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CHAPTER



1.1 I ntroduction

Magnetic properties of anorphous alloys have been, in the
recent years, a subject of intense experinental and theoretical
interest. In the initial stages, scientific interest in such non-
crystalline systens was nainly aroused by the attractive technol o-
gi cal prospects that these alloys were supposed to offer. A conp-
lete success in the realization of the envisaged technological
applications has, in turn, triggered off intensive research acti-
vity regarding the fundamental properties of anorphous alloys.
Wien viewed in retrospect, a study of the magnetic properties of
anor phous naterials was, initially, not given serious considera-
tion due to the belief that nagnetic ordering and structural dis-
order are inconpatible with each other. The possible existence of
anor phous ferromagneti smwas first explored theoretically by Guba-
nov [1], who predicted that anorphous solids would be ferronmagne-
tic on the grounds that the electronic band structure of crystal-
line solids does not change in any fundanental way upon transition
to the liguid or anorphous state (inplying thereby that the band
structure is basically controlled by the short-range order).
Ferromagneti sm which is sustained by the direct exchange inter-
actions between the nearest-neighbour spins, should, therefore,
not be destroyed in the correspondi ng anorphous solid. The predic-
tions of @ubanov were experimentally verified only after the first
anor phous all oy, stable at roomtenperature, was prepared by Duwez
and coworkers [2] by rapid-quenching of the nmelt. O particular

significance was the work of Duwez and Lin [3] on I|iquid-quenched
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anor phous Fe-P-C all oy, which exhibited properties |ike high satu-
ration magnetization, low coercive field, high Curie tenperature
and good stability at room tenperature against crystallization.
Since then, a huge anount of data on the fundanental as well as
applied properties of anorphous alloys has accurmulated and their
physical inplications have forned the subject of several books and
review articles [4-10]. A conplete bibliography about anorphous
magneti sm and magnetic materials has been conpiled by Ferchmin and

Kobe [11,12].

1.2. classification, Preparation and Characterization of

Anor phous al | oys

Anmorphous alloys or netallic glasses, as they are nore
commonly known, have been grouped according to the nature of their
constituent atons. For instance, the transition netal-netalloid
(TM-M) gl asses consisting of 3d transition netals (Fe, Co, N ) and
netalloids (B C P, Si) formthe first group. Qher groups com
bine an early transition netal (Fe, Co, N) with a late transition
metal (zZr, Hf, Ti) . Yet another group of alloys is forned out of
the sinple metals thenmselves or rare-earths wth transition
metals. These alloys cannot be forned in the anorphous state over
the entire concentration range but within the concentration
regines which are narrow and generally centered around the deep
eutectic points in the alloy phase diagrans. The width of the con-
centration range over which a particular alloy series can be for-
med in the anorphous state al so depends on the type of preparation

t echni que used.



There exist a nunber of techniques for the preparation of
anor phous alloys. Mst of them fall into two main categories:
mel t - quenchi ng and deposition techniques. Mel t - quenchi ng net hods
include, (i) splat-cooling, (ii) roller-quenching, (iii) spark-
erosion and (iv) laser glazing [13-18]. Fabrication of anorphous
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].
QG her |ess popular, but occasionally used techniques, are electro-
deposition [21], ion-inplantation [22] and solid-state reac-

tion [23].

Metal lic glasses are characterized through a study of their
structural, physical, chemcal or other properties. The sinplest
way of determning whether the atomc structure conforms to the
anorphous state or not is to take an X-ray diffraction pattern.
The diffraction pattern of an anorphous solid typically consists
of diffuse rings or a broad peak at low 26 values in a diffraction
scan. But it is inpossible to detect crystallites of size less
than 15-20A by diffraction nethods. Consequently, it is not
possible at once to distinguish between a mcrocrystalline struc-
ture and a honogeneous random distribution of atons on the basis
of diffraction patterns alone. A nore refined X-ray technique,
called Extended X-ray Absorption Fine Structure (ExAFS), has been
devel oped to probe the local atomc structure of glassy alloys
[24]. EXAFS is the oscillatory modul ation of the absorption coef-

ficient on the high energy side of X-ray absorption edge of a con-



stituent atom in a system. Another extrenmely 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
i ncoherent 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 atomc pair correlation
function, while incoherent neutron scattering probes the localized
vibration and atomc diffusion. Local structural infornation can
also be inferred from resonance of atomc nuclei in anorphous
solids neasured by NVR or Mdssbauer spectroscopy. These techni ques
are nore sensitive to variations in the local environment than

met hods which yield only partial distribution functions.

The chem cal conposition of netallic glass can be anal yzed
by using different techniques. Atom c absorption spectroscopy, X-
ray fluorescence, el ectron microprobe anal ysis, Auger spectroscopy
and secondary-ion mass spectroscopy are some of the techniques

used for this purpose.

1.3. Atomic Structure

1.3.1. Structural nodels

A nunber of theoretical nodels have been proposed to des-
cribe the atom c arrangenent in anorphous all oys,

Bernal [25] introduced the idea of dense random packi ng of



hard spheres (DRPHS) to simulate the structure of nono-atonic
liquid metals. There is a random distribution of atoms such that
only weak correl ations exist between spheres separated by five

or nore sphere dianmeters. This work was followed up by Scott [26]
and Finney [27], who concluded that the maxi mum density of a hard
sphere non-crystalline packing was 0.6366 t 0.0004. Wwith 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 nbdel was not entirely successful as
no real anorphous alloy can be thought of as an experimental rea-
lization of the hard-sphere nodel or consisting of only one

speci es of atons.

Subsequent nodel s inprovised on the DRPHS nodel by consider-
ing realistic softer potentials and by observing the structural
changes when two (or nore) components and their chem stry are con-
sidered. One such nodel 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 conpared to the tetra-
hedral structures of Bernal. This type of chemcal ordering is at
the expense of packing constraints like large cavities. These
constraints are then manipulated by conputer-relaxing the whole
assenbly. Gaskell successfully applied this nodel to a-PdgSi

20
and related T™-M all oys.

Besi des these nodels, several other nodels [29,30,31] have

been put forward which involve conputer 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 atonmic periodicity, a localized pic-
ture in terns of short-range correlations and distributions is
nore appropriate. The nicroscopic structural quantity that can be
directly deternmined fromthe scattering experinents is the atomc
pair distribution function. But many properties cannot be descri -
bed by the pair distribution function alone as they are either
dependent on nore collective correlations or on the |ocal environ-
ments of each atom This necessitates definition of a chemcal
short range order in terns of the pair distribution function. In
nost glassy alloys, on a local scale, the chemcal conposition is
different from the nacroscopic average and this deviation is
called Chemcal or Conpositional 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-

nei ghbour conposition from the average. For a binary system (A-B),

t he Warren-Cowley short-range order paraneter, a , is defined as
Z z
AB BA
@ =1 - —= =] - —= [
P <z>CB <z>CA

where Zpp (2g,) denotes the nunber of B (A) atonms in the nearest-

nei ghbour coordination of an A (B) atom c¢. (c,) is the concentra-
A D



tion of A (B atons, and <z> is the average coordinati on number.

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

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

, 1 3 2 A B
Pap (D) = —1 Z 5(2-2,4) (e} e5/c,Cy) (1.2)
1)

where C, ¢ denote the atomic concentration, N is the total num
ber of atons, r. . is the separation between the atoms occupying
the sites i and j and c.=| (c.=l) if the atomat the site i (j) is
A (B) and O otherwi se. For an isotropic anmorphous solid with iden-
tical atons, this function can be described in terns of a radial
distribution function (RDF), which describes the nunber of atons
in a spherical shell of radius r and thickness dr around sone
chosen atom as origin averaged by taking each atom in turn as

origin, i.e.,
RDF(r) - 4nr2p(r) (1.3

This is an oscillatory function with a parabolic baseline. Hence,
this function can be nore conveniently described in terns of a
reduced radi al distributionfunction,

Gr) - 4Trrp(r) - p (1.4

o)

where P, is the average atomic density. r) has a sharp but in-

tense peak at the average nearest-nei ghbour atomic spacing besides
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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 coordinati on nunber.

There is another kind of short-range order (SRO which
depends on the degree of randommess of the structure. This is nore
applicable to single elenmentary glasses which are free from the
effects of CSRO This SROis called topol ogical short range order
(TSRO). Ceonetrical distortions that are independent of topology
are al so possible. Therefore, the SROthat characterizes the |ocal
structure of an elenentary glass may be called Geonetrical short
range order (GSRO), which includes both TSRO and distortional

short range order (DSRO.

The local topology of the structure nay be described in
terns of the Voronoi polyhedra [33]. The Voronoi polyhedron is the
equi valent of the Wgner-Seitz cell in crystalline solids. It is
defined by planes which bisect the lines drawn between the center

atom and its nei ghbours.

2.3.3. Types of Disorder

Anor phous structure is generally regarded as that lacking in
long-range periodic order, i.e., the correlations between the
atonms are lost conpletely beyond a few atom c spacings. The vari -
ous types of disorder that result have a direct bearing on the

magnetic properties of these alloys. Sone of these types of disor-
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Fig. 1.1. Reduced radial distribution function G(r) for a typical
anor phous al | oy.



der are described bel ow.

(a) Bond disorder:

Fig. 1.2(a) shows a perfect two-dinensional 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. |.2(b)). The network, however, still remains

topol ogi cally equivalent to a crystal.

(b) Topological di sorder;

Fig. 1.2(c) shows a nuch stronger disruption of periodicity
called topological disorder. Rings with different nunbers of atons
randomy distributed anmong 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
topol ogi cal disorder includes bond disorder but such a disordered

network cannot be distorted back into a crystal.

(c) Chemi cal disorder:

The conplexity of the structure can be increased by consi-
dering a binary AB alloy (Fig. 1.2(d)). Chenmical disorder can be
induced by altering and swapping the positions of atoms A and B,
wi t hout 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 |engths of the chemcally ordered (Fig. 1.2(d)) and
disordered (Fig. 1.2(e)) lattices can be altered to result in bond

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



Bond Bond Topological
order disorder disorder

MONOATOMIC
LATTICES
a. b. C.
Chemical %
order /
BINARY d. e f
LATTICES

Chemical
disorder

Fig. 1.2. Types of disorder on two-dinensional monoatomic and
binary lattices.
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di sorder, conditions of topological disorder can be imposed on
each of these two bond disordered lattices to result in Figs.

1.2(h) & (i), respectively.

Chenmical disorder with topological disorder in the binary
alloy system A B can give rise to interesting magnetic phases
depending on the type of atons A and B and their concentration. If
A is a magnetic atomand x - 0 while atom B is of a non-magnetic
species, A B alloy then consists of a dilute nmagnetic inpurity
in an otherwi se non-magnetic host. Wen x is increased beyond a
certain specific limt, called the percolation threshold, the dil-
ute alloy can be transformed into a nagnetically concentrated one,

whi ch can support |ong-range ferromagnetic order.

1.4. Influence of disorder on magnetic properties

1.4.1. Density of states

A major influence of structural and chem cal disorder is on
the symmetry and density of electronic states at the Ferm energy,
Ep. The dom nant contribution of the density of states at E comes
from regions of Ferm surface in which the wave functions have
strong d-character. For pure anorphous transition netals, 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 nost anorphous
materials are alloys of transition metals wth glass-forming

netalloids or with other netals, one mght wonder as to how nuch
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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 fromd electrons in tran-
sition-netal base anorphous alloys. Therefore, one can safely
assune that the nain contribution to the magnetismin these alloys

cones fromthe electrons of the d-band.
1.4.2. Magnetic nonment

The variation of magnetic nonent, u, and Curie tenperature,

T., for anorphous alloys as a function of transition nmetal content

CI
was first reported by Mizoguchi et al [35], who plotted u and T,
as functions of the nunber of valence electrons for anorphous

TgoB1oP10 (T=Fe,Co,Ni) thin filnms. |t was observed that both u and

T lie consistently lower than those of crystalline transition
metal alloys of the same conposition. The variations in p were
explained on the basis of the rigid band nmodel [36], which is
based on the assunption that the d-bands do not alter on alloying
and a transfer of charge fromnetalloid atons to the d band takes
pl ace. However, the rigid band nodel represents an oversimplifi-
cation as anple experimental evidence exists to show that the
addition of metalloids changes the structure of the d-band and
does not nerely transfer charge. Alben et al [37] came out with an
alternative explanation and suggested that the noment suppression
is a result of a loss of d character by the nmagnetic states
because of their participation in local chemcal bonding with the

metalloid species terned as p-d hybridization.
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1.4.3. Exchange interactions and Curi e tenperature

The dominant nagnetic interactions in transition netals are
the direct exchange interactions resulting from the overlap of
wavefunctions Of nearest-neighbour atons. This is phenomenologi-
cally represented by the isotropic Heisenberg interaction for a

pair of localized spins as

ﬂij = - ZJijgi'gj (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 mechani sns |ike superexchange via |igands
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 alloys where
direct exchange cannot operate and it is an oscillatory function
of r, the interatomc distance. Al these interactions depend sen-
sitively on the distance between the interacting spins. Fig (1l.3)
shows a schenmatic variation of exchange coupling J as a function
of distance between spins in the 3d-shell for 3d transition
metals. Adirect inference fromFig. 1.3 is that a distribution in
interatomc distances in an anorphous alloy can lead to a distri-
bution of exchange interactions. In spite of the distribution of
exchange interactions in anorphous ferromagnetic alloys, they
usual ly exhibit a well-defined CQurie tenperature, T.. For anor-

C

phous alloys, T.is a smooth function of the alloy conposition in



+ aFe Co

YFe %D
Mn

Cr

Fig. 1.3. Schenmtic variation of exchange coupling as a function
of distance between the spins in the 3d shells in 3d

transition netals.
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Fig. 1.4, Curie tenperature as a function of the valence electron
concentration N of the metallic atom for some typical

anor phous alloys of 3d transition nmetals [35].
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the entire range, as shown in Fig. (1.4). It is observed that
Curie tenperatures of anorphous 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 ani sotropy

Another inportant magnetic property that is influenced by
di sorder is the magnetic anisotropy. Amorphous alloys do not pos-
sess long-range order and hence are nornally considered to be iso-
tropic on a macroscopic scale. As a result, the nagnetization vec-
tor is supposed to point in all directions with equal probability.
However, nost anorphous alloys exhibit nagnetic anisotropy. Seve-
ral nechani sns [38] have been proposed for this anisotropic beha-
viour and magnetic anisotropy reflects the existence of short-

range order in these all oys.

1.4.5. Tenperature dependence of magneti zation

The coexistence curves, i.e., the plot of reduced magnetiza-
tion M(T)/M(0) versus reduced tenperature T/ of anorphous ferro-
magnets generally fall below those of their crystalline counter-
parts. Handrich [39] assuned a distribution of exchange integrals
(resulting from the structural fluctuations) in anorphous alloys

and arrived at the following equation for reduced magnetization
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m(T) = M_(T)/M_(0) = 3 {Bs[(l*ﬁ)x] ! BS[(I—A)X)} (1.6)

wher e B, isthe Brillouin function, x = [3Sm (5+1)] (To/T) and Ais

a neasure of degree of disorder.

, <z AJij f AT >
22 = — (1.7)
<J, .>
1]
Ji4 = iy ATy (1.8)
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 3. . from

the average val ue <3;5> 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-nei ghbour spins.
Though much of the reduced magnetization data for anorphous alloys
have been interpreted in terns of this nodel [40], alben et al
[41] point out that since simlar flattening effects are observed
in disordered crystalline alloys [42], local chemcal 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 + Dg? + qu4.. .y
has been confirmed by inelastic neutron scattering neasurenents
[43] on anorphous alloys. Correspondingly, nagnetization at |ow

tenperatures varies with tenperature as
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M_(T)/M_(0) =1 - Br3/2 - crd/2 - (1.9)

The coefficient of the T3/2 term B, was found to be five to ten
times larger than in conparable crystalline alloys. This is under-
stood to be a consequence of the chem cal disorder. Kaneyoshi [44]
contends that while exchange fluctuations alone can describe the
nmagneti zati on behavi our of rare-earth-based anorphous alloys, 3d
transition-netal -based alloys behave quite differently with tenpe-
rature, in that they exhibit faster thermal denagnetization than
that predicted by Handrich's nodel. This is due to the fact that
inthe 3d transition netal alloys, where the nonent is nore easily
perturbed by its environment, both the variations in noment nmagni -
tude as well as the exchange fluctuations play a decisive part in

determining mT).

In many anorphous systens, particularly in those exhibiting
Invar behaviour, the spin-wave stiffness constant D determ ned
from neutron scattering neasurenents, D, is found to be larger
than that (D) calculated fromnagnetization data [45]. This dis-
crepancy between the val ues of D, and D,/ has been attributed to
the total neglect of the contribution to thernal demagnetization
due to Stoner single-particle excitations [46] while analyzing the
magneti zation data. For weak itinerant ferromagnets, both the
single-particle and spin wave excitations contribute to the dec-
rease of nagnetization with increasing tenperature but the contri-
bution due to the former type of excitations domi nates over that

arising fromthe latter type. For weak itinerant ferromagnets, the
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single-particle contribution varies with temperature as

M(T)/M(0) = 1 - AT? - ... (1.10)

1.5. Concentration regines

The various magnetic phases that come into existence as the
magnetic inpurity concentration in a diamagnetic host is progres-

sively increased are briefly described in the follow ng text.
1.5.1. Dilute systens

The subject of dilute transition metal alloys has been a
wel | -studi ed one. The non-interacting 3d magnetic inpurities dis-
solved in a non-nagnetic host are classified under the general
headi ng of Kondo (effect) alloys. In these systens, the appearance
of magnetic nmoment on the 3d inpurity is the result of a bal ance
between two processes: intra-atomc interactions concerning mainly
d electrons, and interaction of the inpurity states with the con-
duction (itinerant) electrons of the host. The interactions bet-
ween the nagnetic inpurities can induce, within the dilute limit,
a random nmagnetic state terned as a spin glass. A spin glass can
be nmore clearly defined as a random nixed-interacting magnetic
system characterized by a random yet cooperative, freezing of
spins at a well-defined tenperature T, bel ow which a highly irre-
versi bl e, metastable frozen state occurs without the usual |ong
range spatial order. The nagnetic inpurities interact with each

3

ot her through RKKY interaction which has a 1i/r” dependence, where
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r is the distance between inpurities. RKKY interaction is oscilla-
tory in nature and hence the alignment of the two inpurity spins
may be parallel or anti-parallel depending on r. This gives rise
to conpeting ferromagneti c and antiferromagnetic interactions. The
conbi nati on of spatial randomess induced by dilution plus conple-
ting interactions give rise to frustration, which is the basic
ingredient for a spin-glass type of ordering. The main experinen-
tal characteristics of spin glasses include: (i) a cusp in the ac
susceptibility versus tenperature curve at the freezing tempera-
ture T.; the shape of the cusp as well as T, are sensitive to nea-
suring freguency and dc applied field, (ii) thermomagnetic history
effects occuring at tenperatures close to, but below, T, e.g.,
di spl aced hysteresis |oops, decay with time of the remanence, and
(iii) for certain low concentration range of inpurities, all the
rel evant physical paraneters characterizing the spin glass state

scale with concentration.

1.5.2. Internediate concentrationregine

Wien the magnetic inpurity concentration is continuously
i ncreased, a magnetic alloy undergoes a series of transitions from
one conpl ex nmagnetic ordering regime to the other. First, there is
an increased statistical probability of the magnetic inpurity
being the first or second nearest-neighbour to another inpurity.
Since the 3d electron wave-function has a finite spatial extent,
the interatomc wavefunctions overlap and a direct exchange

results. A short-range exchange interaction, depending on its
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sign, can couple neighbouring inpurity spins parallel or anti-
parallel. Thus, magnetic clusters are formed as a result of con-
centration fluctuations in a randomalloy. These magnetic clusters
then freeze in random orientations below a certain tenperature to
forma cluster spin glass. Wen the inpurity concentration is inc-
reased further, two or nore nagnetic clusters coalesce to forma
bi gger cluster and hence the clusters grow in size. This concen-
tration regine is terned as mictomagnetic [47]. As the inpurity
concentration is increased beyond the m ctomagnetic limt, a situ-
ation is reached where each magnetic site has at |east one wagne-
tic nearest-nei ghbour and a macroscopi ¢ connection or uninterrup-
ted chain fromone end of sanple to the other is established. The
critical inpurity 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 becormes finite. The alloys with conposition just
above the percolation threshold (or critical concentration) have
attracted considerable attention both fromtheoretical and experi-
mental points of view during the past couple of decades because
they exhibit very unusual magnetic properties at |ow tenperatures.
These phenonmena have come to be known better as the ‘reentrant’
ferromagneti sm or reentrant spin-glass. These alloys undergo a
phase transition from paramagnetic (PM to ferromagnetic (FV
state as the tenperature is reduced and against further |owering
of tenperature the FM state becones 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 tenperature called the reentrant tenperature, Tggs. @and
ot her magnetic effects such as the onset of magnetic viscosity and

hi story dependent effects at T Many anor phous al | oys have been

RSG’
identified which exhibit reentrant behaviour and their magnetic
phase diagrans determ ned. Such a phase diagram for a typical re-
entrant alloy is shown in Fig. (1.5). The critical |ines between
the PMFM FMSG and PMSG intersecting at a multi-critical point
(MP) are deternined 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 different

experinental techniques and the results of these investigations

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

1.5.3. Concentrated systens

As the concentration of transition metal is increased well
above the percolation threshold, a conventional ferromaynetic
ordering results. This is due to the dom nance of direct exchange
interactions over indirect and conpeting exchange interactions.
However, the onset of long range order in anorphous alloys is in-
horogeneous in character, presumably due to the fluctuations in
the coordination nunber and interatomc spacings. Al the pheno-
nmena exhibited by dilute and ‘slightly concentrated’ (interme-
di ate-concentration) alloys |ike Kondo effect, spin glass, reent-
rant ferromagneti sm etc., conpletely disappear in this concentra-

tion reginme.
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1.6. Theoretical nodels for different kinds of magnetic order

A nunber of theoretical nodels have been proposed to des-
cribe the nature of spin-glass order. These nodels try to describe
the phenorena that set-in at the characteristic spin freezing tem

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

£

propose a nodel to describe the transition at T They postul ated

£
the existence of a ground state where each spin freezes in a pre-
ferred direction that is randomy oriented and different at every
site. In order to describe transition to the above ground state at
Te, it is necessary to define some order paraneter. In all ordi-
nary phase transitions, there not only exists a |ong-range order
whi ch does not depend on tine (i.e., ergodic behaviour), but also
an ordinary spatial order paraneter, which is absent in spin
gl asses. Hence, as spin glasses do not possess |ong-range order in
space, EA introduced a long-range order in tine, i.e., a local

autocorrel ation function in tine, defined as

q = *l;lim (<5, (£=0)S, (t=t")>] (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 g is finite for T<T, and is zero for
T>T, when the systemis in the paramagnetic state. Thus, the non-
vani shing val ue of the local autocorrelation function in time dif-
ferentiates a spin glass phase fromthe paramagnetic state and the

t hernodynam cs of the spin glass phase crucially depends on the
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temperature variation of g. EA considered the Hamiltonian

w=-Y% iy §i-§j -y BB, (1.12)
ij i
which is relevant to classical spins on sites i and j interacting

via the exchange interaction J.. and H is a local 1tield. J..

occur wWith probabilities

P35 = ﬁ-}_i—n exp (3% 5/287) (1.13)
The free energy of the spin system is calculated by evaluating the
partition function Z, or nore precisely the free energy (-kT 1n2).
That is, InZ has to be averaged over a random distribution of
J. .'s, or nore sinply, average z", where n is an integer. To do
this, EAresorted to the famus ‘replica trick’ in which n identi-
cal systens sil), S£2)'—S§n)’ specified by s; are i ntroduced.
The formal structure which is obtained involves a coupling between
the different "replicas" a and in particular, coupling between two
replicas « and g can be interpreted as representing the system at
two different tinmes 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 follow ng expression

for the susceptibility, x,
X = xp(l - q) (1.14)

where X =C/T is the paranagentic susceptibility. Since g=0 for

T>Tg but is finite for T<T X obeys the Curie law for T>1_. and

b f
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deviates from it for T<T giving rise to a kink in the suscepti-

bility at T=T,.

