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CHAPTER 1

INTRODUCTION



J

Many al | oys of technol ogical and conmerci al interest are

Bul ti conponent alloys and a basic physical understanding of these
alloys is conplicated but necessary for their designing, precess-
ing and inprovenent in performance. For example, commonly used
materials such as Stainless steel, Alnico, Heusler alloys, Sen-
dust, Permendur etc. are ternary or multicomponent alloys deve-
| oped for practical applications. Binary alloys have been stadied
extensively and understood both theoretically and experimentally
but relatively less is understood for ternary systens. Conpil a-
tion of ternary phase diagrans have begun appearing in literature
[1-3], and inportant work has been wundertaken to study their
order-di sorder behaviour and kinetics [4,5], nmagnetic behaviour

[B8] etc.

Because of the wi de conposition range and phases present in
ternary alloys, it is much easier to concentrate on specific
regi ons of conpositions (Fig. 1.1) which are called quasi-binary
or pseudo-bhinary sections. A section taken through two comgruent-
ly nelting compounds (e.g. line 2-3 in Fig. 1.1) or one netal and
a congruently melting conmpound on opposite face (line 1-2) s
ternmed quasi - bi nary whereas when percentage of one component is
held fixed (line 4-5) or the ratio of two constituents is held
constant (line 1-5) one gets pseudo-binary alloys. In the present
thesis, work is presented on ternary alloys based on A.B and AB

type intermetallic conpounds.

We first discuss typical illustrative exanples of systematic

behavi our of crystal structures, phase formation, chenical order-



Fig.1.1. Typical ternary phase diagram show ng quasi - bi nary

(lines 1 - 2, 2 - 3)and pseudo-binary sections (lines
4-5, 1-5). Xp, Xp, Xsare the concentrations of A,
B, C elenments respectively.



i ng behavi our and magnetic behawiour etc. observed wth ternary

addi tions present in quasi-binary or pseudo-binary systens.

1.1. Cystal Structures and Phases

The end nenbers (Feaee and VaGe) of the Quasi-binary system

(Fe, V ),Ge have hexagonal close packed (DO,,) and cubic (Al5)
1-x X o iv

structures respectively. For concentration ranges 0 = x = 0.10
the hep structure of FesGe persists in the ternary system [7].
Similarly on the other side for 0.55 £ x <= 1.0 the Al5 structure
of VsGe is formed but in the intermediate conposition range
0.19 < x =0.28 the fecc DO3 structure is obtained (Fig. 1.2). In

the case of the quasi-binary Fe, Mn Si syster, both the end mem-
3 =X X

bers Fe,Si and Mn.Si have fee DO, structure and solid solutions
which are formed in the conplete concentration range also have
fee D05 structure. Ternary all oys of Feasi with other metals such
as Ni, Co, O etc. (end nenbers NiSSi is fec L1,, Cr,Si has cubic
Al5 structure whereas Co3Si phase has not been found) do not form
in the entire conposition range and show solubility limted beha-

viour upto different concentration ranges (Table 1.1).

The phase formation in ternary systens of transition ele-
ments with Al in alloys such as Fe-Mn-Al, Mn-Ti-Al, Mn-Ni-Al is
considerably altered with the presence of Al [7]. Al stabilises
the bee phase and suppresses the f-Mn el ectron phase of the tran-
sition elenent rich region. Chapter 3 of this thesis which dis-
cusses work on Fe-M-Al system shows the presence of CsCl type B2

order in the bee phase field which is obtained by presence of Al.
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Table 1.1. Solubility limits for 3d transition netals in the

Fe. _T Si alloy system at room tenperature ([13].

Metal (T) Concentration limt

0.7 (Ref.59)
1.0

0.5 (Ref.58)
3.0

2.15

0.8 - 1.0

zZ g5 0<d




1.2. Order-Disorder Effects

Many studi es have been conducted on ordering in ternary or
multicomponent alloys [8] but a quantitative understanding be-
cones difficult owing to the limtations of conventional diffrac-
tion techniques with X-rays, electrons or neutrons in determ ning
quantities with respect to the atomc configurations or order
paraneters in ternary and multinary alloy systems. For an n-
component alloy, renoval of a symmetry elenent due to the order-
ing transformation [1@] yields (n - 1) long-range order parane-
ters (LRO) which are necessary to characterise the degree of
order. In the binary case n = 2, and the structure factor of a
superl attice reflection involves only one LRO paraneter which can
be determined. For ternary system the intensity of superlattice
reflection cannot be used to extract the tw order parameters
unl ess the scattering factors of elenents are varied. This invol-
ves study with variation in X-ray wavel ength or isotopic substi-
tution and though elegant in principle, requires experimental
facilities of synchrotron source or atomc reactor [11-12]. But
for iron based alloys M&ssbauer spectroscopy has been fruitfully
enployed to study ordered atom configurations in ternary alloys
[13-17]. Al though restricted to Fe and Sn based systems this
techni que has a potential for yielding information on atom c con-

figurations in these systens which is not possible by sther

met hods. In the ternary Fe-Co-M system for example, the effect

of Co on 57Fe Méssbauer spectra could be clearly distinguished

fromthe effect of Mo [15]. As shown in Fig. 1.3, the presence of
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to Fe atons having Mo atons as first

nei ghbours [ 15].

and second



M first and second nei ghbours give satellite lines in the spec-
trum whereas Co nei ghbours affect the nean hyperfine field or
wi dth of the main peak. Two Warren-Cowley short-range order para-
meters involving <Co/Fe> «correlation and <M/Fe> correlations
could be seperately deternmined for different states of chenical
order in the system This sensitivity of the M&ssbauer technique
to local neighbour configurations has been used to study order-

di sorder effects in this thesis.

1.3. Kinetics of Ordering

The kinetic approach from disordered state of an alloy to
ordered state is also of great interest. The nmechanism of atom
nmovenents affects the tenporal rate at which thermodynamic equi-
libriumis achieved. Direct atomatom interchange or atom vacancy
i nt erchange nechani sns have been used to set up rate eguations
and calculate SRO and LRO relaxations in binary alloys [18). For
a single observable order paraneter an alloy would go through the
sane non-equilibriumstates of order for all tenperatures and
initial conditions except for anonalies such as overshoots or
reversals of the trajectory near the end state [19]. However with
nmore order paranmeters there is a possibility of different “kine-
tic paths" as shown by Anthony and Fultz [20]. The path of the
all oy through the space spanned by two order paraneters is terned
its kinetic path. For B2 ordering in a ternary alloy the Kkinetic
path in tw order paraneters were found to be tenperature depen-
dent when the three atomc species (ABC) had either different

interatom c potentials or diffusive junp energies. Wth the B2
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Fig.1.4. Kinetic paths for ternary (ABC) alloys started at sane

initial state but ordered at different tenperatures
[15]. i and j are the nunber of C atoms and A atons res-
pectively on the a-sublattice of B2 structure. c is the
concentration of C atom species and N is the total num
ber of sites; 0 < i < cN, and J can range from N2 - cN
(perfect order) to N4 - cN 2 (zero order), to 0 (per-
fect order of opposite phase).
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structure represented as two interpenetrating sinple cubic latti-
ces aand ft, order parameters were defined for occupancy of these
sublattices by different atoms. Fig. 1.4 shows a plot of order
parameter i (number of C atoms on the o« sublattice) against order
parameter J (number of A atoms on a« sublattice) at different tem
peratures [15]. An experinental study of kinetic paths in Fe-Co-
Mo ternary system gave tenperature dependent kinetic paths and
were understood in terms of high diffusive energy for M diffu-

sion.

It was also shown that for a binary alloy with AB, stoichio-

metry on a bec lattice, different combinations of B2 and DO.
J

order can develop along its kinetic path towards equilibrium The
relative rates of B2 and DO, ordering (and hence kinetic path in
B2 and DO, space) were found to depend on the relative strengths
of the interatomc potentials and on tenperature. A transient B2
structure was observed to develop at early times (Fig. 1.5). Both
these were experimentally verified as shown in Fig. 1.6 by

Msssbauer studies in Fej,Al system [21].

1.4. Magnetic Properties

The magnetic properties of 3d transition metal alloys with
conpeting exchange interactions are extremely interesting because
of the wide variety of magnetically ordered states possible in
these systems. In these alloys one can go continuously from spin
glass ordering to ferromagnetic ordering by varying the concen-

tration [22]. In between the two limts a new type of behaviour



11

1.0 . T T T

_ o8} 2%

&

&

E o6f d

(4]

T 04l

§ ’ B32 B2
0.2} .
0.0

1 1 1
0 2000 4000 6000 8000 10000
Integration Step

Fig.1.5. Nunerically obtained results by Anthony and Fultz (20)
from Master Equation fornalism for variation of B2, DO
and B2 order parameters in FegAl.



X
8 0.20

0.18
<0.

:‘? D03+B3
w
5
£0.14

Fig.1.8 a.

Qi s

0.40
c%’ 035 |
x 350C
e 300C
0.30 a 250C
+ 200C
= Disordered
025 — ' :
0.2 0.3 0.4 0.5 0.6 0.7
SDos
T ] | T I T LB | L} l L] LA ) L ' Ll L Ll Ll LS L] L L] l L] L] Ll L]
0.24}- / ® -
-0~ 200 °C D0,+B2

0.22} —— 300°C

e
DO, only]

L N\ |

0.16

0.12

llllllll!lllllllllJJlllllllll

0'18.10 015 020 025 030 035 040
Intensity of (4) peak

Ki netic paths of LRO for FeaAl as nmeasured using X-ray
diffraction [57]. Sp, and Sy, are theorder para-
3

meters for B2 and DO3 ordered structures.

Kinetic paths of short range ordering (SRO) for FegAl
usi ng Mdssbauer spectroscopy [57]. The intensity of
peaks for 4 Al near neighbours and O Al nei ghbours to
Fe, were taken as a nmeasure of SRO paraneters



13

has been observed which is terned re-entrant’ magnetism which
shows characteristics of both spin glass and ferromagnetic beha-
viour [23]. At high tenperature the system is paramagnetic and
below a Curie tenperature (TL) the system shows a non-uniform
magnetic behaviour. At a still Ilower tenperature, TRE’ the system
shows irreversibility and |ooses its nmagnetisation as it enters a

spin glass state.

Several theoretical attenpts have been nade to understand
these alloys, and questions such as whether the reentrant state
is atrue transition and what is the exact nature of the reen-
trant state are being extensively discussed [24-27]). The first
nmodel due to Sherrington and Kirkpatrick [24] considered Ising
spins interacting through |ong-range exchange of random sign and
with an overall positive bias. This gave a ferromagnetic phase at

T~ and at |low tenperature a nixed phase with irreversibility. The

C
extension of this nodel to Heisenberg spins by Gabay and Toul ouse
[25] showed that at the ferromagnetic transition (TC) there is
I ong-range ferromagnetic order on the longitudinal (Z) direction
and this coexists with the random (XY) spin conponents. This 1is
followed by a transition to mxed phase (M) in which transverse
spin conponents also freeze in randomorientations. At a still
| ower tenperature another nixed phase M2 exists which is charac-
terised by strong irreversibility in magnetisation. Sasl ow and
Parker [26] considered randomy frustrated sites in a square
lattice of XY spins. The sequence of phases observed by them

were: paramagnet; non-uniform ferromagnet; non-collinear non-

uni form ferromagnet; reentrant spin gl ass.
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In the phenonenol ogi cal nodel of Kaul [27] the spin system
for T < TC is considered to be conposed of an infinite 3D ferro-
magnetic matrix with finite spin clusters (consisting of ferro-
magnet coupl ed spins) enbedded in the ferromagnetic matrix. The
spin clusters freeze in random orientations (cluster spin gl ass)
over a wide tenperature range w thout a phase transition at the

‘re-entrant’ tenperature.

Ternary alloys of pseudo-binary or quasi-binary type provide
systens to study re-entrant behaviour if the nmagnetic exchange
interaction between the added third conponent and the host binary
alloy is different from that which exists between the atons of
the binary system Simlarly if the end nenbers of the binary
system have ferromagnetic and antiferromagnetic ordering, the
ternary system has m xed exchange interactions which can be vari -
ed with alloy conmposition and provide interesting possibilities
of nmagnetic behaviour. As an exanple, Mnssi is an antiferronmagnet
with a Neel tenperature of 25.8 K [28] whereas FeSSi which cry-
stallises in the same structure as MnsSi, has a ferromagnetic
order with a Curie tenperature of 810 K [29]. The ternary system

Fe, Mp XSi shows ferromagnetic behaviour for x < 0.75 conposition

[30] a reentrant spin glass behaviour for 0.75 = x < 1.5 [31] and
only a spin glass transition for x = 1.8 conposition [32]. Chap-
ter 3 of this thesis presents ny detailed work on this system
with an aimto understand its magnetic properties in the light of
existing theoretical nodels. In the related ternary system

Fe,_ M1 Al, the change in magnetic behaviour of Fe3A1 with M

3
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addition is also investigated in Chapter 5.

57Fe M&ssbauer spectroscopy is well suited to

The nethod of
study all the aspects of Fe ternary alloys discussed above.
Ferromagneti c resonance studies also provide valuable conplenen-
tary information. In the following sections | therefore discuss
briefly the principles of Méssbauer Effect [33] and Ferronmagnetic
resonanoe [53] and also the parameters of interest which can be

obt ai ned using these neasurenent techniques.

2. MOSSBAUER EFFECT

The em ssion of a gamma ray photon from a nucleus wthout
| oss of energy due to recoil with its natural linewidth and its
resonant absorption in an identical nucleus is known as Moscbauer
ef fect. Several books and nonographs discuss this topic in detai
[ 34-44]. For the sake of conpleteness a sinmple introduction is
presented. If we consider a nucleus of nmass M at rest and it
emits a gamma ray (i.e. transition from one nuclear energy |eve
to another takes place) the ganma ray |ooses energy ER due to
recoil of the nucleus and the energy of the gamm ray is

E._=E - E,, where E is energy difference between the two

-

7 o] R o
nucl ear levels. The recoil energy Ejis given by

o (1.1)

where P is the nonentum of the gamma ray photon. If the emtted
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ganma ray photon is to be absorbed by a identical rucleus, the

energy required to excite the nucleus would be E_ + E,. The emi-
o X

ssion and absorption lines are of Lorenzian shape (Fig.1.7a). The
natural linewidth r for emission and absorption line is typically

of the order of 1@~ eV and is very nuch snaller than the recoil
ener gy ER (typically of the order of 10 9to 10'3eV). Hence no

resonance takes place. At certain tenperature T, the em ssion and
absorption lines are broadened because of the thermal notion of
the nuclei. This is known as Doppl er broadening and em ssion and
absorption lines can overlap to a very small extent at high tem
peratures (Fig.1.7b). But resonance absorption cannot be observed
clearly [35]. The overlapping of emission and absorption |ines
can be achieved when the nuclei are enbedded in a solid lattice.
For a typical solid, the threshold displacenent energy is of the
order of 10-50 eV depending on mass, crystal structure and direc-
tion. The recoil energy Ep is nmuch less than the displacenent
energy and insufficient to displace the atom E~ is of the order
of phonon energies and it can be transferred to the [lattice.
There is finite probability for zero phonon transitions i.e. em -
ssion of r-ray without excitation of phonons in the lattice. This
results in emssion of y-ray with its full energy Eo and natural
linewidth r. The fraction of y-rays emtted w thout |oss of ener-

gy is given by recoil-free fraction f as follows [38]:

2 p/7T

-3E
R T X
f = exp{——— [1 + 4[— dx]}
ZkBQD BD] je e |

where €. is the Debye tenperature for the lattice
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. . [ -3Eg
or << 6., f = exp --————] (1.3)
D 2"890
- BERT
T & BD’ f = exp[——-—-—z—] (1.4)
k.6
B D

The recoil-free fraction f is lerge for low tenperatures and
small recoil energies, E_.

