (Eqs. (2.26) and (2.28)) and the FMR results obtained for

these configurations at a single microwave frequency. Neither of

these approaches has been followed in the present study for the

following reasons. First, the experimental set-up used for this

study was limited to only one microwave frequency value of *9.23

GHz in the X-band. Second, due to considerably large values of

47iMg for temperatures below Tc, the resonance in the i configura-

tion occurs at fields much higher than 10 kOe, the upper instru-

mental limit. Hence, neither the primary nor the secondary reso-

nance is observed at any temperature below T c in the i
n configura-

tion. The values of Mg, deduced from the lineshape analysis, have

been plotted against temperature in Figs. 3.14 (a) and 3.l4(b) for

a~Fe90+xZrl0-x a n d a~Fe90-yCoyZr10 a l l o v s' respectively.

Fig. 3.15 shows the variation of Mg with composition at



250

Fig. 3.14a. Variation of M g with T for a-Fe 9 0 + xZr 1 0_ x alloys. The

continuous curves through the data points are the best

least-squares fits to the data taken in the interme-

diate temperature range 100*Ts250K based on Eq. (4.7).

Filled symbols represent data taken in the low

temperature region.



Temperature dependence of M for a-Fe Co Zr

alloys. The continuous curves through the data points

are the best least-squares fits to the data taken in

the intermediate temperature range 100sTs500K based on

Eq. (4.7). Filled symbols represent data taken in the

low temperature region.

Fig. 3.14b.



Fig. 3.15. Variation of Mg with Co concentration at different T/T

values in a-FegQ_ Co Zr 1 Q alloys. The curves through

the data serve to highlight the observed variation.
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different values of T/Tc for the different compositions in the a-

Fe90+xZr10-x a n d a~Fe90-yCoyZr10 a l l o y s e r i e s- Jt i s observed that

for a-Fe9QZr10 and a-FegiZr9 alloys, Mg has a value of 684.0 Oe

and 698.6 Oe, respectively, at T=0.6 Tc. For a-FegQ Co Zr1Q al-

loys, Mg exhibits a sharp increase up to the Co concentration y=6

and beyond this concentration the rate of increase decreases dras-

tically.

Apart from the measurements on a-Fe-Zr and a-Fe-Co-Zr

alloys, a detailed comparative FMR study on a-Co9()Zr10 alloy,

which represents the end composition at the Co-rich side of the a-

Fe Co Zr alloy series, was undertaken in order to gain fur-

ther physical insight into the nature of magnetism in the above-

mentioned alloy series for T < Tc» a-CogQZr is known [10] to

exhibit conventional ferromagnetism down to 4.2 K. Fig. 3.16 shows

the temperature variation of H and AH in the li and Hv sample

configurations in the temperature range 77 K < T * 500 K. It is

observed that in contrast with the temperature-induced variations

of the above parameters for a~Fe
9o+x

ZrlO-x a n d a~Fe90-yCoyZrl0

alloys, the quantities AH11 = 115±5 Oe, AH11 = 175±5 Oe and g=2.07

IIh IIv± Or 02 remain unaltered (within error limits) while H and Hres res

(hence M_ and H, ) have a very weak dependence on temperature for
S K

a-Cog Zr in the temperature range covered, as expected for a

ferromagnet with a high Curie temperature (T_ > crystallization

temperature (750 K) [11] for a-Co9t)Zr10) .



Fig. 3.16. Variation of H r e s > AH p p (for llh and IIV sample geomet-
ries) and M with T for a-Co Zr .

s vu iu
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3.7. Analysis of ME spectra of amorphous alloys

Mossbauer (ME) spectroscopy, being a local probe, is extre-

mely sensitive to small changes in the local environments of

atoms, i.e., when two Mbssbauer atoms in the same sample have

different local environments, their individual Mbssbauer spectra

will also be different, each having its own set of Mossbauer para-

meters. In amorphous alloys, there exists a wide distribution in

local environments of the Mossbauer atoms due to chemical and

topological disorder. As a result of this distribution, the hyper-

fine field, isomer shift and the electric field gradient (EFG)

vary from one iron nuclear site to the other and this variation,

in turn, gives rise to broad overlapping Mossbauer lines. Hence,

the interpretation of ME spectra in these materials is often

difficult and a judicious choice of the method of analysis has to

be made in order to arrive at the correct values for the ME para-

meters.

The most important aspect of the analysis of ME spectra is

the determination of the Mossbauer parameters (described in Sec.

2.8) isomer shift 6, quadrupole splitting A, intensity ratio b and

evaluation of the hyperfine fields and their distributions. Given

the fact that ME spectra of amorphous ferromagnetic alloys consist

of structureless, broad and partly overlapping lines, often with

some degree of asymmetry, certain assumptions have to be made

before evaluation and analysis of ME spectra. It is generally

observed that the electric quadrupolar effects are negligible for

amorphous ferromagnetic alloys below the magnetic ordering tempe-



81

rature TQ [12]. The quadrupole interaction at each site in such an

alloy can be approximately described by e qQ (3cos20-l) , where

e2qQ is the quadrupole interaction energy and e is the angle bet-

ween the z-axis of the principal EFG tensors and the hyperfine

field. The z-axis is determined by site symmetry, which varies

spatially throughout the sample, whereas the magnetic hyperfine

field, which is antiparallel to the magnetization axis in a ferro-

magnetic sample does not vary randomly. Hence, the value of

(3cos e-1) spatially averages out to zero. In order to account for

the observed asymmetry in the ME lineshape, a linear correlation

between the local isomer shift and the local hyperfine field of

the form [13]

«(Hhf) = 6(H°f) - a (Hhf- H°f) (3.5)

is assumed, which implies that 6 also has a distribution similar

to that of H, f but so narrow compared to the latter that it can be

treated as a delta function. A similar correlation may be assumed

for T>T between the quadrupole moment and the hyperfine field.

Several methods exist in the literature for the evaluation

of hyperfine field distributions, P(H.f), from the measured ME

spectra. These fall into two broad categories: (i) a definite

shape of P(H.f) is assumed a priori, e.g., a single Gaussian [14],

modified Lorentzian [15] or a split-Gaussian [16] (the parameters

of such functions are determined by a least-squares fitting proce-

dure) , (ii) no a priori assumption is made as regards the shape of

P(H h f), e.g., the Window method [17] in which P(Hhf) is expanded

in a Fourier series, or the discrete field method proposed by
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Hesse and Rubartsch, [18] which was later improved upon by Le CSer

and Dubois [19], or the method due to Vincze [20], in which P(Hnf)

is approximated by a binomial distribution.

In the present study, two methods, one from each of the

above categories, have been used to analyze the ME spectra. These

are (i) the Window method, in which no assumption is made about

the shape of P(H.f) and (ii) the a two-pattern method in which the

P(H^f) consists of two Gaussians.

3.8. Window method

P(Hhf) is described by

(3.6)

(3.7)

(3.8)

(3.9)

The distribution W^ creates a spectrum S ^

where VT are * elementary' functions of hyperfine field distribu-

tion between H=0 and H=Hmax. If W^H) is defined as

P(H) can be expanded in a Fourier (cosine) series,
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where v is the relative velocity between the source and the absor-

ber and L-(H,v) is a sextuplet of Lorentzian lines.
o

The complete spectrum is written as

All the spectra were first evaluated using this method.

While expanding the P(Hhf) in a cosine series (Eq. (3.8)), it is

assumed that (i) the spectrum can be described by a single value

of the isomer shift, 6, (ii) the quadrupole splitting, A, is

negligible for T<TC, and (iii) an average value of the intensity

ratio b of the component spectra, i.e-, I ,.:IO c*!-, A - 3:b:l,

can adequately describe the observed spectrum. Although none of

these assumptions is strictly valid for amorphous ferromagnetic

systems, it has been demonstrated [21] that this method can none-

theless be used to accurately determine P(Hnf) provided that the

important Mossbauer fitting parameters, e.g., the full width at

half maximum (FWHM) of the subspectral lines, T, intensity ratio,

b, and the number of terms in the Fourier expansion, N, are pro-

perly chosen. For instance, too small a value of N can obscure

(3.10)

(3.12)

(3.11)

The unknown coefficients a. can be calculated by a least-squares

program, with the constraints,

In addition, the area under the P(H) curve is normalized, i.e.,



(where m and n are the number of channels and free-fitting para-

meters, respectively, while Y^ and Y*al are the experimental

data points and the corresponding points on the fitted curve),

with respect to the free-fitting parameters &t T, b and the corre-

lation between the isomer shift and hyperfine field, a* The line-

width r of the Fe subspectra was at first fixed at the intrinsic

FWHM of the source (=0.24 mm s~ ) , N was set equal to 10, the

fitting parameters 8 and a were left free and x was evaluated for

a value of b, which was progressively increased in steps of 0.1 in

the interval 0 s b * 4. It is evident from Fig. 3.17 (a) that x2 as

a function of b goes through a minimum at b=2.1 for the spectrum

taken at 5 K for a-Fe90Zr1Q. Next, b and N were fixed at 2.1 and

10, respectively, and x was determined as a function of the line-

width r. Fig. 3(b) shows that *2(T) exhibits a well-defined mini-

mum at a value r=0.33 mm.s , which differs appreciably from the

earlier choice of r=0.24 mm.s" . A repetition of the calculation

of *2(b) with r fixed at 0.33 mrn.s"1 showed that the value of b

does not differ from 2.1. The intensity ratio b and linewidth r

were then fixed at their optimum values and x2 was monitored as a

B4

(3.13)

some genuine details of the P(Hnf) curve whereas too large a value

of N gives rise to unphysical structure in P(Hhf) because a large

number of terms in the Fourier series (Eq. (3.8)) tend to fit the

statistical fluctuations in the measured spectrum.

The optimum choice of the parameters, b, r and N for each

spectrum is based on the minimization of x , defined by



Fig. 3.17. x plotted against (a) the intensity ratio, b, for r =

0.24 mm.s"1 and N=10, (b) the FWtfM linewidth, T, for b

= 2.1 and N=10, and (c) the number of terms in the

Fourier expansion (Eq. (3.8)), N, for b = 2.1 and T «

0.33 mm.s"1.
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function of N in the interval 4 s N * 14. * 2 drops steeply as N is

increased from 4 to 6 but a further increase in N brings forth

only a slight improvement in x • Thus, N=8 can be taken as the

most appropriate value of N. The optimum values of the parameters

—Wb, F, 6 and a as well as of H. f (average hyperfine field) from the

P(H h f), evaluated using Eq. (3.13), are determined for three dif-

ferent values of N, i.e., N=8, 10 and 12, for each spectrum. The

CPU time taken for 30 P(H
nf) evaluations on a Microvax-II computer

was typically 1000 seconds.

3.9. Tvo-pattern analysis

The assumptions on which this method is based are (i) P(Hnf)

consists of two hyperfine field values whose individual probabili-

ties are of Gaussian form, (ii) the distribution in the hyperfine

field is primarily responsible for line broadening, (iii) the

quadrupole splitting A is negligible for both subspectra, (iv) the

intensity (or area) ratio of the outermost to the innermost lines

in each sextet is 3, (v) the two six-line patterns are characte-

rized by two distinctly different but average values of the inten-

sity ratio b and of the center shift 6 and (vi) a linear correla-

tion between 6 and H^f exists for each subspectrum. The P(H.f) is

first generated by the superposition of two Gaussian curves at H.f

intervals that are 2 kOe apart, with H™^x =4 00 kOe. A linear com-

bination of two independent subspectra, S.(v), is calculated using

Eq. (3.8) for the above-mentioned P(Hhf) ( * Wi(H) in Eq. (3.8)).

An appropriate baseline is then added to S.(v) and the calculated

spectrum can be written as



This is compared with the measured spectrum and optimized

using Eq. (3.13) in least-squares fit method. The optimum parame-

ters of the two Gaussian distributions and those of the two sub-

spectra that reproduce the measured spectrum are determined from

the fit. The typical CPU time taken for each spectrum was approxi-

mately 24 to 36 hours.

A comparison of the x values (corrected for the number of

free-fitting parameters) obtained from the TP analysis and the

Window method shows that the quality of TP fits is far superior to

those obtained by the latter method, Fig. 3.18. At this juncture,

it should be mentioned that the ME spectra were also fitted on the

assumption that either one or three Gaussian distributions consti-

tute p( H
nf)* While the single-Gaussian fits gave unsatisfactory

results in that the residual plots (the plots of the deviations of

the experimental 7-counts from those calculated from the best fit

versus doppler velocity) at all temperatures T<T revealed that

the low-field part of the spectra, in particular, was unaccounted

for in these fits, the three-Gaussian fits, even with a much

larger number of free fitting parameters, did not lead to any

significant improvement in the quality of fits compared to that

achieved by assuming P(Hhf) to be the sum of two Gaussian distri-

butions.

3.10. Experimental results

As mentioned earlier, the two-pattern fit method is clearly

y i (v) • (average baseline counts)
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(3.14)



Fig. 3.18. Reduced * as a function of temperature for the Window

method (o) and the TP fit method (x) for a-Fe9()Zr10.
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superior to the Window method at all temperatures and hence zero

field Fe ME spectra at a few representative temperatures in the

range 5-300K together with the best two-pattern fits for

a-Feg()Zr10 are shown in Fig. 3.19(a). The two subspectra sextets

and their line positions are also shown for each spectrum. Fig.