Sherrington and Kirkpatrick (SK) [49] proposed a variant of
the EA nodel in which the mean-field theory should be exact and
whi ch accounts for the reentrant behaviour at |ow tenperatures.
The mean field theory of ferromagnetism becones exact in the limt
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 Awhich is centred about a finite value J ,
i.e.,

2

P(J..) = (N/2m) Y/ (l/A)exp[—N{Jij - (JO/N))2/2A2] (115

344
SK used the replica nmethod and calculated the free energy exactly
for all identical systems n and then, taking the thermdynam c
limt N- «, extrapolated to n+0. The results achi eved were al nost
identical to those of the EA nmodel. Fig. (1.6) shows the phase
diagram for the SK solution. For 1 = J /B =1.2J, the system
under goes a phase change from a paranagnetic to a ferronmagnetic to
a‘reentrant’ spin glass phase as the tenperature is reduced. But
the SK nodel gives unphysical results for T+o : the entropy beco-
mes negative, the free energy has a maximum and ground state
energy is too low Al so, an exact solution does not have a reen-

trant spin glass phase.
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The presuned exact phase diagram of the SK nodel with
H=0. F is a ferromagnetic .phase with replica symmetry
breaking (irreversiblility) and is separated from F
(where the SK solution is exact) by the de Al neida and

Thoul ess line [49].
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An alternative method for the solution of the SK nodel was
suggested by Thoul ess, Anderson and Pal mer (TAP) [50] who avoi ded
the replica trick. In the replica nethod, disorder is averaged
right away to obtain an effective Hamltonian. TAP first deter-
mned the local nean-field equations for the site magnetizations
for a given set of bonds and then performed the thermal average
followed by averaging over disorder. This mnodel renoves all the
apparent shortcomngs of the SK nodel, but permts a |arge nunber
of solutions which possess a range of free energies, those wth

| onest energies being stable and others, metastable.

A thorough analysis of the SK solution by de A nmeida and
Thoul ess (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
nodi fi ed phase diagramof the SK nodel, Fig. (1.7). The AT line is
the boundary between the ¥M phase and the nodified ferromagnetic
(FM’') phase. Above the AT line, the SK solution is stable and
exact, but belowthis line, the solution is unstable. The sol ution
bel ow the AT line is due to Parisi [52] who postulated that there
is a breakdown of the pernutation symretry of the replicas. A fur-
ther interesting developrent cane in the form of the infinite-
range vector spin glass nodel of Gabay and Toul ouse (GI) [53]. In
the (T, J ) phase diagram two nmixed phases are introduced [Fig.

(1.8)]. The mxed phase M, is characterized by the coexistence of

1
a ferromagnetic order in the z-direction (longitudinal direction)

and a spin-glass ordering, corresponding to frozen transverse (Xxy-
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) conponents of the spins. The transition line between the FM and
M phases is the Gabay-Toulouse (GI) |ine. The nixed phase M has
the sane coexisting phases as in M and in addition, involves the

spont aneous breaking of replica symetry.

Al the above nodels are based on the assunption that mag-
netic order is created by random exchange only. Hence, they neg-
lect the effects of random ani sotropy. Another totally independent
basi ¢ approach is to assune that magnetic order is created by ran-
dom axial anisotropy in the presence of ferromagnetic exchange.
The Hamiltonian for this nodel, due to Harris et al [54], has the

form

Hom-F J55 88 - 2 D; (A8 ° - L 9upS;,H (1. 14)

wher e n, is a randomy-oriented easy direction at site i, D the
ani sotropi ¢ crystal-field paraneter and Hthe external magnetic
field. If the nagnitude of the random ani sotropy is |arge conpared
to the exchange, the local anisotropy fields orient the spins
along their anisotropy axes, whose random orientation gives rise
to a nagnetically disordered state terned as the speromagnetic
state. In the presence of external nagnetic field, the above
Ham I tonian gives an ordered state, with a net nagnetization in
the z-direction, but with individual spins canted away from this
direction by anmounts determned by the | ocal anisotropy axes. Such
an ordered state is ternmed as the asperomagnetic [55] state. In
the strong anisotropy limt, random fields and anisotropies des-

troy long-range ferronmagnetic order eventhough the exchange favo-
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urs such an order. In the absence of external magnetic field, the
| ocal 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 transforns
into a ferromagnetic state which still has some anount of disor-
der. Such a state has been given the name "wandering-axis ferro-
magnet" [57]. The CSG state has zero net nagnetization and at
smal |l 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 conpletely
ordered, since the random ani sotropy causes the local direction of

magneti zation to wander slightly over a few atom c spaci ngs.

Apart from these random exchange and random anisotropy
nodel s, there are several phenonenol ogi cal nodel s based on cluster
percol ation. A cluster is formed when, for a given group of spins,
the short range exchange energies are nuch larger than the disor-
dering effect of the tenperature, kpT- In order to present a phy-
sical interpretation of the essential phenonena of sone archtypal
spin gl asses, Mdosh [58] proposed that as the tenperature is
| onered from T>>T,, the spin freezing tenperature, nany of the
randomy positioned and freely rotating spins get locally correl a-
ted and group themselves into clusters. The spins wthin these
clusters may be ferromagnetically coupled so as to result in a

superparamagnetic nonent. The renaining spins, the ones that do

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

£
various spin conponents 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 |ower energy state in which the
clusters lock thenselves along a favourable set of randomy
aligned axes. Strongly interacting clusters give rise to a broade-
ning in the distribution of relaxation tines. The formation of the
| ower 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 noment. As a consequence, the |arger
clusters freeze earlier and finally at T=T, even the the small est
finite clusters and the individual spins freeze in randomin ori-
entations. The finite clusters retain their identity but no |onger
respond to an external field since they are enbedded in the matrix
of randomy frozen individual spins. Palmer et al [59] and Sarkis-
sian [60] show that the Kohlrausch anomal ous rel axation |aw des-
cribes the dynamcs of the clusters for tenperatures above and
below T.. In this nodel, Kohlrausch relaxation, which is of a
stretched exponential form is the result of hierarchical dynamc
constraints over many energy barriers associated with the cluster
Si ze distribution, i.e., the smaller fast clusters constrain the
| arge slow clusters over nany tine scales. Hence, clusters of dif-

ferent sizes freeze at different tenperatures.

Coles et al [61] postulate, in a nodel for alloys with com
position just above the percolation limt, that finite magnetic

clusters coexist with an infinite cluster and contain a |arger
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proportion of the iron moments. These finite clusters respond
relatively freely to external fields at tenperatures immediately
bel ow the Curie tenperature T_ of the infinite cluster, but freeze

like a spin glass at a lower tenperature T..

Kaul [62] considered the spin systemfor Tt to be conposed
of an infinite three-dinensional ferronagnetic (FM network or
matrix and finite spin clusters that are enbedded in this matrix
(Fg. 1.9). In this nodel, 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 conbined action of sizable
quenched-in local stresses and |arge volume magnetostriction) of
exchange bonds around the boundary of the clusters. Only those
spins that constitute the FMnmatrix participate in the transition
at T_- whereas the finite spin clusters are responsible for the su-
perparamagnetic-like behavi or at T>>T,. As the tenperature is dec-
reased well below T., there is another tenmperature, T,., below
which the finite spin clusters are frozen in random orientations
and coexist with the FMmatrix. The spin freezing process is not
abrupt but proceeds slowy extending over a wi de tenperature range

fromtenperatures well above T-_ to T,.. Hence, below T,_., there
Kb KE RE

is a mxed state, in which long-range ferronagnetic order coexists

with the spin glass order.

1.7. A mand scope of the thesis

A nunber of anorphous alloys have been shown to exhibit re-



Fig. 1.9. The infinite ferronmagnetic matrix plus finite ferronag-
netic clusters nmodel [62,87].
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entrant spin glass behavior. But nost of the existing theoretica
nodel s [48-57] do not adequately reproduce the experinentally ob-
served phenonena. The basic mechanism of reentrant behavior is
still unclear and the diverse findings based on various investiga-
tions have conplicated the situation further

For instance, despite the fact that the anorphous Fe-rich
Fe-Zr alloy system has been the subject of intense experinental
investigation during the recent years, the nagnetic properties of
this alloy system form a subject of much debate and controversy.
The magnetic phase diagram [63-67] for anorphous Fegy,, 2r, ..
all oys 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 (PVM) state to the "ferromagnetic-like" (FM) sState at
the Qurie tenperature, T,, followed, at a lower tenperature, T..,
by another transition fromthe FMto the mxed phases M, and M
[53] for concentrations in the range 0 s x = 3. It is the exact
nature of these phases that is a natter of debate as different
experinmental groups have reported conflicting results. First, the
FM phase has found two nain but contradictory descriptions based
on different experinental findings. On the one hand, the follow ng
observations have been made: (i) a low value of saturation Fe ato-
mc nonment; (ii) a broad hyperfine field distribution with finite
probability even at zero fields [66-71] for T<T ; (iii) magnetic
broadening in the Mssbauer spectra for tenperatures well above T
[66-67]; (iv) values of critical exponents considerably |arger
than those theoretically ©predicted for an ordered three-

di nensi onal nearest-nei ghbour isotropic Heisenberg ferromagnet,
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which either satisfy [72] or do not satisfy [73] the Wdom scaling
relation; and (v) the finite (= 27 A) spin-spin correlation length
€ at T=T, indicated by small-angle neutron scattering data [74] on
a-Feg, 7r,. The observations (i)-(v) have been taken to inply that
the alloys in question behave either as "Wandering-axis ferromag-
nets", in which the spin structure is locally ferromagnetic
[66,67] with snmall 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 (i.e., in no case does a |long-range ferromagnetic order
devel ops at any tenperature and the transition at T is not a

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

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

and presence of a superposed static nagnetic field [76-78] as well
as the recent bul k magnetization, M, data [78,79] taken in a nar-
row tenperature range around T denmonstrate that the transition at
T , nmarked 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 tenperatures below T, has a |ong-range character

c

as inferred fromthe demagnetization-linited behaviour of both x

ac

and MT) in external dc fields < 10 G for T < Te-

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

phase bel ow TRE is also not clearly understood. The changes in
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various physical paranmeters, which characterize the behaviour of
the spin system as a function of tenperature consequent upon a
transition to the reentrant state have been basically understood
fromthree divergent points of view The first approach [66, 80-83]
considers the reentrant phase as a mxed phase in which the (long-
range) ferronagnetic order along the z-direction coexists with the
spin glass order in the xy-direction, following the transverse
spin freezing (TSF) nodel of Gabay and Toul ouse (Section 1.6). In
this picture the appearance of 2 and 5 lines in the ‘finite-field’
Mdssbauer spectrum corresponding to the Am =0 nucl ear transitions
bel ow a certain tenperature T = T, when the sanple is cool ed
t hr ough TXy is an external magnetic field intense enough to nearly
saturate the sanple (so that the Am =0 transitions are conpletely
suppressed for T>Txy) at tenperatures above 'I;(y and applied paral-
lel to the y-ray direction (z-direction) is taken to inply that
the transverse (xy) conponents of |ocal nagnetization at different

sites freeze in randomorientations in the xy-plane at T=T while
Xy
the longitudinal (z) conponents 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 orient a-
tions. The onset of irreversibility [85] in the lowfield 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 ‘zero-
field-cooled’ magnetization for T < T._ [85,86] can be satisfac-

torily accounted for in this nodel by properly correcting for
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self-demagnetizing effects in the presence of exponentially incre-
asing coercivity (caused by pinning of donmain walls by the frozen
AFM spin clusters in the ferromagnetic matrix) and the associated
magneti c hardness (nmagnetic anisotropy energy) on cooling through
TRE* The third mnodel [62,77,78,87-88] postulates that the spin
systens for T = T conprises an infinite 3D ferromagnetic (FNV
network or matrix and finite spin clusters (conposed of a set of
ferromagnetically coupled spins) which are frozen in random direc-
tions and enbedded in the FM matrix. Though all the three nodels
agree in that the reentrant state is a mxed state (a state in
which long-range ferronagnetic order coexists with spin glass
order), the underlying mechanism varies from nodel to nodel. For
instance, in the TSF nodel, the longitudinal and transverse spin
conponents coexist at every site and hence the spin systemis per-
fectly honmogeneous even on the nicroscopic scale. Such a picture
woul d-be in sharp contrast with the spatial segregation of finite
spin clusters and FMnmatrix in the other two nodels. The origin of
this spatial segregation is the concentration fluctuations in case
of the AFM clusters plus FM nmatrix nodel. Concentrations fluctua-
tions inply 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 (M matrix) , in which a given Fe atom
has at least one Zr neighbour. In the third nodel, the spatial
segregation originates from the density fluctuations, which nean
that in these alloys, which are honbgeneous as far as the chemi cal

conposition is concerned, there exist mcroscopic regions of |ow
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density in an otherw se high-density bulk such that the average NN
di stance between Fe atons in these "lowdensity pockets" is appre-
ciably greater than that in the remaining bulk, and as a conse-
quence the ferronagnetic coupling between spins within the finite
clusters (lowdensity regions) is much stronger than that between

the spins in the FMmatrix (high-density bul k).

A systematic study of the magnetic properties of anorphous

F 2r ,_, and Fego_yCoerlo allov series wagindertaken with a

€90+x
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-Fe,,2r,,. The other extrene conposition in the latter alloy

series, i.e., the a-Cog2r, 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 nag-

netic properties of a-F zr, (x=9,10) and a-F Co_2r

€100-x €90-y“°y“T10
(y=0,1,2,4,6,8,10 and 18), using ferromagneti ¢ resonance and Mss-

bauer spectroscopic techniques, are presented. These results

i ncl ude:
i) The tenperature dependence of |inew dth, resonance field and
magnetization.

ii) Angul ar dependence of the resonance field for tenperatures

bel ow and above Te-

iii) Determnation 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

I ntroduction

Ferronagneti c resonance is the resonant absorption of exter-
nal mcrowave radiation in ferromagnetic materials. Wen a spin
(electron), which acts like a magnetic dipole, is placed in an ex-
ternal nmagnetic field of uniform strength H it precesses around
the direction of the nagnetic field. The frequency of the preces-
sion (the Larmor precession frequency) is related to H by

w, =1 H (2.1)
wher e 7=gug/h is the gyromagnetic ratio of the el ectron. Resonant
absorption of energy can occur when this nagnetic dipole is ex-
posed to an external electromagnetic radiation of frequency w =
w , applied perpendicular to H and the resonance condition can be
witten as

hw = gugH (2.2)
Thi s phenomenon is the well-known electron spin resonance (ESR
which occurs in substances with unpaired electron spins and in
whi ch the nonents are non-interacting. In the case of ferronagne-
tic substances the situation is quite different fromthat of non-
interacting spins as in paramagnetics. The phenonenon of ferromag-
netic resonance (FMR), first discovered by Giffiths [1], is the
resonant mcrowave absorption in a system of strongly interacting
spins. This strong exchange interaction leads to a parallel align-
ment of spins which, inturn, 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 Hhas to be replaced by an effec-
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tive field Hoge which, besides H, takes into account the aniso-

tropy fields present in ferronmagneti c materials.

2.2. Theoretical background and |ineshape cal cul ati ons

The first phenomenol ogi cal equation of notion for magneti za-
tion in a ferromagnet in the presence of an external nmagnetic

field Hof the form

g;‘:-us!\m-;—zm\nm (2.3)
s

where the paraneter A characterizes the relaxation rate, is due to
Landau and Lifshitz [2]. As this equation is not entirely correct
at lowfrequencies, Glbert [3] suggested a nodified equation of
notion, i.e.,
A au
g=~1(ﬁ « H) +_;2_(Flwaf) (2.4)
s
The third equation of nmotion for nmagnetization is due to

Bl oenbergen [ 4], who used the Bl och's rel axati on equation

M. . M. . M -M
L S Bt

X
t Ty T, 1

where T and T are the longitudinal and transverse relaxation

times, respectively. Bl oenbergen assuned that

= oo 4

2T

'—]|H
[S]

1
1

= L
[N

(2.6)

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

2
spin relaxation tinme. The Bloch-Bloembergen form unlike the
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Landau-Lifshitz and Glbert fornms of danping, does not conserve
the rmagnitude of magnetization, iM1. The thin-film switchi ng
experinents on ferromagnetic naterials have denonstrated that i#|
is conserved during swtching. Hence, the Bloch-Bloembergen form
of danping does not form a correct description of danping in
ferromagnets. In the small danping limt, the Landau-Lifshitz and
G lbert forms are equivalent and the usage of a particular formis
a matter of convenience or famliarity. Wth the choice of the
relaxation term of Glbert form and neglecting the exchange
conductivity contribution to daMsat for reasons stated |later
(Section 3.1), the appropriate resonance conditions and the Iine-

shape are derived as foll ows.

Consi der an ellipsoidal isotropic ferromagnetic sanple which
is subjected to a honogeneous external static magnetic field H
directed along the z-axis and to a weak alternating nagnetic
field, R(t)=R et (1B(t) I<<iBI) acting in the xy plane. As a
result of the conbined action of these fields, the magnetization
conprises a steady and an alternating conponent, i.e., H= M +n(t)
with #¢t) = m et and IB(t)I<<IM . Assuning that the steady
field is intense enough to saturate the ferronagnetic sanple so
t hat ﬁs and ft point in the same direction, the Glbert form of
equation of nmotion for nagnetization (hereafter referred to as the
LLG equation) is
am

A dM
Ez'”ﬂ’ﬁeff) +:’7 M = 5 (2.7)

where the first termis the torque experienced by the magnetiza-

tion vector and the second term is the damping term and ﬁeff =H +
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Rty - ﬂdem + ﬂk, ﬂdem - B® is the demagnetizing field and
ﬂk=—3k-ﬂ is the uniaxial anisotropy field with easy axis along it;
B and Bk are diagonal tensors, ¥=giel/2mc is the gyrommgnetic ra-
tio, M is the saturation magnetization and X is the Glbert damp-

ing paraneter.

Substitution for M and ﬁeff in Eg. (2.7) yields
-
9%9—1 = —v[ﬂs « R(t) +m(t) xH-Mx (B-H) - ™~ (Bk-ir!)

A 2 d =
- = (Mg + R(t)) x gg (A + B(t)) (2.8)
where use has been nade of the relation aif /dt = 0 - -7(R «H) and
the term -y [M(t) xB(t) ] has been dropped because of its small mag-
nitude. Using the above-mentioned exponential form for M(t) and

negl ecting the second order terns, the Cartesian conponents of Eq.

(2.8) can finally be witten in the form

(lw/7)m + [ H+(Dy+Dky = D,-D )M + il“]my = Mshy (2.9)
= [H+(Dy +Dy =D, =Dy )M  + il‘lmx + (ie.:/ar)my == MR (2.10)

and
m_ = 0 (2.11)

z
where I' = Au/rzﬂs. Elimination of L from Egs.(2.9) and (2.10)
gi ves
m,2=x,h_ + x_h (2.12)
w th
1

Xyy = [H+(D 4Dy =D -Dy )M _+il'M_m

L (2.13)
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. -1
Xyy = (iw/7)M_n (2.14)
and
n 2 2
m = [H+(D_+D, Dz-Dkz)Hs][H+(Dy+Dky D,-Dy )M - T (w/7)
+ il'[2H + (D +Dy+Dkx Ky -2D,-2D, )M ) . (2.15)

Elimination of m instead of my from Egs.(2.9) and (2.10) would

have resulted in
m = h, + x..h (2.16)

where W = xyy = x is the dynamic susceptibility and xxy = -xyx=
iG, @ is the gyration vector. Recalling that both the dynamic sus-
ceptibility and dynamic permeability u are complex, i.e., ¥ = x' =
ix” and 4 = u* - ip”, and using the relation g = 1 + 4ny, the real
and imaginary parts of the (complex) dynamic permeability are

given by

u = [ p {[H + (D #Dy =D, =Dy )M ][B+ (D, +Dy =D, -Dy - Fz-(m/r)z}

2 2
+ B T [(B¥H)+(D,+D +Dy 4D ZDZ—ZDkz)Hs]] /(a + B%)

(2.17)
ue = {-aF[(B+Hk)-(H+Hk)] + BI(B+H) - (H+H,)]
3 [H+(Dy+Dky-Dz—Dkz)ME]}////(a2 + 32) (2.18)
with
= [H# (D, #Dy , ~D, =Dy , )M J[H# (D 4Dy =D =D, )M ]- r’- wm?  (2.19)
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B = T[2H + (Dx+Dy+Dkx+Dky-ZDz-ZDkz)MS] (2.20)
and

B =H+ anM_ (2:21)

For a flat rectangular plate (the sample shape used in the
present experiments), with H applied along the symmetry axis (z
axis) so far as the uniaxial anisotropy is concerned and lying in
the sample plane (parallel geometry or configuration), Dx=Dz=0’

Dy=4n (x-axis is taken to coincide with the polar axis),

Dkst=DkyMs=Hk and Dkz=°' Substituting these values of components

-

of D and Bk' Egs. (2.17)-(2.20) are simplified to yield

[ (B+H,) (B+H ) -T2~ (w/7) 2] [ (B+8,) ®-T%- (w/7) 2)420% (B+H, ) (B+H+2H) )

v

e
[(H+Hk)(B+Hk)—T2-(w/1)2]2+F2(B+H+2Hk)2
(2.22)
and
2 2 2 2 2
—2T'[ (B+Hy ) [(H+H) ) (B+H, ) -T" = (0/7) " ]+ (B+H+2H, ) [ (B+H ) "-T"" = (0/7) "]
uf’=

2 522 p)
[ (H+H, ) (B+H, ) ="~ (w/7) “]“+I* (B+H+2H, )

(2.23)
The power absorbed by the sample, which is proportional to
the surface impedance, in the parallel geometry is given by

B, o [(u?+ o2y 12 o 2

(2.24)
The theoretical variation of dP,/dH with H can, therefore, be com-
puted by combining equations (2.22)-(2.24) and taking the field
derivative of the resulting expression. From Egs. (2.8) and (2.9),

the resonance frequency w = W, is calculated by the condition

res



t hat m and my have non-trivial solutions only when hx =h, =0

In other words, this inplies that

W es/? “Hpeg* (Dy+Dky_Dz_Dkz)Ms’ ir
=0
“[Hpgg* (Dy*Dy =D, =Dy ;) Mg +il']) 1oy og/7
where H is the steady field corresponding to w . After a few
sinplifying steps, the following relation is arrived at
2.2 n N
COwfy) 4] = [Hres+(Dy+Dky Dz Dkz)Ms][Hres+(Dx+Dkx Dz Dkz)Ms]
(2.25)
The subscript for w is dropped because in experinents the

microwave-field frequency, w, is kept constant while the steady

field, H is swept through the resonance.