In a resonance absorption experinent, an emssion line wth
natural linewidth r is noved over an absorption line w th natural
linewidth P. This can be achieved by giving t small relative
Doppl er velocity between source and absorber (Fig. 1.8). The
shape of the resulting aborption profile is Lorenzian with |ine-
width 2 and the total cross-section is given by [34]

e

o =

B i (1.5)
° r2+4(E—E0)2

21 _+1

2 e - 1
21g+1 at+1

wher e . = 2nk is the maxi mum cross-section, | and

I are the nuclear spins of excited and ground states, A(A=2nX)
is the wavel ength of the r-ray, ay is the total internal conver-

tion coefficient (for 5Ee, a_is of the order of 10). The ratio

t
of the natural linewidth and photon energy (F/E = 3x10_“‘;3 for
Fe) is a neasure of accuracy in the determnation of ralative
energy changes. Because of this high resolution, M&ssbauer spec-
troscopy has been used extensively in studying extrenely snall
energy changes in the nuclear levels. These are known as hyper-

fine interactions.
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2.1. Hyperfine | neteractions

There are mainly three types of hyperfine interactisns,
whi ch give valuable information about chemnical environment around
the nucleus due to the splitting or shifting of the nuclear ener-
gy levels by these interactions: (a) Electric monopole interac-
tion or Isomer shift which arises due to the Coulonb interaction
between the nucleus and the s-electron density around the nucle-
us. It is also known as chemical shift, (b) Magnetic D pole inte-
raction or Nucl ear Zeeman effect which arises due to the interac-
tion of the nuclear dipole aoment with the effective magnetic
field at the nucleus, (c) Electric quadrupole interaction or qua-
drupol e splitting which arises due to the interaction of nuclear
el ectric quadrupole mcment with the electric field gradient (EFQ
around the nucl eus. Mossbsuer spectrumreflects the nature and
strength of the hyperfine interactions. Al these interactions

are discussed in detail bel ow
2.1.a. |soner shift

The size of the nucleus in the excited state is different

fromthe size of the nucleus in the ground state.
R = R_ - R (1.6)

wher e Re and Rg are radii of the nucleus in the excited and

ground states respectively. For 57Fe, SR is negative and is posi-
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tive for 11%n. For a nucleus having a finite volunme, s-electrons
around the nucleus have a ability to penetrate into the nucleus
and spend a fraction of their time inside the nuclear region.
Then the nuclear charge interacts electrostatically with the s-
el ectrons and the nuclear levels will be shifted by snall anount

6E (See Fig. 1.9a).
= 2
SE = Ipel(vf—vp)4ﬂr dr
o

where V (r) = Zel/r for 0 <r £ o represents the electrostatic

potential for a point-charge nucleus at a distance r, and
Vo(r) = (Ze/B)[3/2 - (r%/2r%)) for r <R (1.8)
Vf(r) = Zelr for r > R (1.9

represents the electrostatic potential of a nucleus of finite

size. p . is the electron density at the nucleus and is given in
terns of electron wave function ¥ by -e|y(®8)| . Then

SE = (2n/5)zeR%|w(@)|2 (1.10)
The nuclear volurme will be different in each state of excitation

and 6E will be different in each nuclear state. Wwen a transition
between the excited state and ground state of a nucleus takes
place, the change in gamma ray energy due to the difference in

nucl ear energy is
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AE = (SE)y - (SE) = (2n/5)26%|w(®) | 2(R--R>) (1.11)

In a Mossbauer experinment, snall Doppler velocity is applied to
the source(S) or absorber(A) to observe the resonance. So, we
observe the difference in isomer shift between source and absor-

ber which is given by

_ _ 2 2 2 2 2
615 = 4B, - AEg = (2n/5)Ze“(R_“ - Rg )[lw(ta)lA -lw(B)ls] (1.12)

There is one nore contribution to isoner shift which arises

fromthe many oscillations (= 10! /sec) of the vibrating atons

that take place during the life time of the excited nuclear
states (1B~ - 18~ sec) which is tenperature dependent. <v > of
oscillating atoms causes a shift in resonance line by second-

order Doppler effect [44,45]. It is known as tenperature shift or

thermal red shift (Fig. 1.9d) and is given as

Supy * E (1.14)

<v2> i s dependent on tenperature, pressure, Debye tenperature
and lattice defects.

In Mossbauer experinments, generally we use a standard sour-
ce, then lw(ﬂ)lgis a constant. If 6R is positive, a positive
i somer shift indicates an increase in the electron density at the
nucl eus in going fromsource to absorber and vice-versa. The iso-
mer shift for a particular absorber will be different relative to

different sources or sane source in different chemcal environ-
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ments (For eg. 57¢o enbedded in Pd, Rh, Pt, Cr or stainless steel
matrix) because |w(B)|gchanges with the chenical environnent
around the nucl eus. Hence isomer shift data are always conpared
with standard absorber. In Fe M&ssbauer spectroscopy, netallic
iron and Sodium nitroprusside dihydrate Na,[Fe(CN) NO].2H,0 ( SNP)
are commonly used as standard absorbers and isomer shift s

quoted relative to these standards.
2.1.b. Nuclear Dipole Interaction or Zeeman effect

The nuclear magnetic moment u,., interacts with the magnetic
field H at the nucleus and splits the nuclear level wth spin
I(I > 0) into 2I+1 sublevels. This interaction is described by

the Hamiltonian
H= -ggugl.H (1.15)
where gy is the nuclear Lande splitting factor and w. = eh/2Mc,

is the nucl ear magneton. M is the mass of the nucleus. The eigen

val ues of the Hamltonian are

Ep = -gyHyfing
where my = |, I-1, .. -I|, is the nuclear magnetic quantum num
ber. For example, in the case of Fe, the ground state | = 1/2

splits into 2 sublevels (m,=+* 1/2) and first excited state
| = 3/2 splits into 4 sublevels (mp = +3/2, £1/2) and the splitt-

ing of energy levels is shown in Fig. 1.9b. The transitions bet-
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ween various levels are governed =, the selection rules Am =0

+1. The intensities of six Zeeman transitions are dependent on
the angle 0 between the direction of the magnetic field at the
nucl eus and the direction of y-ray [41]. The angular dependence
of the allowed transitions are given as (#3/2 — 1/2, Am = 1):
8/4(1+cos28), (*1/2__+ £1/2, Am= 0): 3sinZe, ( + 1/2_» £1/2, Am
= t1); 3/4(I+cosze). The intensity ratios for the six transitions
can be written as 3:x:1::1:x:3 where Xx = 4Sin26/(1+cosge). When
the magnetic field at the nucleus is along the direction of
r-emission (61 8°), the intensity ratios are 3:@:1::1:8:3. \hen
the magnetic field is perpendicular to #-emission (€ =90°) and
the intensity ratios are 3:4:1::1:4:3. For a polycrystalline ab-
sorber free of texture and without an external magnetic field

the angul ar dependence can be integrated over all directions
which gives average value and the intensity ratios are given by

3:2:1::1:2: 3.

The field H acting at the nuclear site in Eq. 1.15 is called
the magnetic hyperfine field when it arises from the electrons
around the Mossbauer nucleus. This can consist in general of
several contributions each of a different magnitude. These con-

tributions are [46]

H_H + H + H + H + H + H

= “core cond ov orb nag dip (1.17)

in decreasing order of magnitude. The first three contributions
(we consider the typical case of Fe and its alloys) are propor-
tional to difference in the number of spin up and spin down elec-

trons at the ST Ee nucl eus (unpaired electron spin density or spin
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pol ari sation) and arise fromthe Ferm Contact interaction [47].

O her

three terns have their origin in classical nagnetics and

atom c physics.

H

H

core’

cond’

orb

nag

The core polarisationtermis the nost dominant one and
refers to the spin polaris:tion of tne core 1s, 2s, 3s and

57Fe nucl eus and this

relativistic 2p electrons around the
generates a hyperfine field because these electrons have a
finite probability of overlap with the nucleus. Changes in
core polarisation in netals and alloys are induced by
changes in nunmber of unpaired d electrons of the Fe atom
which in turn exchange pol arise the core electrons.

The spin pol ari sation of the 4s conduction electrons is
called conduction electron polarisation. A solute atom in
an alloy causes a disturbance in local spin or charge den-

57Fe nucl eus through

sity and this is transimitted to the
an exchange polarisation of the 4s conduction electrons
[48].

An overlap of the Fe atomwave function with those of sol -
ute atonms also causes a change in hyperfine field because
one has to orthogonalise the wave function of 3dt and 3d}
el ectrons with the solute atom wave function and this con-

tribution tends to show a dependence in the solute size.

Fe atoms retain some free atom character and orbital
nmonent in beec iron and its alloy and a spin-orbit interac-
tion between the nuclear spin and orbital angular nmonentum
of the 3d electrons gives this hyperfine field contribu-

tion [49].
This contribution includes the demagnetisation field which
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depends on sanple geometry, and Lorentz field
dip ° The magnetic di pol e nonents at neighbouring sites of Fe
give this magnetic dipole field contribution which vani-
shes for cubic symetry of the lattice for pure Fe but
does exist when a solute of different nmagnetic noment sub-
stitutes a neighbouring site. However this contribution is

extrenely small.

The sign of the hyperfine magnetic field at the nucleus
relative to the apr ied external field can be determned. The
field at nucleus will increase or decrease depending on whether
the external field is applied parallel or antiparallel to the
hyperfine field [50]. For this study large external fields (typi-
cally 20 - 50 kOe) are required and these fields can be obtained
using superconducting magnets. The sign of hyperfine field for

a-Fe is negative
2.1.c. Electric Quadrupole Interaction

Any nucleus with a spin greater than | = 1/2 has a non-
spherical charge distribution. The deviation from spherica
symretry is different in each state of excitation. A nmeasure of
the deviation from spherical symetry is given by electric qua-

drupol e noment e@ which is a tensor quantity,
- 2 2
eQ = fer©(3cos®e - |)dT (1.18)

where e is the charge of the proton, P is the charge density in a
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volume element dr at a distance r fromthe centre of the nucleus
and makes an angle @ with the nuclear spin quantisation axis. The
sign of @ represents the shape of the distorted nucleus. @& is
negative for flattened nucleus and positive for elongated nu-
cleus. The electric quadrupole mnment eQ can interact with an in-
homogeneous electric field known as electric field gradient (EFG

at the nucleus. The Hamiltonian iS given by [38]

eQV
_ 33 =2 _ 22 22
H = oo l)[313 KT+ 1)+ n (T3 12]] (1.19)
where | is the nuclear spin, I,, 1, and I,are Spin operators. n

is the asymetry paraneter given by

R (1.20)
%y . . _

where vi:i = 3193 (i, 3 =1, 2, 3 ad V is the electrostatic
potential at the nucleus. The electric field gradient has been
specified in ternms of only two independent paraneters n  (defined
above) and Vg5 (usually witten as - eg), because it is possible
to find a principal axis such that the off-diagonal elenents
vani sh. Qut of the three diagonal elements, one is further redu-
ced because V satisfies the Leplace equation

Vig + Voo + Vgy = @ (1.21)

11 22

The di agonal elenents are ordered as
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]V33] z Ivzzl z Iv]_ll (1.22)
giving 0 < n < 1.

The eigen val ues of the Hamiltonian are

2 2.1/2
E. - 299 [Sn% - LT 4 1)][1 + g~J (1.23)

Q@ " 4Tzl - D
wher e my = I, I -1, .. —Il is the nuclear spin qusantus num
ber. A nuclear level with spin | splits into (2I + 1)/2 sub-
| evel s. For 57Fe, the quadrupole splitting of I = 3/2 level is
shown in Fig. 1.9c. The Mossbauer spectrum contains two absorp-
tion lines vith equal intensity.

The EFG at the nucleus arises from the charges on the ions

surroundi ng the nucleus and from el.ctrons of unfilled shells.
2.1.d. Contributions to EFG

C1)> Ligand or lattice contribution: The charges on distant atons
or ions surrounding the Mdssbauer nucleus in non-cubic symre-
try gives a contribution to EFG, known as Ligand or lattice
contribution.

C2) Val ence el ectron contribution: This contribution is fromnon-
cubic electron distribution in partially filled val ence orbi -

tals of the Mossbauer atom

The EFG el enents can be expressed in terns of the spherical
pol ar coordinates x = r sin® cos¢, y = r sin® sin¢ and z = rcos®.

If the distances r. and angles €. and ¢. of all nions with res-
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pect to the Mdssbauer atons are known fromcrystal structure, and

effective charges q; assigned to the ions, then the lattice con-

i
tributions to \133 and n can be witten as

s -3 2
V33 — %qiri (3cos Gi - 1) <1.24)
= -3 . 2
and n, = 1/(V33)L }1_‘ Q;r; 3 sin 9.1 coqubi (1.25)
This interaction between the ligands and the quadrupole

nmonment of the Mossbauer nucleus is conplicated by the presence of
the electronic cloud belonging to the M&ssbauer atom Sternhei ner
[51] has shown that, for relatively large atons, this cloud dis-
torts the quadrupole interaction in such way as to amplify the

interaction. This phenonmenon is known as "Sternheiner antishield-

ing" and is corrected for by multiplying (V33)I by the factor

(1 — 7> where 7, is called the Sternheiner antishielding

factor. For F93+

conpounds (1 — 7,) is estimated to be of the
order of 10 and in general depends on the nunber of 3d electrons

intheion[52].

The val ence el ectron contribution to V38 can be eval uated by

taking the expectation value of the quantity - e(3cosZB ——I)r'3
for each electron in the valence orbital state |I.m> and sunm ng
over all valence el ectrons:
(Vaa)uss = — e L <1,m, |3cos%e — 1|1 .m,> <r o> (1.26)
337val 3 ivi ivi i )
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Due to the screening of the valence electrons from the nucleus by
inner shell electrons, the value of (V33) - given by Eg. (1.26)
will not be the actual valence contribution to the EFG at the nu-
clear site. Sternheimer has corrected (Vag),,q byvmultiplying it
by (1 —R). The Sternheiner shielding factor R has been estimated

to be 0.2 - 0.3 for iron and tin

3. FERROVAGNETI C RESONANCE

The phenomenon of ferromagnetic resonance (FMR) was first
di scovered by Giffiths [53]. The resonant absorption of external
m crowave field in ferromagnetic materials is called "Ferronmagne-
tic resonance". \Wen an electron, which acts like a msgnetic
dipole, is placed in a uniformstatic magnetic field H the mag-
netic nmoment of the electron precesses about the axis of the mag-

netic field Hwth the Larmor frequency
w = 7H (1.27)

where r =fino/*'is the gyromagnetic ratio, is the ratio of the
nagnetic nonment to the angul ar nomentum Wen the external mcro-
wave field with a frequency » =« is applied perpendicular to
the static magnetic field H the m crowave power is absorbed by
the magnetic dipole, i.e. tranistion from ground |evel to higher

energy |level takes place. The resonance condition is

ho = gugH (1.28)
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Thi s phenonenon is known as electron spin resonance (EtR). This
technique is valid for the substances having unpaired electrons
and their spins are non interacting. In the case of ferronmagnetic
materials, the spins are coupled with each other through strong
exchange interactions and give rise to large resultant nagnetisa-
tion. This magnetisation # precesses about the axis of an effec-
tive magnetic field H o, Which takes into account the demagneti -
sation and anisotropy fields in addition to the external field.
For the experimental convenience the microwave frequency o is
kept fixed and magnetic field H is scanned to observe the reso-

nance.

In ferromagnetic materials, t he Landau-Lifshitz-Gilbert

(LLG) equation of notion for magnetisation ® is [54]

=4

7
?’HS

di - - 2l x Bops) * X [i x g% (1.29)

Q.
t

In Eq. (1.29), the first termis the torque experienced by the
magneti sation vector and second termis the danping term Mg is
the saturation magnetisation and A is the Glbert danmping para-
meter. The effective magnetic field, fte =ft + R(t) — ftgem + ﬂk,
where ft is the honpgeneous static magnetic field, fi(t) is the
weak alternating magnetic field which arises from mcrowave
field, ft. is the demagnetising field andft. is the anisotropy
field. In Eq. (1.29) the exchange term (2ar/M)(H x ) s neg-

| ected because its contribution to linewidth and resonance fields
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is very snail.

By solving Eq. (1.29), the resonance conditions for a rect-
angul ar sample in horizontal -parallel (]| ) and vertical-parallel
4] Iv) geonetries have been calculated [553). In horizontal-
paral l el sanple geonetry, the static external magnetic field His
applied along the length of the sanple (along the rymetry axis,

i.e. z-axis), and the resonance condition is

2
[A) 2 . I'h Fh
[{;] + F"h] = [Hres + 4nig + Hk] [Hres + Hk] (1.30)

AH
1.45 °

tic field His applied along the breadth of the sanple. The mag-

where I' = In vertical -parallel sanple geonetry, the magne-

netic field H and s: mmetry axis (z-axis) lie in the sanple plane.