3.19(b) shows the corresponding component Gaussian distributions

and their resultant distribution. From the figure, it is clear

that, (i) the P(Hhf) is bimodal in nature, (ii) the peak positions

of both the two Gaussian distributions shift to lower field values

as temperature is increased, and (iii) the intensity (area under)

of the low-field component of P(H
nf) increases at the expense of

that of the high-field component with temperature. Fig. 3.20 shows

a similar variation with temperature of the measured spectra and

their fits and distributions for a-Fe Zrg. These results show a

behavior similar to that of a-Fe90Zr10. Figs. 3.21-3.23 show the

ME spectra at a few representative temperatures alongwith their

corresponding P(H_f) for a few selected concentrations in the a-

Fe9Q_ Co Zr1Q alloy series. The bimodal distribution in P(Hnf)

persists down to 9K in the alloy with y=l, gets partially supp-

ressed in the alloy with y=2 and is totally absent for the alloy

with y=6. Another observation is that the average hyperfine field

increases with the concentration of cobalt. ME spectra taken at

room temperature for all the alloy compositions are depicted in

Fig. 3.24. The Curie temperatures for the a-Fe Zrio- alloys

with x=0 and 1 and a-Fe9Q Co Zr1Q alloys with y=l and 2 are below

room temperature and hence, one can observe quadrupole splitting

only for these alloys at room temperature. Fig. 3.25 depicts

P(H^f) yielded by the Window analysis of the Mbssbauer spectra of



Fig. 3.19. (a) Mossbauer spectra at a few representative tempera-

tures together with the best two-Gaussian fits and the

sub-spectra sextets of Lorentzian lineshape for

a-Fe Zr .. (b) The corresponding component Gaussian

distributions and their resultant distribution.



Fig. 3.19. Continued.



Fig. 3.20. ME spectra at a few representative temperatures along

with their corresponding PIH^.) (deduced by the TP fit

method) for a-Fe912r9.



Fig. 3.20. Continued.



Fig. 3.21. ME spectra at a few representative temperatures along

with their corresponding PtH^) (deduced by the TP fit



Fig. 3.21. Continued.



Fig. 3.22. ME spectra at a few representative temperatures along

with their corresponding P ^ h f ) (deduced by the TP fit

method) for a-Fe8gCo2Zr1().



Fig. 3.23. ME spectra at a few representative temperatures along

with their corresponding P(H ) (deduced by the TP fit

method) for a-Feg4Co6Zr1C).



Fig. 3.24. Room temperature ME spectra for a-Feg Co Zr1Q alloys

with 0 s y s 10.



Fig. 3.25. P(HJ*-) versus H^f curves determined by the Window

method for (a) N=8, (b) N=10 and (c) N=12 for

a-Fe90Zr1Q. The two-Gaussian fits to the P(H^f) vs. H ^

curves are also shown by the continuous curves in part

(a) of the figure.



Fig. 3.25. Continued.
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a-Feg Zr for N=8, 10 and 12. An attempt was made to fit the

wP(H. f) for N=8 to the sum of two Gaussian distributions and the

outcome of this exercise is depicted in the above figure by conti-

nuous curves.

The optimum values of the Mossbauer parameters, isomer

shift, SW, FWHM linewidth, rW, intensity ratio, bW, correlation

w
coefficient between the isomer shift and hyperfine field, a and

—w
H h f t n e a v e r a 9 e hyperfine field, which have been deduced from the

Window analysis (the superscript W denotes the Window method) are

depicted in Fig. 3.26 as a function of temperature for a-Feg Zr

for N=8, 10 and 12. The values of all the parameters so obtained

were found to be insensitive to the value of N in the interval 8

w

s N s 12 but P(H.f) undergoes pronounced changes in that a speci-

ous structure develops at low fields due to statistical scatter

in the spectrum. Fig. 3.27 shows the same Mbssbauer parameters,

i.e., isomer shifts, 6CL and 6FM, FWHM linewidth, r C L and TFM,

intensity ratios, b and b , correlation coefficients between
CL FMisomer shift and hyperfine field, a ' and a and the average

—TP

hyperfine field H, f and the most probable hyperfine fields corres-

ponding to the two Gaussian components, H. _ and H.f as functions

of temperature for each of the two independent subspectra deduced

from the TP analysis for a-Feg()Zr10. The superscripts CL and FM

denote clusters and FM matrix, respectively, referred to earlier

(Section 1.6) in connection with the infinite FM matrix plus

finite clusters model.



Fig. 3.26. Temperature dependence of the Mossbauer parameters

deduced from the Window analysis for N=8, 10 and 12 for

a- F e90 Z rl0-



Fig. 3.26. Continued.



Fig. 3.27. Temperature dependence of the Mossbauer parameters

deduced from the TP analysis for a-Fe^Zr^.



Fig. 3.27. Continued.
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SECTION - A

FERROMAGNETIC RESONANCE

4.1. Resonance fields

Before embarking on a discussion of the FMR results, the

main observations regarding the FMR spectra are recalled. It was

observed that the FMR spectra for temperatures T < Tc consist of a

single primary resonance which shifts to higher fields and broa-

dens as temperature is increased. Apart from this resonance, a

secondary resonance at a lower field value ( *800 Oe) appears at

TVT , which gets well-resolved for temperatures T > T +10K.

4.1.1. Temperatures around and above Curie point

Primary resonance

The nature of the paramagnetic (PM) to ferromagnetic (FM)

phase transition in a~Fe
100-x

Zrx a l l o v s w i t n x « 10 at. % (Section

1.7) and a-FegQ Co Zr1Q alloys with 0 s y s 6 has been one of the

most controversial topics in amorphous magnetism in the recent

years. The values of the critical exponents for spontaneous magne-

tization, M, initial susceptibility, xQ, and critical isotherm,

i.e. /3, r and 6, deduced from bulk magnetization (BM) measurements

in the critical region [1,2] were roughly 1.4 times larger than

the renormalization group estimates [3] for an isotropic nearest-

neighbour (NN) three-dimensional (3D) Heisenberg ferromagnet. In

addition, these exponents either satisfy [2] or do not satisfy [1]

the Widom scaling relation, £6 = £ + y, and their anomalously
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large values were taken to reflect a large fluctuation in the ex-

change interaction. A subsequent analysis of BM data and also a

reanalysis [4] of the published data [1,5] on a-Fe10Q_xZrx alloys

revealed that the exponents jS, y and 6 possess values that are

fairly close to 3D NN Heisenberg values. This result is in direct

contradiction with the earlier finding which quotes anomalously

large values for the critical exponents. Hence, a detailed study

of the critical behaviour in these alloys is called for.

In the present study, the exponents /3 and y, which charac

terize the FM-PM phase transition at the Curie temperature, Tc,

for a" F e
9 0 + x

Z r
1 0. x

 a n d a~Fe90-yCoyZrl0 a l l o v s h a v e b e e n determined

by using the FMR technique. This technique has been previously

used to determine the critical exponents for some of the concen-

trations in the above-mentioned alloys series [6]. The additional

feature in the present study is that the concentration range has

been extended, an attempt has been made to approach the Curie tem-

perature closer than in previous experiments [6] and measurements

have been taken at much closer temperature intervals with a view

to arrive at reliable estimates for the critical exponents and

amplitudes. Values of saturation magnetization, M , have been

determined to a high precision from the lineshape analysis as des-

cribed in Section 2.2. The lineshape analysis reveals that the LLG

equation of motion for magnetization adequately describes the

resonant behaviour in the critical region and also that g has a

temperature-independent and concentration-independent value of

2.07 ± 0.02 within the investigated temperature and concentration

range. Similar observations, i.e., the LLG equation adequately

describes the behaviour of resonance field, H
r e s (

T ) / a n d t n e line-
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width, AH (T) , in the critical region, have also been made on

crystalline ferromagnets [7]. Fig. 3.14 shows the variation of Mg

with temperature for a-Fe
90+x

Zr
10-x and a-Fe9Q_yCoyZr10 alloys.

Earlier studies on a~FG90-v
CovZrl0 a-*lovs n a V G demonstrated that

the M (T) values deduced from the lineshape analysis are in good

agreement with the values of M(T) deduced from BM measurements

performed at an external magnetic field whose strength is compa-

rable to H . Thus, M (H ,T) is identified with M(H,T) and H
res s res res

with the ordering field H conjugate to M. The magnetic or scaling

equation of state (SES), defined as

m = f±(h), (4.1)

where m = M/|clp and h • H/lclp are the scaled magnetization and

scaled field, respectively, and c • (T-Tc)/Tc while the plus and

minus signs refer to temperatures above and below T , is then used

to arrive at the correct choice of /3 and y and of the Curie tempe-

rature , Tc which makes the M(H,T) data in the critical region to

fall on two universal curves, f_ for c<0 and f for c>0 in an m vs

h plot. The choice of the parameters 0, y and T_ for an optimum

collapse of the data onto the two universal curves, however,

depends sensitively on the temperature range used for the fit and

is, therefore, not unique. Hence, a range-of-fit SES analysis is

used wherein the range of temperatures in an m vs h plot is prog-

ressively narrowed down by excluding more and more of the data

taken at temperatures far away from Tc from the analysis so that

the values of exponents £ and r become increasingly sensitive to

the choice of T-, and even a slight deviation of the exponent

values from the correct choice results in a strong departure of
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the data from the curves f_(h) and f+(h). The asymptotic values of

the exponents are obtained only when they become stable against

further reduction in the range of c. Fig. 4.1 shows the In m vs In

h scaling plot for a" F e
9 O + x

Z r
1o-x

 a l l o v s w i t n the corresponding

values of the exponents £ and 7 and of Tc«

Critical exponents alone do not fully characterize the cri

tical behaviour near the FM-PM transition , but do so only in

association with the corresponding critical amplitudes. Therefore,

a complete understanding of the critical behaviour at TQ is achie-

ved only when the values of the critical exponents together with

the critical amplitudes are determined. The values of the critical

amplitudes are extremely sensitive to the choice of T c and hence,

a very high accuracy in the determination of T_ is called for.

When a double-logarithmic plot of the type shown in Fig. 4.1, is

used to determine the values of the exponents and T , the values

so obtained may not be accurate enough as small deviations of the

data from the universal f_(h) and f+(h) curves are covered up due

to the insensitive nature of the log-log scale. A more rigorous

method of analysis that gets rid of these ambiguities and deter-

mines more accurately the values of the exponents and T , is based

on the SES form

m2 = +a± + b±(h/ro) (4.2)

where the plus and minus signs as well as h and m have the same

meaning as in Eq. (4.1). In an m2-vs-h/m plot, slight deviations,

which escape detection in a In m vs. In h plot, can be discerned

with ease. In view of the definitions

M (e) = lim M(H,c) = m (-c)**, e < 0 (4.3)
s H-0 °



Fig. 4.1. Plot of ln(M/|c|P) against ln(H/|c|P+r) for

a-Fe90+x
Zr10-x-
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and

the coefficients in Eq. (4.2) can be related to the critical amp-

litudes mQ and h /m as

The intercepts of the universal curves with the in and h/m axes in

a m -vs-h/m plot, therefore, give the critical amplitudes mZ and

ho/mo, respectively. Such m
2-vs-h/m plots for a-Fego+xZrlo_x and

a-Fe Co Zr are depicted in Figs. 4.2 and 4.3. Fig. 4.4 shows

the same data plotted for a-Feg8Co2Zr10 as those in Fig. 4.3 on a

sensitive scale with a view to bring out clearly the values of m2

and ho/mo as intercepts on the m and h/m axes clearly. The values

of the critical exponents and the amplitudes and the Curie tempe-

ratures deduced from the range-of-fit SES analysis method descri-

bed above are tabulated in Table 4.1. It is observed from Figs.

4.2 and 4.3 that the experimental data fall on the universal cur-

ves without any appreciable deviations even at low fields and this

implies that the values of the critical exponents and T c are rea-

sonably accurate. Also listed in Table 4.1 is the ratio junh./knT-

which, along with the exponent values, is compared with the theo-

retical values predicted for an isotropic 3D NN Heisenberg ferro-

magnet. It is observed that, while the experimental values of the

(4.5a)

(4.4)

(4.5b)

and



Fig. 4.2. m2-vs-h/m plot for a-Fe 9 0 + xZr 1 0 j < alloys constructed

using the M data deduced from the FMR spectra recorded

at different temperatures in the critical region.



Fig. 4.3. m -vs-h/m plot for a-Fe9Q CoyZr10 alloys constructed

using the M data deduced from the FMR spectra recorded

at different temperatures in the critical region.



Fig. 4 .3 . Continued.



Fig. 4.4 Data near the origin for a-FeggCo2Zr10 in Fig. 4.3

plotted on a sensitive scale with a view to bring out

the values of the intercepts m_ and h / m on m and h/m

axes clearly.
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exponents are in close agreement with the theoretically predicted

values, the observed value of the ratio MohQ/kBTc is smaller than

the theoretical value by an order of magnitude for all the alloy

compositions. If hQ is presumed to be an effective exchange inter-

action field and p ff is the average effective elementary moment

involved in the FM-PM transition, then their product M e f fh Q, i.e.,

the effective exchange energy, is expected to equal the thermal

energy at T=T_, i.e., kDT_. From Table 4.1, it is obvious that

unless M e f f is taken to be much larger than pQ, this relation can-

not be satisfied. Hence, in order that the ratio ji_h_/k_T_ equals
U U n L

the 3D Heisenberg value of 1.58, ji f f assumes the values listed in

Table 4.1. Also, the concentration of such effective moments is c

= UQ/U ff The values of c so computed and shown in Table 4.1,

strongly indicate that only a small fraction of moments partici-

pates in the FM-PM phase transition. According to an earlier fin-

ding [2], the critical exponents assume smaller values with inc-

reasing Co content but they are still far greater than the 3D Hei-

senberg estimates. In contradiction with this result, the expo-

nents /3 and r do not depend on the alloy composition and possess

3D Heisenberg-like values. This implies that the transition at Tc

is well-defined and quenched disorder does not alter the critical

behaviour of the pure spin system with specific heat critical ex-

ponent a <0, in accordance with the well-known Harris criterion.