In the horizontal -parall el (nh) configuration, His directed
along the z-axis (the sanple length and al so the symetry axis) in

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

Hence, D, =D, = 0, Dy = 4mn, D M = Dky"s = Hy and Dy, = 0, and
Eq. (2. 25) reduces to

Zerd | - H"h + 4nM_ + H H"h W '2.26

[(w/7) "h] = ( res g k)( res Hk) 12.26)

In the vertical-parallel (1V) configuration, both H and the symre-
try axis lie in the ribbon plane and point in the z-direction
(perpendicular to the ribbon axis) and x direction, respectively.
Hence, D =D, = 0, Dy =4n, Dky"s = D, M, = H and D= 0. These
val ues when substituted in Eq. (2.25) yield
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v v
[(w/m)? +T2 )= (H] _ + anM ) (! _ - H
v

. x) (2.27)

In the horizontal -perpendicular (+ ) geormetry, H points in the z

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

and y (symmetry) axes. In this case, D =p =0, D =4n,
DkZMS=DkXMS=Hk and Dk =0 so that Eq. (2.25)assun'es t he form
(/)% +T - H*h - 4nM_ - H H*h - 4mM (2.28)
[(w/7) 1 1 = ( res s k)( res s) :

h

In order that Eq.(2.27) has a formsimlar to that of Eqg.(2.26)
the assunption that H.<<4nM is made and Eq. (2.27) is rewitten

as

v '
FaE + 4HMS—HK)(H - H

[(w/m)? +T2 1= (1 res - H)
v

(2.29)

Since the linewidth paraneter r is independent of H. and w is kept
fixed, the left-hand side of Egs.(2.26) and (2.29) has the sane
value regardless of the nagnitude of H, . Setting H.=0 in these
equations, therefore, yields

h h
1 ol 1
(Hregt4mM )i o = (Hpgg + 4MM+Hy ) (H oo + Hy) (2.30)
and
I I v v
(HpggtdmM)H = (Ho o + 4mM~H) ) (H o - Hy) (2.31)

It can be immediately observed that these equations are identi-

cally satisfied only when

(2.32)
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and
T | — Huv -t 4R (2.33)
res res k res res k ’
FromEgs. (2.32) and (2.33), it follows that
Ho= @ - H"h 2 2.34
x = (Hreg res)/ (2.34)

The Egs.(2.26) (2.27) and (2.28) constitute the resonance condi-
tions for the three sanple geonetries used.

For any general direction of the external nagnetic field
with respect to the sanple plane, the resonance conditions may be
derived as follows. Two sanpl e geometries, i.e., in-plane (IP),in
which the external field, H always lies in the sanple plane, and
out-of-plane (OP), where H could be oriented at any angle in the

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

For a thin filmwth an in-plane uniaxial anisotropy field
H, = 2K /M, the coordinate systens for out-of-plane (CP) and in-
pl ane (I1P) cases shown in Figs. 2.1(a) and 2.1(b) are adopted. For
the OP case it is assumed that the external field H and nagneti za-
tion vector ® lie in the xz-plane and make angles « and ¥, respec-
tively, with the z-axis (Fig. 2.1(a)) which represents the easy
ani sotropy 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 Mare not parallel to each other so that the change
in His not the sane as the change in the effective field. Also,
as the field H changes, the direction of Mchanges, which is quite
substantial when His directed out of the sanple plane.

For an arbitrary orientation of H wth respect to the sanple



a. Out-of-plane case

b. In-plane cose

Fig. 2.1. Coordinate system showing various angles used in the
conput ati on of angular variation of resonance field for

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

are given by

(U/"l)2 = [Hres cos (a-8) + 4nMs cos29 + 2Hk coszﬁ]
'[Hres cos (a-%) +4nMS cos29 + Hk cos2]) (2.35)
and
sina _ cosa _ .(4nMs + Hy) e (2 36)
s1inyY cosd Hres :

For the IP case the applied field lies in the sanple plane
and ¥y and ¢ are the angles that the external magnetic field and
magneti zation subtend with z-axis (Fig. 2.1(b)).The resonance
condition for an arbitrary orientation of H within the sample
pl ane takes the form

(U/V)2 = [H cos¢ + H, cos2(¢-y)]

res

x[H g COS¢ + 4TM_ + H cosz(w—¢)] (2.37)

whi |l e the corresponding equilibriumcondition for the direction of
Mis given by
H sing = (Hk/2) sin2 (y-¢) (2.38)

res

2.3. FMR experinental set-up

A commercial ESR spectroneter operating in the X-band has
been used for the detection of FMR in the present sanples. The
bl ock di agram of the basic instrumental set-up is depicted in Fig.
(2.2). The sanple is placed in a cavity resonator that is posi-
tioned between the pole pieces of an electromagnet. The el ectro-
magnet produces a steady uniform field which can be swept at a
constant rate and is nodulated at a frequency of 100 kHz. The sam

ple is then subjected to a transverse mcrowave field of constant



Oscillator

Electromagnet 1 sample

Phase
shifter

-

Circulator

\_t){Detector Amplifier

Cavity

Field
sweep

Fig. 2.2. Block diagramof the ESR spectroneter.
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frequency. At resonance, sanple absorbs a part of the microwave
energy as a result of which the Q-value of the cavity resonator
changes. The mcrowave 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 circul a-
tor. The reflected wave fromthe cavity and the phase-adjusted re-
ference wave are then detected in the detector and then anplified
before being displayed. In the off-resonant condition the refe-
rence wave is adjusted to give a reflection equal in anplitude and
opposite in phase to the reflection fromthe sanple and cavity and
thus, sending zero power to the detector. Wen the resonance

occurs, the off-bal ance signal is detected.

2.4. Sanpl e preparation, sanple characterization and the

neasuri ng procedure

Anor phous Fe Zr, (x=9,10), F Co 2r, (y=0, 1, 2, 4,

100-x €90-y*Cy

6, 8 10 and 18) and Co402¥, g alloys were prepared under helium
(inert) atnosphere by the single-roller nelt-quenching technique
in the formof long ribbons of -2mm width and 30-40 um thickness.
The anorphous nature of the sanples at room tenperature 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 anorphous nature of
the sanple 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 anorphous phase. The 100 percent amor-

phicity of the alloys in question was confirmed by el ectron mcro-
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Fig. 2.3. Typical X-ray diffraction pattern (M Ka: reflection

geonetry) of the a-Fe ng al | oy.
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scopi ¢ exam nati on.

JEOL FE-3X ESR spectroneter operating in the X-band with a
fixed mcrowave frequency of -~9.23 G was used for FMR neasure-
ments. Variation in the sanple tenperature could be acconplished
by a variable tenperature accessory. Sanple was cooled by cold
nitrogen gas, obtained by boiling liquid nitrogen, circulated
through the cavity. In this way the sanple tenperature, nonitored
by a pre-calibrated copper-constant thernocouple in physical con-
tact with the sanple, could be varied from 100K to 300 K The tem
perature just outside the mcrowave cavity was neasured by another
pre-calibrated copper-constant thernocouple and controlled to
within £0.5K (*0.1K at the sanple site) at every tenperature set-
ting by regulating the cold nitrogen gas flow A proper gas flow
regulation was achieved by controlling the power input to a
heater, imrersed in the liquid nitrogen container, with the aid of
a PID tenperature controller. The sanple tenperature was varied
from 300K to 500K by heating air, blown through the cavity by a
conpressor. Measurenents at 77K were perforned by inmmersing the
sanple in liquid nitrogen, contained in a tailed dewar, which had
been inserted into the nicrowave cavity. Lowtenperature FMR nea-
surenents extending down to 10K were also perforned on a few alloy
conpositions using the lowtenperature ESR facility available at
the Radiochemistry Division, BARC, Bonbay. The spectroneter used
was a Bruker Mdel ESP100 ESR spectroneter operating in the X-band
with a fixed mcrowave frequency of -~9.25 GHz. A closed-cycle
refrigerator was coupled to the spectroneter in order to attain

low tenperatures. The sanple holder consisted of an OFHC copper



5?

rod (¢=5mm) which was thermally anchored to the cold head of the
refrigerator. The tenperature was controlled using a PID cont-
roller to a stability better than 100 mK. Measurenents were taken
at fixed tenperatures after the sanple had been cool ed down to the
lowest tenperature (9K) in zero-external field or in an external
field of 5 kCe.

As anorphous alloys are extrenely sensitive to stress, it is
very inportant that the sanples do not experience any stresses
during the neasurenment. An appropriate sanple nounting technique
[5], which ensures high reproducibility in the data by getting rid
of specious stress-induced effects, was used for measurements. The
sanpl e hol der consisted of a quartz rod half-cut at one end. The
sanple (a strip of typical dimensions 2x4x0.03 mm cut from the
ri bbons free fromcrystalline regions and thoroughly cleaned using
ethanol) was nounted on the flat surface and sandwi ched with a
smal|l flat quartz piece on top and kept in position by two paper
spacers of thickness just greater than the sanple thickness. The
quartz rod was then inserted into a quartz tube, which was then
inserted into the cavity. The cavity is provided with a goni oneter
arrangenment which enables to rotate and orient the sanple plane at
specific angles with respect to the external field during the mea-
surenment of the angular dependence of resonance field and |ine-
width. Three different sanple geonetries were used for FMR measu~
rements - (i) horizontal-parallel (%), in which the external
field Hlies in the ribbon plane and is directed along the |ength,
(ii) wvertical-parallel (V), in which Hlies in the ribbon pl ane

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



perpendicular (1), inwiich His normal to the ribbon plane. FMR
measurement consists of recording the field derivative of the
m crowave power (P) ‘dpsdH’ that is absorbed during the resonance
process as a function of the external static nagnetic field H at
different fixed tenperatures in one of the sanple geonetries just
nmenti oned. To check the reproducibility, data were repeatedly
taken on the sane sanple which was renmounted several times and
also on sanmples that were cut fromdifferent parts of the ribbon

of a given alloy conposition.

The resonance field and linewidth were studied as functions
of the angle between the external static nagnetic field and the
sanpl e plane using the gonioneter arrangement. Such neasurenents
were performed on each sanple at two tenperatures using two diffe-
rent sample-configurations. Gven that the field His always al ong
the z-direction and the sanple plane coincides with the yz-plane
with its length directed along z-axis, the sanple is rotated about
the y-axis fromO0° - 360°. In the second configuration, the sanple
pl ane coincides with the xz-plane and the sanple is again rotated
about the y-axis fromO0° - 360°, but nowH lies always within the
sanpl e plane. In each of these two configurations, power absor p-
tion derivatives for each sanple at different angles were recorded
at the tenperatures, 0.6 T and 1.2 T..

Since the nmicrowave field penetrates only the surface |ayer
of thickness « 1 um, it is inperative to ascertain whether the ob-
served resonances are characteristic of the bulk. In order to

verify this, the sanples were either etched in nital solution (10%
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HNO. plus 90% ethanol) or mechanically polished and then power
absorption derivative (PAD curves were recorded. These experi-
ments [6] denonstrated that the observed resonances were indeed
characteristic of the bulk and did not originate from the surface

| ayer.

The results of all the experinments described above are

presented and anal yzed in the next chapter.

2.5. Experimental accuracy and sources of error

The accuracy with which the PAD curves are neasured is basi-
cally decided by two factors, namely resolution in the measuremnent
of the external field and the stability limts of the sanple tem
perature. Since the resolution of the field is 5 Ce (2.5 C¢)
when the sweep-width is 2000 Ce (1000 Ce) , the upper bound on the
error in the measurenent of the resonance field is given by the
above resolution limt whereas in the neasurenment of the peak-to-
peak linew dth the maxinumerror could be twice this value. Stabi-
lity of the tenperature becomes inportant especially in the tenpe-
rature region where slope of L and AH versus T curves becones
steep, i.e., in and around the critical region. The long-term
(time duration greater than 1 hour) tenperature stability of the
present set-up was better than 50 nK while a stability of better

than 25 nK was achi eved for short durations of time («30 m nutes).

Inappropriate and incorrect sanple nounting is a najor
source of error in FMR neasurenent of anorphous ribbons. The nag-

netic properties of these alloys are extrenely sensitive to
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stress, the effects of which manifest thenselves as highly distor-
ted lineshapes, nmultiline FMR spectra, irreproducible values of
linewidth and resonance centers when neasurenents are repeated
after renounting the sanple, etc. The nost appropriate sanple
nmounting technique which gave reproducible results free from
stress-induced effects is the one described in Section 2.4. A
slight msorientation of the sanple fromthe required sanple geo-
metry can result in drastic changes in the values of |inewdth,
resonance field and intensity, especially in the horizontal - per-
pendi cul ar geometry. Hence, in order to ninimze/elinmnate the
error in the neasurenments, the sanple should be nounted in a

stress-free nmanner and in the correct orientation.
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2. 6. Mbssbauer eff ect

I ntroduction

Since its discovery, the Mssbauer effect [7] has been
studi ed extensively and recogni zed as a powerful mnicroscopic probe
to study local environnents 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 sone inportant aspects of the theory will be presented.

Wien a 7z-ray is enitted by a nucleus in a free atom the
energy of the y-ray is reduced by the recoil energy that is inpar-
ted to the nucleus in accordance with the monmentum conservation
|l aws. The sane occurs in the case of absorption also. Hence, ini-
tially it was very difficult to observe y-ray resonance. Early
nmet hods that sought to conpensate this energy loss either by hea-
ting to increase the thermal broadening of em ssion and absorption
profiles so as to cause an overlap or by nechanical motion at high
velocity with the aid of an ultracentrifuge were not successful.
However, if the emitting nucleus is enbedded in a solid lattice or
matri x, the recoil energy can be transferred to the crystal as a
whol e 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 emtted
without any transfer of recoil energy to the lattice. This frac-
tion, £, called the recoil-free fraction, is given, in the Debye

approxi mati on, by
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6E
fzexp[—kg{%+(g—)2j —id"f}} (2.39)

where E is the recoil energy and € is the Debye tenperature of
the host lattice. At low tenperatures, i.e., for T << 6p, Eq.

(2.39) reduces to

=E 2.2
_ R 3 T
fexp[}»({5+~4-}] T << GD (2.40)

e}
o

whereas in the high tenperature limt, it takes the form

—GERT

f = exp { 5 :l T > 6p/2 (2.41)
k.8
B'D

To date, Mssbauer effect has been observed in a nunber of nuclei,

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

2.7. The °7re Decay Schene

The decay schene for Fe Mossbauer effect is shown in Fig.
(2.4). 57Co, having a half life of 270 days, in the state 1I=7/2
decays through electron capture into the I=5/2 state of 2 Fe.
El even percent of the decays fromthis 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 (I=1/2) state through em ssion 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 mms. 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

resol ved and observed.
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2.8. Hyperfine interactions

The various interactions that play a role in the transitions
between the nuclear energy |evels of the absorber nucleus are a
conbination of one or nore of the followi ng 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
nucl eus that causes a nuclear Zeeman splitting of the energy
levels, and (iii) the electric quadrupole nonent, due to the
interaction between the nuclear electric quadrupole nmoment and an

electric field gradient at the nuclear site.

2. 8.1. I soner shift

The effective nuclear size gets altered during the course of
nuclear transitions. This inplies that the s-electron wavefunc-
tions, which have a non-zero electron charge density within the
nucl ear volune, will be different for the emtting (E and absorb-
ing (A nuclei. The net energy difference between the two transi-

tions can be witten as

2., N2 E 2 2 2
5§ = (2n/5)Ze {stl - lygl } [<Re> - <Rg>] (2.42)
where Z is the nucl ear charge, R, and R are the nuclear radii in

the excited and ground state, respectively. This shift in the
energy levels is the isomer or chemcal shift, which is only a
mnute fraction of the total Coulonb interaction and hence, obser-

vabl e only by conparing 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 notions of the w-ray enitting and absorbing nuclei.
This contribution, called the second-order Doppler (SCD) shift, is
proportional to the nean square velocity of the nucleus and is

gi ven by

o
o]

= -<v®>/2¢2 (2.43)

o’

where E is the recoilless y-ray energy, &8E is its shift and v is
the velocity of the emtting nuclei. In the harnonic approxi ma-
tion, the tenperature dependence of the centroid of the ME spec-

trumis given by (in velocity units)

SVp = = g (T, = Tg) (2. 44)

where Mis the atomc nmss, cL is the lattice specific heat, and
T, and T denote the tenperature of the absorber and source, res-

pectively. In the high tenperature limt (T,,T ,>> 6 Ce 3kg

) L

and 3V is a linear function of tenperature with slope -3kg/2Mc.

2. 8. 2. Magneti c hyperfine i nteraction
In the presence of a magnetic field at the nuclear site, a
nucl ear Zeeman splitting of the energy |levels occurs. The Hamilto-

ni an that describes the hyperfine interaction is given by

# = -gu TR (2. 45)
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where u,, is the nuclear Bohr magneton, Tis the nuclear spin and it
is the magnetic field. The energy eigenvalues for this Hamiltonian
can be witten as

E = = gugHm, (2. 46)

where m is the nmagnetic quantum nunber representing the z conpo-
nent of T if it is oriented al ong the z-axis. For I=3/2, m =t3/2,
+1/2 and for 1=1/2, m =x1/2 and the transitions between various
| evel s are governed by the selection rule Am=0, +1 (case (b), Fig
(2.5)). There are several possible origins for the nagnetic field.

In general, this field can be witten as

= = 3
H=H, -DM+ 3 M+ Ho + H + Hy (2.47)

H, is an externally applied field, -DMis the denagnetizing field
and = nM is the Lorentz field for cubic symretry. H, called the
Fermi contact term arises fromthe interaction of nuclear spin

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

Hy = —[ 5" ] D) s? $(ry)> (2. 48)

1
where the termin angul ar brackets is the expectation value of the
local spin density, r. is the radial coordinate of the i-th el ec-
tron. This field is the domnant contribution to the hyperfine
field in case of transition netals. The last two terns in Eq.

(2. 47),

2=
!

= -2,uB<1/r3><3> = -2uB<1/r3>(g—2)<§> (2.49)

and

=
]

- ZuB<3?(g-?)/r5 - f‘.-'/r3> (2.50)
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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 terns are either zero or negligible for transi-
tion elements, but can be larger for rare-earths because in that

case, the orbital angular nmonentumis not quenched.
2.8.3. Electrical guadrupole interaction

Wien any nucleus has a spin quantum nunber greater than
I=1/2, the nucleus no longer has spherical symretry and hence
hi gher order terns in the multipole expansion of the electrostatic
interaction between nuclear and el ectronic charge cone into being.
The deviation of the nucleus from spherical symretry is described

by the nucl ear quadrupol e nonent, given by

eQ = J pr2(3cc>529 - 1) drt (2.51)

where e is the charge of the proton, p is the charge density in a
volunme elenment dt, which is at a distance r from the center of
nucl eus 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 nonent with
the electric field gradient (efg, which is a traceless tensor with
conponents in the principal axes directions V . V and V and

XX yy 7z

sz+vxx+v =0) is given by

YY

- eQ ~2 ~ . =3
Hgy = TW?TY [ 3T - T(I+1) + (I, - ID) ] (2.52)
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where n - (v,-V )yv__ is the asymmetry paraneter and IV | >
Ve ! 2 IWI, so that0 = ms 1.The Hamiltoniangiven by Eq.
(2.52) has the eigenval ues

E, = "Ig(%%—TY [3m§ - THEHD ](1+n2/3)”2 (2.53)

2.8.4. Conbined nagnetic and el ectri ¢ hyperfine coupling

Under the conbined action of magnetic hyperfine and electric
quadrupol e 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 e wth
the nagnetic axis, the quadrupole interaction may be treated as a
first order perturbation to the magnetic interaction, provided
that egQ<<uH. Then, the energy eigenval ues for I=3/2 are given by

ImI|+1/2 =

2
E = -gugn, + (-1) gQ ( 3cos“e-1 ]

: 3 (2.54)

When the quadrupole interaction is no longer a snall 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 conputer simulation [13].
2.8.5. Intensityratios
The intensities of the six Zeeman transitions (Am =0,%1)

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

field and the direction of the y-ray. Gven the energy |evels of
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the 2Zeeman Hamiltonian and their spin quantum nunbers, the inten-
sities can be calculated from the theory of the coupling of two
angul ar nonentum states, which gives two terns. One of them
depends on 0 whereas the other does not. The intensities are pro-
portional to the product of angle-dependent and angl e-i ndependent
terms, which are obtained fromthe appropriate O ebsch-CGordon co-
efficients. The angul ar dependence of various transitions is given

by, -3/2 — -1/2 (am;=+1, intensity = I (9/4) (1+cos?e); -1/2 —

2

1)]

-1/2 (smg=0, 1,), 3sin®e; +1/2 — -1/2 (smy=-1, I,), (3/4) (I
cosze) ;o -1/2 — +1/2 (Am =+1,1,) — (3/4) (1+c0526); +1/2 — +1/2
(Am_=0,1.), 3sin®e and +3/2 — +1/2 (Am;=-1,1(), (9/4) (1+cos’e) .