The resonance condition is

W 2 - v v (whv
[[;] x 1_Nv] - [Hres % Al S Hk] LHres Hk]

Since the linewidth paraneter r is independent of Hk and o s
kept fixed in these experinents, the Ileft hand si de of
Egqs. (1.30) and (1.31) have the same values regardless of the

magni t ude of H. .

To cal cul ate the val ue of karom Eqs. (1.30) and (1.31),



first it is assumed that H, = 0, then Egs. (1.30) and (1.31)

becomes

i I _ (,'h th
[Hres + 4nns]ﬂms - [Hres + 4nMg + Hk] [uns ¥ Hk] (1.32)
and
o' s oamn ' s (W'Y o+ amm. - [0V - (1.33)
res S) 'res © res S k res k :

wher e Hres is the resonance field in the absence of Hk' These

Egs. (1.32) and (1.33) can be satisfied only when

L] fh

Hres = Hres + Hk (1.34)
an' _ =H'"Y _y 1.35
= res 'res 'k (1.35)
_ v Ih
Then H, = [Hres - Hres]/z <1.36)

Once H. value is known, 4nM. value can be calculated from Eg.

(1.30),
2
=] » rih 'h
anMg = S [Hres + uk]
res k
The accurate values of resonance field, H__ . saturation

res
magneti sation Mg and Lande splitting factor g can be calcul ated



by fitting FMR spectra using a non-linear |east squares fit pro-

gramto the expression [55] for the parallel geonetry

dp,

d 1/72
o aw [ et HVE ] (1.38)

with the #°* and #” are the real and inaginary conponents of the

dynam c perneability given by,

[CHH, ) (B+H, -T2 =Cao/r )21 0(B+H, Y2 -T2 =(w/r)?] +2r2(B+H, )(B+H+2H, )

T
[(H+Hk}(B+Hk)—F2—(m/7)2]2 + P2(B+H+2Hk)2

(1. 39a)

-2 (B+H, ) [(H+H, ) (B+H )-T2=(w/r)?] + T(B+H+2H, ) [(B+H) -T2 -(w/r)?]

[(H+Hk)(B+Hk)—F2-(m/7)2}2 + F2(5+H+2Hk)2

.. .(1.39b)

where B = H + 4nM,, H. is the “in-plane’ wuniaxial anisotropy
field, » = w20 is the frequency of the microwave field,

r = xm/rz M. is the linewi dth parameter and X is the Glbert damp-
o

ing paraneter. Lande splitting factor g and 4MMg are the free

fitting paraneters.

The FMR linewi dth AH depends on the frequency « of the
mcrowave field and increases as @ increases. The inhomogenei-
ties, porosity and defects also give contribution to [|inew dth.

The resonance field, H , depends on the saturation magnetisa-
res
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tion Hs, sanpl e shape and domain structure [58]. A derivative
power absorption spectrumis shown in Fig. 1.10. with the defini-
tion of linewidth and resonance field. Experinmental details of
FMR neasurenents are given briefly in Chapter 2 and work based on

these measurenents is presented in Chapter 3.
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Fig.1.1@. Typical FMR first derivative (dP/dH) absorption spec-
trun. Al-bp is the peak-to-peak linewidth and Hr'es is
the resonance field.
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This chapter describes the experinental nethodology of
Mossbauer spectroscopy, Ferromagnetic resonance, and AC suscepti -
bility neasurements and the specific instrunents enployed to
investigate the alloy systens using these techniques. Data analy-
sis procedures for Mdssbauer spectra are described in detail. The
met hod of alloy preparation, heat treatments and characterisation

are also given briefly.

2. 1. MOSSBAUVER SPECTROMETER

The MSssbasuer spectra are recorded on a #P based Mossbauer
spectrometer [1] in the standard transmi ssion geonetry in zero
external magnetic field. The spectroneter operated in constant
accel eration node. A 5700 in Rh matrix source is used. The block
di agram of the spectrometer is shown in Fig. Z.1. It consists of
the follow ng basic bl ocks:

a. Velocity Drive and Feedback System

b. Gamma Ray Detection System

c. uP based Data Acquisition System

These three blocks are described in detail as follows:

2. 1.a. Velocity Drive and Feedback System

The velocity drive is an electronmechanical transducer
(Nucl ear El ectronics, Hyderabad) and is based on Kankeleit design
{2]. The drive consists of a coil (energisimscoil) connected to a

rod on which the radioactive source is nounted. An electronic
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Fig.2.1. Block diagram of M&ssbauer Spectrometer,
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circuit generates triangular wave form from a square wave fed to
it frommulti-channel scalar(MCS). This coil carries the driving
signal in a magnetic field, provided by the permanent magnets
fixed in the dr.ve. The rod is held with a spring to the body of
the transducer on either side. The novenent of the coil doeslot
duplicate the driving signal due to the conplicated response of
the transducer. A pick-up coil is also connected rigidly to the
rod. Wen the transducer noves, there is a change in the flux and
produces an induced emf. This induced emf is proportional to the
velocity of the drive. In other words the voltage in the pick-up
coil gives a scaled replica of the velocity. This voltage is
taker to the error stage of the feed back and power anplifier and
is conpared with a standard velocity wave form The feedback | oop
set-up adjusts in such a way that the difference between the
pi ck-up signal and reference signal is zero. A constant accel era-
tion mode is used in which velocity wave form .s either triangu-

lar or sawt oot h.

2.1.b. Gamma Ray Detection System

To detect the gamm rays which are transazitted from the
sanple, a gas filled proportional counter (Ranger Scientific,
Inc., USA Mdel PA-808) is used. This has a gas filling of
87X Xenon - 3% CO2 at 2 atm. pressure and a Beryllium entrance
wi ndow of 0.01 inch thickness. The detector bias required is in
the Kilo-volt range with small current capacity (= 1 mA). A high
vol tage power supply (ECIL, India, Mdel HV 4286A) which operates

in Kilo-volt range is used. The proportional counter has a very
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hi gh i npedence (in Mega-Ohms). The input impedence of the spec-
troscopy anplifier (ECIL, India,}odel PA572) is low and result in
a drop in voltage at the input of the anplifier if the counter
and anplifier are connectei directly. To match the inpedence, a
preanplifier ( EG&G ORTLC, USA, Mdel 142 PC) with Ilow output
i npedence and hi gh input inpedence whose gain is of the order of
unity is used. The spectroscopy anplifier anplifies the output of
the preanplifier to a few volts. Wave shaping is also carried out
at this stage. The output of the anplifier is given to single
channel anal yser (EC1L, India, Mdel SC 604). The single channe

anal yser is an energy discrim._nator i.e., it rejects all pulses
which are outside the extremties of the set energy w ndow. For
Fe Mossbauer experinents we use 14.4 keV radiation of “ Fe. W
have used single channel analyser window to cut the other X-rays
and gamma rays so that signal-to-noise ratio can be inproved. A
pul se height spectrumis first recorded and the appropriate gamm
energy (14.4 keV) is chosen by setting the window (setting |over
I evel discrimnator and upper level discrimnator) of the single

channel anal yser.

2.1.c. pyP based Data Acquisition System

The input to the data acquisition systemis in the form of
standard pul ses which are generated at the output of the single
channel anal yser. The nunber of these pulses are a function of
drive velocity and these can be stored in a conventional multi-
channel analyser (MCA), which works in the tine npbde or wmulti-

channel scaling (MCS) node. The MCS is a nbde in which the counts
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are stored at different tines in different nenory |ocations.
Here, times neans the tines at which the drive remains between
two velocities v and v+dv. The velocity of the drive is divided
into small intervals of times (nmenory l|locations or channels) in
whi ch the counts are stored. Usually the number of channels are
256,512 or 1024. W have chosen a 1024 channel spectrum (512+512)
to record Méssbauer data using a hone built data acquisition sys-
tem based on a 8085 Intel microprocessor [1]. The inportant fea-
ture of this systemis its |owdead tir= (0.15 usec per channel).
Dead time is the tine required by the processor to get data from
the buffer counter, to transfer it to the nenory and then clear
the buffer counter for fresh counts. A low dead time has been
achi eved by inplenmenting the flow chart of Fig. 2.2 wusing the
8085 microprocessor. In this algorithim the 8253 counter of the
m croprocessor is loaded with a nunber. It is down counted at
every input pulse fromthe detector. The difference in counts
bet ween the beginning and end of dwell time is the nunmber of
counts accunulated in that time. The counter is read at the
begi nning and end of dwell tine very quickly (in half a clock
pul se of the microprocessor) w thout resetting it by wusing "on
the fly" instruction. The down counting goes on during the next
dwel | tine but meanwhile the difference in counts accunmulated in
the previous dwell tinme is put in the appropriate nemory |oca-
tion. Thus a very low dead tine is achieved. Data is transferred
to the PC through RS 232 in the asynchronous node. The data re-
ceived at the PC is stored in an ASCII file after converting the
hexadeci mal values to decimal. The programto run the spectro-

meter, to collect and transfer data has been |oaded on the EPROM
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SET UP SOSTWARE COUNTER
8253 TO DOWN COUNT OM
DETECTOR PULSES

[ ]

CHECK YES
OR SYNC PULSE -

RESET CHANNEL
AOORESS

/

A HE;:\\\\\\
FOR CHANNEL Yes

DVANCE

r
8253 VAME IS SOF TWARE
LATCHED AND READ,DOW N-
COUNTING G60ES ON

'

COUNT-PRESENT COUNT
ADDED TO MEMORY STORE
PRESENT COUNT AS
COUNT

A

Fig.2.2. Flow chart to inplenent low dead tine in data acquisi-
tion.
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Everytime, whenever we run the spectroneter we copy this program

on the RAM and run it.

2.1.d Low Tenperature Measurenents

The M&ssbauer spectra in the tenperature range 35 K - 300 K
are recorded using a closed cycle variable tenperature Mssbauer
cryostat (Cryo Industries of America, Inc., USA Mddel No. REF-
399-D22). Fig. 2.3. shows the diagramof the cryostat. Vibration
free bellows are provided to make the sample free from vibrations
whi ch are coming fromthe novenment of the displacer. The flange
Jjust above the vibration free bellows is fitted to a rigid stand.
This s.and is fixed to a heavy table and table is isolated from
any vibration on the floor by nounting on vibration free nount-
ings. The whole cryostat is rigidly clamped on a concrete pillar.
The sanple is fixed to a hole in copper plate which is attached
to one end of the stainless steel tube. This stainless steel tube
is mounted in the cryostat such that the nylar wi ndows and sanpl e
are in a line as shown in Fig. 2.3. The r-rays pass through the
nmyl ar wi ndows and sanple and are detected by the detector on the
ot her side. The sanple tenperature is controlled with a tenpera-
ture controller (Lake Shore Cryotronics, 1Inc., Mdel DRC 80C)
using a silicon-diode sensor. The sanple is heated with a heater
whi ch is wound just above the copper plate. Heliumgas is used as
exchange gas to make contact between the sanple and cold head.
The tenperature stability is £+ ,5 K. Sonme of MSssbauer spectra at
low tenperatures (18 K - 300 K) are recorded at Low Tenperature

Physi cs Group Laboratory, TIFR, Bombay, using a continuous flow
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16 : 15

Fig.2.3.

i O
T

Set-up for Variable tenperature M&ssbauer experinments
using closed cycle refrigerator (Mdel REF-388-D22, Cryo
I ndustries). 1:Source nounted on the drive, 2:Detector,
3: Copper plate with sanple, 4:Silicon diode sensor,
S5:Heater, B:Exchange gas inlet, 7:Bellows, 8:Flange,
9:Rgid stand, 10:El ectrical feed-thru, Il.'Heavy steel

plate, 12:Cold head, 13:Heavy table, 14:Helium tubes,

15: Foundati on, 16 :Compressor.



51

crycstat (Lake S:ore Cryotronics, Inc., Mdel 310).

2.2. MOSSBAUVER DATA ANALYSI S

For calibration runs and sinple well resolved spectra a
comerci al Fast Fourier Transform (FFT) program (supplied by
Ranger Corporation) is used to deternmine line positions, wdths
and intensities of the absorption peaks in the M&ssbauer spec-
trum Wen the spectrum consists of two or three sets of distinct
hyperfine field split six line patterns at different field
val ues, the FFT program can not be used due to the presence of
several lines. For such conplex spectra a stripping nmethod is
evol ved which consists of the following steps for a spectrum

arising from two hyperfine fields.

(i) In the first step, the approxinate velue of the outer
field is estimated by a visual inspection of the experinental
spectrum The spectrum corresponding to outer field is subtracted
fromthe overall experinental spectrumto get a single stripped
spectrum corresponding to a lower field. This is fitted to a six
line pattern using FFT programto get the line positions, w dths,

and intensities of the spectrum

(ii) In the second step, the spectrum generated for the
inner field using the paranmeters obtained in the first step is
subtracted from the experinmental spectrum to get the stripped
spectrum for the outer field alone. This was again |east square

fitted using FFT programto get the fitted paraneters for this
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outer field.

(iii) The spectrum generated for the outer field wusing the
fitted paranmeters in the step (ii) is once again subtracted from
the experimental spectrumto get the spectrum for the inner
field. This is least square fi.ted to get inproved estimates of
paraneters for the inner spectrum These inproved paraneters are

used to get the stripped spectrumfor the outer field.

(iv) This procedure is continued till the best fit para-
meters are obtained. Finally, the two stripped spectra are combi-
ned and the conplete spectrum for the inner and outer fields is

generated.

Spectra which consist of strongly overlapping and wdely
distribivted fields are analysed using nodel independent field
distribution analysis [3-8]. In Wndow s nethod the field distri-

bution is expanded in a Fourier series

N
P(H) = z 8 _[cos(nnH/H__ ) — cosnn] (2.1)

n=1

The Mossbauer spectrum generated at velocity v due to this dis-

tribution is given by

HIIE.K

S(v) = [ P(H) Lg(v,H)dH (2.2)

0



6
r./2
» 1 i
where LB(V.H) = 2; 5
i=

2
/2t 4 (v - el

is the nornmalised shape function of the lines of a conponent
spectrum for field H T. are the linewidths of the six Ilines of
the conponent spectrum and «.H are their positions. If the expe-
rimental spectrum is denoted by W(v), the coefficients a, of the

field distribution are found by mninising the function

¢ =Y (S(v) — W(v))?
v

with respect to the parameters a .
n

In the method proposed by Hesse and Rubertsch [5) and its

nodi fication by Le Cder and Dubois [6] the range of hyperfine

field is divided into N equal intervals AH with H. = haH and the
n
cal cul ated spectrumis witten as

S(v) = Y P(H,) Lg(H,,v) (2.5)
h=0

The probability for each field H. is then obtained by mnimsa-
tion of difference in calculated and experinmental spectrum based
on the procedure of Phillips [7] and Twomey ([8]. The inprovenents
in this procedure made by Le Caer and Dubois avoid problenms of
non- physi cal negative value of probability density which can

sometines arise if the background is not well defined

It has been suggested [9] that one can assune the true dis-
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tributions of hyperfine fields to be represented sinmply by a sum

of m Gaussi ans

- [H - H, ]
P(H) EA exp —2— (2.6)

20,
1

with different positions (H.), wdths (@) and wei ghting factors
(A.). This seems to work well because hyperfine field distribu-
tions obtained from nodel independent analysis are Gaussian sha-
pes to a good approxi mation. The advantage is that |ess nunmber of
variables can be used in carrying out the fits, since usually two
or three Gaussians suffice to fit the data. The optimised para-
meters of the Gaussians viz. position, intensity and wdth are
obtai ned by minimsing chisquare. A grid search nethod works
efficiently once initial guesses of the parameters are obtained
from some nodel independent field distribution aralysis as outli-

ned earlier.
2. 3. FERROVAGNETI C RESONANCE SPECTROMETER

A commercial ESR spectronmeter [JEQL FE-3X, Japan] operating
in the X-band with a fixed mcrowave frequency of = 8.23CGHz is
used for FMR neasurenents. The block di agram of the ESR spectro-
meter is shown in Fig. 2.4. A klystron tube is used to generate
the mcrowave radiation which passes as a linearly polarised beam
through a wave guide. After traversing a ferrite isolator, which
prevents the back reflections, and a variable attenuator, t he

beam is divided into arms 2 and 3 at a nagnetic tee or hybrid tee
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so that there is no net transmission into am4 of the mnicrowave
bridge. The sanple is placed in a cavity resonator that is posi-
ti oned between the pole pieces of an el ectromagnet. The electro-
magnet produces a steady uniform magnetic field which can be
swept at a constant rate. The sanple is then exposed to a trans-
verse mcrowave field of constant frequency. Wien the resonance
condition is fulfilled, sanple absorbs a part of the mnicrowave
energy and the Q-value of cavity resonator changes. The inbal ance
of the bridge occurs so that transmission into arm4 takes place.
The signal is detected by crystal detector, then anplified and
di spl ayed on an oscill oscope or graphic recorder. In the off-
resonance condition, the reference wave is so adjusted to give a
reflection equal in anplitude and opposite in phase to the re-
flection fromthe sample and cavity, sending zero power to arm 4.
The nmagnetic field can be modulated with a |low frequency
(100 kHz) nodul ation which gives a first derivative representa-

tion of the mcrowave power with respect to the field (dP/dH).