The Curie temperature, Tc, increases linearly with Co concentra-

tion as previously reported [8] for a-FegQ_ Co Zr Q alloys, presu-

mably due to the fact that the partial replacement of Fe with Co

brings into play the strongly ferromagnetic Fe-Co and Co-Co ex-

change interactions at the expense of competing Fe-Fe exchange
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interactions. The concentration dependence of the quantities M O #

c, T c and the Gilbert damping parameter deduced in the critical

region is depicted in Fig. 4.5.

From the foregoing text, it is evident that the FMR tech-

nique can be successfully employed to determine accurately the

spontaneous magnetization and initial susceptibility critical

exponents |3 and r, which characterize the FM-PM phase transition

at T c.

Secondary resonance

The secondary resonance has been an important and unique

finding of the present study. This resonance mode, whose signature

is first noticed at T«T at a lower field value of 800-900 Oe,

develops into a full-fledged resonance for T > Tc+10K. In metallic

glass ribbons, a finite probability exists for the occurrence of

surface crystallization which grows with time due to the relaxa-

tion processes. If it happens, the observed resonances would not

be representative of the bulk since the dynamic permeability

attains its maximum value at the field corresponding to ferromag-

netic resonance and the microwave radiation penetrates only a thin

surface layer of typically 10 A [9]. Hence, in order to rule out

the possibility that the secondary resonance might just be a sur-

face phenomenon, a series of polishing and etching experiments

were performed on the samples for various lengths of time. The

etchant used was nital, a solution of 10% concentrated anhydrous

nitric acid and 90% ethyl alcohol. FMR measurements carried out on

the alloy compositions before and after etching (polishing) treat-



Fig. 4.5. Functional dependences of the magnetic moment per alloy

atom at OK, nQ, the fraction of spins participating in

the FM-PM phase transition, c, Curie temperature, T ,

and the Gilbert damping parameter, X, on the Co concen-

tration y for a-Fe9Q_ Co Zr.Q alloys. The dashed curves

through the data points serve as a guide to the eye.
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ment show that apart from a systematic downward shift in the reso-

nance field versus temperature curve, with etching (or polishing),

all the basic features present in the unetched sample are retai-

ned. This finding confirms that the secondary resonance originates

from the bulk and not from the surface. The possibility of inter-

preting this resonance as arising from regions of sample that

differ slightly in composition is also ruled out since this reso-

nance is observed only for temperatures well above T c and possess-

es properties quite different from those of the primary resonance

that occurs below Tc- Any attempt to explain the origin of this

resonance using the "Wandering-axis ferromagnet" model [10] is

bound to prove futile since this model, by definition, precludes

development of long-range ferromagnetic order at any temperature.

This model can, at best, qualitatively explain some features of

this resonance but certainly not the occurrence of this resonance

only for temperatures above a certain temperature, T_, and the

existence of another (primary) resonance with properties characte-

ristic of long-range ferromagnetic order. The antiferromagnetic

(AFM) clusters plus ferromagnetic Fe-Zr matrix model [11] also

fails to explain this resonance as there is no basis for the exis-

tence of any resonance above Tc in this model. A detailed apprai-

sal of the results reveals that the infinite 3D ferromagnetic mat-

rix plus finite spin clusters picture [12] provides the most plau-

sible explanation for the origin and properties of the secondary

resonance. This can be visualized as follows. The local anisotropy

fields for temperatures well below T c are expected to be very

large [13-15] > 100 kOe, particularly in the vicinity of the

interface between the spins of the 3D FM matrix and the finite
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spin clusters. The spins within the zones that separate the finite

spin clusters from the FM matrix are frustrated owing to large

fluctuation in the exchange at the interface and large magneto-

striction. If such is the case, external magnetic fields of less

than 10 kOe, the field range covered in the present experiments,

can hardly affect the orientation of the spin clusters and hence

they do not participate in the resonance process. As T is increa-

sed beyond T where local anisotropy fields are negligible, these

frustration zones start ^melting' away because the increased ran-

domness in the spins constituting the FM matrix, caused by thermal

agitation, weakens the exchange interaction among them whereas the

direct exchange interaction between the spins within the finite

clusters is strong enough to polarize the spins originally belon-

ging to the frustration zones as also some of the spins belonging

to the FM matrix. In the process, two or more neighbouring clus-

ters coalesce to form a bigger cluster and the clusters grow in

size and their relaxation rate decreases. When such clusters are

exposed to an external magnetic field, the cluster spins start

precessing around H. In the presence of field, the relaxation rate

is further reduced, which explains the sharpening of the resonance

line as T is increased. But beyond a certain temperature, the

clusters start shrinking in size as the thermal energy weakens the

ferromagnetic coupling between the spins within the clusters and

they disintegrate into smaller clusters and individual paramagne-

tic spins and hence, the resonance starts broadening. Further inc-

rease in temperature brings about nucleation which is an irrever-

sible atomic ordering process (crystallization) and in case of a-

Fe91Zrg this happens around T=450K and beyond this temperature
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both linewidth, AH , and resonance, Hres, decrease with increa-

sing temperature. However, electron micrographs taken at room tem-

perature on samples which had undergone thermal cycling to 500K do

not show any crystalline regions on the surface, even though rela-

xation effects were evident in spectra taken for T > 450K in that

the location and sharpness of the resonance depended on the dura-

tion of time for which the sample was at a particular temperature.

Thus the secondary resonance is observed only for T>T and since

the *easy' direction of magnetization for the spin clusters always

lies along the external magnetic field direction owing to the fact

that the field bodily orients the clusters along its own direc-

tion, H.«0 for the secondary resonance. This observation is sup-

ported by the results of the angular dependence study of the reso-

nance field at T=1.2T_, (Section 3.3.3), where this resonance gets

clearly resolved. It is found that H. has a small positive value

of *20 ± 10 Oe, which is independent of the Co concentration and

does not scale with saturation magnetization M . The presence of

clusters for T>T_ is also vindicated by the results of previous

bulk magnetization measurements [4,16], which indicate the pre-

sence of strongly interacting giant Hsuperparamagnetic-like" clus-

ters for temperatures well above Tc, and recent high-resolution

small-angle neutron scattering studies [17] on a~Fe9o+x
ZrlO-x

alloys, which reveal that two types of spin clusters (those which

are typically 200-400A in size, presumably static and persist to

temperatures well beyond the bulk Tc, and those which disintegrate

at T c and are responsible for a steep increase in the spin-spin

correlation length as Tc is approached on either side) coexist in

these alloys.
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Another important fact to be noted is that at T«*TC, most of

the spins are present in the clusters and not in the FM matrix.

This is borne out by the fact that the fraction, c, of spins that

actually participates in the FM-PM phase transition is as small as

<*10 % in the case of a-Fe Zr Q. The partial substitution of Fe by

Co leads to an overall decrease in the average size of the clus-

ters and this leads to more number of spins being present in the

FM matrix. This is clearly indicated by the increase in c with Co

concentration.

4.1.2. Temperatures in the low and intermediate ranges

It is observed from Figs. 3.2 and 3.3, which depict the tem-

perature variation of the primary resonance field, H
r e s'

 f o r

a-Fe90+xZr1Q_x and a-Fe90_yCoyZr1Q alloys in the intermediate tem-

perature range, that H exhibits a slow increase up to T*0.8Tc

and then increases steeply as T-*TC. This behaviour of H can be

attributed to the temperature variation of saturation magnetiza-

tion, M . It must be recalled here that the values of H are the

*true' resonance centers as deduced from the lineshape analysis

(Section 2.2). The values of Mg at different temperatures obtained

using the lineshape analysis have been depicted in Fig. 3.14 for

the a-Fe-Zr and a-Fe-Co-Zr alloys. In the recent past, the nature

of low-lying excitations in the above-mentioned alloys has been a

subject of much controversy. While Krishnan et al [18] found that

the * in-field' magnetization varies with temperature as, M(H,T) a

T3^2 for T>T*, a characteristic temperature, in external magnetic

fields up to 140 kOe for a-Feg()Zr10 and that the spin-wave stiff-
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ness coefficient D increases with increasing H, attaining a maxi-

mum value of 39.1 mevA , Beck and Kronmuller [19] observed that

the thermal demagnetization in the temperature range 0 s T s °*5Tc

was governed by Stoner single-particle excitations for H < 2.7kOe

and spin-wave excitations for H > 2.7k0e and that D decreases from

50 to 35 mevA as H is increased from 2.7 to 40kOe. The conclusion

[20], based on inelastic neutron scattering studies on a-Fe91Zrg,

that no propagating excitations were evident at any temperature

below T c for the wave vector transfer range 0.05A" s q s 0.12A

complicated the issue further. Contrasted with the above findings,

the recent high-precision bulk magnetization (BM) data of Kaul

[12] revealed that both Stoner single-particle and spin-wave exci-

tations contribute to the thermal demagnetization, besides the

local spin density fluctuations, and D has a field-independent

value of 32 ± 1 mevA2 for a-FegQZr10.

Such divergent viewpoints prompted us to analyze the M(H,T)

data deduced from the FMR measurements so as to determine the

different contributions to the thermal demagnetization and arrive

at a reliable estimate of the spin-wave stiffness coefficient D.

In this regard, it must be emphasized that the present M(H,T) data

deduced from the FMR spectra, even under most favourable condi-

tions, cannot match the accuracy of BM data. Nevertheless, the

precision in the deduced M(H,T) data suffices to determine the

dominant contributions to thermal demagnetization with reasonable

accuracy.

The contributions due to the spin-wave and single-particle

excitations to the thermal demagnetization of "in-field" magneti-
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z a t i o n , i . e . [M(H,0 ) -M(H,T) ] /M(H,O) • Am, a r e g i v e n b y [ 2 1 , 2 2 ]

(4.6)

is the spin-wave contribution, and

Amsp = S(H) T
3/2exp(-A/kBT) (4.8a)

(for strong itinerant ferromagnet)

Ams = S(H) T2 (4.8b)

(for weak itinerant ferromagnet) is the single-particle contribu-

tion. In Eq. (4.7), the Bose-Einstein integral functions

allow for the extra energy gap, g^BHeff (=kBT ) , in the spin-wave

spectrum arising from the effective field

H e f f = H - 47TN M + HA (4.11)

(where N, M and HA are the demagnetizing factor, magnetization and

anisotropy field, respectively) which the spins experience within

where

(4.7)

(4.9)

(4.10)

with
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the sample. Alternatively, in the presence of the external magne-

tic field, H, the magnon dispersion relation takes the form

Eq(T) = huq(T) = 9MBHeff + D(T) q
2 (1 - <3q2) (4.12)

where the coefficient /S is related to the mean-square range of the

exchange interactions, <r > = 20 p and the spin wave stiffness

coefficient D renormalizes with temperature according to the rela-

tions [12]

D(T) = D(0) (1 - D2T
2) (4.13)

and

D(T) « D(0) (1 - D5/2T
5/2) (4.14)

in case of itinerant- and localized-electron models, respectively.

The demagnetization factor N in Eq. (4.11) has been determined

from earlier low-field magnetization data and the splitting factor

g (=2.07 ± 0.02) and the anisotropy field, Ha, from ferromagnetic

resonance measurements [23]. Theoretical least-squares fits to the

Am data based on Eqs. (4.6)-(4.11) with the temperature dependence

of spin-wave stiffness coefficient in Eq. (4.7) described either

by Eq. (4.13) or by Eq. (4.14), have been attempted. When the

least-squares fit involving six parameters, i.e. M(H,0), D(0), D

or D5/2, /3, S and A, yielded the result A/kfi = 0 ± IK, Eqs. (4.6),

(4.7) and (4.8b) involving the combinations D(T) = D(0) , D(T) =

D(0)(l-D2T
2) and D(T) = D(0) (1-D T5/2) with either /3 = S = 0 or

/3*0, S=0 or £=0, S*0 were used for the subsequent fits. In order

to ascertain the relative importance of the spin-wave and single-

particle contributions to Am within the temperature range covered

in the present experiments, a *range-of-fit' analysis has been

carried out in which the values of the free fitting parameters in
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the above-mentioned theoretical fits are monitored as the tempera-

ture interval t ± * t«=T/Tc s tfflax is progressively broadened by

keeping t m i n fixed at 0.4 (0.3) and varying t m a x from 0.5 (0,4) to

0.95 (0.95) in the case of a-Fe90+xZr1Q_x and a-Fe90_yCoyZr10

alloys with y=l and 2 (alloys with y * 4) . The reverse process,

i.e., keeping t fixed at some value and varying the range by
max

varying t . , was also carried out. The results of this exercise

reveal that the observed variation of Am with T over the entire

temperature range is best described by the fit which is based on

Eqs. (4.6)-(4.11) and sets /3=S=0 with D(T) given by Eq. (4.13),

indicating that the thermal demagnetization is dominated by spin-

wave excitations. It has also been observed that, regardless of

the temperature range chosen for the fit, inclusion of the single-

particle contribution (the T term) or the higher-order spin-wave

term (the T 5 / 2 term) besides the T 3 / 2 term in Eqs. (4.6)-(4.7)