For a thin, polycrystalline/amorphous absorber, the angul ar
term can be integrated over all orientations to give an average
value. In such a case, the average value of cos 0, denoted by
<c0529>, turns out to be 1/3 and <sin®e> = 2/3. The ratio of line

intensities can be witten as 3:b:l::1:b:3 where
b=1,/I, - I./I, = 4sin’e/(1+cos?e) (2. 55)
2/73 5/%4 .

According to this equation, b assumes the values 0 and 4 when all
the nonents are aligned parallel (0=0°) and perpendicul ar (0=90°)
to the y-ray direction, respectively, and for a perfectly random

alignnent of the local nmonments, b = 2.0.

2.9. Experinental procedure

Al'l the Mssbauer experinents were carried out in the stan-
dard transmi ssion geormetry in a zero external field. The spectra

were taken using two different spectroneters operating in the con-
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ventional constant acceleration node. Room tenperature ME spectra
for all the sanples were taken using an E scint M&ssbauer spectro-
neter with a 25 mci >’coRh source havi ng an intrinsic |inewdth
(FwHM) of about 0.25+0.01 mm.s—l. 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 tenperature ME spectra were taken with the Mdssbhauer
facility using 50 nG 57corn source available with the Low Tempe-
rature Physics section, TIFR, Bonbay. Folding of the spectra was
obviated by driving the velocity transducer by a linear ranp wave-
form the end of which is returned to the starting point by two
par abol as. These parabol as are such that the velocity and accel e-
ration are continuous functions of time to avoid *ringing . A high
efficiency scintillation counter with 0.2 mmthick Nar (Tl) scin-
tillator stage was used for detection. The multichannel analyser
was provided with a serial port through which data, collected over
512 channel s, could be transferred directly to a conputer. A sche-
mati ¢ diagram of the Mdssbauer spectrometer is shown in Fig.
(2.6). For calibration, natural a-iron foils were used. Typical
intrinsic linewidths for the innernost lines were 0.24 =

0.01 mm.s~ 1,

The low tenperature cryostat was of the continuous flow type
(Lake Shore, Moddel 310) with which measurenents were nade from 5K
to 300K The sanples were fixed at one end using GE 7031 varnish
and sandwi ched between 0.5 mm thick Beryllium plates, which were

clanped to the copper tail. The tenperature was neasured using a
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Si diode and controlled by a PID tenperature 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 gl asses

In ferronmagnetic materials, apart from the danping term
there is also a contribution to the line broadening because of the
exchange interaction and el ectrical conductivity. It is well-known
that in highly conducting netallic specimens, microwave field
penetrates only a thin surface layer of the sanple of thickness
<10° cmand as a result, the dynanmic magnetization becones inho-
mogeneous. The spatial variations in magnetization exert a torque
on ft which is expressed as (2R7/M) (ft x v ft) , where Ais a pheno-
menol ogi cal exchange stiffness parameter. Thus the equation of
motion of the nagnetization should be augnmented by this term and
then solved in conjunction with the Maxwell's equations to obtain
a correct solution for the observed |ineshape. The exchange term
leads to a shift in the resonance field and also contributes to
the broadeni ng of the resonance line. This termwoul d becorme unim
portant if the conductivity is lowor if the exchange stiffness is
smal | . The conductivities of amorphous alloys are typically one or
two orders of nagnitude lower than those of their crystalline
counterparts. It has also been observed [1] that the stiffness
paranmeter values are a factor of two or three smaller. Hence, a
total neglect of the exchange-conductivity termwhile witing the
equation of notion of nmagnetization in the case of anorphous

alloys is fully justified.

The tenperature dependence of FMR linewidth is extremely sen-
sitive to the type of magnetic order in the sanple under study.
This feature is effectively utilized in the analysis of linewdth

behavi or with tenperature in reentrant anmorphous alloys. To eluci-
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date this point further, the FMR linewidth I is independent of
tenperature T [2] for T < 0.8 Te but increases steeply for tenpe-
ratures above T in the case of a concentrated hombgeneous ferro-
magnet whereas I increases exponentially [3] as tenperature is
| onered below -271,., the spin-freezing tenperature, has practi-
cally little or even no variation with tenperature within the in-
terval 2T..< T < 0.8 T, and exhibits a steep rise for T> T for a
RE- - C C
re-entrant spin-glass. For an archtypal cluster spin glass with
conmposition just below the percolation threshold [4], T varies
exponentially with T for T <3T.. and passes through a broad mini -
mum around 3T.. before displaying a |linear dependence on tempera-
ture in the paramagnetic region. It has been observed through fre-
guency-dependent FMR neasurenents [2,3,5] on a large nunber of
anor phous ferromagnetic alloys that within the tenperature range
where I' is nearly a constant (i.e., T e ry) . T conprises fre-

quency- i ndependent and -dependent parts given by the relation

r, = a+bw (3.1)

where v is the frequency of the mcrowave field.

In view of the fact that LLG equation of notion for dynanic
magneti zation (Eq.2.7), on which Egs. (2.17) and (2.18) are based,
is, as stated earlier, strictly valid for a single crystal ferro-
magnetic alloy in which nmagnetization is honpbgeneous and
Hoee=H+H; . wnere B giq1ic applied field and Bjne=Bx-Haen*i,,

i ncl udes denagnetizing field, it, , ft, and other anisotropy
fields, iﬁn , With easy axis along it, the frequency-dependent term

bv in anorphous ferromagnetic systens has its origin in LLG rela-
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xation and can be adequately described by Eq. (2-7) provided M and
#. . are replaced by their average values, i.e., <M> and <H .>.
The frequency-independent term 'a' originates from exchange
fluctuations, inhomogeneous magnetization and | ocal random aniso-
tropy which, in turn, arise fromthe topol ogical disorder (fluc-
tuations in the nearest-neighbor distances between atons) and can
be accounted for by using the fluctuation parts of ™ and “int’
i.e., sM(2,t) and R, . (2,£), instead of ft and B, . in Eq. (2.7)
or by invoking the two-magnon scattering nechanism [6,7] in which
magnon scattering is caused by spatial inhonogeneities in the
I ocal random ani sotropy fields and/or inhonogeneities in the |ocal
exchange interactions. |In case of the former approach, for
anor phous ferromagnets, M and H ¢eiN EQ.(2.7) should be replaced
by M=<#>+sM(2,t) and H., f=ﬁ+ﬂint(?,t) =ﬂ+[<ﬂint>+aﬂint (2,t)] and
the mcrowave power absorbed during the resonance process could
then be calculated [2,3,8] by assumng Gaussian distribution for
magneti zation and internal fields centered around <M>sM and

<H.

int” with standard deviation &, and & respectively. The

M H'
inclusion of &, and &, has only a slight effect [3] on the

| i neshape but explains the increased magnitude of r . Conse-
quently, it is possible to represent the resonance line by a A £f
value in Eg. (2.7) but then Aogs would be a function of v. How
ever, in the absence of a conplete know edge about the constant
part T , the A ffval ues 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 CQurves

The observed functional dependence of dP/dH on H in the hori-
zontal -parallel (1) configuration is depicted in Figs. 3.1(a-c)
for three ranges of tenperature for a-Feg Ir . 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) , internediate (Tpg S Ts TC)
ranges. These PAD curves are al so representative of those recorded

and high (T > T.) tenperature

for a-Feg  2r in the vertical -parallel configuration and for a-

(o]
Zr, and a-Feg,_ G 2r

€91%F9 0 1
geonetries. At this stage, it should be nentioned that an attenpt

o I both P and Y (vertical -parallel)

F
was made to measure the FMR spectra in the horizontal-
perpendicular (1 ) configuration but the resonance in this sanple-
configuration was observed at 9.23 GH#z 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
avail abl e el ectromagnet. Mreover, in spite of utnost care exer-
cised in sanple mounting and its positioning in external field,
the |ineshape for R configuration and hence, the values of the
resonance centers for T > T., could not be reproduced with an
accuracy conparable to that achieved in the case of the parallel
configuration, presunably due to the extreme sensitivity of H:_:s
to the angle between the field direction and sanple plane. Thus,
any consistency between the observed val ues of H and those cal -
culated using the nunerical estimations of the paranmeters like ¢

and M, deduced fromthe |ineshape analysis for the parallel con-

figuration, in the resonance condition for 1 configuration
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(Eq.(2.28)), is purely coincidental. The full curves in the figure
depi ct the observed variation whereas the open circles denote the
val ues cal cul ated using Eqgs.(2.22)-(2.24). Figs. 3.1(a) and 3.1(b)
show that the dP/dH curves for tenperatures in the range 10K s T <
T. (=240K for a-Fe Zr o) consist of a single resonance (hence-
forth referred to as the prinmary or main resonance) |ine which
shifts to higher fields as tenperature is increased. This reso-
nance broadens at a rapid rate for T>0.8T.. Apart fromthis reso-
nance, the signature of a secondary resonance at a lower field
value (-800 Ce) is noticed at T=T. in the nost sensitive setting
of the spectronmeter (the nunbers on the left-hand side of the
dP/ dH curves indicate the spectronmeter sensitivity at which the
spectra have been recorded, Fig. 3.1(c)). This secondary resonance
gets better resolved as the tenperature is increased beyond T_+10
K. The physical quantities that are deduced from the dP/dH curves
are the resonance field, Hres(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 |inew dth, 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 , forns 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 fromthe actual ("true") resonance center. For this reason,
a conplete lineshape calcul ation for each resonance |ine has been

carried out separately. Such a calculation consists of fitting the

theoretical expression, Eq. (2.24), with the aid of Egs. (2.22)
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and (2.23), by making use of a non-linear |east-squares fit com
puter program which treats the Landé splitting factor g and satu-
ration magnetization M as free fitting parameters while using the

observed values of AH ( = 1.45 Aw/vzu ) and the val ues of H. deri-
pp S K

ved from Egs. (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 tenperature range covered in the present investigation. In
addition, the l|lineshape analysis reveals that the splitting factor
g has a tenperature-independent value of 2.07+0.02 within this
tenperature range and that the correction to the observed val ues
of H due to finite linewidth turn out to be negligibly snall
even for tenperatures 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 fromthe |ineshape analy-
sis for both Il and 1V configurations as a function of tenperature
is depicted in Fig. 3.2 for the primary resonance for a-Feg 2r,

and a-Fey 2r alloys. Fig. 33 depicts the H (primary) versus
T/T curves for a-Feg G zr,, alloys for 1 configuration. The
vari ation of Hreswith Tinthe lowtenperature region ( 10K = T =
80K ), for a few selected sanples on which FMR experiments were
performed in the specified tenperature range, is shown in Figs.

3.4(a-d). . S exhibits a slow increase up to T«0.8T, and then
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increases steeply with further increase in temperature. At very
low T, H oo decreases faster with decreasing tenperature than can
be ascribed to an increase in nagnetization for sone of the
sanpl es. This behaviour has been observed earlier in reentrant
glassy systens [8] and has been attributed to the anisotropy

fields that develop in the reentrant state.

The variation of the secondary resonance field, H o/ whi ch
is first noticed at T=T, with tenperature is shown in Figs.
3.5(a-b) for a-Fey 2r, . and a-Feg Zrg, respectively. Fig. 3.5c
shows the variation of H’ with T for a-Fe C zr,, alloys. It
is observed that for a-Fegy  Zr . and a-Fe 2r,, the secondary reso-
nance, H , increases with tenperature and in the latter case, a
steep decline in H’ occurs for T > 450 K, which is indicative of
structural relaxation effects. In a-Feg Co 2r all oys, the
increase in H with T is observed for the alloys with y=1,2 and
4 only. By contrast, this resonance in the alloys with y=6,8 and
10, could not be studied to high enough tenperatures so as to dis-
cern an increase in H o (T) because the upper tenperature limt of

the high-tenperature attachrment of the spectrometer is only 500 K

3. 3.2. Concentrati on dependence

Fig. 3.6 shows the variation of Hresw’th Co concentration y

for a-Feg Co Zry, al l oys. Val ues of H os for the prinary reso-

nance have been conpared for the different alloy concentrations at
di fferent T/Tq values. In general, there is a decrease in Hooo
with concentration. For Co concentrations y < 6, H o decreases at

a rapid rate whereas this rate of decrease slows down for y > 6
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such that H has a value of 725 QG for y=10. In case of

a-F 2 alloys, H s has a value of 1028 Ce (1017 Ce) for

€90+x“T10-x re

x=0 (x=1) at 0.6 Tc-

For the secondary resonance, H ¢ has aval ue of 800 Ce for
all the concentrations at a tenperature of T.+ 10 K where this

resonance is fully resol ved.

3. 3, 3. Angul ar dependence

As mentioned earlier, the FMR spectra for the alloys in
question exhibit a single resonance for T<T, called the primry
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 T, + 10K has properties that are quite
different fromthose 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>T

i.e., T=1.2T are described. Figs. 3.7(a) and 3.7(b)

c’ c’
show the dP/dH curves plotted against the external field for vari-

ous angles of Hfor the in-plane (IP) and out-of-plane (CP) sanple

georetries at 0.6T, for the primary resonance in a-FeggCo,2r,,

alloy. The angul ar dependence of H at 0.6T for the primry

res c’
resonance in a-Fego_yCOYZrlo alloys isdepicted in Figs. 3.8(a)
and 3.8(b) for the in-plane (IP) and out-of-plane ((P) cases. The
continuous curves through the data points are |east-squares fits
based on Egs. (2.35) and (2.37). It is evident fromthe two figu-

res that while the change in H inthe IP case as the angle ¢ is
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swept through 90° is of the order of a few hundred Oers&®ds, H
changes by nmore than an order of magnitude fromits 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 imediate
vicinity of 90° exceeds the highest magnetic field generated by
the el ectronmagnet coupled to the spectroneter. The variation of tf,
the angle between the magnetization and sanple plane, with a, the
angl e between the external field and sanple plane in the OP case
for various Co concentrations is depicted in Fig. 3.9. It is noti-
ced fromthis figure that Mlags behind H until « 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 Egs. (2.35)-(2.38) and are shown in Figs. 3.10(a)
and 3.10(b).

3.4. Linewdiths

3.4.1. Tenper at ure dependence

The variation of ‘peak-to-peak’ |inewidth, AH , wth tenpe-
rature in the and 1V configurations for a-Fe Zr,, al | oys
with x=0 and 1 is depicted in Fig. 3.11(a) . AH goes through a

flat mninumin the tenperature range 0.5 T- < T < 0.8 7_ (0.6 T,

< T<O0.8 Teo) for a-Fe_.Zr o (a-Feg,2ry) where it assumes a cons-

90“"1
tant value = 210 G (=290 Oe) for both # and 1Y configurations.
For T > 0.8 T,, AH exhibits a steep rise. Fig. 3.1l (b) displays
the wvariation of AHDD with reduced tenperature (T/TQ) for

Co, Zr alloys, in the i configuration. For T < 0.8 T

al-FeQO-y y“f10

c’
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AHPP for these conpositions exhibits a weak increase with decrea-

sing tenperature. Fig. 3.11(c) shows AH plotted against tenpera-
ture in the range 10 K < T < 250 K in an independent experinental
run for a few selected sanpl es which have been reported [9,10] to
exhibit spin glass-like behaviour at |ow tenperatures. The dashed
curves depict the variation of AH wth tenperature obtained from

the theoretical expression [3]

Apr = Ty + [ (T/T,) exp(-T/T,) (3.2

with the choice of the paraneters ro,rl and T, determ ned from a

| east-squares fit to the data and given in Table 3.1.

Table 3.1
Conposi tion r, r, T
(Ce) (Ce) (K)
Feg 2r, 334.7 257 31.10
Fey,Zr, 257.0 580 22.68
FeggCo,Zr, 236.7 321 48. 20
The wvariation of linewidth for the secondary resonance,

AH , with tenperature 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 AHi’p with T for a-Fey Zr,, and a-Fe,, Zrgy, respectively. an’

goes through a mninum at Tpin® 410 K for both the compositions.

However, for a-Fe aH’ al so undergoes a steep decline for T

91%%g’
> 450 K. Fig. 3.12(c) displays the variation of AH* wth tenpera-
ture in the range 200 K < T < 500K fbr a-Feg, . Co 2r,, allovs. For
all the conpositions, AH decreases with increasing tenperature.

For the alloys with y=I and 2, AH’ goes though a mnimum at -420K
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bef ore displaying a slight increase.

3.4.2. Concentrati on dependence

It has been observed that AH for the primary resonance
does not show any systenatic variation with concentration and
varies between 180 Ce and 250 Ce at 0.6 T . By contrast, the line-
wi dth for the secondary resonance, AH , attains a value of <50 Ce

above 400 Kk for all the conpositions.

3.5. ‘In-plane* uniaxial nagnetic ani sotropy

Val ues for the ‘in-plane’ uni axi al ani sotropy, H., have been

calculated for all the alloy conpositions at different temperatu-

h

0 neY :
res fromthe val ues of H oo and H o Using Eq. (2.34). The va-

lues of H. so obtained are plotted against saturation magnetiza-

tion, M, deduced from the |ineshape analysis and it is observed

t hat H ( =2Ku/Ms) is related to M through a linear relation of
the type
H (T) = a M_(T) (3.3)
or, alternatively
_ 2
K (T) = (a/2) [M (T)] (3.4)
Inset of Fig. 3.2 shows H, plotted against M, for a-Feg, 2T ,_

alloys. The slope a determned by a 1least-squares-fit nethod
yi el ds val ues of the uniaxial anisotropy constant K at T=77K for
the alloys with x=0 and 1 as K,(77K) = (2.91 £ 0.40) x 104

erg.cm™> and (1.6 £ 0.2) x 10* erg.cn™3, respectively. Fig. 3.13



875 975 1075 1175
T 1 Ll Ll

st - sl S we 11.0
y=18 0.0
700 800 900 1000
e W e
0.5 ke
—1.0
2.0
y=6
e, 115
y:
9_/ T 41.0
x1.5 F —10.5
-
1.0 | y=2
0.5 fF—--m--mmmmm oo 1.5
11.
1.0 + —10.5
0.5 _VMM
Fego_yCOyzr"}J
0000 600 800 1000

MS (G)

Fig. 313 H vs. M_ for a—Fego_y
lines through the data points represent the best
| east-squares fits to the data based on Eq. (3.3).

Coer10 alloys. The straight



N
s

N
T

Ky(0.6Te) (10° erg.cm™)

20

0.4 5 5 10 15
Co conc. (y)

Fig. 3.13b. Variation of K at T=0.6T, with Co concentration.



(a) and (b) depict the variation of H, with M_, and K, 6 as a func-
tion of Co concentration at T=0.6 Te for a—Fego_ycoyzrlo al | oys.

3.6. Magnetization

Val ues of saturation magnetization, M, have been deduced
fromthe lineshape analysis of the spectra taken in # geometry at
different tenperatures for the primary resonance on a-Feg,  2r,, .
and a-Feg Co Zr, alloys. It is customary to determine M_(T)
either by using the resonance condition for Il configuration (Eg.
2.26) and the results of FMR neasurements performed in the same
geonetry at widely spaced values of the nicrowave frequency or by
maki ng use of the resonance conditions for the Il and 1 configu-
rations (Egs. (2.26) and (2.28)) and the FMR results obtained for
these configurations at a single nicrowave 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 limted to only one mcrowave frequency value of =~9.23
Gz in the X-band. Second, due to considerably |arge values of
anM for tenperatures below T,, the resonance in the 1+ configura-
tion occurs at fields much higher than 10 kQOe, the upper instru-
mental limt. Hence, neither the primary nor the secondary reso-
n

nance is observed at any tenperature bel ow T in the 1

tion. The values of Mg, deduced fromthe |ineshape analysis, have

confi gura-

been plotted against tenperature in Figs. 3.14 (a) and 3.14(b) for

a-Fe and a-Fe Co_2r alloys, espectivel y.

90+x2¥10-x 90-y“°yZ¥10

Fig. 3.15 shows the variation of M with conposition at
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continuous curves through the data points are the best
| east-squares fits to the data taken in the internme-
di ate tenperature range 100sT=250K based on Eq. (4.7).
Filled synbols represent data taken in the |low

tenperature region.
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different val ues of T/T¢ for the different conpositions in the a-

F Z and a-Fe Co, Zrlo alloy series. It 1(§bserved t hat

©90+x“F10-x 90-y °y

for a-Fegy,2r . and a-Fegy, 2rgy al | oys, Mg has a value of 684.0 Ce
and 698.6 Oe, respectively, at T=0.6 T.. For a-Fey Co zr,, al-
| oys, M_ 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 neasurements on a-Fe-Zr and a-Fe-Co-Zr

alloys, a detailed conparative FMR study on a-Cog Zr, o

whi ch represents the end conposition at the Co-rich side of the a-

al | oy,

Fe Co zr alloy series, was undertaken in order to gain fur-
ther physical insight into the nature of magnetism in the above-

nentioned alloy series for T < To- a-C Zr is known [10] to

(o]
90
exhi bit conventional ferromagnetismdown to 4.2 K Fig. 3.16 shows

the tenperature variation of H and AH in the « and 1V sanple
configurations in the tenperature range 77 K < T s 500 K It is

observed that in contrast with the tenperature-induced variations

of the above paranmeters for 2 Fegq,,2r,q_, and a-Fey,  Co Zr,,

all oys, the quantities aH" = 11545 Oe, aR" = 175#5 Ce and g=2.07

. . . L . h |v
+ 0.02 renain unaltered (within error limts) while '-Jes and lees

(hence M_ and H. ) have a very weak dependence on tenperature for
S K

a-Co, 2r in the tenperature range covered, as expected for a

ferromagnet with a high Curie tenperature (T.> crystallization

tenperature (750 K) [11] for a-Cog2r, ) -
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3.7. Analysis of ME spectra of anorphous alloys

Mdssbauer (ME) spectroscopy, being a local probe, is extre-
mely sensitive to small changes in the local environments of
atoms, i.e., when two Mbssbauer atons in the same sanple have
different local environnents, their individual M&ssbauer spectra
will also be different, each having its own set of Mbssbauer para-
nmeters. |In anorphous alloys, there exists a wide distribution in
local environnents of the Mbssbauer atons due to chemcal and
t opol ogi cal disorder. As a result of this distribution, the hyper-
fine field, isomer shift and the electric field gradient (EFQ
vary fromone iron nuclear site to the other and this variation,
in turn, gives rise to broad overlapping Mdssbauer |ines. 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-

neters.