The sanple is nounted in sandwitched npbde as shown in
Fig. 2.5. The sanple is first cleaned with ethansl and nounted in
the groove of the flat surface of half-cut portion of the quartz
rod at one end (Fig. 2.5a). The sanple is sandwi ched with a snal
flat quartz piece by placing on the sanple. The copper-constantan
t hernmocouple is attached to the quartz rod in such a way that the
t her mocoupl e bead could touch the sample (Fig. 2.5b). The whole
assenmbly is slowy inserted in a quartz tube (Fig. 2.5c), which
is then inserted into the cavity. The cavity is provided with a

goni onet er arrangenent which enables the rotation and orientation
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Copper-
constantan
thermocouple

Quartz rod —»
with half cut
at one end le— Quartz tube

j ﬂ Sample

(a) (b) (¢)

Fig. 2.5 a. Quartz rod with a half cut at one end and a groove to
pl ace the sanple.

b. Sanple is sandw ched between the half cut end of the
quartz rod and quartz piece. Copper-constantan therno-
couple is attached to the quartz rod.

c. The quartz rod with sanple and thernocouple is pushed
into a quartz tube.
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of the sample plane at specific angles with respect to the exter-
nal field. FMR neasurenments are carried out in tw sanple geone-
tries (Fig. 2.6) - (i) horizontal-parallel (llh), in which the
external field Hlies in the sanple plane and directed along the
length of the sanple, (ii) vertical-parallel (||v). in which H
lies in the sanple plane and is directed along the breadth of the
sanple. FMR spectra consist of recording the power absorption
derivative (dP/dH) curves as a function of external static magne-

tic field Has shown in Fig. 1.10.

The low tenperature (100 K —300 K) FMR neasurenments are
carried out with a variable tenmperature accessory. The sample is
cooled with cold nitrogen gas, obtained by boiling liquid nitro-
gen, circulated through the cavity. The temperature outside the
mcrowave cavity is measured WwWith a pre-calibreted copper-
contantan thernocouple at every set tempersture by regulating the
cold nitrogen gas flow. A proper gas flow regulation is achieved
by controlling the power input to a heater, imersed in the
liquid nitrogen container, with the help of PID controller. The
accurate tenperature of the sanple is nonitored with a pre-
cali brated copper-constantan thernocouple in physical contact
with the swumple. The tenperatures above room tenperature
(300 K - 500 K) are achieved by sending hot air through the cavi-
ty with the help of a conpressor. The spectra at 77 K are record-
ed by immersing the sanple in liquid nitrogen, contained in a

tailed dewar, which had been inserted into the cavity.
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2.4. AC SUSCEPTI BI LI TY

AC susceptibility (ACS) measurements in the tenperature
rante 10 K - 400 K are carried on the same sanples which are used
for FMR neasurenments. The nutual inductance technique at a fixed
frequency of 33 Hz is wused. AC nmgnetic field, H = 0.5 De
wi t hout superinposed dc magnetic field is applied in the primry
excitation coil. The resistance of the primary coil is 35 Q. The
secondary consists of tw closely matched and oppositely wound
coaxial coils. In the absence of the sanple, the voltages induced
at the tw secondary coils cancel each other. The sanple s
placed in one of the coils and the difference between the volta-
ges induced in the coils is measured using dual phase 1lock-in-
amplifier (Mbdel 5210 from PARC) in the A - B mode. The reference
signal is derived froma 1 kizresistor in series with the primry
coil. The in-phase and quadrature phase signals give the |loss
(x") and inductive (x°) conponents of the conplex ac susceptibi-

lity x = X —ix". The sanple is cooled to 10 K with a closed
cycle refrigerator (APD Cryogenics Inc., USA,  Mdel HC-2). The
cold head tip tenperature is controlled usig a small heater pre-
sent on it and silicon diode sensor near to it. The sanple tenpe-
rature is controlled with a silicon diode sensor present near the
sanpl e. The cold head and sanple tenperature are controlled wth
a mcroprocessor based tenperature controller (5500 series from
Scientific Instruments Corporation). The tenperature stability is
+ 30 mK. To obtain the accurate value of the sanple signal, back-

ground (without sanple) signal is measured throughout the tenpe-

rature range and subtracted from the actual signal.
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2.5. SAMPLE PREPARATI ON

The alloys studied in this thesis work are prepared by nelt-
ing in an arc nelting furnace (Materials Research Corporation,
USA, Mbddel AF-82C). To prepare the alloys of required conposi-
tion, grade | purity iron powder (JMC Puratronic), m3N7 purity
manganese chi ps, m3N5 sluminium shots, nmBN nickel powder, nBN5
silicon powder and m3' 5 chromium powder (Alfa Division) are used.
The elenents in the powder formare mxed thoroughly in a nortar
and pestle and conpressed into a pellet applying & pressure of
8 - 12 tons/cm2 using a hydraulic press. The pellet and chips
and/ or shots are kept together in a groove in the copper hearth
of the furnace. The entire lower surface of copper hearth is
cooled with a water flow of 2 gpm. The chember is first evacuated
to a pressure of 30 inches of ke and flushed three times wth
argon gas to renove the residual gases. Finally, chanber is fill-
ed with argon ges at a pressure of 20 to 25 inchs of Hg. Then the
arc is generated from the tip of a water cooled nobvable tungsten
electrode and is directed on to the naterials kept in the groove
end nelting is done. The nelt is reversed and nelted again to
ensure the honogeneity. The weight loss in nelting process is

cal cul ated. The typical weight loss is approximtely 2 —5%

The alloy ingots are sealed in quartz tubes under a pressure
-4

of 10 torr after flushing three times with argon gas and hono-
geni sed at required temperature for sufficient tine. To prepare

Mbssbauer absorbers, a part of honbgenised alloy ingot is filed
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into coarse powder and subsequently ground into finer powder
usi ng mortar and pestle. The powders are sealed in quartz tubes
under a pressure of 1B~ torr after flushing three times with
argon gas and annealed for sufficient time at required tenpera-
ture to relieve strains. Mdssbauer absorbers are prepared from
anneal ed powders after mxing with boron nitride powder and pres-

sing into pellets. For FMR and AC susceptibility nmeasurenents,
3

sanpl es of typical dinension 2 x 1 x 1 nm are cut fromthe hono-

geni sed alloy ingots.

To prepare the disordered alloys of Fe, Mn Al alloys, the

J =X X
all oy ingots are honogeni sed and quenched from 1000° C in liquid
nitrogen. Sone of the honobgenised ingots of Ni,Fe, Si al | oys

g 1= X X
are splat quenched in an Ednund Biihler ultra quenchi ng apparatus.
Powder is prepared from the quenched ingot of Fe, .Mn, Al alloy
and anneal ed at 300° C for different periods of time to study the

ki netics of disorder-order transformations.

2.6. CHARACTERI SATI ON OF SAMPLES

The sanples are characterised by powder diffraction on a
siefert Isodetyeflex Model 2002 X-ray diffractometer wusing CuK
radi ation. Sone of the sanples are also characterised using CokK
and MoK  radiations. 26 values are measured fromthe diffraction
patterns. Then the d values, hkl values and lattice paranmeter(a)
are calculated. In the case of Fel_xNixSi alloys, a previously
avai |l abl e conmputer program [10] is used to calculate the lattice

paraneters and other paraneters. In the case of Ni,Fe, Si
o 1-x X
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all oys, lattice parameter (a) values are cal cul ated using Br?dl ey
and Jay plots [11]. The value of “a” is calculated for each Iline

in the x-ray diffraction pattern with indexed hkl values and are
2 2

plotted against cos €. By the extrapolation of a vs. cos & plot

to & = 90°, the intercept on the ordinate gave the exact val ue of

a.
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CHAPTER 3

MAGNETIC BEHAVIOUR IN Fe;,Mn,S ALLOYS
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3.1. | NTRODUCTI ON

The properties of the quasi-binary alloy system Fe, M Si
have been extensively studied and there is a considerable inte-
rest in understanding the unusual nagnetic behaviour of the sys-
tem FegSi is a ferromagnet (T, = 810 K) whereas MngSi is an
antiferromagnet (‘I’N = 25.8 K) [1] and the state of magnetic order

in Fe, M Si changes from ferromagnetic for x < 0.75 to a comp-
3 - XX

lex one for x 2 0.75 due to the presence of nixed ferromagnetic
and antiferromagnetic exchange interactions [2]. Single phase
alloys in this systemare forned in a wde concentration range
0 =x = 1.8 with the end nenbers Fessi and HnSSi both existing as
stable DO5 ordered phases. The DO. structure is shown in Fig. 3.1
and consists of four interpenetrating sublattices |abelled A B,
C, and D, shifted along the body diagonal and having origins at
(0,0,0), (1/4,1/4,1/4),(1/2,1/2,1/2) and (3/4,3/4,3/4). In DO,
ordered Feasi. A, B, and C sites are occupied by Fe and the D
sites are occupied by Si. A and C sites have identical first near
nei ghbour environment (4 Fe atons at B site and 4 Si atoms at D
site) whereas the B site Fe atom have 8 iron nei ghbours bel ongi ng
to the A and C sites. Table 3.1 shows the near neighbour (nn)
configuration of Feasi. Al oyi ng of Fessi with other 3d netals
led to a remarkable finding [2] that the netals to the left of Fe
in the periodic table substitute preferentially at B sites where-
as the ones to the right of Fe have a preference for A and C
sites. This substitutional behaviour permts study of host-
inmpurity interaction at high inpurity concentrations because as

seen from Table 3.1, inpurity-inpurity atons come only as third
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Fig.3.1. DO, structure with A, B, C, and D sublattices having
origins at (0,0,0), (1/4,1/4,1/4), (1/2,1/2,1/2) and
(3/4,3/4,3/4) along the body diagonal .



Table 3.1. Near neighbour configurations of (AC), B and D sites in
the DOg structure. The near neighbour distance in units

of lattice constant a .

Shell No.
1 2 3 4 5 6 7 8
Site

AC 4B 6AC | 12AC 12B 8A 6A | 12B 24A
4D 12D 12D
B 8AC 6D 12B 24AC 8D 6B |24 AC 24D
D 8AC 6B 12D | 24AC 8B 6D | 24AC 24B
nn

di stance 0.433 | 0.5 |0.707 |0.829 |@.s66 | 1.0 |1.09 |1.118

t/ao
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nei ghbours. It was observed that in Peasi based all oys the nagne-
tic moments and hyperfine fields are sensitive only to the near-
est nei ghbour configurations and a local environment nodel was

found to explain the magnetic behaviour of these alloys [2].

Magneti sation and neutron diffraction studies on concentra-
ted Fe;_ Mn Si alloys [3] show that the average magnetic nonent
falls approximately linearly with Mi concentration for x =< 0.75.
Only Fe at B sites are substituted by Mh upto this concentration
[3]. The magnetic noment of Fe at B sites (all 8 Fe neighbours at
AC sites and no Mh nearest nei ghbours) stays nearly constant at
about 2.2 Mg whereas the AC site nonment decreases linearly with
M concentration to 0.4 mp as these sites have four B site near
nei ghbours whi ch have been substituted by M. Beyond x = 0.75,
the AC sites also start getting occupied by Mh atons and the B
site moment al so decreases rapidly due to the presence of M
first neighbours. Since there are no nore changes of the AC site
environment the moment at this site stays constant at about

0.4 Hg -

Al though a fair degree of understanding exists for the
saturation monments and corresponding hyperfine fields at the
different sites based on this local environment approach [4-6],
the tenperature dependent behaviour and the nature of magneti-
cally ordered phases in the systemin the conpositions regions
X 2 0.75 is neither well studied nor understood. An extensive
tenperature dependent study of AC susceptibility (ACS), Ferromag-

netic resonance (FMR), and hyperfine fields by Méssbauer spectro-
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scopi c neasurenents was carried out on the Fe, M1 Si system in
I ~-x X

0.75 = x = 1.2 concentration region. These studies show interest-

ing re-entrant spin glass behaviour and an attenpt is also nade

to understand these properties in the light of existing models

for re-entrant spin glasses [7-9].

3.2. EXPERI MENTAL

Four alloy sanples of conpositions Fe, M Si (x = 0.75,
I3-x X

0.9, 1.0 and 1.2) were prepared by arc nelting. M&ssbauer effect
studies in the tenperature range 10 K - 300 K were performed on
these sanples in powder form FMR studies in the tenperature
range 77 K - 480 K were carried out using cuboid shaped (dinmen-
sions 2nm x 1mm x 1mm) alloy sanples in the horizontal-parallel
and vertical -parallel geonetries. AC susceptibility neasurements
in the tenperature range 10 K - 400 K were also carried out on
the sane sanmples at a frequency of 33 Hz and H = 0.5 Ce. Other

details of experinmental nethods are given in chapter 2.

3.3. RESULTS

3.3.a. AC Susceptibility

Fig. 2a shows the measured tenperature dependence of AC sus-
ceptibility for the four alloy sanples. The data show very cl ear-
ly a drop in AC susceptibility from the denmagnetisation factor
limted value at two tenperatures TC and TrE - This behaviour is

usual Iy considered as a canonical signhature for re-entrant spin
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gl ass systens. The AC susceptibility measurenents have been
carried out in a low denmgnetisation factor geonetry (H parall-
el to surface of the sanple and along its length). The calculated
demagnetisation factor [10] for this geonetry and sanple dinen-
sions is 0.1. The experimentally neasured susceptibility is given

by [11]

1
Xg * W (3.1)

wher e x; is the internal susceptibility and D is the demagneti sa-
tion factor. For x; » pas in ferromagnetic region, X, reduces to
the demagnetisation limted constant val ue of 5 - It was pointed
out by Rakers and Beck [11] that in a |ow denagnetisation factor
geonetry, the susceptibility does not show demagnetisation limt-
ed behaviour in Aug, ¢Fe,, 5 allovandthus the transition at TA
is not to a true ferromagnetic phase in the AuFe system In our
all oy system the existence of demmagnetisation linmted behaviour
even for |ow demagnetisation factor shows that the internal sus-
ceptibility is large as conpared to D= 10 which is a substantia-
Ily large value as conpared to susceptibility of paramagnetic or
superparamagnetic systems. The transition at T, therefore corres-
ponds to formation of a ferromagnetic state. Evidence from speci-
fic heat neasurements [12] show only a broad step like anonaly at
the ferromagnetic transition and distinct cusp shape peaks are
seen at TRE only. The change in nmmgnetic entropy at Tc is very
snal | (2-3J mole” K ) as conpar ed to t he val ue
3R 1n 2 = 17.3 J mole K expected for ordering of 3N magnetic

spins with S = 1/2. This shows that all spins are not ordering
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bel ow the ferromagnetic transition at T. and this behaviour wll
be analysed in more detail later in terns of the unusal structure
and site occupation by Fe and Mn atons in the structure. From de
magneti sati on neasurenments (Fig. 2b), TC value for x = 0.75 alloy
conposition was measured, and T, value for x = 0.9 alloy conposi -

tion was confirmed. T, and Tpp values are given in Table 3.2.
3. 3. b. Ferromagnetic Resonance

Fig. 3.3 shows the observed dP/dH (Power absorption deriva-
tive) with Hfor x = 1.0 alloy conposition in the horizontal-
parallel (jy ) geonmetry for a few sel ected tenperatures. These are
representative of vertical-parallel (||v) geonmetry also and of
all oys of other conpositions in || and | |v geonetries. The equa-
tions representing the theoretical |ineshape for dP/dH has been
presented by Kaul and Siruguri [13] and a least squares fit of
the experimental data to this line shape gives a g value of
2.07 £ 0.02 which is tenperature independent and gives the accu-
rate values of resonance field (H ), linewidth (AH ) and satu-
ration magnetisation (Mg). The details of line shape analysis are

given in chapter 1 (See Eqs. 1.38 and 1.39).