leaves the values of the parameters of the T 3 / 2 fit (i.e., the fit

that makes use of Eqs. (4.6) and (4.7) with Am « 0 « 0) practi-

cally unaltered and does not bring forth any improvement in the

quality of the fit and the value of the reduced sum of deviation

squares, *2, which is given by *2 = *2/(N~N
para) where N is the

total number of data points and N is the number of free fit-para

ting parameters, does not show any systematic variation with the

range of temperatures used for the fits. In certain temperature

ranges, xr becomes comparable to that obtained for the case with

spin-wave contribution only. This implies that the values of mag-

netization deduced from FMR measurements in the present case are

not accurate enough to make an unambiguous separation of spin-wave

and single-particle contributions to the thermal demagnetization
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possible. The optimum values of the parameters that yielded the

best theoretical fits to the Am data for the alloys in question

are displayed in Table 4.2. The best theoretical fits so obtained

are represented by continuous curves in the M versus T ' plot

shown in Figs. 4.6 (a) and 4.6(b) for a~Fe
90+x

Zr10-x a n d

a-Fe Co Zr alloys, respectively. The variation of the spin-

wave stiffness coefficient, D(0), determined from such fits, with

Co concentration is shown in Fig. 4.7. It is noticed that D(0) has

a non-linear dependence on the Co concentration. It must be stated

here that the above-mentioned analysis carried out for the

a-Co Zr alloy, which represents the end composition on the Co

rich side of the a-Fe9Q Co Zr1Q alloy series, reveals that D(0)

has a value of -335 mevA2. Bearing in mind that the change in mag-

netization for this composition is less than 5% over the investi-

gated temperature range, and hence, there is bound to be a large

error in the M values so deduced, the value of D(0)=335 mevA

compares well with the value of 385 mevA , obtained from an analy-

sis of bulk magnetization data [12]. A plot of D(0) against T ,

the Curie temperature (determined from the scaling analysis) is

depicted in Fig. 4.8, which also includes the predictions of the

three-dimensional Heisenberg model which either takes into account

the exchange interactions between the nearest neighbours (NN) only

(dashed straight line) or considers both the NN and the next-

nearest neighbour (NNN) exchange interactions (solid straight

line) [24]. This figure also includes D(0) and T c data available

in the literature on other similar glassy alloy systems. In accor-

dance with the theoretical predictions [24], the D(0) values for

amorphous ferromagnetic alloys, when plotted against T_, fall on a



Table 4.2. Magnetic and spin-wave parameters for a-Fe_Q_ Co Zr Q al-

loys. The numbers in parentheses denote estimated uncertainty in the

least significant figure.

Alloy Concentration

(y)

0

1

2

4

6

8

10

18

90

M(0)

(G)

950(10)

990(10)

1002(10)

987(10)

1027(10)

1060(10)

1103(10)

1231(10)

1027(10)

D(0)

(meV A2)

32(4)

43(4)

51(4)

71(4)

76(4)

83(4)

90(4)

123(6)

335(10)

D2

(10~6 K"2)

1.819(15)

4.837(15)

4.612(15)

4.290(15)

2.830(15)

1.940(15)

2.270(15)

1.240(15)

0.280(15)

D(0)/Tc

(meV A 2 K*"1)

0.13(3)

0.17(3)

0.18(3)

0.21(3)

0.20(3)

0.20(3)

0.19(3)

0.18(3)



Variation of M with T 3 / 2 for a-Feon Zr,n alloys.
S 90+X lvJ —X

The continuous curves through the data points are the

best least-squares fits to the data taken In the inter-

mediate temperature range 100K s T s 250K based on

Eq.(4.7). Filled symbols Indicate data taken in the low

T region while the remaining symbols represent the data

taken in intermediate T range.

Fig. 4.6a.



Fig. 4.6b. Variation of Mg with T
3 / ' for a-Fe9Q_yCoyZr10 alloys.

The continuous curves through the data points are the

best least-squares fits to the data taken in the inter-

mediate temperature range 100K s T s 250K based on Eq.

(4.7). The symbols have the same meaning as in Fig.4.6a.



Dependence of spin-wave stiffness coefficient, D, on Co

concentration for a-Fe _ Co Zr.Q alloys.

Fig. 4.7.



Spin-wave stiffness coefficient, D, as a function of

Curie temperature, Tc, for a-Fe9Q_ Co Zr 1 Q alloys.

D(T_) data available in the literature on other similar

glassy alloy systems are also Included in this figure

for comparison.

Fig. 4.8.
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straight line represented by the equation

D(0) = DQ + ro Tc (4.15)

where m = 0.144 mevA2 K" 1 and DQ is either finite or zero, depen-

ding on whether the exchange interactions extend beyond the NN

distance or not. It has been observed that while values of D(0)

for a-(Fe,M)-B alloys (M = Cr, Mn, W) [25-27] fall on a straight

line with m = 0.144 mevA K passing through the origin, the D(0)

values for the a-(Fe,Ni)-M' alloys (where M' = Pf B, Si, Al)

[24,28,29] fall on another straight line which is parallel to the

earlier one but with a finite intercept DQ <* 24 ± 3 mevA
2. Thus,

the competing interactions in the former set of alloys confine the

direct exchange interactions to nearest neighbours only whereas in

the latter set, due to the absence or suppression of competing

interactions, the direct exchange interactions involve not only

the nearest neighbours but also the next-nearest neighbours. Now

that the D(0) values for the compositions with x=0 and 1 for

a~ F e9 0+ x
Z r

1 0-x alloy series and for compositions with y=0 and 1

for a-FegQ__ Co Zr alloy series fall on the straight line passing

through the origin, it implies that the direct exchange interac-

tions in these alloy compositions are being confined to nearest

neighbours only by the competing interactions. With increasing

amount of Fe being replaced by Co (y = 6, 8, 10, 18), the compe-

ting interactions are progressively suppressed, the alloys become

more homogeneous and the direct exchange interactions now extend

to next-nearest neighbours also. In the intermediate Co concentra-

tion range (2 s y * 4), a crossover from the short-ranged (NN dis-

tance) to the long-ranged (NNN distance) exchange takes place.
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The angular dependence of the resonance fields, H r e (<P) , for

T < Tc, i.e., T=0.6Tc, described in Section 3.3.3 throws some

light on the nature of the anisotropy in these alloys. The analy-

sis of the Hres(#) data for T < Tc shows that for the primary

resonance in both in-plane and out-of-plane cases the uniaxial

anisotropy field H. is positive throughout the Co concentration

range for a-Fe Co Zr alloys and increases with y from H^ = 40

Oe for y=0 to 160 Oe for y=10 (Fig* 3.10(a)). In addition, Hk

scales with saturation magnetization, M (Fig. 3.10(b)- The uni-

axial anisotropy in the investigated alloys, as in other ferromag-

netic alloys in the amorphous state, presumably has its origin in

the pseudodipolar atomic pair ordering mechanism [30].

At very low temperatures, resonance fields have been known

to exhibit anomalous behaviour in many reentrant alloy systems

[31] in that with decreasing temperature, H decreases faster

than can be attributed to an increase in magnetization and the

temperature dependence of H depends upon the thermal history

[32], i.e., whether the sample has been zero-field-cooled (ZFC) or

an external field has been applied during the cooling cycle. The

low T drop in H r e s is found to be isotropic, i.e., it does not

depend on the orientation of the external field with respect to

the sample, and is attributed to the increase in an anisotropy

energy with an easy axis which is always in the direction of the

external dc field in the reentrant state. In the present study,

H exhibits the low-temperature anomaly and thermal history ef-

fects in a~Fe9o+x
ZrlO-x a l l o v s» a s i s evident from Figs. 3.4(a)

and 3.4(b), but no such anomaly or thermomagnetic effects are dis-

cernible in the case of the Co containing alloys. As a conse-
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quence, the saturation magnetization values, obtained from the

lineshape analysis of the FMR spectra taken at low temperatures

without allowing for the anisotropy field effects, included in

Figs. 4.6(a) and (b) exhibit an upturn at a temperature (i.e.,

below this temperature the M(H,T) data start deviating from the

best fits to the Am data obtained in the intermediate temperature

range, see Figs. 4.6 (a) and (b) ) , which coincides with T__,, for

the alloys with x = 0 and 1 and y = 1 but this upturn is comple-

tely suppressed for y = 6. This observation strongly indicates

that the reentrant behaviour is completely suppressed for y > 4 in

a"Fe90-yCoyZrl0 a l l o v s"

4.2. Linewidths

The temperature dependence of FMR linewidth is divided into

three temperature regimes and discussed separately as was the case

while dealing with H (T) in the preceding section. These regimes

are : (i) the temperatures close to T , which highlight the criti-

cal behaviour of the primary resonance, and temperatures above T ,

that assume importance because of the appearance of the secondary

resonance, (ii) the intermediate temperature regime and (iii) low

temperatures which bring out certain important features of the the

primary resonance.

4.2.2. Critical behaviour and LLG damping

Primary resonance

The variation of the peak-to-peak linewidth, AH , for the
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primary resonance with temperature in the H and nvconfigurations

for a" F e
9 0 + x

Z r
1 0_ x

 a n d a~Fe90-yCoyZrl0 a l l°y s h a s b e e n depicted in

Fig. 3.11 of Section 3.4. A part of this data taken in the criti-

cal region (Icl < 0.06, c = (T-Tc)/Tc) is shown in Fig. 4.9 for the

II sample configuration. It should be noted that in this tempera-

ture range, AH (T) possess the same values for II and Hv configu-

rations. Frequency-dependent studies of FMR in amorphous ferromag-

nets [33,34] have revealed that AH consists of a frequency-

independent part, A H
0'

 a n d a frequency-dependent part, A HLLG*

While AHQ is most probably caused by the two- or multi-magnon

scattering from spatially localized magnetization inhomogeneities

[33], AHLLG (= 1.45 Au/72Ms) results from the LLG relaxation

mechanism. Such contributions to the linewidth in the entire tem-

perature region will be discussed in detail in the next section

and at this stage it should suffice to emphasize that AH (T) in

the critical region can be very well described by the empirical

relation

AHpp(T) = AHQ + [A/Ms(T)], Id < 0.05 (4.16)

The second term on the right-hand-side of Eq» (4.16) can immedia-

tely be identified as AHTT_ and the damping parameter X can be

calculated from the value of the coefficient A, determined from a

least-squares-fit to the AH (T) data for different compositions

based on Eq. (4.16) (Fig. 4.10). The temperature-independent va-

8 8—1

lues of A so computed ranging between 2 x 10 and 3.5 x 10 sec

are plotted against Co concentration in Fig. 4.5. These values of

X do not differ significantly from those deduced from the least-

squares fits to the AH (T) data over the entire temperature range



Fig. 4.9. Variation of the peak-to-peak linewidth, AHpp, with

temperature in the critical region for a-Fe9Q_yCoyZr10

alloys.



Fig. 4.10. AH plotted against Inverse saturation magnetization

in the temperature interval -0.05 s c s 0.05 for

a-Fe9Q_ Co 2r 1 Q alloys. The straight lines through the

data points represent the least-squares fits to the

data based on Eq. (4.16).



Ill

covered in the present experiments particularly for y > 4. Fur-

thermore, in the critical region, the LLG term gives a dominant

contribution to AH (T) by virtue of its 1/M dependence. A dec-

reases with increasing Co concentration so much so that it drops

8—1 8

rapidly in the range 0 s y s 2 from 3.4 x 10 sec to 3.1 x 10

sec for y=2 and finally reaches a value of 2.1 x 10 sec for

y=10. The Lande splitting factor g deduced from the lineshape ana-

lysis shows a temperature- and composit ion-independent value of

2.07 ± 0.02.

Secondary resonance

The variation of the peak-to-peak linewidth, AH , with tem-

perature (Fig. 3.12(c), Section 3.4) for the secondary resonance,

which becomes well-resolved at T > T-+10K, resembles that gene-

rally observed in cluster spin glasses but the resonance lineshape

in the present case is much sharper and symmetrical with respect

to the baseline than in cluster spin glasses.

4.2.2. Intermediate temperature regime

In this section, the variation of linewidth with temperature

for T<TC is discussed. According to Figs. 3.11(a) and 3.ll(b) of

Section 3.4, the FMR linewidth exhibits a weak dependence on tem-

perature in this region (increasing with decreasing temperature).

As already mentioned in Section 4.2.1, the FMR linewidth, AH , in

amorphous alloys comprises a frequency-dependent term and a term,

AHQ, which is independent of the frequency (also called the * zero-

frequency' term). The unambiguous determination of these two con-
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tributions necessitates the measurement of AH at different mic-

rowave field frequencies. When the resultant data at a given tem-

perature are plotted in the form of a AH vs. v curve, the linear

dependence of AH on the microwave field frequency becomes appa-

rent and the intercept at zero frequency gives the value of AHQ.