The nost inportant aspect of the analysis of ME spectra is
the deternination of the Mssbauer paraneters (described in Sec.
2.8) isomer shift 6, quadrupole splitting A, intensity ratio b and
eval uation of the hyperfine fields and their distributions. Gven
the fact that ME spectra of anorphous ferromagnetic alloys consist
of structureless, broad and partly overlapping lines, often with
some degree of asymmetry, certain assunptions have to be made
before evaluation and analysis of M spectra. It is generally
observed that the electric quadrupolar effects are negligible for

anmor phous ferromagnetic alloys below the magnetic ordering tempe-
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rature T, [12]. The quadrupole interaction at each site in such an
alloy can be approximately described by e qQ (3cosze-1), wher e
equ 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 determned by site symretry, which varies
spatially throughout the sample, whereas the magnetic hyperfine
field, which is antiparallel to the magnetization axis in a ferro-
magnetic sanple does not vary randomy. 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]

HO

8 (H hf)

= 8(H a (3.5)

(o]
he he) @ (Hpe=

is assuned, which inplies that 6 also has a distribution simlar
to that of H. fbut so narrow conpared to the latter that it can be

treated as a delta function. A simlar correlation may be assuned

for T>T between the quadrupol e noment and the hyperfine field.

Several nethods exist in the literature for the evaluation

of hyperfine field distributions, P(H from the neasured ME

hf)l
spectra. These fall into two broad categories: (i) a definite

shape of P(H is assumed a priori, e.g., a single Gaussian [14],

ht!
nmodi fi ed Lorentzian [15] or a split-Gaussian [16] (the paraneters

of such functions are deternined by a |east-squares fitting proce-
dure) , (ii) no a priori assunption is nade as regards the shape of

P(th), e.g., the Wndow method [17] in which P(H i s expanded

he)
in a Fourier series, or the discrete field method proposed by
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Hesse and Rubartsch, [18] which was later inproved upon by Le Cser
and Dubois [19], or the method due to Vincze [20], in which P(H, )
is approximated by a binomal 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 Wndow nmethod, in which no assunption is nade about

the shape of P(H and (ii) the a two-pattern method in which the

he)
P(th) consi sts of two Gaussi ans.

3.8. Wndow et hod
P(Hp ) i s described by

W
P(Hoe) = Z a W, (H) (3.6)
i=1
where W. are * elementary’ functions of hyperfine field distribu-

tion between H=0 and H=H_ | f W, (H) is defined as

ax”’
W, (H) = cos[im(H-H_; )/(H _ -H . )] - (-1)2 (3.7)
P(H) can be expanded in a Fourier (cosine) series,
m
PH' ) = ajlcos{im(H-H , )/ (H _~H . )}-(-1)']  (3.8)
I=1
The distribution W, creates a spectrum 55,
Hmax
S;(v) = J Wi (H) "L (H,v) dH (3.9

o
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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 I|ines.
°

The conplete spectrumis witten as

S(v) (3.10)

[}

[
gl
)

5
144}

"
<

The unknown coefficients a. can be calculated by a |east-squares

program with the constraints,

P(H _ ) = 0 ; (dP/dH) =0 ’ (3.11)
MAx Hmin,max
In addition, the area under the P(H curve is nornalized, i.e.,
H
max
P(H ) = 1 (3.12)
min

Al the spectra were first evaluated using this method.

Vil e expanding the P(H in a cosine series (Eg. (3.8)), it is

ht)
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<T., and (iii) an average value of the intensity
11

ratio b of the conponent spectra, i.e., I _:I, _:I, , - 3:b:l,
can adequately describe the observed spectrum Although none of
these assunptions is strictly valid for anorphous ferronagnetic
systens, it has been demonstrated [21] that this method can none-

thel ess be used to accurately determine P(H provided that the

he!
i mportant Mossbauer fitting paraneters, e.g., the full width at
hal f maxi mum (FwHM) of the subspectral lines, T, intensity ratio,
b, and the nunber of terms in the Fourier expansion, N, are pro-

perly chosen. For instance, too small a value of N can obscure



sone genuine details of the P(H ¢) curve whereas too large a val ue
of N gives rise to unphysical structure in P(H, ¢) because a large
nunber of terns in the Fourier series (Eg. (3.8)) tend to fit the

statistical fluctuations in the neasured spectrum

The optinum choice of the paraneters, b, T and N for each

spectrumis based on the mninization of x , defined by

m

¥ = (m—np)'1 Z (y;xp - Yéal)Z/Y;xp (3.13)
i=1

(where m and n are the nunber of channels and free-fitting para-

meters, respectively, while Y; and y! are the experinental

cal
data points and the corresponding points on the fitted curve),
with respect to the free-fitting parameters &, I, b and the corre-
| ation between the isomer shift and hyperfine field, a* The I|ine-
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 paraneters 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 =b =4, It is evident fromFig. 3.17(a) that x? as
a function of b goes through a nminimum at b=2.1 for the spectrum
taken at 5 K for a-Feg,2r,,. Next, b and N were fixed at 2.1 and
10, respectively, and x was determned as a function of the I|ine-
width r. Fig. 3(b) shows that xZ(I‘) exhibits a well-defined m ni -
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

1

of x2%2(b) with r fixed at 0.33 mm.s” > showed that the value of b

does not differ from 2.1. The intensity ratio b and linewidth r

2

were then fixed at their optinumvalues and x“ was nonitored as a
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function of Ninthe interval 4 s N s 14, 12 drops steeply as Nis
increased from 4 to 6 but a further increase in N brings forth
only a slight improvement in Xx ¢ Thus, N=8 can be taken as the
nost appropriate value of N The optinumvalues of the paraneters
b, r, 6 and a as well as of W f(average hyperfine field) fromthe

P(H evaluated using Eq. (3.13), are determined for three dif-

hf)l
ferent values of N i.e., N=8, 10 and 12, for each spectrum The
CPU tine taken for 30 P(Hy ¢) eval uati ons on a Microvax-II conputer

was typically 1000 seconds.

3.9. Two-pattern analysis

The assunptions on which this nethod is based are (i) P(H, ¢)
consists of two hyperfine field val ues whose individual probabili-
ties are of Gaussian form (ii) the distribution in the hyperfine
field is prinmarily responsible for line broadening, (iii) the
quadrupol e splitting Ais negligible for both subspectra, (iv) the
intensity (or area) ratio of the outernost to the innernost |ines
in each sextet is 3, (v) the two six-line patterns are characte-
rized by two distinctly different but average val ues of the inten-
sity ratio b and of the center shift 6 and (vi) a linear correl a-
tion between 6 and Hoe exists for each subspectrum. The P(H,¢) is
first generated by the superposition of two Gaussian curves at H ¢
intervals that are 2 kOe apart, with H2* =400 kCe. A linear com
bi nati on of two independent subspectra, S.(v), is calculated using

Eq. (3.8) for the above-nentioned P(H = W, (H) in Eq. (3.8)).

he) (
An appropriate baseline is then added to s,(v) and the cal cul ated

spectrum can be witten as
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H

max

y ., (v) e« (average baseline counts) [1 - Jo P(H, ¢) L (H,v)dH
(3.14)
This is conpared with the measured spectrum and optinmn zed
using Eq. (3.13) in least-squares fit method. The optinmum parane-
ters of the two Gaussian distributions and those of the two sub-
spectra that reproduce the neasured spectrum are deternined from
the fit. The typical CPU tinme taken for each spectrumwas approxi-

mately 24 to 36 hours.

A conparison of the x values (corrected for the nunber of
free-fitting paraneters) obtained from the TP analysis and the
W ndow net hod shows that the quality of TP fits is far superior to
those obtained by the |atter methoed, Fig. 3.18. At this juncture,
it should be nentioned that the ME spectra were also fitted on the
assunption that either one or three Gaussian distributions consti-
tute P(H ¢). Wiile the single-Gaussian fits gave unsatisfactory
results in that the residual plots (the plots of the deviations of
the experinental w-counts from those calculated fromthe best fit
versus doppler velocity) at all tenperatures T<T revealed that
the lowfield part of the spectra, in particular, was unaccounted
for in these fits, the three-Gaussian fits, even with a nuch
larger nunmber of free fitting paraneters, did not lead to any
significant inprovement in the quality of fits conpared to that
achi eved by assum ng P(H () to be the sum of two Gaussian distri-

buti ons.

3.10. Experinental results

As nentioned earlier, the two-pattern fit method is clearly
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superior to the Wndow nethod at all tenperatures and hence zero
field Fe ME spectra at a few representative tenperatures in the
range 5-300K together wth the best two-pattern fits for
a-Feg Zr, 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 correspondi ng conponent Gaussian distributions
and their resultant distribution. From the figure, it is clear

that, (i) the p(H is bimodal in nature, (ii) the peak positions

he)
of both the two Gaussian distributions shift to lower field val ues
as temperature is increased, and (iii) the intensity (area under)
of the lowfield conponent of P(Hp ) i ncreases at the expense of
that of the high-field conponent with tenperature. Fig. 3.20 shows
a sinilar variation with tenperature of the neasured spectra and
their fits and distributions for a-Fe 2r,. These results show a

9

behavior simlar to that of a-Feg 2r, .. Figs. 3.21-3.23 show the

ME spectra at a few representative tenperatures alongwith their
correspondi ng P(Hy¢) for a few selected concentrations in the a-
Feg,. Co Zr, hf)
persists down to 9K in the alloy with y=I, gets partially supp-

o alloy series. The binodal distribution in P(H

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 tenperature for all the alloy conpositions are depicted in
Fig. 3.24. The CQurie tenperatures for the a-Fe Zr,,. alloys
with x=0 and 1 and a-Feg, Co Zr,, alloys with y=I and 2 are bel ow
room tenperature and hence, one can observe quadrupole splitting

only for these alloys at room tenperature. Fig. 3.25 depicts

P(Hp.) vielded by the Window analysis of the M8ssbauer spectra of
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a-Fey Zr for N=8, 10 and 12. An attenpt was nade to fit the

P(H\,Nf) for N=8 to the sum of two Gaussian distributions and the
outcone of this exercise is depicted in the above figure by conti-

nuous curves.

The optinmum values of the Mbssbauer paraneters, isomer

shift, aw, FWHM linewidth, rw, intensity ratio, bw, correlation

coefficient between the isoner shift and hyperfine field, aW and

=W

Hp ¢, the averagehyperfine field, which have been deduced from the
W ndow anal ysis (the superscript Wdenotes the Wndow nethod) are
depicted in Fig. 3.26 as a function of tenperature for a-Fey Zr
for N=8, 10 and 12. The values of all the paraneters so obtained

were found to be insensitive to the value of Nin the interval 8
W

= Ns=s 12 but P(Hp.) under goes 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 Mdssbauer paraneters,

i.e., isoner shifts, 5L and Sm, PWHM | i newi dt h, r°t and I‘FM,
intensity ratios, b and b , correlation coefficients between
isomer shift and hyperfine field, & and aFM and the average

=TP

hyperfine field H: fand the nost probabl e hyperfine fields corres-
ponding to the two Gaussian conponents, H. . and H ¢ as functions
of tenperature for each of the two independent subspectra deduced
fromthe TP analysis for a-Feg 2r, .. The superscripts CL and FM
denote clusters and FM matrix, respectively, referred to earlier
(Section 1.6) in connection with the infinite FM nmatrix plus

finite clusters nodel.
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SECTION - A
FERROVAGNET!I C RESONANCE

4,1. Resonance fields

Before enbarking on a discussion of the FMR results, the
mai n observations regarding the FMR spectra are recalled. It was
observed that the FMR spectra for tenperatures T < T consi st of a
single prinmary resonance which shifts to higher fields and broa-
dens as tenperature is increased. Apart from this resonance, a
secondary resonance at a lower field value ( «800 (Ce) appears at

T=T , which gets well-resolved for tenperatures T > T +10K

4.1.1. Tenperatures around and above Curi e poi nt

Primary resonance

The nature of the paranmagnetic (PNM to ferronagnetic (FV
phase transition in a-Fe .  2r allovswitlx « 10 at. % (Section

1.7) and a-Fe, Co Zry, alloys with 0 sy s 6 has been one of the

0
nmost controversial topics in anorphous magnetism in the recent
years. The values of the critical exponents for spontaneous nagne-
tization, M initial susceptibility, X and critical isotherm
i.e. B, r and 6, deduced frombul k magnetization (BM neasurenents
in the critical region [1,2] were roughly 1.4 tines larger than
the renormalization group estimates [3] for an isotropic nearest-
nei ghbour (NN) three-dinensional (3D Heisenberg ferromagnet. |n

addition, these exponents either satisfy [2] or do not satisfy [1]

the widom scaling relation, B8 = B + ¥, and their anonal ously
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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
reanal ysis [4] of the published data [1,5] on a-Fe o0 2Ty al | oys
reveal ed that the exponents B, ¥ and 6 possess values that are
fairly close to 3D NN Hei senberg 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 g and ¥, which charac
terize the FM-pM phase transition at the Curie tenperature, Ter

for a-Feg,,  2r,, . and a-—l’ego_yCoer10 allovs have beefot er ni ned

by using the FMR technique. This technique has been previously
used to determine the critical exponents for sone of the concen-
trations in the above-nentioned alloys series [6]. The additional
feature in the present study is that the concentration range has
been extended, an attenpt has been nade to approach the Curie tem
perature closer than in previous experiments [6] and neasurenents
have been taken at rmnuch closer tenperature intervals with a view
to arrive at reliable estimates for the critical exponents and
amplitudes. Values of saturation magnetization, M, have been
deternined to a high precision fromthe |ineshape anal ysis as des-
cribed in Section 2.2. The lineshape anal ysis reveals that the LLG
equation of nmotion for nagnetization 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 tenperature and concentration
range. Simlar observations, i.e., the LLG equation adequately

descri bes the behaviour of resonance field, Hres('r) , and thel i ne-
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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 M
with tenperature for a-Feg,  2r,, . and a—I“ego_yCOer10 al | oys.
Earlier studies on a-Feg,  Co Zr,, allovs navedenonstrated that

the M (T) values deduced from the |ineshape analysis are in good
agreement with the values of MT) deduced from BM neasurenents
perforned at an external magnetic field whose strength is conpa-

rable toH . Thus, Mm (H ,T) is identified with MH T) and H
res S res res

with the ordering field H conjugate to M The nagnetic or scaling

equation of state (SES), defined as
m= f (h), (4.1)

where m = M/lel® and h = H/lel® are the scaled magnetization and
scaled field, respectively, and c -« (T-To) /Te while the plus and
m nus signs refer to tenperatures above and below T , is then used
to arrive at the correct choice of 8 and ¥ and of the Curie tenpe-
rature, T, Which makes the MH T) data in the critical region to
fall on two universal curves, f_ for ¢<0 and £ for ¢>0 in an m vs
h plot. The choice of the parameters g, ¥ and T- for an optinum
collapse of the data onto the two universal curves, however,
depends sensitively on the tenperature range used for the fit and
is, therefore, not unique. Hence, a range-of-fit SES analysis is
used wherein the range of tenperatures in an m vs h plot is prog-
ressively narrowed down by excluding nore and more of the data

taken at tenperatures far away from T. from the analysis so that

c
the values of exponents B 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 £_(h) and £, (h). The asynptotic val ues of
the exponents are obtained only when they becone stable against
further reduction in the range of c. Fig. 41 shows the 1n m vs 1n
h scaling plot for a-Feg,  2r,, . allovs withthe corresponding

val ues of the exponents g and 7 and of T.-

Oritical 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 anplitudes. Therefore,
a conpl ete understanding of the critical behaviour at g is achie-
ved only when the values of the critical exponents together wth
the critical anplitudes are determi ned. The values of the critical

anplitudes are extrenely sensitive to the choice of T. and hence,

(o}
a very high accuracy in the deternination of T_- is called for.
Wien a double-logarithmc plot of the type shown in Fig. 4.1, is
used to determine the values of the exponents and T , the val ues
so obtained may not be accurate enough as small deviations of the
data fromthe universal f_(h) and £ _(h) curves are covered up due
to the insensitive nature of the log-log scale. A nore rigorous
nethod of analysis that gets rid of these anbiguities and deter-
m nes nore accurately the values of the exponents and T , is based
on the SES form

n’ = +a, + b, (h/m) (4.2)

where the plus and mnus signs as well as h and m have the same
meaning as in Egq. (4.1). In an mz-vs-h/m pl ot, slight deviations,
whi ch escape detection in a Inm vs. 1n h plot, can be discerned

with ease. In viewof the definitions

M_(e) = limM(H,e) =m (-)f, e <0 (4.3)
H+0
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and

-1
xal(c) - [%L:Jil H:O] = (hy/m,) €7, € >0 (4.4)
the coefficients in Eq. (4.2) can be related to the critical amp-

l'i tudes m, and h /m as

a =m (4. 5a)

and

a,/b, = hy/m, (4.5b)

The intercepts of the universal curves with the m and h/m axes in
am-vs-h/mplot, therefore, give the critical anplitudes m>Z and

hy/mg, respectively. Such mz—vs—h/m plots for a-Fe 2 and

90+x“T10-x
a-Fe Co zr are depicted in Figs. 4.2 and 4.3. Fig. 4.4 shows
the same data plotted for a-Feg,Co,Zr, , as those in Fig. 4.3 on a
sensitive scale with a viewto bring out clearly the val ues of m?
and h,/m, as intercepts on the m and h/m axes clearly. The val ues
of the critical exponents and the anplitudes and the Curie tenpe-
ratures deduced from the range-of-fit SES analysis nethod descri -
bed above are tabulated in Table 4.1. It is observed from Figs.
4.2 and 4.3 that the experinental data fall on the universal cur-
ves w thout any appreciable deviations even at low fields and this
inplies that the values of the critical exponents and T, are rea-
sonably accurate. Also listed in Table 4.1 is the ratio u,h,/k,Tn
whi ch, along with the exponent values, is conpared with the theo-
retical values predicted for an isotropic 3D NN Hei senberg ferro-

magnet. It is observed that, while the experinental values of the
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exponents are in close agreement with the theoretically predicted
val ues, the observed value of the ratio uoho/kBTC is smaller than
the theoretical value by an order of nagnitude for all the alloy
conpositions. |If h, is presumed to be an effective exchange inter-
action field and u . is the average effective elenmentary noment
involved in the FMPMtransition, then their product Hoeghor i.e.,
the effective exchange energy, is expected to equal the thernmal
energy at T=T,, i.e., k,T.. From Table 4.1, it is obvious that

unl ess Hegs is taken to be much larger than Mo this relation can-

not be satisfied. Hence, in order that the ratio u.h./k,.T. equals
[V 0] n c

the 3D Heisenberg value of 1.58, u £ ¢ ASSUMES the values listed in
Table 4.1. Aso, the concentration of such effective nonents is c
= u,/ue.. The values of ¢ so conputed and shown in Table 4.1,
strongly indicate that only a small fraction of monments partici-
pates in the FMPM phase transition. According to an earlier fin-
ding (2], the critical exponents assunme 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 g and r do not depend on the alloy conposition and possess
3D Heisenberg-like values. This inplies that the transition at T
is well-defined and quenched disorder does not alter the critical
behavi our of the pure spin systemwith specific heat critical ex-
ponent « <0, in accordance with the well-known Harris criterion.

The Curie tenperature, T increases linearly with Co concentra-

cl
tion as previously reported [8] for a-Feg,_ Co zr 0aIons, 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 conpeting Fe-Fe exchange
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interactions. The concentration dependence of the quantities Hao
¢, To and the Gilbert danping parameter deduced in the critical

region is depicted in Fig. 4.5.

From the foregoing text, it is evident that the FMR tech-
ni gue can be successfully enployed to determne accurately the
spont aneous magnetization and initial susceptibility critical
exponents B and r, which characterize the FM-PM phase transition
at TC.

Secondary resonance

The secondary resonance has been an inportant and unique
finding of the present study. This resonance node, whose signature
is first noticed at T«T at a lower field value of 800-900 Oe,
devel ops into a full-fledged resonance for T > To+10K. In met allic
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 dynamc permeability
attains its maxi mum value at the field corresponding to ferromag-
netic resonance and the mcrowave 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 experinents
were performed on the sanples for various lengths of time. The
etchant used was nital, a solution of 10% concentrated anhydrous
nitric acid and 90% ethyl alcohol. FMR neasurenments carried out on

the alloy conpositions before and after etching (polishing) treat-
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ment show that apart froma systematic downward shift in the reso-
nance field versus tenperature curve, with etching (or polishing),
all the basic features present in the unetched sanple are retai-
ned. This finding confirns that the secondary resonance origi nates
fromthe bulk and not fromthe surface. The possibility of inter-
preting this resonance as arising from regions of sanple that
differ slightly in conposition is also ruled out since this reso-
nance is observed only for tenperatures well above Te and possess-
es properties quite different fromthose of the prinary resonance
that occurs bel ow T- Any attenpt to explain the origin of this
resonance using the "wandering-axis ferromagnet" nodel [10] is
bound to prove futile since this nodel, by definition, precludes
devel opent of |ong-range ferromagnetic order at any tenperature.
This nodel can, at best, qualitatively explain sone features of
this resonance but certainly not the occurrence of this resonance
only for tenperatures above a certain tenperature, T,., and the
exi stence of another (primary) resonance with properties characte-
ristic of long-range ferromagnetic order. The antiferromagnetic
(AFM) clusters plus ferronagnetic Fe-Zr matrix model [1l1] also
fails to explain this resonance as there is no basis for the exis-
tence of any resonance above T, in this nodel. A detailed apprai-
sal of the results reveals that the infinite 3D ferromagnetic nmat-
rix plus finite spin clusters picture [12] provides the nost plau-
sible explanation for the origin and properties of the secondary
resonance. This can be visualized as follows. The | ocal anisotropy
fields for tenperatures well bel ow T, are expected to be very
large [13-15] > 100 kQe, wparticularly 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 |arge
fluctuation in the exchange at the interface and |arge magneto-
striction. If such is the case, external nmagnetic fields of |ess
than 10 kCe, 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-
dommess in the spins constituting the FMmatri x, caused by thermnal
agi tation, weakens the exchange interaction anong them whereas the
di rect 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 sonme of the spins bel onging
to the FMnatrix. In the process, two or nore neighbouring clus-
ters coalesce to form a bigger cluster and the clusters grow in
size and their relaxation rate decreases. Wien 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 tenperature, 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 tenperature brings about nucleation which is an irrever-
sible atomc ordering process (crystallization) and in case of a-

Feg, Zrg this happens around T=450K and beyond this tenperature
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both linewidth, AH , and resonance, H o' decrease with increa-
sing tenperature. However, electron nicrographs taken at roomtem
perature on sanples which had undergone thermal cycling to 500K do
not show any crystalline regions on the surface, even though rel a-
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 sanple was at a particul ar tenperature.
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 nmgnetic 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 angul ar 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 snmall positive val ue
of =20 £ 10 Ce, which is independent of the Co concentration and
does not scale with saturation nagnetization M . The presence of
clusters for T>T. is also vindicated by the results of previous
bul k magnetization neasurements [4,16], which indicate the pre-
sence of strongly interacting giant "superparamagnetic-like" cl us-

ters for tenperatures well above T and recent high-resolution

c’

smal | -angle neutron scattering studies [17] on a-F z

€90+x“T10-x
al |l oys, which reveal that two types of spin clusters (those which
are typically 200-400A in size, presumably static and persist to
tenperatures well beyond the bul k Ter and those which disintegrate
at Tq and are responsible for a steep increase in the spin-spin
correlation length as Te is approached on either side) coexist in

t hese al | oys.
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Anot her important fact to be noted is that at T=T., nOSt of
the spins are present in the clusters and not in the FM natrix.
This is borne out by the fact that the fraction, c, of spins that
actual ly participates in the FMPM phase transition is as small as
=10 % in the case of a-Fe Zr o The partial substitution of Fe by
Co leads to an overall decrease in the average size of the clus-
ters and this leads to nore nunber of spins being present in the
FMmatrix. This is clearly indicated by the increase in ¢ with Co

concentration.