The tenperature dependence of resonance field (in yj geone-
try) and saturati on magneti sation, Hs, are shown in Figs. 3.4 and
3.5 respectively. The observed tenperature dependence of nagneti -
sation is now used to distinguish between localised and itinerant
el ectron nodels. The variation of spin wave stiffness coefficient

with tenperature is different for the two nodels [14] being given
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dP/dH (arb. units)

°°ooo0

1.0 1.5 2.0 2.5 3.0
H (koOe)

Fig.3.3. FMR powa absorption derivative spectra at different
temperatures for FeZHnSi alloy. The solid line indicates
the fit to the experimental spectrum based on Egs. 1.38
and 1.39.
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Fig.3.3. Continued.
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Fig.3.5. The dependence of saturation nagnetisation (Mg) on tem
perature (T) for Fes_xnnxSi all oys. The solid line indi-
cates the fit to the data using the spin wave relation
[Eq.3.4].
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by
D(T) = D(0)[1 - D,T?) (3.2)

/ey (3.3)

and DT> = D(0)[1 - Dsz
for the itinerant- and 1localised-electron nondels respectively.
The dependence of magnetisation on tenperature and spin wave

stiffness coefficient is theoretically given by [15,16]

kpT 43/2
Hg(T) = Hg(B) - EHgZ(3/2,ty) iﬁﬁTTT] (3.4)
wher e 2(3/2,ty) denotes the Bose-Einstein integral function
R =t
Z(s.tH) :nzln exp(—ntH) (3.5)
gHg H
and ty = Tg/T = RgT (3.6)

The factor Z in Eq. 3.4 arises because there is an energy gap
A= gug oo in the spin wave spectrum in the presence of the

effective field

H f=H—4nNH+ Hk (3.7)

ef

where Mis the magnetisation, N is the demagnetisation factor and

H. is the anisotropy field

Fits to magnetisation data were carried out wusing Eq. 3.4

and for the two forns of D(T) given by Eqs. 3.2 and 3.3. The tern
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perature dependence of D(T) for the 1localised-electron nodel

(Eq. 3.3) gave nuch better fits than those for itinerant-electron

[Mg(@) - Mg(T)I(D(T))*?
Z(E/Z,tH)

nodel . As a furthcr check, a plot of

VSs. T3/’2 with D(T) from 3.3 gives a straight |ine passing through

origin (Fig. 3.6) for all conpositions.

Table 3.2 gives the values of D(0) and Dg,, for alloys of
different Mn concentrations. The validity of Eq. 3.3 in the pre-
sent case inplies that the 1localised-electron nopdel adequately
describes D(T). Moreover the ratio D(8)/T; of about 0.6 neVAZg 1
is obtained for all the conpositions. This ratio is related to

the nean square range of the exchange interaction [17]

D(B) _ [ kp ]qz>
T, - 2D

2 2
and gives <r > = 9.9a_ (where a is lattice constant) and inplies
a range of the exchange interactions extending upto fifth nearest

nei ghbours (Table 3.1)

The tenperature variation of FMR linewidths is shown in
Fig. 3.7. The linewidth first goes through a mininmum at |ower
tenperature followed by a maxinmum at hi gher t enperature
(Fig. 3.7). The linewidth increase below T . extends over a very
large tenperature region. This increase in linewidth is typical
of re-entrant spin glass systems [13,18] and can be described by

an enpirical relation [19]
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Magnetic transition tenperatures and spin wave
paraneters for Fes_anXSi . Nunmbers in brackets indicate
errors.

x | Tg | Tgg | Mg(® | D(0) D5,z D(@)/T, | <r?>
at X| K R | G neva? | 1077 k72 | neva?/x I
2.75435(1) | 32(1) | 237(10) | 225(10) 1.15(10) 0.52(2) |24.138
0.90 | 370(1) | 35(1) | 230(10) | 160(10) 1.20(20) 0.43(3) 1 19.961
1.00 | 230(1) ss8(1)|222(10) | 150(10) 5.00(50) 0.65(5) |30.173
1.20 1 190(1) | 72(1) | 203(10) | 115(10) 11.50(50) 0.61(3) |28.316
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BH =T+ T (T/T exe(-T/T,) (3.9)

where for a given M concentration and nicrowave frequency, r
0

Fl and T  are constants. The observed tenperature dependence of
linewidth was fitted to Eq. 3.9 and the fits are also shown in
Fig. 3.7. In re-entrant spin glass systens there is a region of
constant |inewidth below T. and the linewidth rises below about
T=2 TRE and follows the enpirical formgiven by Eq. 3.9 [13].

In the Fe, M Si system however the increase in linewidth starts
Jg ~X X

at a very high temperature (in fact just below T, for x = 1.0 and
1.2 conpositions) and follows the formgiven by Eq. 3.9 in a very
wi de tenperature range.

3. 3. c. Mossbauer Spectroscopy

The tenperature dependence of Mssbauer absorption spectra
for x = 0.75 conposition is shown in Fig. 3.8. The hyperfine nmag-
netic field distribution derived from the spectra using Le Ciaer’s
met hod (Chapter 2) are also shown. The assignment of the higher
fields in the region 300 kCe to Fe atons at B sites (8 AC near
nei ghbours) and the lower fields (200 kCe and lower) to AC sites
( B and D site neighbours) has been established quite uniquely by
several experinments and anal ysis procedures, not only for FegSi
based systens [4-5, 20] but for other DO3 ordered A.B alloys as
wel | [21-23]. The magnetic nonent for the B site atom (both Fe

and Mnh) is about 2 u, for Mh concentration upto 0.75 whereas the
D

AC site monent falls from 1.5 Hp to 0.4 Hp with Mh  concentration

due to substitution of M neighbours in their nn environment
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[24]. For low Mn concentration, the Mn atons go to occupy only
the B site exclusively but at x = 0.75 although all B sites have
not been filled, sone M atons start filling the AC sites as well
[24]. This gives a wide variety of environnents and the field
distributions in Fig. 3.8 clearly depicts this situation. The
field distributions below 200 kCe peaked at different field
values arise due to Fe (AC) sites with different nunbers of M
nei ghbours, the lower field values corresponding to higher nunber
of M nei ghbours. The correlation between hyperfine field (at
80 K), Fe(AC) nonent and nunmber of Mn. (n =0 - 4 as there are
always 4 Si D neighbours to this site) neighbours is shown in
Fig. 3.9. The observed linear correlation gives us a good deal of
confidence in our assignnent of peaks in the field distribution
to the nunber and type of B site near nei ghbours around Fe (AC)
sites. The fields originating fromB site Fe atons also have a
distribution at 300 kCe which arises predomnantly from varia-
tions in M occupation in third nei ghbour shell (Table 3.1) and
also from M first neighbours substituting at AC sites. The field
changes are not easily resolvable in the distributions. However
they approxinmately correspond to Fe atons wth (8Fe, OM),

(7Fe,l Mn) etc. configurations.

The tenperature dependence of hyperfine field for each of
these configurations is shown in Fig. 3.10. The decrease in
hyperfine field with tenperature is faster for the higher M con-
figurations. This behaviour is further analysed for the x = 0.9
all oy sanple for which data were recorded in a wider tenperature

range of 10 K - 300 K.



gram at
al | oy.

84

Absorption

syun‘quo (MH)d

_b;

: i
864507 4 100 200 300 400
velocity (mm/sec) Hu (kOe)

Fig.3.8. Mossbauer spectra and their
tions (calculated using model-independent Le
tenperatures for Fe2 25Mng 5551

di fferent

hyperfi ne

field distribu-
Cier pro-



85

x
" Es
e} ==
et
2 ¢
P [ s
0 230 K| ° =3
< y\/\/\/l&_‘&*
i \“V\N\/ \
280 K
R, e v g e :
: 6. 0 100 200 300 400
velocity (m
y (mm/sec) He (KOe)

Fig.3.8. Continued.



86

250

200

8.0 0.3 0.6 0.9 1.2

pre (ip)

Fig.3.9. Correlation between Fe hyperfine field and magnetic
nmoment  (ug.> for AC site Fe atons. The nunber of tin nn
atons for these sites is indicated by n.



250

1 1 1
0 100 150 200 0 300
T (K)
Fig.3.1@. Tenperature dependence of hyperfine field (H_.) for
ht

Fe(AC) atons having different nunber of Mn near

nei gh-

bours (n) for Fe, ,5Mng o Sialloy.



88

Fig. 3.11 shows the tenperature dependence of Mb&ssbauer
spectra for x = 0.9 conposition in the tenperature range
10 K - 300 K. The assignnent of peaks in the field distributions
to various Hn neighbours of AC site Fe atons is done as discuss-
ed earlier for x = 0.75 conposition. Fig. 3.12 shows the tenpera-
ture dependence of hyperfine field for each of the Fe(A,C) sites
with different Hn first neighbours. The tenperature dependence is
clearly nore pronounced for the configurations with higher nunber
of Mn near nei ghbours. This behaviour can be attributed to the
weaker Fe-M exchange interaction relative to Fe-Fe exchange
Neutron scattering studies at lower M concentration [25] give
Jg _p =25.4 meV, J. . =8.2 meVand a very small or negative
value for Jy. _yn- The faster decrease in hyperfine field for the
Fe configuration with higher nunber of M neighbours is then due
to a smaller exchange interaction with its neighbours. Jaccarino
et. al [26] proposed a phenonenol ogi cal nodel to take into acco-
unt the exchange coupling at a solute site in the host matrix. He
gave a nodified Brillouin function to express the tenperature de-
pendence of reduced hyperfine field at the solute atomin terns of
the reduced magnetisation MT)/MO0) of the host, and an exchange

coupling paraneter, .

H, (T)
hf _ 3J M(T)/M(@)
H (@ - 53 (5 e T/1, J (3.10)
_ 2J+1 2J+1 1 x_
wher e BJ(x) = =53 coth 57 X " 37 coth 33 (3.11)

For £ = 1, the reduced hyperfine field follows the sane tenpera-
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ture dependence as the host magnetisation whereas for & < 1, the
reduced hyperfine field decreases faster than the host nmgnetisa-
tion. This nodel gave a very good description of hyperfine field
at inmpurity Fe atons in nickel and manganese hosts [27]. The
difference in tenperature dependence of hyperfine field at
Fe(A C) site for different nunber of M near neighbours can be
described by an extention of this nmodel, if we choose different
val ues of the coupling parameter, &, for the different configura-
tions. Fig. 3.12 shows the fits to the hyperfine field data using
Eq. 3.10. The reduced hyperfine field for the configuration with
8 Fe near nei ghbours was used to represent the reduced magnetisa-

tion.

For the Fe(AC) configurations Wi th no manganese nei ghbours
we get & = 1, whereas for configuration With nore M nei ghbours ¢
decreases and we get £ = 0.4 for the configuration wWith the Ilar-
gest nunber of M neighbours (n = 4). This provides a good evi-
dence that M near neighbours to Fe sites decrease the effective
exchange interaction at these sites. The snall entropy change at
T~ nmentioned earlier is also consistent with this because there
is a large thernal disorder at these sites and only a partia

ordering of spins even nuch bel ow Tg.

The average hyperfine field H.. and the isomer shift corre-

lation parameters A and B defined by [23]

S(Hyo) = AH o + B (3.12)
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are shown in Fig. 3.13 for the x = 0.9 alloy conposition. This
correlation was introduced in the field distribution fits carried
out using the Le Céer program This enables us to determne a
uni que isomer shift value for each configuration and to follow
its tenperature dependence. Fig. 3.14 shows the tenperature de-
pendence of isomer shift for the n =0 to 5 (nunber of Mn first
nei ghbours to Fe(AC) sites) configurations. These plots show a
pronounced increase below the re-entrant tenperature. The physi-
cal origin of the isomer shift increas: is because of either a
loss of 3d charge or 3d spin at the neighbouring solute site
[28]. But since we are observing a tenperature dependent effect,
the loss of 3d spin rather than 3d charge seens to be the Ilikely
cause for the isonmer shift increase. Thus although the average
hyperfine field does not show a change in behaviour at T (Fig.
3.13) the individual isoner shifts at the sites do show an effect
related to the change in the near nei ghbour Mh nmoment. A slight
increase in hyperfine field for individual Fe(AC) configurations
having 2-4 M near nei ghbours can al so be observed at low tenpe-

ratures.

In the higher concentration region x > 0.9, the individua
hyperfine field configurations become difficult to resolve and we
have therefore fitted the spectra to only two sets of Gaussian
di stributions peaked at two different values. Initial estimates
of the hyperfine field values were obtained from nodel indepen-
dent LeCader fits. The Mdssbauer spectra and field distributions
are shown in Fig. 3.15 and Fig. 3.16 for x = 1.0 and 1.2 conposi -

tions. For x = 1.0, the Gaussian field distribution peaked at the
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hi gher value corresponds to n = 2 and the Ilower field value
corresponds to n = 3 configurations. The fraction of these two
configurations (as obtained fromarea under the two distribu-
tions) is consistent with the probability for substitution of the
B sites by Mn atons [24]. Similarly for x = 1.2 conposition the
hi gher field peak (lower fraction) corresponds to n = 3 configu-
ration whereas the |lower field peak (higher fraction) corresponds
ton = 4 configuration. The tenperature dependence of hyperfine
fields and fraction of the peaks as shown in Figs. 3.17 and 3.18

respectively for x = 1.0 and 1.2 conpositions.

3. 4. Dl SCUSSI ON

The experinmental findings of AC susceptibility, FMR and

M&ssbauer studies on the Fe, M1 Si alloys (0.75 = x = 1.2) toge-
IJ-X X

ther with earlier experinental results can be sunmarised as

foll ows:

(i) The transition at TC is froma paramagnetic to ferromagne-
tic state.

(ii) The tenperature dependence of hyperfine field at the Fe
sites with different M neighbours is strongly dependent on
the first near nei ghbour Mh atoms. The exchange interaction
between Fe and M1 is ferromagnetic but much weaker as com
pared to Fe-Fe exchange.

(iii) The FMR linewidth begins to increase Jjust below T, and
shows a behavi our characteristic of re-entrant spin glass

syst ens.
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(iv) The systemis described by |ocalised exchange interactions
upto fifth neighbour shells.

(v) There is a lower transition tenperature TRE (whi ch depends
on Mn concentration) and there are pronounced changes in
hyperfine interactions (magnetic hyperfine field and isomer
shift behaviour) below this tenperature.

(vi) The exchange interactions between second neighbour manga-
nese sites is weak and negative as neasured from neutron
inelastic scattering neasurenents [25] at |low tenperatures
and gives rise to an antiferromagnetic ordering of nonents
at Mh sites as observed from neutron diffraction [28,30]

determination of magnetic structure.

3.4.a. Effect of Preferential Substitution of WM on Exchange

I nt eractions

Based on these findings a sinple nodel is proposed to des-

cribe the magnetic properties of the Fe, M Si alloy system The
I-X X

DO3 structure (Fig. 3.1) and the preferential occupation of B
sites by Mh atonms in this structure gives rise to the follow ng
di stinct magnetic behaviour of Fe and M noments occupying these
sites (see Table 3.1)

(i) Fe at (A, C sites with a nonent of 0.4 Hp having a first
near nei ghbour environment of predominantly B site M
monents (g =2 “B) and Dsite Si atons (mu=0). These Fe
moments have a weak |ocal ferromagnetic first nei ghbour ex-
change with M nei ghbours which depends on the nunber of M

nei ghbours and becones weaker with nore M nei ghbours.
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(ii) A very small nunmber of Fe atons at B sites are with a mag-
netic noment of 2 mp and a first neighbour exchange with
its Fe(AC) neighbours which is ferromagnetic. For Mn con-
centrations (x z 1) however these B sites are alnmost fully
occupied by M and we need not consider the B site Fe
atoms.

(iii) M atoms of magnetic nonment (=2 p,)at the B sites which
have an antiferromagnetic exchange with the other B site M
atoms and these Mn-Mn sites are third neighbours. Around
x = 0.75 conposition and beyond, the AC sites are also
occupied by M and this gives rise to first nei ghbour M-M
exchange al so.

(iv) A small nunber (less than number at B site) of M atons of
magnetic noment about 0.4 wp at AC sites which have pre-

domi nantly Mh and Si near neighbours at B and D sites.