Such an analysis was not possible in the present case because the

ESR spectrometer available for measurements could operate only at

a single frequency of 9.3 GHz in the X-band. Nevertheless, an

attempt has been made to estimate the values of A and AHQ through

a least-squares fit analysis of the data. The temperature (T) and

frequency (v) dependence of the linewidth is described by

AHpp(i>,T) = AHQ(T) + AHLLG(i>,T) (4.17)

In Eq. (4.17), the second term on the r.h.s represents the LLG

contribution which is proportional to (u>/y)(A/yMg). However, the

origin of the first term, which manifests itself as a non-zero

intercept at v=0, appears to be more complicated. Spano and Bhagat

[34] attribute this additional contribution to inhomogeneities

that are consequent upon a random placement of ferromagnetic

atoms, which causes the exchange interaction to be a random func-

tion of position. These authors empirically model the inhomoge-

neity by a Gaussian distribution of local magnetizations and of

internal dipolar fields and then calculate the linewidths that re-

sult from such a distribution. A different approach has been taken

by Cochrane et al [35] based on ferromagnetic antiresonance (FMAR)

measurements. According to this approach, AHQ has its origin in

the two-magnon scattering mechanism. The magnon scattering may be
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caused by spatial inhomogeneities in the local magnetic anisotropy

fields and/or inhomogeneities in the local exchange interaction

[36]. These authors calculate the contribution to the linewidth

due to two-magnon scattering processes using elliptically polari-

zed magnons (since 4nM is comparable to or much larger than the

applied fields in iron-rich materials) and find that the two-

magnon linewidth is proportional to M in agreement with the ob-

servations. While performing the least-squares-fit analysis, the

latter approach has been adopted in the present study by writing

the constant term as,

AHQ(T) = HQ + a Ms(T) + b M^(T) (4.18)

where H is a constant term independent of temperature, the second

term arises due to two-magnon scattering processes and the third

term presumably originates from higher-order magnon scattering

processes. The least-squares (LS) fits to the AH (T) data are

attempted based on Eqs. (4.17) and (4.18) by using a nonlinear LS

fit computer program which treats the damping parameter A, H. , a

and b as free-fitting parameters and M values used in this pro-

gram are obtained from the lineshape analysis, mentioned earlier.

Such LS fits have been attempted in the temperature range 77K to

(Tc + 15K) for each of the alloy compositions. The solid lines

through the AH vs. T data (Fig. 3.11(b)) represent the best LS

fits based on the Eqs. (4.17) and (4.18). The main findings are :

(i) the constant term HQ is either negligibly small or zero, (ii)

contribution from the Mg term is significant only in the case of

a~Fe90+xZr10-x a n d a~Fe90-yCoyZr10 a l l o v s w i t h l o w C o concentra-
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tion (y * 2) ; this term makes little or even no contribution to

AH for y fc 2, (iii) the M squared term gives a sizable contribu-

tion in the intermediate temperature range and (iv) the damping

parameter A is independent of temperature (since its value does

not depend on the temperature range chosen for the fit) in the

entire temperature range which also includes the critical region.

AHQ does not exhibit any systematic trend with Co concentration.

This could imply that AH_ is extremely sensitive to the thermal

history of the material. The dominance of the M term over the Mg

term in the Eq. (4.18) presumably implies that the higher-order

magnon scattering processes are important. Fig. 4.11 shows the

Gilbert damping parameter A plotted against Co concentration. The

8 —1

value of A ranges from 5.1 x 10 sec for the parent alloy
8 —1Fe _Zr Q to 1.5 x 10 sec for the alloy with y=18. The unusually

large value of A for a-Fe Zr Q and the variation of A with Co

concentration can be understood in terms of the density of states

at the Fermi level, N(Ep) , as follows. Heinrich et al [33] have

shown that A « N(EF) for crystalline ferromagnets. Low-temperature

specific-heat measurements on a-Fe9Q+xZr10_x alloys [37] yield a

value of N(Ep) for a-Fe9QZr10 as N(Ep) =3.4 states /eV atom. Such

a large value of N(Ep) for a-Feg()Zr10 has also been obtained from

the uv photoelectron (UPS) technique [38], which is a more direct

method. In view of the result that N(Ep) falls rapidly with in-

creasing Co concentration [39] in a-Fe9Q Co Zr1Q alloys, it is,

therefore, not surprising that A too decreases with increasing Co

concentration.



5 -

Fig. 4.11. Functional dependence of Gilbert damping parameter, A,

computed in the critical region (•) and over the entire

investigated temperature range (•), on Co concentration.
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4.2.3. Low temperature behaviour

In a number of concentrated spin glasses and reentrant sys-

tems the linewidth increases rapidly [23,32,34,40,41] when the

temperature is decreased below Qf2T
SG and <*2T , respectively.

Bhagat et al [42] have shown that this rapid increase can be des-

cribed by an empirical relation of the form (Section 3-4..1),

where 1^ and TQ are empirical parameters and F is the value of

the linewidth in the intermediate temperature regions where it is

either independent or weakly dependent on temperature. The value

of the exponent n may be 1 or 0 depending on whether or not the

linewidth goes through a maximum at very low temperatures. In the

present study, FMR measurements down to 10K were performed on

amorphous Fe9()Zr10, Fe^Zr^ F e ^ C o ^ r ^ and Fe84Co6Zr10 alloys.

The low temperature dependence of the linewidth for these alloys

has already been depicted in Fig. 3.11(c) along with the best LS

fits to the data. While fitting Eq. (4.19) to the low-temperature

AH (T) data, the parameters T1 and TQ are treated as free-fitting

parameters while n is set equal to unity and TQ is assigned a

value which AH has in the intermediate temperature range where

the linewidth is nearly independent of temperature. From Fig.

3.11(c), it is observed that Eq. (4.19) provides a reasonably good

fit to the data. The maxima at low temperatures in AH (T) are

characteristic of many reentrant systems [34,40,43]. Though it has

been suggested earlier that these maxima may be identified with

the reentrant temperatures [43], the present results do not sup-

( 4 . 1 9 )
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port such a conclusion. The T R E values for Fe-Zr alloys and Fe-Co-

Zr alloys with low Co concentrations deduced from low-field magne-

tization data [8] are much higher than the T values deduced

from the linewidth data and any coincidence between these two

could be fortuitous. Within the framework of the infinite FM mat-

rix plus finite clusters model [44-46], the exponential increase

in linewidths at low temperatures may be explained in terms of a

theory proposed by Continentino [47]. Continentino proposed that

the finite clusters may be described as a set of magnetic two-

level systems (TLS) represented by an asymmetric double well po-

tential with energy splitting E and analogous to tunneling centers

in glasses and the relaxation processes that are associated with

these clusters invoke transitions between the two levels. The low-

energy spin-wave excitations in the infinite FM clusters relax

through channels provided by the finite clusters and get coupled

to them. The Hamiltonian which describes the spin waves in the

infinite FM cluster interacting with the finite clusters is given

by

where e. = A + D k is the energy of the spin waves with stiffness

constant DQ due to exchange interaction between spins within the

infinite cluster, A is the spin-wave gap arising from anisotropic

interactions between these spins, k is the wave vector of magnons

and a*, a^ are Holstein-Primakoff creation and annihilation boson

operators. The second and third terms in Eq. (4.20) refer to the

TLS. The "average" coupling constants J and D describe the effec-

(4.20)
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tive isotropic exchange and anisotropic Dzyaloshinskii- Moriya

(DM) interactions between the spins S of the infinite cluster and

the finite clusters represented by the Pauli matrices a^. The

effect of coupling between the spin waves (magnons) and the TLS on

the spin-wave propagation can be described by a shift in the

energy and a damping of these excitations. This damping, which

manifests itself as the FMR linewidth, consists of two contribu-

tions: the first one, called the resonant contribution, arises

from the interaction between the clusters mediated by magnons ex-

cited in the infinite cluster by the microwave field and is cha-

racterized by a transverse or fast relaxation time of the clus-

ters, whereas the second one, called the relaxation contribution,

results from a distribution of energy splittings (states) E of the

TLS and activation energies V (or barrier heights across which the

transitions between the TLS are effected by thermal activation)

due to the random nature of the atomic ordering. For the range of

temperatures covered in the present experiments and the microwave

frequency used (9.3 GHz), the resonant contribution to the line-

width is expected to be negligibly small compared to the relaxa-

tion contribution. The energy splittings E of the TLS are assumed

to be a constant function with value n from zero to a cutoff

value E m a x and zero otherwise and the probability distribution of

the activation energies (energy barriers) becomes exponential for

large V,

P(V) = (1/VQ) exp(-V/V0) (4.21)

With the longitudinal relaxation time given by T^ = xQ exp(V/kT)

sech(E/2kT) whenever the conditions uzQ « l and kT/VQ < l are



with the characteristic freezing temperature TQ given by

In Eq. (4.23), u> is the frequency of the magnons in the infinite

cluster that are excited by the rf field, N is the number of

spins in the infinite cluster, x is the inverse of an attempt

frequency and the other symbols have their usual meaning. Combi-

ning Eqs. (4.22) and (4.23), one obtains Eq. (4.19) with n=l and

Eq. (4.22) also reproduces the maxima observed in the linewidth

versus temperature curve at T=TQ. Though this theory can satisfac-

torily explain the increase in FMR linewidth at low temperatures,

it has some obvious limitations. For instance, contrary to the

observation that Eq. (4.19) is obeyed up to temperatures as high

as 2T-,,;,, this expression according to the theory due to Continen-

tino is strictly valid only at very low temperatures, i.e., for

kT/V. « 1. Moreover this theory predicts a large shift in the

linecenter concomitant with increased linewidths, which has not

been observed in many random spin systems. Systematic studies of

frequency dependence in concentrated amorphous spin glass systems

118

(4.22)

(4.23)

(4.24)

satisfied, Continentino [47] arrives at the following expression

for linewidth
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[48] have revealed that 1^ exhibits a "resonant anomaly" as a

function of frequency and for very low frequencies, T]L increases

roughly by a factor of five as contrasted with the theoretical

prediction that P. is frequency-independent. This could imply that

the distribution functions of two-level systems might be more com-

plicated than assumed in the theory due to Continentino. Hence, a

more detailed, microscopic theory of linewidths in these systems

is required.

Another important aspect of the present data is the concen-

tration dependence of the low-temperature linewidth. It is obser-

ved that for Co concentrations greater than 2 at.%, the exponen-

tial increase in linewidth at low temperatures is completely sup-

pressed (Fig. 3.11(c)). This behaviour is indicative of the fact

that reentrant behaviour has been suppressed for higher Co concen-

trations. The effect of partially replacing Fe with Co can be

explained on similar lines as the discussion of spin-wave stiff-

ness coefficient D in Section 4.1.2. It was shown earlier that in

a-Fe9Q+xZr10_x and a-Fe90_yCoyZr10 alloys, the range of direct

exchange interactions in alloys x,y = 0 and 1 is confined to nea-

rest neighbours only due to the presence of competing interactions

whereas for alloys with y in the range 6 s y s 18, the direct

exchange extends to next-nearest neighbours also, indicating

either a suppression or absence of competing interactions. Since

the Fe-Co and Co-Co exchange interactions are ferromagnetic and

stronger than Fe-Fe exchange coupling, the addition of Co suppres-

ses the competing interactions in the frustration zones (Section

1.6) [12] surrounding the clusters and this leads to breaking-up
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of these clusters into smaller clusters. Consequently, as the Co

concentration increases, the number of spins constituting the FM

matrix increases at the expense of those forming the clusters, the

spin system becomes more and more homogeneous and the reentrant

behaviour gets progressively suppressed [49]. One can also find an

interpretation for this in terms of the theory due to Continen-

tino. According to Continentino [47], the energy barrier V arises

from interactions between the cluster and its surroundings taking

place across the zones that separate the cluster proper from its

environment. This energy barrier is a sum over the surface of

contributions random in magnitude and sign, i.e., clusters of all

sizes v. For large clusters, the probability distribution P(V,v)

is a Gaussian with a variance proportional to the number of spins

on the surface of the cluster vx [50], i.e.,

P(V,r) « exp(-aV2/rx) (4.25)

According to the percolation theory for three-dimensional systems

above the percolation threshold [51], the cluster size distribu-

tion, in case of large v, is

C(v) « exp(-bvy) (4.26)

where y takes a value of 2/3. Then the probability distribution of

the barrier heights is given by

(4.27)

which, when evaluated asymptotically for large V, results in an

equation of the form of Eq. (4.21). Thus, it is clear that the
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characteristic temperature T_ is related to the characteristic

barrier height V through the cluster size v and any change in v

is bound to affect V , and hence, TQ. Since the increase in Co

concentration results in reducing the cluster sizes, V and T_

progressively decrease and hence, the reentrant behaviour is

suppressed.



122

SECTION - B

MOSSBAUER EFFECT

4.3. Hyperfine field distributions

The analysis of the Mossbauer spectra of various alloy

compositions (Section 3.10) gives their hyperfine field

distribution curves P(H
nf)> depicted in Figs. 3.19 - 3.23 for

a"Fe90Zri0' a"Fe91Zr9' a-Fe89C°lZri0' a-Fe88C°2Zri0 a n d

a-Fe_.Co,Zr__, respectively. Since all the above-mentioned alloy

compositions with the exception of a-Fe Co Zr exhibit similar

hyperfine field distribution curves, the results for a

representative composition, i.e., a-Fe9QZr10, only will be

discussed in detail. The hyperfine field distribution curves,

P(H^), deduced from the two-pattern (TP) fit analysis, and

P(H^f), deduced from the Window analysis, for a-Fe9()Zr10 shown in

Figs. 3.19(b) and 3.25, demonstrate the existence of a bimodal

structure in P(H. f) for all temperatures below T c since the

presence of a low-field component in them is clearly noticed. This

low-field component, reported previously by a number of workers

[8,10,11,52-55], however, does not manifest itself as a

well-resolved peak as is normally the case with bimodal

distributions, but appears more as a shoulder on the low-field

side of the main peak. In a recent paper, Ryan and Ren [56]

observe a low-field shoulder in P(Hhf) for Feg2Zrg at all

temperatures below Tc, but they dismiss its existence on the

pretext that the statistical fluctuations in the central region of

the M6ssbauer-effect (ME) spectra give rise to this specious
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effect. Statistical fluctuations in the measured spectra manifest

themselves in P(Hhf) only when the number of terms N in the

Fourier expansion used for the evaluation of P(Hnf) greatly

exceeds the optimum value of N (Section 3.8). An unequivocal

evidence for a bimodal P(Hhf) in
 a~Feg0+x

Zrl0-x a l l o v s i s provided

by the bimodal frequency distribution of the spin-echo amplitude

[57] and also by the observation (Section 3.9) that neither a

single-Gaussian nor a three-Gaussian distributions, but only a

two-Gaussian distribution of the p(H
nf) form an adequate

description of the observed ME spectra. This observation regarding

the bimodal character of P(H.f) has also been made in a study on

a-Feg_Zr8 alloy by Morrish et al [58]. It is appropriate at this

stage to invoke the models described in Section 1.6 in order to

describe the behaviour of the hyperfine field distributions. The

transverse-spin freezing (TSF) model of Gabay and Toulouse [59]

cannot account for a bimodal distribution of P(H
nf) as it

basically insists on a microscopically homogeneous nature of

magnetic ordering. Therefore, recourse has to be taken to the

models (Section 1.6) that postulate a spatially segregated

coexistence of finite spin clusters and an infinite ferromagnetic

(FM) matrix [11,12,54] to explain the bimodal P(H h f). Within the

framework of such models, the low- and high-field peaks in P(H. f)

originate from the spin clusters and the FM matrix, respectively.