4.1.2. Tenperatures in the |l owand i nternedi ate ranges

It is observed fromFigs. 3.2 and 3.3, which depict the tem

perature variation of the prinmary resonance field, H for

res’

a-F 2 and a-Fe Co,2r,, alloys in the internediate tem

€90+x°F10-x 90-y"°y%T1

perature range, that H exhibits a slow increase up to T«0.8T,
and then increases steeply as T+Tq- Thi s behavi our of H can be
attributed to the tenperature variation of saturation nagnetiza-
tion, M. It nust be recalled here that the values of H are the
‘true’ resonance centers as deduced from the |ineshape analysis
(Section 2.2). The val ues of M_ at di fferent tenperatures 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 lowlying excitations in the above-nentioned alloys has been a
subj ect of nuch controversy. Wile Krishnan et al [18] found that
the v in-field’ nagnetization varies with tenperature as, MHT) a
/2 for T>T*, a characteristic tenperature, in external magnetic

fields up to 140 kCe for a-Fegy2r, 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 Krdnmuller [19] observed that
the thernmal demagnetization in the tenperature range 0 s T = 0.5T,
was governed by Stoner single-particle excitations for H < 2.7k0e
and spi n-wave excitations for H > 2.7x0e and that D decreases from
50 to 35 mevA as His increased from27 to 4okxoe. The concl usion
[20], based on inelastic neutron scattering studies on a-Feg, Zrg,
that no propagating excitations were evident at any tenperature
bel ow T, for the wave vector transfer range 0.05A” s gq = 0.12A

conplicated the issue further. Contrasted with the above fi ndings,
the recent high-precision bulk magnetization (BV data of Kaul
[12] revealed that both Stoner single-particle and spin-wave exci-
tations contribute to the thernal denagnetization, besides the
local spin density fluctuations, and D has a field-independent

2
+ -
value of 32 + 1 nevA® for a Feg Zr, ..

Such divergent viewpoints pronpted us to analyze the MHT)
data deduced from the FMR neasurenments so as to deternine the
different contributions to the thermal denagnetization and arrive
at a reliable estinmate of the spin-wave stiffness coefficient D.
In this regard, it must be enphasized that the present M(H,T) data
deduced from the FMR spectra, even under nost favourable condi-
tions, cannot match the accuracy of BM data. Nevertheless, the
precision in the deduced MHT) data suffices to deternmine the
dom nant contributions to thermal denagnetization 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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zation, i.e. [M(H,0)-M(H,T)]/M(H,0) « Am, are given by [21,22)]

Am = Am__ + Amsp (4.6)
wher e
gu k. T 3/2
= B 3 B
Amsy = W(H,0) [Z (3 ) [+omr)
K. T 5/2
5 B
+ 158 Z(—5- , t,) [TD(,T)_] } (4.7)
is the spin-wave contribution, and
_ 3/2 _
Amsp = S(H T/ “exp( A/kgT) (4. 8a)
(for strong itinerant ferromagnet)
am_ = S(H T? (4. 8b)

(for weak itinerant ferromagnet) is the single-particle contribu-

tion. In Eq. (4.7), the Bose-E nstein integral functions

Z (s, tn) = E n-sexp(-ntﬂ) (4.9)

n=1

t, = Tg/T = guggpee/RpT (4.10)

allow for the extra energy gap, guBHeff(=kBT) , in the spin-wave
spectrumarising fromthe effective field

Hyee = H- 4nN M+ Hy (4.11)

(where N, M and H, are the demagnetizing factor, magnetization and

A
ani sotropy field, respectively) which the spins experience within
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the sanple. Alternatively, in the presence of the external magne-

tic field, H the magnon dispersion relation takes the form

EG(T) = hu (T) = gugH o+ D(T) o’ (2 - 8q®) (4.12)
where the coefficient g is related to the mean-square range of the
exchange interactions, <r > = 20 g and the spin wave stiffness
coefficient D renormalizes wWith tenperature according to the rel a-
tions [12]

DT) =D0) (1- p,1%) (4.13)
and

XT) =D0) (1- Dpg,m%/? (4.14)

in case of itinerant- and |ocalized-el ectron nodels, respectively.
The denagnetization factor N in Eg. (4.11) has been determ ned
fromearlier lowfield magnetization data and the splitting factor
g (=2.07 £ 0.02) and the anisotropy field, H,, from ferromagnetic
resonance neasurenents [23]. Theoretical |east-squares fits to the
Am dat a based on Egqs. (4.6)-(4.11) with the tenperature dependence
of spin-wave stiffness coefficient in Eq. (4.7) described either
by Eq. (4.13) or by Eg. (4.14), have been attempted. Wen the
| east-squares fit involving six paraneters, i.e. M(H,0), D(0), b
or 05/2, B, Sand A vyielded the result b/kg = 0 + 1K, Egs. (4.6),
(4.7) and (4.8b) involving the conbinations D(T) = D0), IT) =
D(0) (1-D,T%) and (T) = D(0) (1-D T°/2) vith either g =S =0 or
g*0, S=0 or B=0, S=0 were used for the subsequent fits. In order
to ascertain the relative inportance of the spin-wave and single-
particle contributions to Amwithin the tenperature 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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t he above-nentioned theoretical fits are nonitored as the tenpera-

ture interval t i 3 t=T/T, = th

keepi ng tminfixed at 0.4 (0.3) and varying t . from0.5 (0.4) to
0.95 (0.95 in the case of a-F

ax |S progressively broadened by

2 and a-Fe Co_2r

€90+x“T10-x 90-y-°y*T10
alloys with y=I and 2 (alloys with y = 4) . The reverse process,

i.e., keeping tmax fixed at some value and varying the range by

varying t . , was also carried out. The results of this exercise
reveal that the observed variation of Amwith T over the entire
tenperature range is best described by the fit which is based on
Egqs. (4.6)-(4.11) and sets B=s=0 with D(T) given by Egq. (4.13),
indicating that the thernmal denmagnetization is dom nated by spin-
wave excitations. It has also been observed that, regardless of
the tenperature range chosen for the fit, inclusion of the single-
particle contribution (the T term) or the higher-order spin-wave

5/2 term) besides the T/2 term in Egs. (4.6)-(4.7)

term (the T
| eaves the val ues of the paraneters of the /2 it (i.e., the fit
that makes use of Egqs. (4.6) and (4.7) with Am = g = 0) practi-
cally unaltered and does not bring forth any inprovenent in the
quality of the fit and the value of the reduced sum of deviation

2

squares, x_, which is given by xf = xz/(N—Npara) where N is the

total nunber of data points and Npara is the nunber of free fit-
ting paraneters, does not show any systematic variation with the
range of tenperatures used for the fits. In certain tenperature
ranges, x. becones conparable to that obtained for the case wth
spi n-wave contribution only. This inplies that the values of nag-
neti zati on deduced from FMR neasurenents in the present case are
not accurate enough to make an unanbi guous separation of spin-wave

and single-particle contributions to the thermal denagnetization
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possi ble. The optinum values of the parameters that vyielded 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 ! pl ot

shown in Figs. 4.6 (a) and 4.6(b) for a-Feg,  2r,, , and
a-Fe Co zr alloys, respectively. The variation of the spin-
wave stiffness coefficient, D(0), determned fromsuch fits, wth
Co concentration is shown in Fig. 4.7. It is noticed that D(0) has
a non-linear dependence on the Co concentration. It nust be stated
here that the above-nmentioned analysis carried out for the
a-Co 2r alloy, which represents the end conposition on the Co
rich side of the a-Feg, Co Zro, alloy series, reveals that D(0)
has a val ue of -335 mevAZ. Bearing in nind that the change in nmag-
netization for this conposition is less than 5% over the investi-
gated tenperature range, and hence, there is bound to be a large
error in the M values so deduced, the value of D(0)=335 mevA

conpares well with the value of 385 nevA , obtained froman anal y-
sis of bulk magnetization data [12]. A plot of D(0) against T ,

the CQurie tenperature (deternined from the scaling analysis) is
depicted in Fig. 4.8, which also includes the predictions of the
t hree- di mensi onal Hei senberg nodel which either takes into account
t he exchange interactions between the nearest neighbours (NN only
(dashed straight line) or considers both the NN and the next-
nearest neighbour (N\N) exchange interactions (solid straight
line) [24]. This figure also includes D(0) and T data avail abl e
inthe literature on other sinilar glassy alloy systenms. In accor-
dance with the theoretical predictions [24], the D(0) values for

anor phous ferromagnetic al |l oys, when plotted against T., fall on a



Table 4.2. Magnetic and spin-wave paraneters for a-Feg,_ Co zr 0 al -

loys. The nunbers in parentheses denote estinmated uncertainty in the
| east significant figure.

Al oy Concentration M 0) D( 0) D, D(0) /T,

(y) (9 (mevA?) (1076 k%)  (mevA? k1)
0 950( 10) 32(4) 1. 819( 15) 0.13(3)
1 990( 10) 43(4) 4. 837(15) 0.17(3)
2 1002( 10) 51( 4) 4.612(15) 0. 18(3)
4 987(10) 71(4) 4.290( 15) 0.21(3)
6 1027( 10) 76( 4) 2.830( 15) 0. 20( 3)
8 1060( 10) 83(4) 1. 940( 15) 0. 20(3)
10 1103( 10) 90( 4) 2.270( 15) 0.19(3)
18 1231( 10) 123(6) 1. 240( 15) 0.18(3)
90 1027( 10) 335(10) 0. 280( 15)
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straight line represented by the equation

D(0) =D, +roT

0 c (4.15)

where m = 0.144 mevh? k™1 and D, is either finite or zero, depen-
ding on whether the exchange interactions extend beyond the NN
di stance or not. It has been observed that while values of D(0)
for a-(Fe,M-B alloys (M= Cr, M1, W [25-27] fall on a straight
line with m = 0.144 mevR K passing through the origin, the D(0)
values for the a-(Fe,Ni)-M’ alloys (where M = P, B, Si, Al)
[24,28,29) fall on another straight line which is parallel to the
earlier one but with a finite intercept D, = 24 + 3 meVAZ. Thus,
the conpeting interactions in the forner set of alloys confine the
direct exchange interactions to nearest neighbours only whereas in
the latter set, due to the absence or suppression of conpeting
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 conpositions with x=0 and 1 for
a-Fey,, 2T 9- &l l0y series and for conpositions with y=0 and 1

for a-Feg, Co zr alloy series fall on the straight |ine passing

0
through the origin, it inplies that the direct exchange interac-
tions in these alloy conpositions are being confined to nearest
nei ghbours only by the conpeting interactions. Wth increasing
anount of Fe being replaced by Co (y = 6, 8, 10, 18), the conpe-
ting interactions are progressively suppressed, the alloys become
nore honogeneous and the direct exchange interactions now extend
to next-nearest neighbours also. In the intermediate Co concentra-

tionrange (2 =y =4), a crossover fromthe short-ranged (NN di s-

tance) to the long-ranged (N\WN di stance) exchange takes pl ace.
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The angul ar dependence of the resonance fi el ds, H. . (&) , for

T < T i.e., T=0.6T described in Section 3.3.3 throws sone

c’ c’
light on the nature of the anisotropy in these alloys. The analy-
sis of the H o (¢) data for T < T shows that for the prinary
resonance in both in-plane and out-of-plane cases the uniaxial
ani sotropy field H. is positive throughout the Co concentration
range for a-Fe G zr alloys and increases with y fromH, = 40
G for y=0 to 160 Ce for y=10 (Fig. 3.10(a)). In addition, H
scales with saturation nagnetization, M (Fig. 3.10(b). The uni-
axial anisotropy in the investigated alloys, as in other ferronag-
netic alloys in the anorphous state, presumably has its origin in

t he pseudodi pol ar atonic pair ordering nechani sm [ 30].

At very low tenperatures, resonance fields have been known
to exhibit anonalous behaviour in many reentrant alloy systens
[31] in that with decreasing tenperature, H decreases faster
than can be attributed to an increase in nagnetization and the
tenperature dependence of H depends upon the thernmal history
[32], i.e., whether the sanple has been zero-field-cooled (ZFC) or
an external field has been applied during the cooling cycle. The
low T drop in H oo is found to be isotropic, i.e., it does not
depend on the orientation of the external field with respect to
the sanple, 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 lowtenperature anomaly and thernal history ef-
fects in a-Feg,  2r,, . alloys, as isvident from Figs. 3.4(a)
and 3.4(b), but no such anomaly or thernonagnetic effects are dis-

cernible in the case of the Co containing alloys. As a conse-
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quence, the saturation nmagnetization values, obtained from the
i neshape analysis of the FMR spectra taken at |ow tenperatures
without allowing for the anisotropy field effects, included in
Figs. 4.6(a) and (b) exhibit an upturn at a tenperature (i.e.,
below this temperature the MH T) data start deviating from the
best fits to the Amdata obtained in the intermediate tenperature
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 conple-
tely suppressed for y = 6. This observation strongly indicates
that the reentrant behaviour is conpletely suppressed for y > 4 in

a-F Co_2r allovs.

€90-y“°y%T10

4,2. Linew dths

The tenperature dependence of FMR linewidth is divided into
three tenperature regi nes and di scussed separately as was the case
while dealing with H (T) in the preceding section. These regines
are : (i) the tenperatures close to T , which highlight the criti-
cal behaviour of the prinary resonance, and tenperatures above T ,
that assume inportance because of the appearance of the secondary
resonance, (ii) the internediate tenperature reginme and (iii) |ow
tenperatures which bring out certain inportant features of the the

primary resonance.

4.2.2. Critical behaviour and LLG danpi ng

Pri mary resonance

The variation of the peak-to-peak linewidth, AH , for the



110

primary resonance with tenperature in the » and #Yconfigurations

for a_Fe90+xzr10-x and a—Fe90-yC°yzr10 alloys has bquepi cted in

Fig. 3.11 of Section 3.4. A part of this data taken in the criti-
cal region (lel < 0.06, C = (T-Ta) /Te) is shown in Fig. 4.9 for the
Il sanple configuration. It should be noted that in this tenpera-
ture range, AH (T) possess the same values for Il and ¥ configu-
rati ons. Frequency-dependent studies of FMR in anorphous ferromag-
nets [33,34] have revealed that AH consists of a frequency-

i ndependent part, AH and a frequency-dependent part, AH

LLG"

Wi l e 8H is nost probably caused by the two- or multi-magnon

scattering from spatially localized nagnetization inhomogeneities

o’

[33], 8H ;- (= 1.45 Aw/"les) results from the LLG relaxation
mechani sm 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 enphasize that AH (T) in
the critical region can be very well described by the enpirical
relation

BHL(T) = BHy + [A/M (T)], lel < 0.05 (4. 16)
The second term on the right-hand-side of Eq. (4.16) can inmmedi a-
tely be identified as 4H,,. and the danping paraneter X can be
calculated fromthe value of the coefficient A determned froma

least-squares~-fit to the AH (T) data for different conpositions

based on Egq. (4.16) (Fig. 4.10). The temperature-jndependent va-
8 81

lues of A so conputed ranging between 2 x 10 and 3.5 x 10 sec
are plotted against Co concentration in Fig. 4.5. These val ues of
X do not differ significantly from those deduced from the |east-

squares fits to the AH (T) data over the entire tenperature range
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covered in the present experiments particularly for y > 4. Fur-
thernore, in the critical region, the LLG term gives a dom nant
contribution to AH (T) by virtue of its 1/M dependence. A dec-

reases with increasing Co concentration so much so that it drops
81 8

rapidly in the range 0 sy s 2 from34 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 fromthe |ineshape ana-
lysis shows a tenperature- and composit ion-independent val ue 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,
whi ch becones well-resolved at T > T.+10K, resenbles that gene-
rally observed in cluster spin glasses but the resonance |ineshape
in the present case is much sharper and symmetrical wth respect

to the baseline than in cluster spin glasses.

4.2.2. Internediate tenperature regine

In this section, the variation of linewidth with tenperature
for T<T, is discussed. According to Figs. 3.11(a) and 3.11(b) of
Section 3.4, the FMR linewi dth exhibits a weak dependence on tem
perature in this region (increasing with decreasing tenperature).
As already nentioned in Section 4.2.1, the FMR linewidth, AH , in
anor phous al |l oys conprises a frequency-dependent term and a term
AH, whi ch is independent of the frequency (also called the »zero-

frequency’ term . The unambi guous determ nation of these two con-
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tributions necessitates the measurement of AH at different mc-
rowave field frequencies. Wwen the resultant data at a given tem
perature are plotted in the formof a AH vs. v curve, the linear
dependence of AH on the mcrowave field frequency becones appa-
rent and the intercept at zero frequency gives the value of BH,.
Such an analysis was not possible in the present case because the
ESR spectrometer available for neasurements could operate only at
a single frequency of 9.3 G in the X-band. Nevertheless, an

attenpt has been nade to estinate the values of A and aH_ through

)
a least-squares fit analysis of the data. The tenperature (T) and

frequency (v) dependence of the linewidth is described by

(4.17)

BH(v,T) = BH(T) + BHp (v, T)

In Eq. (4.17), the second term on the r.h.s represents the LLG
contribution which is proportional to (w/w)(h/ms). However, the
origin of the first term whhich nanifests itself as a non-zero
intercept at v=0, appears to be nore conplicated. Spano and Bhagat
[34] attribute this additional contribution to inhonbgeneities
that are consequent upon a random placenment of ferronagnetic
atons, which causes the exchange interaction to be a random func-
tion of position. These authors enpirically nodel the inhomoge-
neity by a Gaussian distribution of |ocal magnetizations and of
internal dipolar fields and then calculate the linewidths that re-
sult fromsuch a distribution. A different approach has been taken
by Cochrane et al [35] based on ferronagnetic antiresonance (FVAR
neasurenents. According to this approach, AH has its origin in

the two-magnon scattering mechanism The magnon scattering may be
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caused by spatial inhonogeneities in the local nagnetic anisotropy
fields and/or inhonogeneities in the local exchange interaction
[36]. These authors calculate the contribution to the linewidth
due to two-nmagnon scattering processes using elliptically polari-
zed magnons (since 4mM s conparable to or much larger than the
applied fields in iron-rich materials) and find that the two-
magnon linewidth is proportional to M in agreenent with the ob-
servations. Wile performing the least-sguares-fit analysis, the
| atter approach has been adopted in the present study by witing
the constant term as,

AH (T) = Hy + a M_(T) + b Mi(T) (4.18)
where H is a constant term independent of temperature, the second
term arises due to two-nagnon 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
attenpted based on Eqs. (4.17) and (4.18) by using a nonlinear LS
fit conputer programwhich treats the danping paraneter A, H. , a
and b as free-fitting paraneters and M values used in this pro-
gram are obtained fromthe |ineshape analysis, mentioned earlier
Such LS fits have been attenpted in the tenperature range 77K to
(To + 15K) for each of the alloy conpositions. The solid Ilines
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 termH, is either negligibly snmall or zero, (ii)

contribution from the M termis significant only in the case of

a~Fe and a-Fe Co_Zr allovs with low Co concentra-

90+x2%¥10-x 90-y-°y“f10
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tion (y s 2) ; this termmakes little or even no contribution to
AaH for yfc2, (iii) the M squared termgives a sizable contribu-
tion in the internediate tenperature range and (iv) the danping
paraneter A is independent of tenperature (since its value does
not depend on the tenperature range chosen for the fit) in the
entire tenperature range which also includes the critical region.
8H does not exhibit any systematic trend with Co concentration.
This could inply that aH. is extremely sensitive to the thernal

history of the material. The dominance of the M termover the M_

termin the Eq. (4.18) presumably inplies that the higher-order
magnon scattering processes are inportant. Fig. 4.11 shows the

Gl bert danping paraneter A plotted against Co concentration. The

8 -
value of A ranges from 51 x 10 sec for the parent alloy

Fe .zr ,to 15 X 108 sec *for the alloy with y=18. The unusually

large value of A for a-Fe Zr oand the variation of A with Co

concentration can be understood in terns of the density of states

at the Ferm level, N(E as follows. Heinrich et al [33] have

F)
shown that A « N(Ep) for crystalline ferromagnets. Lowtenperature

speci fic-heat neasurenents on a-Feg ZT 0 x alloys [37] vyield a

val ue of N(Ep) for a-Fegy 2r, . as N(EF) =3.4 states /eV atom Such

) for a-Feg,2r, has al so been obtained from

the uv photoel ectron (UPS) technique [38], which is a nore direct

a large value of N(E

method. In view of the result that N(Ep) falls rapidly with in-
creasing Co concentration [39] in a-Feg Co 2r,, al loys, it is,
therefore, not surprising that A too decreases with increasing Co

concentration.
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Fig. 4.11. Functional dependence of G Ibert danping paraneter, A,
conputed in the critical region (¢) and over the entire

investigated tenperature range (¢), on Co concentration.
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4.2.3. Lowtenperature behavi our

In a nunber of concentrated spin glasses and reentrant sys-
tems the linewidth increases rapidly ([23,32,34,40,41] when the
tenperature is decreased bel ow «2Tg. and =2T , respectively.
Bhagat et al [42] have shown that this rapid increase can be des-

cribed by an enpirical relation of the form (Section 3.4.1),
C(x,v,T) = To(x,v) + Fl(x)(T/TO)nexp(—T/To) (4.19)

wher e ry and T, are enpirical parameters and I is the value of

0
the linewidth in the internediate tenperature regions where it is
either independent or weakly dependent on tenperature. The value
of the exponent n may be 1 or 0 depending on whether or not the
linewi dth goes through a maxinum at very low tenperatures. In the
present study, FMR measurenments down to 10K were performed on

anor phous  Feg,2Zr, ., Feg,2ry FegyCo,Zr,, and Fe_,Co_2Zr al | oys.