A schematic representation of the various configurations is
shown in Fig. 3.19. Since Fe atonms at (A,C) sites and Mh atons at
B sites are the ngjority atons in the systemwe consider the mag-
neti c behaviour of the system by a consideration of these sites.
The behaviour of Mh (AC) and Fe(B) sites are also consistent with

this behaviour.
3.4.b. Spin Canting and Magnetic Structure
Sasl ow and Parker studied analytically [31)] a Heisenberg

spin system on square and sinple cubic lattice when antiferromag-

netic bonds are substituted for ferromagnetic host nearest nei-
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ghbcur exchange bonds. The sane situation applies to Mn(B) sites
where the ferromagnetic Mi-Fe bonds are substituted by antiferro-
magneti c Mn-Mn bonds. Saslow and Parker's results show that for
such a systemthere is a spin canting at |ow tenperatures but at
hi gher tenmperatures there is ordinary ferromagnetic behaviour. In
our systemthe other site viz. the Fe(AC) site has always a
ferromagneti c exchange with Fe or Mn neighbours and it is only
the Mn(B) site which shows a canting at |ow tenperatures.
Fig. 19b depicts the nagnetic structure in the canted state. This
canted spin structure is also physically understandable in terms
of the frustation that sets in at the Fe(A C) site. For an anti-
ferromagnetic ordering at Mn(B) sublattice, the ferromagnetic Fe-
Mn exchange interaction, gives a conflicting Fe(A, C) ordering due
to the two Mn(B) nei ghbouring spins (Fig. 19c). The canting of M
spins as shown in Fig. 19b gives a stable ground state for the
system The neutron diffraction data of Yoon and Booth [3,29] are
al so consistent with this M spin canting as they observed an
antiferromagnetic conponent on the B sublattice perpendicular to
the magnetisation direction. Yoon and Booth observed additional
superlattice lines fromspins in other planes but no superlattice
reflection from (1/2,1/2,1/2) planes which are also expected for

antiferromagnetic spin structures in (111) pl anes.

We therefore associate the lower transition tenperature to
a spin canting of the M nonments and the nmmgnetic phase diagram
is shown in Fig. 3.20. It has also been predicted in all nodels
for re-entrant spin glasses [7-9] that a replica symetry break-

ing state (marked by onset of irreversibility) is obtained at |ow
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tenperatures below the canted state. A careful external field de-
pendent study is required to confirmthis for our systembut the
hyperfine fields do show an increase at Ilow tenperatures

(Fig. 3.12) and suggest a re-entrant phase formation.

3.5. CONCLUSI ONS

In conclusion we find that a conmbined AC susceptibility,

FMR, and Mossbauer effect study of the conplex Fe. Mn Si magne-
3-x X

tic alloy system shows that there is a strong effect of near
nei ghbour environnent on the exchange interactions and correspon-
di ng magnetic behaviour of the system AC susceptibility and mag-
neti zation studies show magnetic transitions clearly at two tem
peratures (T, and Tpgp) whereas FMR studies show a spin glass type
increase in linewidth just below ferromagnetic T.. Mssbauer
hyperfine nagnetic field and isomer shift variations fromsite to
site dependi ng on M nei ghbours suggest the inportance of near
nei ghbour effects. A magnetic structure consisting of canted M
spins due to antiferromagnetic M-M exchange interactions is

suggest ed.
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CHAPTER 4

SITE SUBSTITUTION BEHAVIOUR AND SOLUBILITY
LIMIT INFe;«CrSiALLOYS
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4.1. | NTRODUCTI ON

In chapter III, it was discussed how addition of M to Fessi

in the quasi-binary system Fe, M Si, gave rise to changes in
I-X X

magneti ¢ ordering behaviour of the system There was a wide con-
centration range 0 < x = 1.8 in which these alloys were forned
whi ch enabl ed such a study. However for the Cr substituted sys-

tem Fe, O Si, the situation is not so favourable and there is
J-X X

a limted conmposition range for which single phase alloys are
formed in this quasi-binary system Moreover there are conflict-
ing evidences for the maxi mum concentration (x) of C for which
there exist single phase alloys. Anderson and Jette [1] reported
singl e phase structure upto x = 1, whereas N cul escu and Budnick
[2] observed an extra phase beyond x = 0.5. Sinmilarly the site
occupation of O in the A, B, C or Dsites is also not well un-
derstood. Earlier neutron scattering data [3] for Fe, ggCrp 4,51
all oy showed a preference of B site by O simlar to that of M
and V. Although G magnetic resonance was not observed in O
based alloys, the Fe(B) site NMR data were simlar to those of M
and V based alloys and this also gave a preferential B site occu-
pation by Cr. However recent neasurements [4] have been interpre-
ted on the assunmption that C substitutes randomy at all the
three Fe sites viz. A B, and C, although there was also sone
evidence [5] that twice as many Cr atons enter B sites as conpa-
red to A or C sites.

57

Thi s chapter discusses Fe M&ssbauer spectroscopy studies

carried out in FeS_xCrXSi system prepared in the conposition



range 0 £ x < 1.0 to understand the site substitution behaviour

and solubility limt of O in this alloy system

4.2. EXPERI MENTAL AND DATA ANALYSI S PROCEDURE

Al'l oys of conposition Fe, Cr Si in the concentration range
I9-X X

0 = x =1 wre prepared by arc melting. Requisite quantities of
4N purity iron, chromum and silicon powders were mixed and
pressed into pellets. They were nelted under argon atnosphere in
an arc furnace with a water cooled copper hearth. Repeated nmelt-
ing was done to ensure honpgeneity. Typical weight loss in nelt-
ing process was 5 percent. The alloy ingots were honpgenised at

800° C for 4 days after sealing them in quartz tubes under a
pressure of 10~ torr. A part of the honogenised alloys were made

into coarse powder by filing and subsequently made into finer
powder by grinding in nortar and pestle. The powders were anneal -

_4torr) for 4 days at

ed in vacuum sealed quartz tubes (10
400° C. Mpssbauer absorbers having natural Fe cont ent of
25 ng/cnz were prepared from alloy powders after mxing wth

boron nitride.

The sanples were characterised by powder diffration on a
Siefert |sodebyeflex Mdel 2002 X-ray diffractometer using Cuk
radi ati on. Modssbauer spectra were recorded on a P based spectro-
meter [6] in transm ssion geonetry. A57Oo in Rh matrix source

was used.
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For x = 0 alloy, the Mdssbauer spectrumwas fitted using a
stripping procedure [7]. The spectrum consists of tw resolved
six line patterns and the six line pattern due to the |owest
field is about double the intensity of the pattern due to the
hi gher field. The detailed analysis of the spectra wusing the
stripping procedure is as follows: In the first step, the appro-
ximate value of the outer field was estimated by a visual inspec-
tion of the experinental spectrum and the spectrum correspondi ng
to this field was subtracted from the overall experinmental spec-
trumto get a single strippped spectrum corresponding to the
lower field. This was least square fitted to a six line pattern
to get the line positions, widths and intensities of the spec-
trum In the second step, the spectrumgenerated for the inner
field using the paraneters obtained in the first step was sub-
tracted from the experinmental spectrum to get the stripped spec-
trumfor the outer field alone. This was again |east square
fitted to get the fitted paranmeters for this outer field. The
spectrum generated for the outer field using the fitted parane-
ters in step 2 was once again subtracted from the experinenta
spectrum to get the spectrum for the inner field. This was |east
square fitted to get inproved estimates of parameters for the
i nner spectrum These inproved paraneters were used to get the
stripped spectrum for the outer field. This procedure was conti-
nued till the best fit paraneters were obtained. Finally, the two
stripped spectra were conbined and the complete fitted spectrum
for the inner and outer fields was generated. The fitted spectrum

for x = 0 using this stripping procedure is shown in Fig. 4.1.
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Fig.4.1. The conplete fitted spectrum for Fessi using the stripp-
ing procedure as discussed in Section 4.2.
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The spectra for alloys with G additions are more conplex
and nore than two unique fields are indicated. These spectra were
first fitted using a nmodel independent field distribution program
[8]. This field distribution consists of peaks at various field
values and was fitted to Gaussian field distributions at each of
the peaks. Approxi mate center of the Gaussians, their standard
devi ations and intensities are therefore known. A field distribu-

tion consisting of sum of these Gaussians in the form [7,8]

. - 1 2,2
P(H) -iflaiexp = [i(H - Hy)7/0y ] (4.1)

wth Hi’ L and oirepresenting the central field, intensity, and
standard devi ation respectively is then assuned to be the field

distribution to fit the M&ssbauer spectra. The paraneters H., a.
2

and o¢. are then optimsed by mininmsing x enploying a grid sear-
ch nethod. 4 to 5 Gaussian peaks were required to fit the spec-
tra. Besides these paraneters for the Gaussians, the follow ng

addi ti onal paraneters were also optimsed [9].

i) The intensity ratios of the conmponent lines in the form3:b:l:
l:b:3
ii) The Lorentzian linew dth of the conmponent l|ines (I).

iii) Parabolic correction to the base line (AQ).
iv) Correlation between isomer shift and hyperfine field (GIS).

Table 4.1 shows the final values of these paraneters.
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Teble 4.1. The final values of paraneters b, r, AQ and GIS as

functions of x in Fe, _Cr_Si.
I-X X

X b r AQ as

( BB/ 'S) (BB/ s/ kCe)
0.25 2.0 0. 261 5.7e-82 5. 60e- 04
0.50 2.0 0. 275 5. 5e-02 5.56e-04
0.60 2.0 2.285 4.5e-02 5.56e-04
0.75 2.0 0.271 5. 1le-02 5.22e-24
0.90 1.8 0.271 7.0e-02 5.28e-04
1.00 19 0. 268 6.9e-02 5.64e-04
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4.3. RESULTS AND DI SCUSSI ON

4.3. a. Solubility Limt of Cr

The X-ray powder diffraction patterns for alloys of conpo-
sition 0.5 < x could be indexed to a single phase of «cubic wunit
cell (a = 567 A whereas for x > 0.5 a tw phase mxture was
observed. The patterns were indexed to two cubic phases wth
a =569 Aand a = 4.57 A The latter phase is identified as a
Crssi rich phase as the lattice parameter is very close to the
reported value [10] for Cr.Si (a = 4.56 A). Qur results thus show
that a single phase region exists in O substituted system upto
X = 0.5 only in agreenent with the results of N culescu and

Budnick [2] who also tried to correlate the solubility limt and

average electron concentration. Fromthe analysis of the limts

of formation of DO, structure in Fe. (Si,A) alloys, a value of
J 1-X X

average electron concentration per atom (e/a) in the range

6.25 < e/la = 7.5was indicated for formation of single phase

alloys of the type Feo, T Si. For Cr alloying, the average elec-
3 = XX

tron concentration of outer (s+p+d) electrons changes from 7 in
Fessi to 6.75 in Fez SCr‘a 5Si. The average el ectron concentration
for Mn and V substituted alloys at the solubility limt (x = 1.8
and x = 1 respectively ) are 6.55 and 6.25. Thus this sinple
picture of considering all the spd electrons outside the closed
shell for conputing average electron concentration and associat-
ing a critical value of average electron concentration at the
solubility limt, appears to break down. This point is further

di scussed while |ooking at our isomer shift data.
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4. 3. b. Hyperfine Fields and Local Environment Model

The M&ssbauer spectrum of FegnSi fits well with two well de-
fined hyperfine field values of 314 kOe and 202.6 kOe wusing the
stripping procedure outlined earlier. These field values are con-
sistent with the well ordered DO; structure of FesSi and the
hi gher hyperfine field value is attributed to Fe(B) site which
has 8 Fe(A, C) first neighbours and a magnetic nmoment of 2.2 Hp
[11]. The lower field is due to AC sites which have 4 Fe(B) and 4
Si (D) neighbours and a magnetic nonent of 1.35 Hp. The area ratio
observed for the (AC) to (B) site fields fromthe m&ssbauer spec-
tra corresponding to these fields is 66.3:33.7 which is in excel-
lent agreenent with the ratio expected for tw equivalent AC

sites to one B site in ordered FeBSi.

For x = 0.25 conposition (Fe, ,¢Crp,eS8i) the spectrum opo-
tained after stripping the B site or AC site field is not a sim
ple six line spectrum expected for a unique field (Fig. 4.2a and
4.2b). This indicates the presence of field contributions besides
the ones present in fully ordered DO,. The spectra for this com
position and for higher Cr concentration alloys were therefore
anal ysed using a field distribution consisting of Gaussian peaks
contered at various fields. The field distribution derived by
fitting the spectrum (Fig. 4.2c) is shown in Fig. 4.2d and it
consists of five Gaussian peaks. These can be understood if the
substitution of O takes place preferentially at the B site. The
hi ghest field value of 287 kQOe corresponds to the Fe(B) site and

the other four fields corresponds to Fe(AC) sites which have
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di fferent near nei ghbour(nn) configurations due to substitution
of & at the B site (Table 4.2). To wunderstand the observed
hyperfine fields in Fe, _T_Si alloys a l|local environment descrip-
tion was presented by Niculescu et.al.,[12]. The internal field
at a site is assuned to arise from (i) the polarisation of s
shells (inner s shells as well as conduction s electrons) and
(ii) transferred conduction electron spin polarisation due to
monents in the neighbouring shells. The first contribution is
proportional to the on-site nmonent and it is further assumed that
only the 1 nn shell contributes significantly to the second term

and this is given by

H = A4snp<p)

- (4.2)

lnn

wher e A4s is the hyperfine coupling constant in units of kOe/uB,
n is the nunber of 4s electrons and p is the polarisation of the
4s electrons due to the 1 nn nonents. This approach has been used
to explain the field behaviour at Fe(B), Fe(AC) and T sites in
both Mh and V substituted system [12]. A self consistent explana-

tion of the fields at B site as well as AC sites in Fe, C S
IJ-X X

al l oys can also be given based on this nodel. From the field
val ues at Fe(B) site we first estimate the np value as defined in
EqQ. 4.2 and then use it to determine the Fe(AC) fields for wvari-

ous nn configurations.

The first contribution to the Fe(B) internal field is pro-
portional to the on-site Fe monent (#. [B] = 2.2u,). Using a pro-

portionality constant of 93.18 kOe/uB [12] this contribution is



Tabl e 4.2. Hyperfine fields and nmagnetic nonents for different nn

configurations in Fe,

O S alloys

o-X X

l1nn H(Fe[A,C1)| H(Fe[A.C)Y| pp 93, 18 Hm‘(expt) erp:Aélenp('u}lnn
configurstion Hg kCe kCe kCe Hg kOe

4 FeCB 1,35 197 125, 8 71, 2 1,10 88,4

4 SiCD

3 FeCB

1 CCB 1,02 163 95,0 66,0 0, 83 66, 7

4 SiCD

2 FeCB

2 OoCB 0.88 94 63,4 30,6 0.56 44,2

4 SiCD

1

2 CrCB 0, 34 30 31,7 -1,7 0, 28 22,5

N4
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205 kCe. The remmining contribution Hy, ., [Fe(B)] - 205 kOe = 82
kCe arises fromthe second term H defined in Eg. 4.2. This con-
tribution is proportional to the average 1 nn nonent which cones
fromthe 8 Fe(A C) atonms. The Fe(A, C) nonment depends on the num
ber of Fe(B) neighbours only because Cr substitutes at B site

with zero magnetic monent. A zero or very small C nmoment is

supported by non-observation of C resonance in Fe, C Si and
I-X X

also a very small internal field (10 kOe) at C in pure Fe [13].
This behaviour is very simlar to that of V which also substitu-
tes at B site with a snall magnetic noment of 0.02 w [14]. For
X = 0.25, the Fe(A,C) sites have on an average one Fe(B) near
nei ghbour substituted by Cr(B) and hence a nmagnetic nonent
corresponding to 3 Fe(B) and [I Cr(B)+4Si (D)] near nei ghbours. The

val ue of magnetic nmoment for this configuration is 1.02 up[11]
and hence <Hp (AC)>; = 1.82 pg with H, = 82 kCe and A,  =pl.78

MOe/s electron [8] we get np = 45x10" 3%t usi ng Eq. 4.2.
=]

The other four hyperfine field values can now be assigned to
Fe(AC) sites with different 1 nn configurations as shown in
Table 4.2. Wth the proportionality constants obtained from B
site fields the calculated AC site fields (colum 7 of Table 4.2)
show the correct trend and approxi mate agreement with experinen-

tal values (colum 5 of Table 4.2).