In view of the finding that a sum of two-Gaussian distributions

adequately describes both P(H™) (Figs. 3.19 (b) -3 .22 (b)) as well

as P(H^f) (Fig. 3.25 in case of a-Fe9QZr10 and the structure with

very low probability observed at weak fields particularly at low

temperatures may be discarded as it is an artifact of the Window
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analysis), the areas under the low- and high-field Gaussian curves

normalized to the total area under the p ( H
h f ) ~ v s ~ H

n f curve give

the fraction of the spins belonging to the clusters [low-field

spin (LFS) fraction] and to the FM matrix [high-field spin (HFS)

fraction], respectively. Since the two-pattern (TP) fits reproduce

the observed spectra with much higher accuracy than the Window

fits (Section 3.9), the TP fits yield more reliable estimates for

the LFS and HFS spin fractions. Fig. 4.12 shows the temperature

dependence of the LFS and HFS fractions for a-FegoZr1(). It is

evident from the figure that the LFS fraction increases at the

expense of the HFS fraction as the temperature is raised beyond T

* 150K and amounts to about 90 % of the total Fe spins at T*TC.

Since either of the models which postulate that the spin system

consists of antiferromagnetic (AFM) spin clusters and FM matrix

(AFM-FM) or FM spin clusters and FM matrix (FM-FM) (Section 1.6)

is capable of explaining the bimodality in P(H.f), it is

imperative to find out which of these yields a variation of LFS

and HFS with temperature that is consistent with the.one borne out

by the present experiments. In the AFM-FM model, the spin clusters

are Fe-rich regions in which Fe spins are antiferromagnetically

coupled as in fee r-Fe. Then the LFS fraction is expected to

remain essentially constant for temperatures well below the

cluster Neel temperature (TN«70K for y-Fe) and decrease at an

increasingly faster rate when the temperature is raised well above

T N because the spins within the clusters would get completely

disordered for T>TN (T^ «T™) and get easily polarized by the

spins belonging to the FM matrix. The corresponding changes that

should occur in P(Hhf) as the temperature is increased through TN,



Fig. 4.12. Temperature dependence of normalized area under the

low-field Gaussian curve, "low-field spin fraction"

[Window (A); two-Gaussian (o)] and under the high-field

Gaussian curve, "high-field spin fraction" [Window (•);

two-Gaussian (•)].



are that the low-field Gaussian peak should narrow down and its

peak position shift to lower fields as T-»TN such that the area

under this peak, i.e., the LFS fraction, remains essentially

unaltered in the initial stages of this process and then rapidly

broadens out at temperatures well above TN. As a consequence, the

two peaks in P(H,f) should become better resolved as T-»TN

(considering the fact that the position of the high-field peak

hardly changes in this temperature range) and the low-field peak

should appear more as a shoulder to the main high-field peak for

temperatures well above T..- None of these trends is observed

either in the P(Hhf) [Figs. 3.19(b) and 3.25] or in the LFS

fraction-vs-T curve (Fig. 4.12). Read et al [11] calculate the LFS

fraction from the zero-Doppler velocity Mossbauer absorption,

A (T) , thermal scan data. At very low temperatures (T«T *70K), the

spins constituting the AFM clusters and those forming the FM

matrix are expected to be in a magnetically ordered state, whereas

for T>T\. (e.g., T=80K), the cluster spins get disordered and give

rise to a paramagnetic absorption at such temperatures, while the

FM spins continue to remain in the ordered state. At T>T , all Fe

atoms are paramagnetic so that the ratio [A (80K) - AQ(300K)] /

A_(300K) should correspond to the LFS fraction. The value of this

ratio calculated from the zero-velocity absorption (ZVA) data,

shown in Fig. 4.13, comes out to be «« 0.19. A comparison of this

value with the estimate 0.30 given by the TP analysis (Fig. 4.12)

underlines the futility of the approach adopted by Read et al

[11]. Also from the ZVA data shown in Fig. 4.13, it is clear that

the value of the LFS fraction deduced from such data crucially

depends on the value of T» assumed (a coincidence between the Neel

12L



Fig. 4.13. Zero-velocity Mossbauer absorption data plotted against

temperature for a-Fe9()Zr10, a-Fe91Zrg and ^'^Q^^YQ

alloys. The arrows Indicate the values of T .
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temperature for AFM clusters and y-Fe could be fortuitous),

particularly when TM > 150K, and greater the value of TM compared

to this temperature, lower the LFS fraction and larger the

discrepancy between the values of the LFS fraction obtained from

ZVA data and TP analysis. Further, the AFM-FM model yields a

variation of the LFS fraction with temperature that is in direct

contradiction with the one depicted in Fig, 4.12 and cannot

account for the fact that the positions of the low-field and

high-field Gaussian peaks both decrease in direct proportion to

the applied magnetic field [52,58,60]. By contrast, the FM-FM

model correctly predicts the variation of the LFS and HFS

fractions with temperature in that the exchange interaction

between the spins in the FM matrix weakens as T-»Tp while the FM

coupling between the spins within the clusters is still quite

strong due to the higher T for the clusters so that the cluster

spins polarize an increased number of spins originally belonging

to the FM matrix and grow in size at the expense of the FM matrix.

The results of the FMR measurements on the same alloy series

(Section 3.1 - 3.6) and earlier work [6,23,61,62] lend further

support to this interpretation. From Fig. 4.12, it is observed

that for temperatures in the immediate vicinity of T , only about

10% of the total Fe spins in a-Fe Zr1Q constitute the FM matrix.

This result is consistent with the observation, based on FMR

measurements in the critical region (Section 4.1) [6], that only

<*11% of the total Fe spins actually participate in the FM-PM phase

transition. Recognizing that the Curie temperature for the FM

clusters greatly exceeds the bulk Tc and that the relaxation time

of the clusters, T C 1, is much larger than the >7Fe Mossbauer
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measurement time, x <* h/F « 10 s, where F is the resonance

linewidth of the M6ssbauer transition, at all temperatures ranging

from 4.2K to T«*T_, the observation that the bimodal structure in

P(H. f) persists to temperatures as high as T is in consonance

with SANS evidence [17] for huge (200-400A) static clusters which

do not disorder at T_ and also with the existence of giant

"superparamagnetic-like" clusters for temperatures well above Tp,

as inferred from earlier BM [4,53,63] and Mossbauer [60,64]

results. Contrary to this behaviour, a paramagnetic contribution

to Mossbauer spectra is expected for T>T.., which lies well below

Tc, in terms of the AFM-FM model.

More drastic effects are noticed in the P(H. f) at low tempe-

ratures as a function of Co concentration in a-Fe Co Zr..

alloys. For the alloys with y in the range 0 s y s 2, the P (**/£)

at 80K is bimodal for T < Tc, comprising two Gaussian peaks, as

described earlier. When the Co concentration is increased beyond

y=4, the low-field component is completely suppressed (Fig. 4.14).

This behaviour is in consonance with the FMR result (Section 4.2)

that FMR linewidth increases exponentially at low temperatures for

alloys with y*2 and this exponential increase gets suppressed for

alloys with y*4. Hence, a strong evidence exists for the supp-

ression of the reentrant behaviour for y*4. The effect of partial

replacement of Fe with Co in the parent alloy a-Feg Zr can be

gauged by an inspection of the concentration dependence of the

low-field Gaussian peak in Fig. 4.14. It is observed that the area

under this peak progressively gets reduced with increase in Co

concentration, implying that the number of spins in the FM clus-



Fig. 4.14. Concentration dependence of PfH^) at 80K, showing the

suppression of the low-field peak with increasing Co

concentration.
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ters is being reduced, or that the clusters are getting smaller

and smaller in size. This can come about only when the addition of

Co suppresses the competing interactions in the frustration zones

surrounding the cluster, as suggested earlier, leading to a disin-

tegration of these clusters into smaller ones.

4.4. Hyperfine fields

The average hyperfine field deduced from the TP analysis is

denoted by H ™ and the peak positions of the two-Gaussian distri-

butions corresponding to the peak values of the low-field and

high-field components of P(Hn£) are identified with the average

hyperfine fields for the clusters and the FM matrix, respectively,

and denoted by H ^ and H™. H^ is the average hyperfine field

obtained from the Window analysis. The variation of the reduced

average hyperfine fields Hh£, H™, H ™ and H ^ with temperature

has been analyzed in terms of the following expressions,

for single-particle excitations.

Fig. 4.15 shows the quantities [Hhf(T)/Hhf(0)] and

[Hhf(T)/Hhf(0)]
2 plotted against T 3 / 2 and T2, respectively, for

the various above-mentioned reduced average hyperfine fields for

a-Fe9QZr10. For comparison, the spontaneous magnetization data

(4.28)

(4.29)

for spin-wave excitations, and



Fig. 4.15. Reduced average hyperfine fields, h(T) « H ^ ( T ) / Hhf ( 0 )•

and reduced magnetization m(T) • M(T)/M(0) plotted

against T 3 / 2, and the plots of m2(T) and h2(T) versus

T . The curves drawn through the data points denote the

best least-squares fits attempted in different tempera-

ture ranges based on Eqs. (4.28) and (4.29).
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M(O,T) obtained through an extrapolation of the M 1 / 0 vs. (H/M)1/r

isotherms [65] is plotted in the same format as the hyper fine

fields. It is observed that the Hh£ (T) /Hh£ (0) [H^(T)/ H™(0),

H™(T)/H™(0)] data can be successfully fitted to Eq. (4.28) in

two different temperature regions, i.e., in 0 < T < 0.21Tc with

the choice of parameters M(0) = 1000(1) [1001(4), 1000(3)] G, D(0)

= 24(2) [22(2), 25.5(20)] mevA2, and D2<*0, and within 0.17Tc < T <

0.92Tc with M(0) = 1000(3) [1000(3), 1000(3)] G, D(0) = 29(2)

[28(2), 31(2)] mevA2, and D2 = [2.36(110)]xlO~
6 {[2.3(11)]xlO~6,

[2.1(11)]xio"6} K"2, respectively, in case of a-Fe90Zr1(). Even

though in the temperature range 0.3 3T < T < 0.75T-,, Eq. (4.29)

could also form a reasonable description of the various reduced

average hyperfine fields, Eq. (4.28) provides a decidedly better

fit to the data. It must be noted, however, that both the

expressions mentioned above fail to describe the variation of H ^

with temperature.

The above analysis of the temperature dependence of the ave-

rage hyperfine fields yields the following results : (i) spin-wave

excitations are mainly responsible for Hh£(T), H^(T) and H™(T)

in the range T < 0.2T- where these quantities as well as M(0,T)

deduced from BM data [12,65] yield the same value, D(0) <* 24

mevA , for the spin-wave stiffness coefficient; (ii) over a wide

range of intermediate temperatures (0.2T < T < 0.9T-) D(0) pos-

sesses a higher value (D(0)=*32 mevA ) and (iii) the hyperfine

fields mentioned above do not follow the temperature dependence of

spontaneous magnetization M(0fT) obtained through an extrapolation

of the M 1 ^ vs. (H/M)1/y isotherms, as is normally expected. To



elucidate the last point further, it is found that these fields

mimic the temperature dependence of spontaneous magnetization,

M' (0,T), that is extracted from the ^in-field' magnetization, as

shown in Fig. 4.16. In this figure, Hh£(T), HhJ
HF(T) (peak value

of the high-field Gaussian component of P(H^f)), H^(T) , H™(T)

and H^(T) are compared with M(O,T) and M' (0,T) , where M(O,T) is

explained above and M' (0,T) is the spontaneous magnetization data

generated using the optimum parameter values [M(0,0) = 1006G, D(0)

= 32 mevA2, D = 1.5xlO~6 K~2 and S = l.lxio"6 K~2] corresponding

to the best least-sguares fit to the "in-field" magnetization

M(H,T) data in the expression [65]

M' (O,T)/M(O,O) = [gnBe(3/2)/M(O,O)j K [kBT/4nD(0)(1-D2T
2)]3/2

+ ST2 (4.30)

It is well-known [12] that the thermoremanent and thermoxnagnetic

effects as well as local-spin-density fluctuations, which arise

from the corrections to the Stoner model, are completely suppres-

sed by fields H > 5kOe and hence, M'(0,T) data, unlike the M(0,T)

data, do not make any allowance for the local-spin-density fluctu-

ations as well as for the softening of the spin-wave modes for T <

0.2T-,. Thus the shaded region in Fig. 4.16 depicts the contribu-

tion to thermal demagnetization due to fluctuations in local mag-

netization. In view of this remark, the observation that the tem-

perature dependence of H^, H^J, and H ™ coincides only with

M'(0,T) but not with M(0,T) , far from implying a wide disparity

between the results of the local (Mossbauer) and bulk (magnetiza-

tion) measurements, brings into focus the inadequacy of the Window

and TP methods to describe the ME spectra for a spin system in
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Fig. 4.16. Temperature dependence of the average hyperfine fields

"hf (D)' "hf (-)' t h e m o s t Probable hyperfine fields H ^

(o), H^" (•), H™ F(H and of the spontaneous magnetiza-

tion M(0,T) (small dashed curve), M'(0,T) (continuous

curve). The dashed curve drawn through the open circled

data points represents the least-squares fit to the

H^(T) data based on Eqs. (4.31) and (4.32) with the

choice of parameters given in the text.
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which the relaxation effects, arising from the JocaJ-spin-density

(and hence local hyperfine field) fluctuations, are important.