1 84°°6°710

The |ow tenperature dependence of the linewdth for these alloys
has already been depicted in Fig. 3.11(c) along with the best LS
fits to the data. Wile fitting Eqg. (4.19) to the lowtenperature
AH (T) data, the paraneters ry and T, are treated as free-fitting
paranmeters while n is set equal to unity and Ty is assigned a
value which AH has in the intermediate tenperature range where
the linewidth is nearly independent of tenperature. From Fig.
3.11(c), it is observed that Eq. (4.19) provides a reasonably good
fit to the data. The maxima at |ow tenperatures in AH (T) are
characteristic of many reentrant systens [34,40,43]. Though it has

been suggested earlier that these naxima nmay be identified with

the reentrant tenperatures [43], the present results do not sup-
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port such a conclusion. The Tpvalues for Fe-Zr alloys and Fe- Co-
Zr alloys with low Co concentrations deduced from lowfield magne-
tization data [8] are nuch higher than the T val ues deduced
from the linewidth data and any coincidence between these two
could be fortuitous. Wthin the framework of the infinite FM mat -
rix plus finite clusters nodel [44-46], the exponential increase
in linewidths at low tenperatures nay be explained in ternms of a
theory proposed by Continentino [47]. Continentino proposed that
the finite clusters nay be described as a set of magnetic two-
| evel systens (TLS) represented by an asymretric double well po-
tential with energy splitting E and anal ogous to tunneling centers
in glasses and the relaxation processes that are associated with
these clusters invoke transitions between the two |evels. The |ow
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 FMcluster interacting with the finite clusters is given

by

+ -+ = +
H = z €, a, 8, +J -5 + D-0xS (4.20)
k

where e« = A+ DKk is the energy of the spin waves with stiffness
constant D, due to exchange interaction between spins within the
infinite cluster, A is the spin-wave gap arising from ani sotropic
interactions between these spins, k is the wave vector of magnons
and a:, a, are Holstein-Primakoff creation and anni hilation 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-
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tive isotropic exchange and anisotropic Dzyal oshinskii- Moriya
(DV) interactions between the spins S of the infinite cluster and
the finite clusters represented by the Pauli matrices o, 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 danping of these excitations. This danping, which
mani fests itself as the FMR linewidth, consists of two contribu-
tions: the first one, called the resonant contribution, arises
fromthe interaction between the clusters nediated by nagnons ex-
cited in the infinite cluster by the mcrowave 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 froma 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 atomc ordering. For the range of
tenperatures covered in the present experinents and the mcrowave
frequency used (9.3 GHz), the resonant contribution to the Iine-
width is expected to be negligibly snmall conpared to the rel axa-
tion contribution. The energy splittings E of the TLS are assuned
to be a constant function with value n from zero to a cutoff
val ue E ax and zero otherwise and the probability distribution of
the activation energies (energy barriers) becones exponential for

| arge v,
P(V) = (1/V,) exp(-V/V) (4.21)

Wth the longitudinal relaxation time given by T, T T,

sech(E/ 2kT) whenever the conditions wTy « 1 and kT/V, < 1 are

exp(V/ kT)
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satisfied, Continentino [47] arrives at the follow ng expression
for Iinew dth

2
ZnSno D

BH__) = N, Vg KT exp(-T/T) (4.22)

with the characteristic freezing tenperature Ty gi ven by

Ty = Vo/l11n (wTj)| (4.23)
In Eqg. (4.23), w 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, T 1is the inverse of an attenpt
frequency and the other synbols have their usual neaning. Conbi-
ning Eqs. (4.22) and (4.23), one obtains Eq. (4.19) with n=1 and

2nSno 02 k

r. = (4.24)
1 haN, iln(uto)i

Eq. (4.22) also reproduces the naxima observed in the linew dth

versus tenperature curve at T=T,. Though this theory can satisfac-

]
torily explain the increase in FMR linewidth at |ow tenperatures,
it has some obvious linitations. For instance, contrary to the
observation that Eq. (4.19) is obeyed up to tenperatures as high
as 2T,., this expression according to the theory due to Continen-
tino is strictly valid only at very low tenperatures, i.e., for
xT/V,, « 1. Mreover this theory predicts a large shift in the
linecenter concomtant with increased linewidths, which has not
been observed in many random spin systens. Systematic studies of

frequency dependence in concentrated anorphous spin glass systens
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[48] have reveal ed that r, exhibits a "resonant anomaly" as a

function of frequency and for very |low frequencies, ry i ncr eases
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 systens might be nore com
plicated than assuned in the theory due to Continentino. Hence, a
nmore detailed, nicroscopic theory of linewidths in these systens

i's required.

Anot her inportant aspect of the present data is the concen-
tration dependence of the lowtenperature linewidth. It is obser-
ved that for Co concentrations greater than 2 at.% the exponen-
tial increase in linewdth at |ow tenperatures is conpletely 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 simlar lines as the discussion of spin-wave stiff-
ness coefficient Din Section 4.1.2. It was shown earlier that in

a-F and a-Fe Co 2r, all oys, the range of direct

€50+x%¥10-x 90-y°y

exchange interactions in alloys x,y = 0 and 1 is confined to nea-
rest neighbours only due to the presence of conpeting interactions
whereas for alloys with y in the range 6 =y s 18, the direct
exchange extends to next-nearest neighbours also, indicating
either a suppression or absence of conpeting 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 conpeting interactions in the frustration zones (Section

1.6) [12] surrounding the clusters and this |eads to breaking-up
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of these clusters into snmaller clusters. Consequently, as the Co
concentration increases, the nunber of spins constituting the FM
matrix increases at the expense of those formng the clusters, the
spin system beconmes nore and nore honogeneous and the reentrant
behavi our gets progressively suppressed [49]. (ne can also find an
interpretation for this in ternms of the theory due to Continen-
tino. According to Continentino [47], the energy barrier V arises
from interactions between the cluster and its surroundi ngs taking
pl ace across the zones that separate the cluster proper fromits
environnment. 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 nunber of spins

on the surface of the cluster v* [50], i.e.,
P(V,r) « exp(-av?/v¥) (4. 25)

According to the percolation theory for three-dinensional systens
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

P(V) = [c(v) P(v,v) Qv (4.27)

whi ch, when eval uated asymptotically for large V, results in an

equation of the formof Eq. (4.21). Thus, it is clear that the
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characteristic tenperature 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, T,. Since the increase in Co
concentration results in reducing the cluster sizes, v and T.
progressively decrease and hence, the reentrant behaviour is

suppr essed.
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SECTION - B

MOSSBAUER EFFECT

4.3. Hyperfine field distributions

The analysis of the Mssbauer spectra of various alloy
conposi tions (Section 3.10) gives their hyperfine field
di stribution curves P(H,¢), depicted in Figs. 3.19 - 3.23 for

a-Fe a-Fe 1Zr a-Fe_,_Co.,Zr a-Fe_ Co, Zr and

90%% 10" 91%Tg’ 89-%1°T10" 88“°2%T10
a-Fe, ,Co_ 2r,,., respectively. Since all the above-nentioned alloy

conpositions with the exception of a-Fe Co 2zr exhibit simlar
hyperfine field distribution curves, the results for a

representative conposition, i.e., a-Fegy 7 only wll be

r
10’
di scussed in detail. The hyperfine field distribution curves,

T

P(Hp

;), deduced from the two-pattern (TP) fit analysis, and

P(H deduced from the Wndow anal ysis, for a-Fe,.Zr 0 shown in

L
hel ! 9027
Figs. 3.19(b) and 3.25, denonstrate the existence of a bimodal

structure in P(H for all tenperatures below T, since the

1 g) c

presence of a lowfield component in themis clearly noticed. This
lowfield conponent, reported previously by a nunber of workers
[ 8,10, 11, 52-55], however, does not nanifest itself as a
well-resolved peak as is nornmally the case wth binodal
di stributions, but appears nore as a shoulder on the lowfield
side of the main peak. In a recent paper, Ryan and Ren [56]
hf) for 1-"e922r8 at all
but they dismss its existence on the

observe a lowfield shoulder in P(H
tenperatures below Tg,
pretext that the statistical fluctuations in the central region of

the Mossbauer-effect (ME) spectra give rise to this specious
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effect. Statistical fluctuations in the neasured spectra nanifest

themselves in P(H only when the nunber of terms N in the

hs!
Fourier expansion used for the evaluation of P(H .) greatly
exceeds the optinmum value of N (Section 3.8). An unequivocal
evidence for a bimodal P(H, .) in a-Feg,  2Zr,, . allovs is provided
by the binodal frequency distribution of the spin-echo anplitude
(57] and also by the observation (Section 3.9) that neither a
singl e-Gaussian nor a three-CGaussian distributions, but only a
two-Gaussian distribution of the P(H,e) form an adequate
description of the observed ME spectra. This observation regarding

the binodal character of P(H has al so been nade in a study on

he)

a-Fe,,7r, alloy by Morrish et a1 [58]. It is appropriate at this

922
stage to invoke the nobdels described in Section 1.6 in order to
descri be the behaviour of the hyperfine field distributions. The
transverse-spin freezing (TSF) nodel of Gabay and Toul ouse [59]
cannot account for a binodal distribution of P(H ) as it
basically insists on a mcroscopically honogeneous nature of
magnetic ordering. Therefore, recourse has to be taken to the
model s (Section 1.6) that postulate a spatially segregated
coexi stence of finite spin clusters and an infinite ferromagnetic

(FM natrix [11,12,54) to explain the binodal P(H Wthin the

).
hf
framework of such nmodels, the low and high-field peaks in p(H, £)

originate fromthe spin clusters and the FM matrix, respectively.
In view of the finding that a sum of two-Gaussian distributions
adequat el y describes both P(HIZ) (Figs. 3.19 (b)-3.22(b)) as well
as P(H;f) (Fig. 3.25 in case of a-Feg  Zr and the structure with
very low probability observed at weak fields particularly at |ow

tenperatures may be discarded as it is an artifact of the wWindow
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anal ysis), the areas under the low and high-field Gaussi an curves
normalized to the total area under the P(Hy,)-ve-H . curve give
the fraction of the spins belonging to the clusters [lowfield
spin (LFS) fraction] and to the FM matrix [high-field spin (HS)
fraction], respectively. Since the tw-pattern (TP) fits reproduce
the observed spectra with nuch higher accuracy than the Wndow
fits (Section 3.9), the TP fits yield nore reliable estimates for
the LFS and HFS spin fractions. Fig. 4.12 shows the tenperature
dependence of the LFS and HFS fractions for a-Feg 2r, .. It is
evident from the figure that the LFS fraction increases at the
expense of the HFS fraction as the tenperature is raised beyond T
« 150K and anounts to about 90 % of the total Fe spins at T=Tp,.
Since either of the nodels which postulate that the spin system
consists of antiferromagnetic (AFM) spin clusters and FM matrix
(AFMFM or FM spin clusters and FM matrix (FMFM (Section 1.6)
is capable of explaining the bimodality in P(H o), it |is
inperative to find out which of these yields a variation of LFS
and HFS with tenperature that is consistent with the.one borne out
by the present experinents. In the AFM FM model, the spin clusters
are Fe-rich regions in which Fe spins are antiferronagnetically
coupled as in fcc r-Fe. Then the LFS fraction is expected to
remain essentially constant for tenperatures well below the
cluster Néel tenperature (Ty*70K for 7-Fe) and decrease at an
increasingly faster rate when the tenperature is raised well above
Ty because the spins within the clusters would get conpletely
di sordered for T>T, (Tg «™" and get easily polarized by the
spins belonging to the FM natrix. The correspondi ng changes that

shoul d occur in P(H,¢) as the tenperature is increased through Ty
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are that the lowfield Gaussian peak should narrow down and its
peak position shift to lower fields as T+Ty such that the area
under this peak, i.e., the LFS fraction, renains essentially
unaltered in the initial stages of this process and then rapidly
broadens out at tenperatures well above T,. As a consequence, the

N

he) should becone better resolved as T=Ty

(considering the fact that the position of the high-field peak

two peaks in P(H

hardly changes in this tenperature range) and the lowfield peak
shoul d appear nore as a shoulder to the nain high-field peak for
tenperatures well above T... None of these trends is observed

either in the P(H [Figs. 3.19(b) and 3.25] or in the LFS

ht)
fraction-vs-T curve (Fig. 4.12). Read et al [11] calculate the LFS
fraction from the zero-Doppler velocity Mdssbauer absorption,
A (T), thermal scan data. At very low tenperatures (T«T =70K), the
spins constituting the AFM clusters and those formng the FM
matri x 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 tenperatures, while the
FM spins continue to remain in the ordered state. At T>T , all Fe
atons are paramagnetic so that the ratio [A (80K) - A, (300K) ] /
A,.(300K) should correspond to the LFS fraction. The value of this
ratio calculated from the zero-velocity absorption (2ZVA) data,
shown in Fig. 4.13, cones out to be =~ 0.19. A conparison of this
value with the estinate 0.30 given by the TP analysis (Fig. 4.12)
underlines the futility of the approach adopted by Read et al
[11]. Also fromthe 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.. assuned (a coinci dence between the Néel
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tenperature for AFM clusters and v-Fe could be fortuitous),
particularly when T, > 150K, and greater the value of T, conpared
to this tenperature, lower the LFS fraction and larger the
di screpancy between the values of the LFS fraction obtained from
ZVA data and TP analysis. Further, the AFMFM nodel vyields a
variation of the LFS fraction with tenperature that is in direct
contradiction with the one depicted in Fig, 4.12 and cannot
account for the fact that the positions of the lowfield and
high-field Gaussian peaks both decrease in direct proportion to
the applied nagnetic field [52,58,60]. By contrast, the FM-FM
nmodel correctly predicts the variation of the LFS and HFS
fractions with tenperature in that the exchange interaction
between the spins in the FM matrix weakens as T-+T. 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 nunber of spins originally belonging
to the FMnatrix and grow in size at the expense of the FM matri x.
The results of the FMR nmeasurenments on the sane 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 tenperatures in the imediate vicinity of T , only about
10% of the total Fe spins in a-Fe Zr,, constitute the FM matri x.
This result is consistent with the observation, based on FM
nmeasurements in the critical region (Section 4.1) [6], that only
«11% of the total Fe spins actually participate in the FMPM phase
transition. Recognizing that the CQurie tenperature for the FM

clusters greatly exceeds the bulk T. and that the relaxation tine

57

C

of the clusters, Toyr is nmuch larger than the Fe Mossbauer
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measurenent time, T =« K/ =« 10 S, where I' is the resonance
l'inewidth of the Mdssbauer transition, at all tenperatures ranging
from 4.2K to T«T,, the observation that the bimodal Structure in

P(H persists to tenperatures as high as T is in consonance

' g)
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 tenperatures well above T.,
as inferred from earlier BM [4,53,63] and Mssbauer [60, 64]
results. Contrary to this behaviour, a paramagnetic contribution
to Mossbauer spectra is expected for T>T,,, which lies well below

T interns of the AFM FM model.

CI
More drastic effects are noticed in the P(H, ) at |ow tenpe-

ratures as a function of Co concentration in a-Fe Co 2zr..

T

alloys. For the alloys with'y inthe range 0 sy = 2, the P(Hh:)

at 80K is bimodal for T < T conprising two Gaussi an peaks, as

cr
described earlier. Wen the Co concentration is increased beyond
y=4, the lowfield component is conpletely suppressed (Fig. 4.14).
Thi s behaviour is in consonance with the FMR result (Section 4.2)
that FMR linewi dth increases exponentially at |ow tenperatures for
alloys with y=2 and this exponential increase gets suppressed for
alloys with yza. Hence, a strong evidence exists for the supp-
ression of the reentrant behaviour for yz4. The effect of partial
replacenent of Fe with Co in the parent alloy a-Fey 7r can be
gauged by an inspection of the concentration dependence of the
lowfield Gaussian peak in Fig. 4.14. It is observed that the area
under this peak progressively gets reduced with increase in Co

concentration, inplying that the nunber of spins in the FM clus-
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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 conpeting 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 fromthe TP analysis is

denoted by H'® and the peak positions of the two-Gaussian distri-

butions corresponding to the peak values of the lowfield and

T
h

hyperfine fields for the clusters and the FMmatri x, respectively,

hi gh-field conponents of P(H ;) are identified with the average

and denoted by ﬁ;; and AT, ﬁh; is the average hyperfine field

obtained from the Wndow analysis. The variation of the reduced

W =TP =FN =CL
her Bues B and H ¢

has been analyzed in ternms of the follow ng expressions,

average hyperfine fields H with tenperature

Hy g (T) /B, ¢ (0) = [gu,E(3/2)/M(0)]

x [kgT/47D(0) (1-D,1%)1%/2 (4.28)
for spi n-wave excitations, and

— - 2 2

[Hp g (T) /H £(0)])" = A - BT (4.29)
for single-particle excitations.
Fig. 4,15 shows t he quantities [Hy ¢ (T) /H, £(0)) and

3/2 and T2, respectively, for

[ﬁhf(T)/th(o)]2 plotted against T
the various above-mentioned reduced average hyperfine fields for

a-Fey 2r, .- For comparison, the spontaneous magnetization data
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M(0,T) obtained through an extrapol ation of the M/f ys. (H/M)”"
isotherms [65] is plotted in the sane format as the hyper fine
fields. It is observed that the B (T) /R, 7(0) (Hy2(T)/ H.Z(0),
B " (r)/d % (0)] data can be successfully fitted to Eq. (4.28) in
two different tenperature regions, i.e., in 0 < T < 0.21Tcwith
the choi ce of paraneters M(0) = 1000(1) [1001(4), 1000(3)] G D(0)
= 24(2) [22(2), 25.5(20)] mevA®, and D,=0, and within 0.17T, < T <
0.92T, with MO) = 1000(3) (1000(3), 1000(3)] G D(0) = 29(2)

6 6

[28(2), 31(2)] mevA?, and D, = [2.36(110)1x10 ° {[2.3(11)]x107°,

[2.1(11)]x10_6) K"2, respectively, in case of a-Feg 2r, . Even
though in the tenperature range 0.33T < T < 0.75T., Eq. (4.29)
could also form a reasonabl e description of the various reduced
average hyperfine fields, Eq. (4.28) provides a decidedly better
fit to the data. It nust be noted, however, that both the
expressions nentioned above fail to describe the variation of ﬁ;;
with tenperature.

The above anal ysis of the tenperature dependence of the ave-
rage hyperfine fields yields the following results : (i) spin-wave
excitations are mainly responsible for ﬁh;('r), ﬁ;;('r) and HL"(T)
in the range T < 0.2T. where these quantities as well as M(0,T)
deduced from BM data {12,65] yield the sane value, D0) = 24
mevA , for the spin-wave stiffness coefficient; (ii) over a wde
range of intermediate tenperatures (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 tenperature dependence of
spont aneous magneti zati on M(0,T) obtained through an extrapol ati on

of the MYB vs, (1-1/1‘1)1/7 isothernms, as is normally expected. To
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elucidate the last point further, it is found that these fields
mmc the tenperature dependence of spontaneous magnetization,
M (0, T), that is extracted fromthe ‘in-field’ mmgnetization, as
shown in Fig. 4.16. In this figure, ﬁh;('r), ﬁh;"'('r) (peak val ue
of the high-field Gaussian conponent of P(HY.)), Hyg(T) ., HII(T)
and E;;('r) are conpared with M(0,T) and M (0,T), where M(0,T) isS
expl ai ned above and M (0, T) is the spontaneous magnetization data
generated using the opti num paraneter values [MO0,0) = 1006G D(0)
= 32 mevh?, D = 1.5x107% K~2 and S = 1.1x10"® K~2] corresponding
to the best 1least-squares fit to the “in-field"™ magnetization

MH T) data in the expression [65]

M’ (0,T)/M(0,0) = [gu €(3/2)/M(0,0)] x [kyT/4nD(0) (1-D,T%))>/?

+ ST? (4. 30)

It is well-known [12] that the thernmoremanent and thermomagnetic
effects as well as local-spin-density fluctuations, which arise
fromthe corrections to the Stoner nodel, are conpletely suppres-
sed by fields H > skoe and hence, M‘(0,T) data, unlike the MO, T)
data, do not make any allowance for the |ocal -spin-density fluctu-
ations as well as for the softening of the spin-wave nodes for T <
0.2T,.. Thus the shaded region in Fig. 4.16 depicts the contribu-
tion to thermal demagnetization due to fluctuations in |ocal mag-
netization. In view of this remark, the observation that the tem
perature dependence of Hg, Hyg, and A" coincides only with
M’ (0,T) but not with MO, T), far frominplying a wide disparity
between the results of the local (Méssbauer) and bul k (nagnetiza-
tion) measurenents, brings into focus the inadequacy of the Wndow

and TP methods to describe the ME spectra for a spin system in
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which the relaxation effects, arising fromthe Jocald-spin-density
(and hence local hyperfine field) fluctuations, are inportant.
This linmtation of the above nethods stens from their underlying
assunption that the spin correlation tine x « X, the M&ssbauer
lifetime, or, in other words, in the tine scales of the order Xx,
the hyperfine field and its distribution are assuned to be static.
Therefore, a nore rigorous analysis of the ME spectra recorded on
the alloys in question, in which x is expected to be conparable
to x, than that attenpted hitherto should include the effects of
i neshape originating not only from a distribution of hyperfine
fields caused prinarily 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 franmework such an anal ysis has not been undertaken at present.
In this connection, it should be nentioned that a stochastic nodel
[ 66], which calculates the ME |ineshape in the presence of a fixed
axially symmetric electric-field gradient (EFG and a magnetic
hyperfine field which fluctuates randoniy between the linmits +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-N Invar alloys. An
attenpt has been recently made by Ren and Ryan [68] to extend this
nodel to anorphous systens and they too arrive at the above-
nmentioned contention that relaxation contributions to the M

spectra are inportant.

It has been reported earlier [60] that there is a break in

sl ope in the tenperature dependence of H(T) at a characteristic
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t enperature, T which depends on the conposition, in

a-F 2ryo., alloys. This tenperature was identified with the

€90+x
reentrant spin glass transition tenperature bel ow which an abrupt
increase in H . (T) occurs and the alloys enter into a reentrant
spin glass-like state. Sone workers [69], however, do not observe
such an abrupt rise in H ¢(T) at T. and attribute this to the fact
that T. is too close to T, for the conposition a-Fe,,zr_,. In the
present study, the density of data points in the |low tenperature
region (5K < T < 80K) is not adequate enough to unanbi guously dis-
cern such an abrupt increase in Hy ¢ (T) . Nevert hel ess, given the
earlier observation that B ®(T) can be fitted over two tenperature
ranges, one ranging from 4.2K to 0.21T, Wth D(0)=24.0 mevA? and
the other spanning tenperatures from 0.17T to 0.92T, with

3/2

D(0)=29.0 mevA?, in a B Y(T)/A Y (0)- vs-T plot, shows that

there are deviations at |ow tenperatures.