The Mdssbauer spectra and their hyperfine field distribu-
tions for alloys with x 2 0.5 are shown in Fig. 4.3.The hyperfine
fields for various configurations as a function of Cr concentra-

tion are shown in Fig. 4.4. For x 2 0.5 the field values do not
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show a change with C concentration. The lowest field peak tends
to a value of zero field for x 2 0.6. Thi.s reflects the fornation
of a O solubility Ilimted phase of approxinate conposition
X 20.5 in agreement with our observatiora of Crasi phase in X-ray
diffraction studies for alloys with x 2 #8.8. Fig. 4.5 shows the
probability for the low field peak as a function of C concentra-
tion as obtained fromthe area under the low field peak in the
field distribution (Fig. 4.3). There is an increase in the peak
area with increase in & concentration. This peak includes con-
tribution fromFe(AC) sites with 3 or 4 C neighbours also which
would lead to Fe(AC) atons with 1 and O Fe atons. These sites are
not distinguishable fromdilute Fe diss olved in Cr.Si phase and
the increase in low field probability i s therfore mainly associa-

ted with increased precipitation of Cr. 3Si phase.

4. 3. c. Chenical O dering and Kinetic Pz a th Approach

The total probabilities for occur rence of Fe(AC) sites with
4 Fe and 3 Fe 1nn are sinmilarly found! by integrating the probabi-
lity under the peaks for the fields of these nn configurations.
The occurrence of these configurations : depends on the type of
chem cal order present as well the eff Teet of O substitution on
the ordered state. The degree of order - achieved in the sanple is
dependent on the vacancy concentratior 1as well as its nobility.
These quantities and their dependence at O concentration are not
known. To obviate the need of these j paraneters, Gao and Fultz
[15,16] adopted a "kinetic path” appr< oseh to study the Kkinetics

of ordering in FesAl. In this nmethod-  thedevelopment of one order
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paranet er against another is plotted and this "kinetic path" is
i ndependent of vacancy concentration and nobility. In our alloys
of varying C concentration, the sane ordering treatnent was
given to all the sanples but different degrees of short range
order is produced depending on concentration and nobilities of
the vacancies present. Thus we can adopt the "kinetic path"
approach to study the effect of O on ordering probability of
8 Fe 1 nn vs. 4 Fe 1 nn as obtained fromthe field distributions.
These two 1 nn configurations correspond to Fe(B) (with 8 Fe(AC)
nei ghbours) and Fe(AC) site (with 4 Fe and 4 Si nei ghbours), res-
pectively, for a 003 ordered state. Wth Cr substituting at the B
site the probability for occurrence 4 Fe 1inn“”s can be calcul ated
using a binomal distribution for the nn contfigurations of Fe(AC)
site

P(n) = ¢ x"(1-x)*" (4.3)
The calcul ated probabilities based on O substitution at the B
site in DO:3 structure is also shown in Fig. 4.6. The presence of
003 ordered structure for Cr substituted Fea‘.SE alloys is there-

fore indicated.

The probability of 3 Fe nn of the (A,C)»siteFe atons, P(3)
is also calculated using Eg. 4.3 which is b a used on the assunption
that Cr substitutes at the B site in the DOg structure. For
X = 0.25 this probability should be about 1.3 tines the probabi-
lity for 4 Fe nn environnent, P(4). The exrerimentally observed

probability for x = 0.25 is greater than 2. For x = 0.5 composi-
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tion also this ratio is greater than the expected value. The
field distributions reported in [5] also show probabilities
corresponding to fields of 5 and 6 Fe nn. This was attributed to
the substitution of O at A and C sites also in addition to B
sites. However, it is also possible to obtain these configura-
tions if B2 or B32 order is present in the system These ordered
structurek possible in the bee alloys (Fig. 4.7a) were analysed
by Richards and Cahn [17]. In the B2 structure the B and D sites
have random occupancy of Fe and Si atoms whereas in the B32
structure the C and D sites are randomly occupied by Fe and S

atonms. Al though the 003 structure is the equilibrium structure,

the B32 structure has also been reported in Fe-20 at % Al [18]
and al so appears transiently during ordering in Fe.Al [15]. |In
the Fe-Cr-Si alloy systemit has also been reported that the
mobility of Si is reduced in the presence of O and well ordered
DO, domains do not form [19]. The B32 structure can therefore
arise in this O containing alloy systemas this structure can
al so be viewed as a anti-phase donmi n boundary between DO, or der -

ed domains [ 15].

The nn configurations of the three ordered structures are
shown in Fig. 4.7b. As conpared to the DOg structure which has
only 8 Fe nn and 4 Fe nn of Fe atons, the other structures have
| arge probabilites of 3 Fe or 5 and 8 Fe nn's. The probability of
3 Fe nn as observed in our field distribution can be attributed
to the presence of B2 order or the 5 and 6 Fe nn configuration

observed by [5] can also arise due to B32 type ordering
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4, 3. d. Isomer Shift Behavi our

The observed isomer shift is also found to depend on the
nunber of Fe nei ghbours of a given Fe atom (Fig. 4.8). The isoner
shift values (relative to a-Fe) fall into two groups. The isomer
shift for Fe(AC) sites with 3 and 4 Fe neighbours lie in the re-
gion of 0.1 mm/sec whereas for Fe(B) site which has 8 Fe(AC) nei -
ghbours the isoner shift value is negative (-0.1 mm/sec). These
are different from the values observed for Fe(AC) site (=
0.2 mm/sec) and Fe(B) site (0.1 mm/sec) for pure Feasi. The

decrease in isoner shift values for Fe, O Si alloys as conpared
J-X X

to Fessi shows that the nunber of (3d+4s) electrons added per O
atom is nore than Fe and the average electrons per atom (e/a)
increases as to reach to a solubility limt for low C concentra-
tion [2]. This accounts for the anomal ous behaviour of Cr as com

ared to Mn and V substitutions which decrease the (e/a) values
ower than FeSSi.

4.-4. CONCLUSI ONS

The solubility of & in Fe, O S alloys is limted to

s-x X

x = 0.5 and a Crssi phase is found beyond this conposition. The
hyperfine field values depend on the nunmber of Fe first neigh-
bours of a given Fe atom and the conplex spectra are resolved
into Gaussian peaks arising fromeach of these configurations.
The fields for the sites can be consistently explained in terns
of a local environment nmodel proposed by Niculescu et.al. [12] to

understand the general behaviour of Fe, _TSi alloys. The proba-
I9=-X X

bility of occurrence of various 1 nn configurations can be partly

accounted for by assuming a preferential Cr substitution at the
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Fe(B) site in the D03 structure but presence of other ordered
structures besides DO, is also indicated. The isomer shift beha-
viour shows increase of e/a ratio with C addition which is
different as conpared to Mh and V and can lead to an approach to

solubility limt for low Cr concentrations.
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CHAPTER 5

EFFECT OF CHEMICAL ORDER ON THE MAGNETIC
PROPERTIES OF Fe;yMn,A1 ALLOYSAND KINETICS OF
ORDERING IN Fe; gMn; Al
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5.1. | NTRODUCTI ON

Al and Si are neighbours in the periodic table and as sol u-
tes in bec Fe have many sinilarities. Equilibrium DO, order deve-
lops in both FegSi and FejAl. However the critical tenperature

for ordering is nmuch higher in Fe,S8i (1105° C) as conpared to
J

FesAl (550° C) and it is therefore easier to get disordered Fe,Al

3
by quenching and follow the changes in magnetic properties and
hyperfine fields induced by chemcal ordering. The Fe-Al phase
di agram al so has a region of B2 order between 550° C and 800° C
at FegAl conposition. It was observed that at |ow annealing tem

peratures there was a tendency to develop B2 order as DO, order
]
evolved [1-3].
Ternary additions to FegsSi have been studied extensively as

di scussed in Chapters 3 and 4 but there is relatively less expe-

rimental work done so far on ternary additions to Fe,Al.
J

Tuszynski et. al. [4] investigated disordered Fe. V Al alloys in
o-x X

the concentration range 0 < x =< 0.8. They observed a decrease of
average hyperfine field, Curie tenperature and average nmagnetic
moment with x and a nonmagnetic state (at 300 K) was obtained
for x > 0.8. From Mtssbauer hyperfine field distributions the
state of chemi cal order developed in Fe2 Svl 4-xA1x was deduced

to be B2 type for x = 1 and 1.4 and 003 for == 0.7 conposition

[5]. In the Cr substituted alloy system Fe, Cr Al, the hyperfine
3-x X

field was found to decrease non-linearly with O concentration
and a quadratic dependence of hyperfine field on the nunber of

near est nei ghbour (nn) iron atons was postulatted [6].
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The pseudo-binary alloy system Fe, M Al is also of consi-
derabl e interest because of its possible applications as a stain-
less steel as well as its basic nmagnetic and structural proper-
ties that arise due to substitution of Fe by M1 in the binary
FejAl system Several questions such as dependence of Fe nonent
on M substitution, formation of nonent on M site, effect of M
substitution on magnetic and chemical order in this alloy system
have been addressed and attenpts are made to explain the observed
behavi our of the alloy system Previous experinmental work has
been carried out using Neutron diffraction, Magneti zation, NMR
and Mossbauer spectroscopi c nmeasurenents. Mgnetic diffuse neu-
tron scattering in the disordered alloy systemw th M concentra-
tion upto 13.9 atomic percent showed that both Fe and M atons
have a localized nonent (= 2.2 Hp) whi ch decreases with increas-
ing Mh concentration [7]. Further work on the system [8] was car-
ried out after inducing atomc order by a heat treatnent of 5 h
at 575° C. The distribution of Mh on the three sublattices of
Fe~Al (as discussed earlier two of the sublattices A and C are
equi val ent, the others being designated as B and D) in the orde-
red state showed a preference of Mh for D and B sublattices which
have predomi nantly Fe neighbours on AC sites, but the AC sites
were also found to be occupied with half to one third concentra-
tion. The observed decrease of mamgnetic nmonent with increasing M
concentration was explained by assum ng that an increasing nunber
of magnetic nmonments are oriented antiparallel to the resulting

magneti c noment with increasing Mi content.



140

In a recent study [9] the magnetic properties of FeMAl
alloys were studied in the disordered phase and the nmgnetic
phase di agram and hyperfine magnetic fields were explained by an
extension of the site diluted Ising Model for the Fe-Al system
wherein the addition of M1 was assumed to dilute the system Jjust

i ke Al.

In this work we study the Fe, M Al alloy systemin a wde
J -x X

concentration range (0 < x =< 1.5) both in the chenmically ordered
and disordered state and also report the kinetic approach to
equi li brium fromdisorder to order for the alloy of conposition
Fe. gMn, ,Al which shows dramatic changes in its nagnetic proper-

ties as a result of chem cal order-disorder.

5.2. EXPERI MENTAL

Al'l oys of conposition Fe, Mn Al in the concentratiom range
o-x X

0= x = 15 were prepared by arc nelting. Requisite quantities of
JMC Puratronic grade | iron powder, nBN7 purity nmanganese chips
and nBN5 purity alumnium shots were taken. The alloys were pre-
pared by arc nelting under argon atnosphere in an arc furnace
with a water cooled copper hearth. Melting was done repeatedly to
ensure honogeneity. The typical weight loss in the meltimg pro-
cess was about 5 X. The alloy ingots were honogenised at 1000° C
for 48 hours after sealing themin quartz tubes under a pressure
of 1@ torr. Then the ingots were quenched from 1000° C in
liquid nitrogen to get disordered alloys. A part of the honpgeni -

sed and quenched alloys was filed into coarse powder and aubse-
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quently ground into finer powder in nortar and pestle. The pow-
ders were annealed in vacuum sealed quartz tubes (= 1004 torr)
for 24 hours at 400° C to get the ordered sanples. The
Fe- BHn] 2Al powder was anneal ed at 300° C for different periods

of tine to study the kinetics of disorder-order transformation.
2

Hossbauer absorbers with a natural Fe content of 25 mg/cm were
prepared from the sanple powders after mixing with boron nitride

and pressing them into pellets.

5.3. RESULTS AND DI SCUSSI ON

The conpositions of the alloys prepared by us are shown in
the phase diagram (Fig. 5.1) reported by Chakrabarti [10] for
ternary FeMhAl alloys quenched from 1000° C. The powder X-ray
diffraction patterns show the formation of single phase bce
alloys for composition upto x = 1.2 and a snall anount of second
phase in addition to the bcc phase for the alloy with x = 1.5
conposition. For x = 1.8 conposition the X-ray diffracti on showed
intense lines corresponding to the second phase. This phase was
indexed to a close packed hexagonal(e) phase with c¢c = 4.04 A
a = 2.46 A Although the equilibrium phase di agram of Chakrabarti
[18] at 1000° C shows the f3-Mn phase in this region, the & phase
has al so been found for quenched FeMh and AlMn systens due to a
martensitic transformation [11]. The lattice parameter in the bcc
phase region does not show any change with M concentration which
is in agreement with the observation of Alcazar et. al [9] and

which is attributed to a simlar size of Mi in relation to Fe.
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Mn 80 60 40 20 Fe
Mn (at %)
Fig.5.1. Phase diagram for disordered Fe-Mn-Al alloy system [8].

in the

The solid squares 1 to 6 represent the sanples
1.2,

present study (Fe3xnnxA1for x =0, 0.3, 0.6, 0.9,
1,5). The solid line represents the ferromagnetic(F) to
par anagneti c(P) boundary according to site diluted Ising

nmodel [9].
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S.3.a. Hyperfipe Fields in Disordered Alloys

Fig. 5.2. shows the room tenperature Mé&ssbauer spectra for
di sordered Fe, M A alloys together with the magnetic hyperfine
field distributions evaluated fromthe data by nodel independent
anal ysis of Le C&er and Dubois [12]. Wth increasing M concen-
tration there is a shift in the field distribution towards | ower
hyperfine field values and an increase in the asymetry of the
di stribution. The probability in the low field regions is seen to
increase relative to the probability in high field region. The
spectra are qualitatively simlar to those reported earlier [8]
but the decrease observed in our field distributions is slower as
conpared to the data of Alcazar et. al [9], who observed a |arge
zero field conponent at x = 1.0 and a transition to paranmagnetic
state at x = 1.2 conposition. This trend is nore clearly seen in
the average hyperfine field th (Fig. 5.3) plotted as a function
of M concentration together with the data of Al cazar et. al. The
transition from ferromagnetic to paramagnetic state at room tem
perature is seen to occur at x = 1.5 conposition. Alcazar et. a
extended the site diluted Ising nodel earlier proposed by themto
explain the nagnetic properties of Fe-Al alloys [13]. M was
assuned to produce a dilution of the concentration of magnetic Fe
atons simlar to the effect of non magnetic A in Fe-A alloy
system The exchange interactions between Fe and Al or Fe and M
were assuned to be zero. The cal cul ated dependence of H. . on M
concentration (shown in Fig. 5.3a) shows a change to non magnetic
state near x = 1.6. Al though our data also show a change to non-

magnetic state at x = 1.5 in agreement with this, the actual de-
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Fig.5.2. Room tenperature M&ssbauer spectra for di sordered
Fe, M Al alloys and hyperfine field distributions cal-
o-x X
cul ated using nodel -i ndependent Le C&er program
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1 | i
8.0 0.4 0.8 1.2 1.6
Mn Conec. (x

Fig.5.3 a. Variation of average hyperfine field, H. ,, with Mp

nr
concentration (x) for disordered Fe, Mn Al alloys
J-X X

(: our data and ®: of Alcazar et.al data (Ref.8)).
The solid line represents the theoretical behaviour of
b. th using site diluted Ising Model .

Variation of Curie tenperature, TC, with Mh concentra-
tion x for disordered F°3—xH" Al alloys (s our data)
and ordered alloys (- data of Mager et. al (Ref.8)).
The open circle represents the T~ for x = 1.2 conposi -
tion in the fully ordered state (our work).
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pendence of H,.on x is quite different. It magy therefore be
necessary to take into account the actual nature Of Fe-Mpn €Xxch
ge interactions to understand the data instead of assuming M1 t

be a sinple non-magnetic dilutant |ike Al.