This limitation of the above methods stems from their underlying

assumption that the spin correlation time x « x, the Mdssbauer

lifetime, or, in other words, in the time scales of the order x,

the hyperfine field and its distribution are assumed to be static.

Therefore, a more rigorous analysis of the ME spectra recorded on

the alloys in question, in which x is expected to be comparable

to x, than that attempted hitherto should include the effects of

lineshape originating not only from a distribution of hyperfine

fields caused primarily by the structural fluctuations in these

noncrystalline materials but also from the fluctuations in the

hyperfine fields. Due to the lack of a proper underlying theoreti-

cal framework such an analysis has not been undertaken at present.

In this connection, it should be mentioned that a stochastic model

[66], which calculates the ME lineshape in the presence of a fixed

axially symmetric electric-field gradient (EFG) and a magnetic

hyperfine field which fluctuates randomly between the limits +h

and -h and is directed either along or perpendicular to the axis

of the EFG, has been successfully used by Rancourt et al [67] to

describe the ME spectra in crystalline Fe-Ni Invar alloys. An

attempt has been recently made by Ren and Ryan [68] to extend this

model to amorphous systems and they too arrive at the above-

mentioned contention that relaxation contributions to the ME

spectra are important.

It has been reported earlier [60] that there is a break in

slope in the temperature dependence of Hhf(T) at a characteristic
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temperature, Tf, which depends on the composition, in

a~Fe9O+x
Zrio-x alloys. This temperature was identified with the

reentrant spin glass transition temperature below which an abrupt

increase in H.f(T) occurs and the alloys enter into a reentrant

spin glass-like state. Some workers [69], however, do not observe

such an abrupt rise in H.f(T) at T~ and attribute this to the fact

that T, is too close to To for the composition a-FeQ_ZrQ. In the

present study, the density of data points in the low temperature

region (5K < T < 80K) is not adequate enough to unambiguously dis-

cern such an abrupt increase in H.f(T). Nevertheless, given the

earlier observation that Hf~(T) can be fitted over two temperature

ranges, one ranging from 4.2K to 0.21Tc with D(0)=24.0 mevA
2 and

the other spanning temperatures from 0.17T to 0.92Tc with

D(0)=29.0 mevA2, in a H™(T)/H™(0)- vs-T3^2 plot, shows that

there are deviations at low temperatures.

As mentioned earlier in the text, Hn^(T) follows a unconven-

tional behaviour. It is observed from Fig. 4.18 that H ^ differs

markedly from M' (0,T) and its temperature dependence resembles

that of the hyperfine fields of Mn impurities in an Fe host [70],

Following a theoretical approach similar to that of Callen, Hone

and Heeger [71] and of Wolfram and Hall [72], the weak coupling

between the finite FM spin clusters and the infinite FM matrix may

be approximated by a molecular (exchange) field acting on the spin

clusters (impurities) due to the spins in the FM matrix (host)

with the result that the reduced hyperfine field H^(T)/H^(0) is

given by

(4.31)
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with

where B is the Brillouin function corresponding to the spin S of

the clusters, [M' (0,T)/M(0,0) ] is the reduced magnetization of the

FM matrix, X is the molecular-field coupling parameter, and H is
6X

the exchange (molecular) field experienced by the spin clusters on

account of the FM matrix spins. An attempt to fit Eq. (4.31) to

the H^i(T)/H^(0) data using a non-linear least-squares-fit compu-

ter program which treats X as a free-fitting parameter reveals

that Eq. (4.31) (represented in Fig. 4.16 by the dashed curve) is

obtained only when the temperature dependence of X takes the form

where the parameters a , /9 , and TQ take on the values a =1.32(3),

/30=1.80(8) and TQ=150(5)K for a-Fe9QZr10. The stretched exponen-

tial form of A(T) is suggestive of the hierarchical nature of the

exchange interaction between the spins contained within the clus-

ters and those forming the FM matrix, and TQ is a "characteristic"

temperature beyond which the cluster-matrix exchange coupling

picks up in strength at a more rapid rate. Such a situation may be

visualized if there exist clusters within clusters such that with

temperature increasing from 4.2K, first the spins belonging to the

largest cluster and then those constituting the smaller and smal-

and

(4.32)



ler clusters are exposed to the exchange field of the FM matrix

spins. In such a picture, TQ marks a temperature above which an

increasing number of smaller clusters "feel" the presence of the

FM matrix and grow in size at the expense of the FM matrix. This

interpretation is consistent with that given to the increase in

the LFS fraction with temperature in Section 4.3.

In a measurement involving various compositions in an alloy

series or for amorphous alloys of a similar kind, it is customary

to compare the average value of the hyperfine field, Hnf, with the

magnetic moment obtained from bulk magnetization measurements as a

function of composition in order to find out whether or not there

exists a quantitative relationship between H. , and the magnetic

moment, and if so, examine the implications about the relative

importance of the different contributions to the H. f. According to

the phenomenological model commonly used to analyze the H h f data

in transition metals, there are two main contributions to H. ,, one

of which is proportional to the local on-site moment and the

other, to the surrounding moments [73]:
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The local term Hh°.
c (= A^L) accounts for the polarization of the

inner-shell (core) electrons by the localized 3-d electron spins,

and the second term H^f (= Bu) arises on account of the

polarization of the conduction-electron spins by the moments on

the surrounding atoms. Instead of following the customary approach

mentioned above to estimate the coefficients A and B in Eq.

(4.33)
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(4.33), these values are determined in the present case from the

Hhf(T)-vs-MFe(T) plot (where MFe(T) is calculated from the M'(0,T)

data) shown in Fig. 4.17. The dashed straight line passing through

the origin in this figure corresponds to the coupling constant B <*

155 kOe/nn found in a-Fe. From this figure, it is noticed that theo

coefficient B has nearly the same value for the average hyperfine

fields, H™(£), Hh£(£) and \UfM, in a-Fe9QZr10 as for \f(u) in

a-Fe, but the former sets of data yield a finite intercept on the

ordinate. In view of a finite value of H. °c, the usual practice

[10,69] of using the conversion factor 150 kOe/jiB (valid for a-Fe)

for calculating the iron moment from the observed H. f for

a~Fe90+xZr10-x alloys or sometimes for other Fe-based amorphous

alloys can lead to erroneous results. This can be explained by

taking the case of a-Fe at 4.2K for which H^°c = -200 kOe, H^f «

-14 5 kOe [73] and the moment at each site is the same so that JJ =

M = 2.212nB, the slope B' (=A+B) « 156 kOe/nB, and Hhf(jx=O) = 0.

Contrasted with this behaviour, H^°C = 22(6) [-14(4)] and H^f -

156(5)SFe [155(5)CFe] in units of kOe for H ™ [H™ or H^] in

a-Feg()Zr10 with £Fe=1.53jiB at 4.2K, and the moment in this alloy

differs from site to site due to topological disorder. From the

above comparison, it is seen that Hh°.
c is one order of magnitude

smaller while H. f is about 1.6 times larger in a-Fe Zr Q than in

a-Fe. Therefore, the agreement in the values of the slope B for

a-Feg()Zr10 and a-Fe is deceptive. Consequently, the moment values

computed from H,f using the above conversion factor [10,64,69]

cannot be considered as reliable and the discrepancy between the

moment values so calculated and those directly measured used as an

argument [10,69] for the existence of noncollinear magnetic



Fig. 4.17. Average hyperf ine field, H, {., as a function of average

magnetic moment on the Fe atom, Ji^^.
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structure in the ground state should be regarded with great

caution. In this context, it is important to note that the

estimate of *0.7n_ for the moment corresponding to the low-field

B

peak in P(Hhf) , calculated [8,10,57,64] from the value of H ^ at

4.2K following the above procedure and generally taken as evidence

for the presence of y-Fe regions in the amorphous FM matrix, does

not make any sense in the light of the present finding that Ĥ J;

does not scale with £F . Moreover, the phenomenological model

based on Eq. (4.33) is expected to find limited application so far

as the systems in which local magnetization fluctuations govern

the thermal demagnetization are concerned.

At this stage, it is relevant to point out that ME spectro-

scopy has also been used earlier to determine the critical expo-

nent /3 for spontaneous magnetization [74-77]. This technique makes

use of the existence of a linear relationship between the hyper-

fine field Hhf(T) and Mg(T) in the critical region. In analogy

with Eq. (4.3) of Section A (FMR), the relation

Hnf(T)/Hhf(0) = roo(-c)*, c<0 (4.34)

is used to deduce |9 from the measured H.,(T). However, the

reliability of the values for £ obtained by this method,

particularly for amorphous ferromagnets, is in doubt since the

accuracy in the hyperfine field measurements required for a

precise determination of /3 can at best be obtained only for the

spectra taken at reduced temperatures |e| > 0.04, i.e., for

temperatures just outside the critical region. The problem that

lies at the root of this observation is that ME spectra for
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amorphous ferromagnets in the temperature range Icl < 0.04 are

poorly resolved due to progressive smearing of the already

broadened linewidths caused by the increasing width of the

hyperfine field distribution as T-»TC. Therefore, reliable values

of H. f(T) cannot be obtained for Icl < 0.04, making the asymptotic

critical region inaccessible to this technique. Hence, no attempt

has been made in the present study to use the ME technique to

study the critical behaviour.

The variation of the hyperfine fields with Co concentration

y is shown in Fig. 4.18(a). Such a comparison between samples of

different Co concentrations would be meaningful when it is made at

the same T/Tc value. Hence the figure shows H ™ and H ™ as func-

tions of y at T*0.6Tc. It is observed that both H ™ and H^£ inc-

rease rapidly up to y=2 and then reach a plateau for y=6. This

increase in hyperfine field can be mainly attributed to the inc-

rease in the polarization of the conduction-electron spins by the

enhanced moment on the surrounding Fe atoms in the Co containing

alloys. Assuming that the moment on the Co site does not change

from the value of 1.53/iB for Cog()Zr10, rapid increase in the ave-

rage moment per alloy atom in a-Fe9Q Co Zr alloys for y< 4 (cf.

Fig. 3.15)) reflects a strong increase in Ji . The difference bet-

ween H ^ and H ™ is initially large but narrows down with increa-

sing Co concentration. This can be also explained on the basis of

the discussion on the bimodal hyperfine field distribution and its

suppression in the preceding section. It is obvious that the dif-

ference in H*|l and H ™ for y < 2 is caused by the presence of the

low-field component in p(H
nf)

 d u e to large clusters. For y > 2,



Fig. 4.18. Concentration dependence of the Mossbauer parameters,

(a) average hyperfine fields, fij^ (o) and H ^ , ( D ) , (b)

isomer shift, and (c) Intensity ratio, at 0.4Tc.
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the large clusters disintegrate into smaller clusters leading to

the suppression of the low-field peak in P(Hnf) and hence the dif-

ference between fi7£ and H£J becomes less with increasing y.

4.5. Isomer shift

The temperature dependence of the average isomer shift 8 for

a-Fe Zr relative to a-Fe at 300K, shown in Figs. 3.26(b) and

3.27(b) deduced from the Window and TP analysis, respectively,

reveals that while 6H(T) and 6FM(T) remain constant at *-0.09(l)

mm.s'1 and <*-0.l43(21) mm.s"1 for T < 150K and increase roughly

linearly with temperature for higher temperatures, 6CL(T)

-0.045(17) mm.s'1 throughout the temperature range 5K * T s 240K.

As described in Section 2.8.1, the temperature-dependent contribu-

tion to the isomer shift is caused by the second-order Doppler

(SOD) shift, whose slope is a linear function of temperature with

a value given by -3kB/2Mc. For ° Fe, this slope has a value

-7.2xio"4 mni.s'V1. For a-Fe9QZr10, the least-squares fits in the

temperature range 140K < T < 240K (140K < T < 220K) yield the

value a6FM(T)/3T = 7.4(3)xlO~4 mm.s^K"1 [d8u(T)/dT = 7.4(3)*10~4

mm.s^K'1]. The slope turns out to be positive since the absorber

is at a lower temperature relative to the source for temperatures

up to 240K. A close agreement between the experimental and theore-

tical values of 86(T)/dT indicates that the linear increase of

6(T) for T > 150K is due to the SOD shift.

In Fig. 4.18(b), 6FM(0.6Tc) is plotted against Co concentra-

tion. 6™ is found to increase linearly with Co concentration
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implying thereby that with increasing Co concentration the scree-

ning of s-electrons due to d-electrons increases so that the pro-

bability density of s-electrons at the Fe nucleus is progressively

reduced.