As nentioned earlier in the text, ﬁ;;('r) foll ows a unconven-
tional behaviour. It is observed fromFig. 4.18 that A differs
markedly from M’ (0,T) and its tenmperature dependence resenbles
that of the hyperfine fields of Mi inpurities in an Fe host [70].
Following a theoretical approach sinmlar to that of Callen, Hone
and Heeger [71] and of Wlfram and Hall (72}, the weak coupling
between the finite FM spin clusters and the infinite FM natrix may
be approxi mated by a nol ecul ar (exchange) field acting on the spin
clusters (inpurities) due to the spins in the FM natrix (host)
with the result that the reduced hyperfine field l_{;;('r)/ﬁ;;(o) is

gi ven by

H £ (T)/H £ (0) = B_(y) (4.31)
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~
n

(gugHg  S/%gT) [M"(0,T)/M(0,0))

A(T./T) [M(0,T)/M(0,0))

n

and
- g“BHexs/kBTC

where B is the Brillouin function corresponding to the spin S of
the clusters, [M (o,T)/M(0,0)] is the reduced magnetization of the

FM nmatrix, X is the molecular-field coupling paranmeter, and H is
6X

the exchange (nolecular) field experienced by the spin clusters on
account of the FM natrix spins. An attenpt to fit Eg. (4.31) to
t he ﬁ;;(T)/ﬁ;;(O) data using a non-1inear least-squares-fit conpu-
ter program which treats X as a free-fitting paraneter reveals
that Eq. (4.31) (represented in Fig. 4.16 by the dashed curve) is

obtai ned only when the tenperature dependence of X takes the form

AMT) = ay - exp[-(T/T)P (4.32)

where the paraneters a , g , and T, take on the values a =1.32(3),
By=1-80(8) and T,=150(5)K for a-Fegy 2r, .. The stretched exponen-
tial formof A(T) is suggestive of the hierarchical nature of the
exchange interaction between the spins contained within the clus-
ters and those formng the FMmatrix, and T, is a "characteristic”
tenperature beyond which the cluster-matrix exchange coupling
picks up in strength at a nore rapid rate. Such a situation nay be
visualized if there exist clusters within clusters such that wth
tenperature increasing from4.2K first the spins belonging to the

| argest cluster and then those constituting the snmaller and smal-
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ler clusters are exposed to the exchange field of the FM matrix
spins. In such a picture, T marks a tenperature above which an
increasing nunber of smaller clusters "feel" the presence of the
FMmatrix 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 tenperature in Section 4.3.

In a measurenent involving various conpositions in an alloy
series or for anorphous alloys of a simlar kind, it is custonmary

to conpare the average value of the hyperfine field, H with the

hf’
magneti ¢ nmonent obtained from bul k magnetizati on measurenments as a
function of conposition in order to find out whether or not there
exists a quantitative relationship between H. . and the magnetic
monent, and if so, examine the inplications about the relative
i nportance of the different contributions to the H. £ According to

the phenonenol ogi cal nodel comonly used to analyze the H, . data

hf
intransition netals, there are two main contributions to H. ., one
of which is proportional to the local on-site moment and the

other, to the surrounding nonents [73]:

H e = Ay + Bu (4.33)
The local term H;gc (= Au ) accounts for the polarization of the
i nner-shell (core) electrons by the localized 3-d electron spins,
and the second term Hp .
pol ari zation of the conduction-electron spins by the nmonents on

(= Bu) arises on account of the

the surrounding atonms. Instead of follow ng the customary approach

mentioned above to estimate the coefficients A and B in Eq.
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(4.33), these values are determined in the present case fromthe
Hp £ (T)-Vve~u, (T) pl ot (where Hpe (T) is calculated fromthe M (0,T)
data) shown in Fig. 4.17. The dashed straight |ine passing through
the origin in this figure corresponds to the coupling constant B «

155 kOe/uBfound in a-Fe. Fromthis figure, it is noticed that the

coefficient B has nearly the same value for the average hyperfine

fields, H.Z(u), Hyg(i) and Hy¢(u)Ain a-Fey zr, as for Hy (1) in
a-Fe, but the former sets of data yield a finite intercept on the

ordinate. In view of a finite value of H: 2%, the usual practice

[10,69] of using the conversion factor 150 koe/ug (valid for a-Fe)

for calculating the iron noment from the observed H. for

£
a-Feg,, . 2r1o-x alloys or sonetinmes for other Fe-based anorphous
alloys can lead to erroneous results. This can be explained by
taking the case of a-Fe at 4.2K for which H}I,gc = -200 KOe, Hif =
-14 5 kCe [73] and the nonent at each site is the same so that u =

B o= 2.212u, the slope B (=a+B) = 156 kOe/ug, and th(ﬁ=0) = 0.
Contrasted with this behaviour, n}l‘f’c = 22(6) [-14(4)] and Hﬁf -

156(5)ip, [155(5)ip,] in units of ke for gt oEIT or ﬁh;] in
a-FeQOZr10
differs from site to site due to topol ogical disorder. From the

Wi th EFe=1.53uB at 4.2K, and the noment in this alloy
above conparison, it is seen that Hy3° is one order of magnitude
smal l er while H: fis about 1.6 times larger in a-Fe Zr 0than in
a-Fe. Therefore, the agreenent in the values of the slope B for
a-Feg  2r . and a-Fe is deceptive. Consequently, the nonent val ues
conputed from H ¢ using the above conversion factor [10,64,69]
cannot be considered as reliable and the discrepancy between the
moment val ues so calculated and those directly neasured used as an

argument [10,69] for the existence of noncollinear magnetic
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structure in the ground state should be regarded with great
caution. In this context, it is inportant to note that the

estimate of 0.7y, for the nonent corresponding to the lowfield
B

=CL
he) calcul ated [8,10,57,64] fromthe val ue of H ¢ at

4. 2K following the above procedure and general ly taken as evidence

peak in P(H

for the presence of y-Fe regions in the anorphous FM matrix, does
not meke any sense in the light of the present finding that Hyg
does not scale wth EF. Mor eover, the phenonenol ogi cal nodel
based on Eq. (4.33) is expected to find limted application so far
as the systens in which local magnetization fluctuations govern

the thermal denagnetization are concerned.

At this stage, it is relevant to point out that ME spectro-
scopy has also been used earlier to determne the critical expo-
nent g for spontaneous nagnetization [74-77]. This techni que nmakes
use of the existence of a linear relationship between the hyper-
fine field H £ (T) and M_(T) in the critical region. In analogy

with Eq. (4.3) of Section A (FMR), the relation
Hy ¢ (T) /Hpe(0) = roo(-c)*, c<0 (4.34)

is used to deduce B8 from the neasured H, . (T). However, the
reliability of the values for B8 obtained by this method,
particularly for amorphous ferromagnets, is in doubt since the
accuracy in the hyperfine field neasurenents required for a
precise determnation of B can at best be obtained only for the
spectra taken at reduced tenperatures |el > 0.04, i.e., for
tenperatures just outside the critical region. The problem that

lies at the root of this observation is that M spectra for



137

armor phous ferronagnets in the tenperature range lel < 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+T,. Therefore, reliable values
of H. £ (T) cannot be obtained for 1lel < 0.04, making the asymptotic
critical region inaccessible to this technique. Hence, no attenpt
has been nade 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 conparison between sanples of
different Co concentrations would be neani ngful when it is made at

the same T/T, value. Hence the figure shows H'Z and B'" as func-

c- It is observed that both 27" and ﬁ;; i nc-

rease rapidly up to y=2 and then reach a plateau for y=6. This

tions of y at T«0.6T

increase in hyperfine field can be nainly attributed to the inc-
rease in the polarization of the conduction-electron spins by the
enhanced nmonent on the surrounding Fe atons in the Co containing
all oys. Assuming that the nonent on the Co site does not change

fromthe val ue of 1.53up for co,,Zr rapid increase in the ave-

90“ 10’
rage noment per alloy atomin a-Fey, Co 2r alloys for y< 4 (cf.
Fig. 3.15)) reflects a strong increase in u . The difference bet-

ween HyZand R Zis initially large but narrows down with increa-
sing Co concentration. This can be al so explained on the basis of
the di scussion on the bimodal hyperfine field distribution and its
suppression in the preceding section. It is obvious that the dif-
ference in ﬁ;; and H " for y < 2 is caused by the presence of the

lowfield conponent in P(H ¢) due to large clusters. For y > 2,
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the large clusters disintegrate into smaller clusters leading to
the suppression of the lowfield peak in P(Hy ¢) and hence the dif-

ference between fi 7£ and Hy » becomes less with increasing y.

4.5, 1somer shift

The tenperature dependence of the average isoner shift 8 for
a-Fe 2zr relative to a-Fe at 300K, shown in Figs. 3.26(b) and
3.27(b) deduced from the Wndow and TP analysis, respectively,
reveals that while s*(T) and 8™(T) remain constant at =-0.09(1)

mns'! and =~-0.143(21) mm.s™ for T < 150K and increase roughly

linearly with tenperature for higher tenperatures, s (T)

-0.045(17) mms'! throughout the tenperature range 5K s T s 240K
As described in Section 2.8.1, the tenperature-dependent contri bu-
tion to the isoner shift is caused by the second-order Doppler
(SCD) shift, whose slope is a linear function of tenperature with

a value given by -3kg/2Mc. For > Fe, this slope has a value

-7.2x10"% mm.s7'k™'. For a-Fey2r,., the least-squares fits in the

tenperature range 140K < T < 240K (140K < T < 220K) yield the

4 1 4

value 88™(T)/8T = 7.4(3)x10"% mm.s”'K™' [88%(T)/8T = 7.4(3)x10"

mm.s'K~']. The slope turns out to be positive since the absorber

is at a lower tenperature relative to the source for tenperatures
up to 240K A close agreement between the experinmental and theore-
tical values of a88(T)/8T indicates that the linear increase of

6(T) for T > 150K is due to the SOD shift.

In Fig. 4.18(h), &™(o.eT.) is plotted against Co concentra-

C)
tion. &™ is found to increase linearly with Co concentration
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inplying 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

r educed.

4.6. Linevidth

CL

Méssbauer |inewidths TI"(T) , )y and () for

a—FeQOZrlo,
that I has a temperature-independent value of 0.365(45) mm.s™

displayed in Figs. 3.26(c) and 3.27(c), denonstrate

within the tenperature region 5K < T < 240K as contrasted with "

and T which remain constant at ™™ - 0.378(12) mms"! and r =
0.45(5) mms"! for T > 200K, exhibit a steep fall above this tem
perature, and approach the intrinsic linewidth of the Fe source as
TTq- The discrepancy between the results of the Wndow and TP
fitting methods for T > 200K is not genuine since it is known that
t he Wndow met hod does not yield reliable results for tenperatures
close to T.. A rapid decline in the value of T as T-T, is gene-
rally attributed to the narrowing down of the distribution of nag-
netic nmoments [78] (and hence of hyperfine fields) w th increasing
tenperature due to long-range correl ati ons between individual nag-
netic nmoments. This interpretation is, however, strictly valid
only when the distribution of hyperfine fields is the sole cause
of broadening and in that case I'(T) « H (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 I'(T) and Hy £ (T) does not exist parti-
cularly for T < 200K where T(T) is roughly constant while Hp £ (T)
continues to increase as the tenperature is |owered bel ow 200K |t

has al r eady been nent i oned in Section 4.4 t hat t he
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| ocal -spin-density fluctuations significantly contribute to ther-
mal demagnetization over a wide range of tenperatures including
those in the close proxinity to T, and hence, the above conparison
between r(T) and th('r) points to the inherent linitation of the
TP and Window nethods in that none of them incorporates the rela-
xation contribution to r and th(T). Practically no change in I
with Co concentration in a-Feg, . Co Zr,, allovscould be discerned

within the uncertainty lints.

4.7. Intensity ratio and magnetic nmonent ali gnnent

The intensity ratio b, by virtue of its definition (Sec-
tion 2.8.5)

b = 4sin20/(1 + coszo) (4.34)

in terms of the angle tf between the y-ray and |ocal nagnetic
hyperfine field (or |ocal magnetic noment) directions, provides
useful information about the |ocal-spin arrangenent. According to
Eq. (4.34), b=2 for a perfectly random alignment of the |ocal
monments (spin glass order) whereas b assunes the limting values 0
and 4 when all the monments are aligned parallel (8=0%) and perpen-
dicular (9=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

formof Eq. (4.34), i.e.,
<cos?9> = (4-b)/ (4+b) or <sin9> = 2b/ (4+b) (4.35)

where <> denotes the average over the distribution of angle 9. The

FH

temperature dependence of the average intensity ratios b", b™ and
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b™ for a-Fey,z shown in Figs. 3.26(d) and 3.27(d), demonstra-

Ti0°
tes that b*(T) conforns very well with b™(T) in that both of them
exhibit a sharp fall for T < 1.5Tpp, a very weak or no variation
(within error limts) with tenperature in the intermediate range
50K < T < 200K and a steep rise for T>200K, as contrasted with a
roughly constant value of b™ = 1.55(10) for T < 150K, and a rapid
increase in b™(T) for T>150K. Wien <v> is calculated from Egs.
(4.34) and (4.35) for different intensity ratios, it turns out
that the mean angle <s™> corresponding to b™ (or b") increases
from 59° to 61° as b™ decreases from 2.5 to 2.3 in the tenpera-
ture range 50K < T < 200K The cal cul ated val ues of <s™> indicate
that, on average, the nmonents point 30 out of the sanple plane
presumably due to the conpetition between the nagnetic anisotropy
and the shape anisotropy; the former anisotropy field tends to
orient the nonents away fromthe sanple plane while the latter one
tries to constrain themwthin the sanple plane. A rapid decline
inthe value of b™ or " 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 nmatrix, as the tenperature
is lowered bel ow TR and the freezing process progressively cur-
tails the freedom of the spin clusters around their random nean
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 nodes. The fact that b2 at
T=5K should not be interpreted as a transition to a pure (cluster)

spin-glass state or alternatively, terned as a conplete destruc-

tion of the long-range ferronmagnetic order due to the inposition
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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 no-
ment does not go to zero as T-5K [12,65], (ii) value of b™ is
quite different from 2.0, and (iii) for tenperatures as |low as
4.2K, b has values close to 2.0 for Fe-rich anorphous Feloo—xBx
all oys, which do not exhibit reentrant behaviour at any tenpera-

ture. The existence of a nixed state for T<T,., is also corrobora-
RE
ted by the persistence of a well-defined donain structure down to

4.2K [79] for a-Feq,, 2r o

constant at 1.55(10) from T=150K down to the |owest tenperature

alloys. The value of b

, Which stays
(in sharp contrast to the variation of b™) , when substituted in
Eq. (4.35) yields the result <o®> - 48(2)°. While <> « 45°
inplies that the "out-of-plane" magnetic ani sotropy energy and the
demagneti zing energy are nearly of the sane magnitude for the spin
clusters, the tenperature-independent nature of b“ for T < 150K
suggests that the freezing of the spin clusters in random orienta-
tions starts at a tenperature well above T but < 150K. A sudden
increase in b™(T)y for T > 150K as well as in b™"™(T) for T>200K
towards b=4.0 reflects the doninance of the shape anisotropy as a
result of a drastic reduction in the nagnetic 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

b™(0.6T.) with y and it is observed that after an initial steep

c)
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
dom nates as other anisotropy contributions weaken with increasing

Co concentration.
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SUMVARY AND CONCLUSI ONS

Detail ed ferromagnetic resonance (FMR) and "zero-field"
Méssbauer effect (M neasurenents have been performed on anor-
phous (a-) a-F z

(0 = x s1) and Fe Co 2r .y (0 sy s

€90+x“T10-x 30-y Yy 0
18 and y=90) alloys over a wide ranges of tenperatures from 5K to

500K

The FMR results have shown that, for alloys in question,
there exist two distinct resonances, which manifest thenselves in
specific tenperature regines. For tenperatures T < T,., the spectra
consist of a single primary resonance which shifts to higher

fields and broadens out as tenperature iS raised. At T « T a

C!
secondary resonance appears at a lower field value which gets

wel | -resol ved for tenperatures T > T,+10K.

The critical exponents g and ¥ have been deternined to a
reasonabl y hi gh accuracy using the FMR techni que, and, contrary to
earlier findings, they are found to be independent of the alloy
conposi tion and possess 3D Heisenberg-like val ues, thus inplying
that the transition at T is well-defined and quenched di sorder
does not alter the critical behaviour of the pure spin systemwth
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 (FVM to paranagnetic (PV phase
transition is very small (c = 119 in a-Feg,,  2r,, . and increases

with Co concentration to =30% for y=10 in a-Fe Co Zr, al | oys.

90
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Wiile the doninant contribution to thermal demagnetization
is from spin-wave excitations, additional contribution from sin-
gle-particle excitations nmay not be ruled out. Spin wave stiffness
coefficient renormalizes with tenperature in accordance with the
predictions of the itinerant-electron nodel. Conpeting interac-

tions in a-Feg,, 2r,,  and a-Fe Co_2r (0 =y s 2) alloys

90-y "y~ 10
confine the range of direct exchange interactions to nearest
nei ghbours only, and the replacenent of Fe with Co results in the
suppression of conpeting interactions and the range of direct

exchange interactions now extends to next-nearest nei ghbours al so.

The tenperature dependence of FMR |inew dths can be descri-

bed by the relation, AH (T) - AH,(T) + AH,,.(T) over the interme-
PP v 1 a 1Y

diate tenperatures and the critical region. Wile AH,, - is the
G lbert relaxation term AH. has its origin in the tw- or multi-
magnon scattering mechani sm and has the form BH (T) = Hy + aM_(T)
+ bM (T) . aH. approaches a constant value = H, in the critical
region where the terns involving M_ are negligibly small. The
Landau-Lifshitz-Gilbert danping paraneter A is tenperature-
i ndependent, and decreases with increasing Co concentration in the
case of a-Feg,_ Co Zry, alloys. The Lande splitting factor g is
al so tenperature-independent but has a concentration-independent
value of 2.07+0.02. At low tenperatures (10K s T s 80K) the FMR
linewidth for a-fFey,  2r,, . and a-Fego_yc::yzr10 alloys withy s 2
i ncreases exponentially according to the enpirical relation, TI(T)
= + I. (T/To)nexp(-T/To), and for Co concentrations exceeding
y=4 only a slight increase in linewidth occurs with |owering of

tenperature indicating progressive suppression of the reentrant
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behavi our.

Tenperature and angular (at T«0.6T dependences of the FMR

o)
resonance fields for the primary resonance have shown that the
uni axi al anisotropy field, H. , scales with M and increases wth
Co concentration. The origin of Hy presumably lies in the pseudo-
dipolar atonic pair ordering mechanism as in other ferromagnetic

anmor phous al |l oys. By contrast, H, = 0 for the secondary resonance.

k

A detailed analysis of ME neasurements on a-Fe Zr,,_ and

a-Fego Co Zr10

distribution in these alloys at all tenperatures < T_. iS bimodal,

alloys with y=2 shows that the hyperfine field

conprising low and high-field conponents. This finding contra-
dicts the claim nade earlier that this bimodality is an artifact
of the fitting procedures used. The tenperature dependence of
these conponents, which have their origin in the infinite FM
matrix-plus- finite spin clusters picture, show that the bul k of
the spins (90% for a-Fe, Zr ) are in the clusters at TeT., t hus
leaving only a small fraction (=10% for a—FeQOZrlo) of themin the
FM natrix to participate in the FMPM transition, in consonance
with the FMR results. A binodal hyperfine field is a characteris-
tic aspect of the reentrant behaviour. The lowfield conponent
(Gaussian) of the hyperfine field distribution is conpletely 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-Fe G 2r,, al | oys.

90

The spin freezing process does not begin at any specific
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tenmperature T—-— but this process proceeds gradually over a wde

range of tenperatures starting from =3T,_  down to the |owest tern-
KE

perature. The spontaneous nmagnetization does not go to zero at any

tenperature below T, and there exists a "mixed" phase (ferronmag-

RE

netic order plus cluster spin-glass order) for T<T,.. FOr tempera-
RE

tures bel ow «1.5Tpo, the softening of spin waves takes place.

The usual practice of conparing the nonent val ues conputed
from H . using the conversion factor of 150 koe/u, (valid for
a-Fe) with those directly neasured nust be taken with great cau-
tion. The argunent used by some authors to attribute the lowfield
peak in the hyperfine field distribution to the presence of 7-Fe

regions inthe FMnatrix is incorrect.

The tenperature dependence of the average hyperfine fields
H. (T) exposes the limtation of the existing nethods of M&ssbauer
data analysis in that they do not take into account the rel axation
contributions arising from the |local-spin-density fluctuations
(and hence from hyperfine field fluctuations), which are dom nant
over a wde range of internediate tenperatures in Fe-rich
.'—.1-1"439()_YC0),Z1'lo al | oys.
O all the existing theories the finite FM clusters and
infinite FMmatrix nodel offers the nost plausible explanation for

all the diverse aspects of the FMR and ME resul ts.
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Scope for further work

There is a lot of scope for further research work in
a-Feg, 2T 19-x and a~Feg, Co 2r,, alloys. FMR measurements in the
present investigation have been linmted to fields of «i0k0e. 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 nore |ight
on the origin of AH,, the frequency-independent part of the Iine-
wi dt h.

In-field Mossbauer is also a very useful tool. The di sappea-
rance of the 2 and 5 lines of the Mssbauer spectrum in such a
nmeasurenment when the external nagnetic field of sufficient
strength so as to saturate longitudinal ferromagnetic order app-

lied above a characteristic tenperature 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) nmodel. If this

model were correct then the tenperature T at which the 2 and 5

ME lines appear should not change when the sanple is cooled
t hr ough TXy at different but fixed values of applied fields that

exceed the field H required to saturate the sanple for T>T and
Xy
shoul d not depend on whether the field is applied during the hea-
ting or cooling cycle. It would be nost interesting to verify this
aspect since according to the finite spin clusters and infinite FM
matrix model, this tenperature would depend on the value of the
applied field for H>K* and also on the thernomagnetic of the

sanpl e.
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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 franework which incorporates

such relaxation effects into the analysis is called for.
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