4.6. Linevidth

Mbssbauer linewidths rW(T) , rFM(T) and rCL(T) for

a-Fe9()Zr10, displayed in Figs. 3.26(c) and 3.27(c), demonstrate

that rw has a temperature-independent value of 0.365(4 5) mm.s'1

within the temperature region 5K < T < 240K as contrasted with VF¥

and TCL which remain constant at rFM - 0.378(12) mm.s"1 and TCL =

0.45(5) mm.s"1 for T > 200K, exhibit a steep fall above this tem-

perature, and approach the intrinsic linewidth of the Fe source as

T^TC- The discrepancy between the results of the Window and TP

fitting methods for T > 200K is not genuine since it is known that

the Window method does not yield reliable results for temperatures

close to T-, A rapid decline in the value of r as T-Tc is gene-

rally attributed to the narrowing down of the distribution of mag-

netic moments [78] (and hence of hyperfine fields) with increasing

temperature due to long-range correlations between individual mag-

netic moments. This interpretation is, however, strictly valid

only when the distribution of hyperfine fields is the sole cause

of broadening and in that case T(T) « Hhf(T). A perusal of Figs.

3.26(a) and 3.26(c) and Figs. 3.27(a) and 3.27(c) shows that such

a direct correlation between T(T) and Hhf(T) does not exist parti-

cularly for T < 200K where T(T) is roughly constant while Hhf(T)

continues to increase as the temperature is lowered below 200K. It

has already been mentioned in Section 4.4 that the
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local-spin-density fluctuations significantly contribute to ther-

mal demagnetization over a wide range of temperatures including

those in the close proximity to T c and hence, the above comparison

between T(T) and H.f(T) points to the inherent limitation of the

TP and Window methods in that none of them incorporates the rela-

xation contribution to F and H^f(T). Practically no change in F

with Co concentration in a~Fe9o-vCovZr10 a l l o v s could be discerned

within the uncertainty limits.

4.7. Intensity ratio and magnetic moment alignment

The intensity ratio b, by virtue of its definition (Sec-

tion 2.8.5)

b = 4sin2tf/(l + cos2tf) (4.34)

in terms of the angle tf between the y-ray and local magnetic

hyperfine field (or local magnetic moment) directions, provides

useful information about the local-spin arrangement. According to

Eq. (4.34), b = 2 for a perfectly random alignment of the local

moments (spin glass order) whereas b assumes the limiting values 0

and 4 when all the moments are aligned parallel (tf=0°) and perpen-

dicular (tf=90°) to the y-ray direction, respectively. The average

intensity ratio b therefore reflects the average orientation of

the moments, which, in turn, can be represented by an alternative

form of Eq. (4.34), i.e.,

<cos2tf> = (4-b)/(4+b) or <sin2t» = 2b/(4+b) (4.35)

where <> denotes the average over the distribution of angle i>. The

temperature dependence of the average intensity ratios bw, bFM and
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bCL for a-Fe90Zr10, shown in Figs. 3.26(d) and 3.27(d), demonstra-

tes that bH(T) conforms very well with bFM(T) in that both of them

exhibit a sharp fall for T < 1.5TR£, a very weak or no variation

(within error limits) with temperature in the intermediate range

50K < T < 200K and a steep rise for T>200K, as contrasted with a

roughly constant value of bCL = 1.55(10) for T < 150K, and a rapid

increase in bCL(T) for T>150K. When <tf> is calculated from Eqs.

(4.34) and (4.35) for different intensity ratios, it turns out

that the mean angle <tfFM> corresponding to bFM (or bw) increases

from 59° to 61° as bFM decreases from 2.5 to 2.3 in the tempera-

ture range 50K < T < 200K. The calculated values of <tfFM> indicate

that, on average, the moments point 30 out of the sample plane

presumably due to the competition between the magnetic anisotropy

and the shape anisotropy; the former anisotropy field tends to

orient the moments away from the sample plane while the latter one

tries to constrain them within the sample plane. A rapid decline

in the value of bFM or bw for T < 1.5T-,-, is, therefore, a manifes-

tation of a steep increase in the strength of the local random

anisotropy (LRA) fields [12] which develop at the interface bet-

ween the frozen FM clusters and the FM matrix, as the temperature

is lowered below T R £ and the freezing process progressively cur-

tails the freedom of the spin clusters around their random mean

orientations. These LRA fields may, in turn, be responsible for

the slight canting of spins within the FM matrix and thereby re-

sult in the softening of spin-wave modes. The fact that bFM-»2 at

T=5K should not be interpreted as a transition to a pure (cluster)

spin-glass state or alternatively, termed as a complete destruc-

tion of the long-range ferromagnetic order due to the imposition
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of a large LRA field on the FM matrix by the clusters frozen in

random orientations. This is so because, (i) the spontaneous mo-

ment does not go to zero as T-»5K [12,65], (ii) value of bCL is

quite different from 2.0, and (iii) for temperatures as low as

4.2K, b has values close to 2.0 for Fe-rich amorphous Fe
1Oo-x

Bx

alloys, which do not exhibit reentrant behaviour at any tempera-

ture. The existence of a mixed state for T<TOT:, is also corrobora-
KJb

ted by the persistence of a well-defined domain structure down to

4.2K [79] for a - F e
9 0 + x

Z r
1 0 _ x alloys. The value of b

CL, which stays

constant at 1.55(10) from T«150K down to the lowest temperature

(in sharp contrast to the variation of bFM) , when substituted in

Eq. (4.35) yields the result <tfCL> - 48(2)°. While <tfCL> « 45°

implies that the "out-of-plane" magnetic anisotropy energy and the

demagnetizing energy are nearly of the same magnitude for the spin

clusters, the temperature-independent nature of bCL for T < 150K

suggests that the freezing of the spin clusters in random orienta-

tions starts at a temperature well above T but < 150K. A sudden

increase in bCL(T) for T > 150K as well as in bFM(T) for T>200K

towards b=4.0 reflects the dominance of the shape anisotropy as a

result of a drastic reduction in the magnetic anisotropy for tem-

peratures close to T .

The intensity ratio is found to increase with Co concentra-

tion as shown in Fig. 4.18(c). The figure shows the variation of

bFM(0.6Tc) with y and it is observed that after an initial steep

increase from 2.4 for y=0 to 2.9 for y=l, it settles down at a

value of 3.2 for y=6. This indicates that the shape anisotropy

dominates as other anisotropy contributions weaken with increasing

Co concentration.
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SUMMARY AND CONCLUSIONS

Detailed ferromagnetic resonance (FMR) and "zero-field"

Mossbauer effect (ME) measurements have been performed on amor-

phous (a-) a-Fe90+xZr1CHx (0 * x *1) and Fe90_yCoyZr10 (0 s y s

18 and y=90) alloys over a wide ranges of temperatures from 5K to

500K.

The FMR results have shown that, for alloys in question,

there exist two distinct resonances, which manifest themselves in

specific temperature regimes. For temperatures T < T_, the spectra

consist of a single primary resonance which shifts to higher

fields and broadens out as temperature is raised. At T <* Tc, a

secondary resonance appears at a lower field value which gets

well-resolved for temperatures T > Tc+10K.

The critical exponents /3 and y have been determined to a

reasonably high accuracy using the FMR technique, and, contrary to

earlier findings, they are found to be independent of the alloy

composition and possess 3D Heisenberg-like values, thus implying

that the transition at TQ is well-defined and quenched disorder

does not alter the critical behaviour of the pure spin system with

specific heat critical exponent a <0, in accordance with the well-

known Harris criterion. The fraction, c, of spins actually parti-

cipating in the ferromagnetic (FM) to paramagnetic (PM) phase

transition is very small (c <* 11%) in a"Fe
90+x

Zrl0-x a n d i n c r e a s e s

with Co concentration to «30% for y=10 in a-Fe9Q Co Zr1Q alloys.
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While the dominant contribution to thermal demagnetization

is from spin-wave excitations, additional contribution from sin-

gle-particle excitations may not be ruled out. Spin wave stiffness

coefficient renormalizes with temperature in accordance with the

predictions of the itinerant-electron model. Competing interac-

tions in *-Fe9(HxZr10_x and a-Fe90_yCoyZr10 (0 s y s 2) alloys

confine the range of direct exchange interactions to nearest

neighbours only, and the replacement of Fe with Co results in the

suppression of competing interactions and the range of direct

exchange interactions now extends to next-nearest neighbours also.

The temperature dependence of FMR linewidths can be descri-

bed by the relation, AH (T) - AHn(T) + AHTT_(T) over the interme-
PP U 1 il ILJ

diate temperatures and the critical region. While AHLLG is the

Gilbert relaxation term, AH_ has its origin in the two- or multi-

magnon scattering mechanism and has the form AHQ(T) = HQ + aMg(T)

+ bM (T) . AH_ approaches a constant value • HQ in the critical

region where the terms involving Mg are negligibly small. The

Landau-Lifshitz-Gilbert damping parameter A is temperature-

independent, and decreases with increasing Co concentration in the

case of a-Fe9Q_ Co Zr1Q alloys. The Lande splitting factor g is

also temperature-independent but has a concentration-independent

value of 2.07±0.02. At low temperatures (10K s T s 80K) the FMR

linewidth for a-Fe9Q+xZr10_x and a-Fe90_yCoyZr10 alloys with y s 2

increases exponentially according to the empirical relation, T(T)

= r + r. (T/TQ)
n exp(-T/TQ), and for Co concentrations exceeding

y=4 only a slight increase in linewidth occurs with lowering of

temperature indicating progressive suppression of the reentrant
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behaviour.

Temperature and angular (at T<*0.6Tc) dependences of the FMR

resonance fields for the primary resonance have shown that the

uniaxial anisotropy field, H. , scales with M and increases with

Co concentration. The origin of H^ presumably lies in the pseudo-

dipolar atomic pair ordering mechanism, as in other ferromagnetic

amorphous alloys. By contrast, H^ « 0 for the secondary resonance.

A detailed analysis of ME measurements on a-Fe Zrio- a n d

a-Fe9Q Co Zr1Q alloys with y=s2 shows that the hyperfine field

distribution in these alloys at all temperatures < T_ is bimodal,

comprising low- and high-field components. This finding contra-

dicts the claims made earlier that this bimodality is an artifact

of the fitting procedures used. The temperature dependence of

these components, which have their origin in the infinite FM

matrix-plus- finite spin clusters picture, show that the bulk of

the spins (90% for a-Fe9QZr Q) are in the clusters at T*TC, thus

leaving only a small fraction (<*10% for a-FegoZr1()) of them in the

FM matrix to participate in the FM-PM transition, in consonance

with the FMR results. A bimodal hyperfine field is a characteris-

tic aspect of the reentrant behaviour. The low-field component

(Gaussian) of the hyperfine field distribution is completely supp-

ressed for Co concentrations greater than 4. Consistent with the

FMR results, this observation indicates a total suppression of the

reentrant behaviour for y>4 in a-Fe9Q Co Zr1Q alloys.

The spin freezing process does not begin at any specific
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temperature T__ but this process proceeds gradually over a wide

range of temperatures starting from *3TD_, down to the lowest tern-
K£

perature. The spontaneous magnetization does not go to zero at any

temperature below T R £ and there exists a "mixed" phase (ferromag-

netic order plus cluster spin-glass order) for T<T_,r,, For tempera-

RE

tures below «*1.5TRE, the softening of spin waves takes place.

The usual practice of comparing the moment values computed

from H_f using the conversion factor of 150 kOe/MR (valid for

a-Fe) with those directly measured must be taken with great cau-

tion. The argument used by some authors to attribute the low-field

peak in the hyperfine field distribution to the presence of y-Fe

regions in the FM matrix is incorrect.

The temperature dependence of the average hyperfine fields

H. f(T) exposes the limitation of the existing methods of Mossbauer

data analysis in that they do not take into account the relaxation

contributions arising from the local-spin-density fluctuations

(and hence from hyperfine field fluctuations), which are dominant

over a wide range of intermediate temperatures in Fe-rich

a-Fe90_yCoyZr10 alloys.

Of all the existing theories the finite FM clusters and

infinite FM matrix model offers the most plausible explanation for

all the diverse aspects of the FMR and ME results.
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Scope for further work

There is a lot of scope for further research work in

a~Fe90+xZr10-x and a-FegQ Co Zr1Q alloys. FMR measurements in the

present investigation have been limited to fields of «*10kOe. Avai-

lability of higher magnetic fields would help to study the spin

wave resonances and the surface magnons. Frequency-dependent FMR

studies, especially at lower frequencies, would throw more light

on the origin of AHQ, the frequency-independent part of the line-

width.

In-field Mossbauer is also a very useful tool. The disappea-

rance of the 2 and 5 lines of the Mossbauer spectrum in such a

measurement when the external magnetic field of sufficient

strength so as to saturate longitudinal ferromagnetic order app-

lied above a characteristic temperature T and their subsequent
xy

appearance on cooling through T been used as an argument for the
xy

validity of the transverse-spin freezing (TSF) model. If this

model were correct then the temperature T at which the 2 and 5

ME lines appear should not change when the sample is cooled
through T at different but fixed values of applied fields that

xy
exceed the field H* required to saturate the sample for T>T and

xy

should not depend on whether the field is applied during the hea-

ting or cooling cycle. It would be most interesting to verify this

aspect since according to the finite spin clusters and infinite FM

matrix model, this temperature would depend on the value of the

applied field for H>K* and also on the thermomagnetic of the

sample.
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The methods presently used to analyze the ME spectra in

amorphous alloys do not take into account the relaxation effects

arising from local spin-density fluctuations and hence hyperfine

field fluctuations. A theoretical framework which incorporates

such relaxation effects into the analysis is called for.
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