5.3.b. Hyperfine Fields in Ordered Alloys

To find the nature of Fe-M exchange interactions we |ook at
the M&ssbauer spectra and hyperfine field distributions of .qep-
ed alloys (Fig. 5.4) which were subjected toa heat treatnent of
24 hours at 400° C. In the ordered state the hyperfine field dis-
tributions for alloys with Mh concentration upto x - 0 9 show
seperation in tw regions. The high field region with hyperfine
field of about 315 kCe and a broad distribution in low f* 44
region. The higher field corresponds t«o @ configuration Wth 8
near nei ghbour (nn) Fe atoms and comes frop the Fe atons at B
sites. These sites have 8 AC Fe near Neighbours and the associa-
tion of the high field to this site is; Teagonably well €stablish-
ed from studies on ordered Fe3A1 alloy's i[1]. Thedistribution at
lower fields is attributed to Fe atoms: loested at the AC sites
These sites are twice in nunber as the: B sjtes and their environ-

ment depends on the type of chenical- ‘omer. For perfect DO
3
order, these sites have only 4 Fe fir:st pejghbours and should

give a single field of 210 kCe for thiis emfiguration. |f M sub-
stitutes for Fe at B site in the DO; ®kucture it would give
Fe(A,C) sites with 4 or less Fe neightdouny since the four D sites
are occupied by Si atoms in DO5 strucctuy (pig 4.7b). However

for the B2 ordered configuration, the & & Dsites which are nn



147

COUNTS (arb. units)

' g
A/\/J/\ —
: /\rA/\“/\/\ E;
- o
; 5
\ @
N

-9-6-30 3 6 0 100 200 300 400
velocity (mm/sec)

Fig.5.4. Room tenperature M&ssbauer spectra for ordered

Fe, Mn Al alloys and hyper

fine field distributions cal-

culated using model-independent Le C&er program
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to AC sites have a random ocecapancy by Fe as well as Al and M
atonms. This gives a broad distribution in the low field regions
centered around 4 Fe nn configuration which arises due to a dis-
tribution in the nunber of nn Fe atoms of the AC site. The obser-
ved wide distribution in the low field region thus arises due to
the nn configurations of the AC sites and very strongly indicates

presence of B2 ordered state in this alloy.

The hyperfine fields corresponding to all Fe configurations
are easily identifiable in the field distribution for x = 0.6
conposition. These are plotted in Fig. 5.5. This association of
the fields to different nunber of Fe nesar neighbours is well
established fromstudies in Fe-Al, Fe-Si and Fe-Ge alloys. The
linear increase of hyperfine field with riumber of Fe near neigh-
bours shows that the magnetic properties in this systemalso are
mai nly governed by local environment ef:fects. It then becones
easy to study the evolution of short ran;ge order in the system
with a good reliability which will be di scussed in the follow ng

di scussi on.

. . . . .
8.3. c. Chenical Ordering and Reentrant Biehaviour in Fe, gMn, Al

The ferromagnetic to paramagnetic> transition tenperature
(T,) in the ordered alloys are observed to be |ower than the dis-
ordered alloys (Fig. 5.3b). The presencez of Mh at B and D sites
in the ordered alloy leads to an increa:se of Fe-Mn pairs im the
ordered state relative to the disordered states. The significant

decrease in Ts in going from disorder ti o order therefore neans
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4 5 6
n (Fe)

Fig.5.5. Dependence of hyperfine field on nunber of Fe atoms as
near nei ghbours of an Fe atom in ordered Fe, ,Mn, oAl.
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that the Fe-Mn exchange is much weaker than the Fe-Fe exchange

Tenper ature dependent nagnetisation neasurenents were also carri-
ed out on the ordered Fe- gMn, ,Al alloy which shows a large
decrease in TC in going fromthe chemcally disordered to ordered
phase. Fig. 5.6 shows data for magnetisation in zero field and
field cooled sanple. There is re-entrant behaviour in this system
al so as was seen for the Fe-Mn-Si alloys. The zero field cooled
magnetisation is different fromfield cooled nagnetisation below
40 K. This is an evidence for spin glass behaviour and shows the
presence of conpeting ferromagnetic and antiferromagnetic exchan-
ge interactions. Once again the origin of antiferromagnetic ex-
change lies in the Mn-Mn second nei ghbour interactions which was
di scussed earlier for FeMhSi alloys and the magnetic behaviour of

this systemis quite simlar to the Si based alloy system [14].

5.3.d. Kinetics of Ordering in Fe. _Mn, _Al

The kinetics of approach to ordered state from disordered
state is studied through a change in the hyperfine field distri-
butions of the x = 1.2 alloy as a function of annealing time at
300° C. Fig. 5.7 shows the Mossbauer spectra and the correspond-
ing hyperfine field distributions which have been obtained by
fitting the data to two Gaussian field distributions [15]. The
field distribution centred at the higher hyperfine field value
arises fromdistribution of nn environnent of the Fe atonms at B
sites whereas the Gaussian distribution at lower field value
cones from environment of AC site Fe atonms. Wth tinme the inten-

sity of the low field Gaussian is seen to increase whereas the
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Fig.5.6. Tenperature dependence of magnetisation for ordered
Fe, gMn, Al alloy (o:Field cooling and e:Zero field
cooling). The Curie tenperature(TC)and Reentrant tempe-
rature(Tpp) are i ndi cat ed.
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Room tenperature M&ssbauer spectra for Fe; gMn, oAl
annealed at different tines, and corresponding hyperfine
field distributions obtained by fitting data to two
Gaussian field distributions.
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higher field Gaussian intensity decreases rapidly to low val ues.
The increase in low field intensity reflects the growth of order-
ed B2 configuration around the AC sites which consists of all Al
or Mh atons as first neighbours and hence a low hyperfine field.
The decrease in high field intensity reflects the novenent of the
wongly placed B site Fe atons since in the B2 ordered configura-
tion these sites are to be filled with Mh atons. W have to keep
in mnd here that the nmeasured hyperfine field in a Mo&ssbauer

study is for Fe atons only.

Fig. 5.8 shows the time dependence of these intensities. The
higher field intensity (I,) shows a nore rapid decrease with tine
than the increase of the lower field intensity (Il). Such diffe-
rent kinetics of relaxation of order paraneters are expected in
ternary alloys as shown by Fultz [18] who cal culated the kinetics
of disorder-B2 transformation in pair approximation and showed
that the evolution of order is affected by differences in inter-
atom c potentials, differences in activation barrier height and
vacancy ordering. This was done by a nunerical integration of
rate equations witten for different pair variables. However we
can enploy an intuitive but analytical approach to study the
kinetics of evolution of order in the system This is based on
| ooking at how the change in thermodynamic free energy can con-
trol the kinetics of ordering. As proposed by Khachaturyan [17]
and Fultz ([18], it is expected that the rate of change of an
order paraneter w» should depend on the sensitivity of the free

energy G to this order paraneter
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Fig.5.8. Tine dependence of the intensity of low field Gaussian
(a) and high field Gaussian (b). The solid lines repre-
sents the fit to the data according to equation (5.5) as

di scussed in the text.



dn/dt = -(L/KT)(dG/dn) (5.1)

Wiere L is the nmobility which depends on the nmechanism of the
ordering, t is the time, k is Boltzman constant and T is tempera-

ture. Expanding the free energy in a Taylor series around » = »

gi ves
G(n)=G(n)+l{:ic1] (-0 )2+l[:ﬁ] (- n, 2+
eq Z n2 L[ eq 8 n3 L eq
(5.2)
where we have set ggln' = 0 for stable equilibrium If a sys-
nin=ng,

tem is relaxing from a state near thermodynamic equilibrium the
third order and higher terms in the above expansion can be neg-

lected and one gets

dn/dt = -A(n = n,.) (5.3)

= (L/k'I‘)(d"ZG,/dnE}‘,?= and this gives a sinple exponen-

neq

tial rel axation behaviour for the order paraneter

n(t) - g = (n, - neq) exp(-At) (5.4)
where n is the order parameter at t =0. W fitted the time
dependence of Ijand I, to the sinple exponential relaxation
behavi our given by Eq. (5.4) and obtained a reasonable fit for I,
(intensity of the high field Gaussian) but not so for I. (inten-

sity of low field Gaussian). If the third order term is also
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included in the expansion of G{3) in Eq. (5.4) we get after inte-

gration of the differential equation

-At
A - w
B = 5 : (n, neg)[1+B(nD neq)]e (5.5)

eq » = _-At
[A+B(n neq)][1+B(no neq)(l & )]
. _ 3 3
with B = (L/2kKT)(d"G/dn")
eq
Eq. (5.5) gives a good fit to experinental data of I. wth
A= 4.18x18 3 and B = 1.888x18" 3. Fig. 5.8 shows the fit to the

data. For I, the value of B conmes out to be very snal
(1.48x18~ ) and inclusion of the third order term makes no signi-

ficant inprovenent in the fit.

Wth B = 0, there is a sinple exponential relaxation beha-
viour and 1/A gives the relaxation tine for the disorder-order
transformation. Presence of this B termindicates a nore conpli-
cated dependence of relaxation rate on the instantaneous value of
n. Qur results show a very significant difference in the kinetic
behavi our of the two order paraneters. As explained earlier,
change in I. is a neasure of the kineties of nmovenent of wongly
pl aced Fe atons fromB sites and in the approximation of snmall B
thus has a small relaxation time of 65 mnutes (as estimated from
inverse of A). The process of ordering around the AC sites as
measured by changes in I1 is more conplicated and an approxi nate

relaxation tine can be given for this process as 240 m nutes.

A physical explanation for the difference in kinetics of the

two processes can be given as follows: The rapid noverent of
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wongly placed Fe atons at B sites can proceed by vacancy-atom
i nterchange which has a low activation energy. The other slower
process of ordering around AC sites then proceeds by movenent of
M and Al atons to the B and D sites and devel opnent of equili-

brium B2 order takes place.

5. 4. CONCLUSI ONS

The substitution of Fe by Mhi in the binary Fe3A1 system
gives rise to magnetic properties of the ternary system which
depend very strongly on the state of chemcal order and our
hyperfine field distribution indicates B2 order in the ternary
system Two different rates of tenporal evolution of order para-
meters are observed in the ternary alloy system which can be
attributed to tw distinct kinetic nechani sns which nay be opera-

tive in the ordering process.
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CHAPTER 6

EFFECT OF S SUBSTITUTION ON THE ORDERING OF
NizFeAND SITE SUBSTITUTION EFFECTSIN MisFe.Si
ALLOYS
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6.1. | NTRODUCTI ON

There have been several studies undertaken to understand the
effect of ternary additions on the hyperfine field systematics
[1-3] and L1, ordering behaviour of the NigFe alloy [4,5]. In the
L1, or der ed NijFe structure Fe atoms occupy the cube corner sites
and have 12 N first neighbours (at the face centre sites) and
6 Fe second nei ghbours (at cube corners). Addition of O to NisFe
was found to reduce the nunber of Fe atons on N sites thereby
increasing the degree of le order, and the presence of O on a
Ni first neighbour site decreased the Fe field by 45 kCe [1].
Studies with Sn, Al, and Mh substitutions showed that these sub-
stituents primarily occupy the Fe site and increase the L1,
ordering tenmperature. This tendency was enpirically understood in
terms of the heat of solution of metal B in metal A when A and B
forman A.B alloy since both dissolution of metal B in A and L12
ordering lead to breaking of B - B bonds and their replacenent by

A - B bonds [2].

The heat of solution of S in N is large (1530 meV) and the
ordering tenperature of Ni3Si is also large (1423 K) [6]. In this
work we therefore study the effect of Si addition to Ni3Fe whi ch
has not been experinentally studied as yet. W look at the site
substitution behaviour of Si, hyperfine field perturbation at Fe
due to presence of Si and the near nei ghbour effects due to L1,
ordering, through a M&ssbauer effect and X-ray diffraction study
Fe

of the Ni Six quasi - bi nary system

3" "1-x
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6.2. EXPERI MENTAL

NiSFel—xSix alloys in the conposition range x = 6.8, 0.1,
9.25, 0.5, 0.75 and 0.9 were prepared by arc nelting. Requisite
quantities of 4N purity iron, nickel, and silicon powders were
m xed thoroughly and pressed into pellets. They were nelted under
argon atnosphere in an arc furnace with a water cooled copper
hearth. Melting was done repeatedly to ensure honpgeneity. The
typical weight loss in the nelting process was 2 %. The alloy
i ngots were honogeni sed at 800° C for 48 hours after sealing them
in quartz tubes under a pressure of about 10 torr. A part of
honogeni sed alloy ingot was filed to coarse powder and subse-
quently ground to finer powder in nortar and pestle. The powders

were anneal ed at 475° C for 7 days in vacuum seal ed quartz tubes
-4

(* 10 torr). Mssbauer absorbers (having natural Fe content of
25 mg/cm ) were prepared fromalloy powders after mxing wth
boron nitride. The honogenised ingots of X =0 and 0.25 were
spl at quenched in an Ednund Biihler ultra quenching apparatus to

prepare the disordered all oys.

Sanpl es were characterised by powder X-ray diffraction on a
Siefert |sodebyeflex Mdel 2002 X-ray diffractometer using CukK
radi ati on. Room tenperature 57Fe Mbssbauer spectra were recorded

57C0 in Rh nmatrix source was

on MP based spectroneter [7]. A
used. The spectra were analysed using a Fast Fourier Transform
(FFT) program The Mbssbauer spectrum for x = 0.75 showed two
resolved six line patterns. The six line pattern due to the |ower

field was about double the intensity of the pattern due to the
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higher field. The FFT program corld not fit this conplex spec-
trum Thus this conplex spectrumwas fitted wusing a stripping

procedure [8].
6. 3.RESULTS AND DI SCUSSI ON
6.3.a. X-ray Diffraction

The powder X-ray diffraction patterns for all the conposi-
tions (0 =x =0.9) could be indexed to a fcc unit cell and the
lattice paranmeter a was calculated using Bradley and Jay plots
[8]. The value of a was calculated for each line in the X-ray
pattern with indexed hkl values and were plotted against cosze.
By the extrapolation of a vs. cos @plot to & = 90°, the inter-
cept on the ordinate gave the exact value of a. The variation of
a with Si concentration X is shown in Fig. 6.1. The value of a
for NisFe cones out to 3.54 Aand it is in good agreement wth
the reported val ue. The reported value of a for Ni3Si is indica-
ted by a solid circle. For x = 0.75 conposition, there is indica-
tion of an extra phase but the diffraction peaks were not well
resolved for this extra phase. However presence of this extra
phase was clearly observed in the M&ssbauer spectrum because
Mssbauer technique is very much sensitive to the presence of
smal | armount of any phase. The hyperfine field value for this
extra phase was calculated from the Moéssbauer spectrum using
stripping procedure. This hyperfine field value coincides wth
the value for o-Fe. It indicates that there is a precipitation of

a-Fe at this conposition. For x = 0.9 we got a single phase alloy
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and the value of a is close to Nissi val ue. These observations
shows that Ni.Fe and NizSi were not miscible throughout the com-
position range and there exist a mscibility gap around x = 0.75
conposition. Based on the above arguments the ternary phase dia-
gram for this alloy systemis drawn. Fig. 6.2 shows the ternary
phase di agram and miscibility gap around x = 0.75 conposition.
The nunbers 1, 2, 3, 4, 5 and 6 represent x =0, 0.1, 0.25, 0.5,
0.75 and 0.9 respectively. The region C indicates the nmiscibility
gap and solid circle is for x = 0.75. These results are qualita-
tively simlar to those of Ni,Fe, Al alloy system which shows a

v 1-x X
mscibility gap near x = 0.5 conposition [10].

6. 3. b. Hyperfine Fields, Linewidths and Magnetic Dilution Effects

Fig. 6.3 shows the Mossbauer spectra for the splat quenched
all oys of conpositions x = 0 and 0.25. The average hyperfine
field for the NigFe alloy (x = 0) is 292.7 kG and the Ilinewidth
of the outernpbst lines is 0.63 mm/sec. The average field and
linewi dths of outer lines obtained by Drijver et. al [4] for cold
rolled foils was 295.7 kCe and 0.75 mm/sec respectively. The
effect of increasing order by annealing at 760 K is a decrease in
average field ( approaching a value of 272 kOe, which is the
field observed at Fe in Ni netal ) and also a decrease in |ine-
wi dth. The decrease in field as well as linewidth is correlated
to the L12 long-range order in the system Although the average
field for the partially ordered sanples are seen to fit this
dependence very well, the data on cold rolled foils of Drijver

et. al are not consistent with this dependence. This is attribu-
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Fig.6.2. Quasi-binary section of the phase diagram for
NijFe, .Si alloy system C indicates the approxinate
region of the mscibility gap.
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ted to the possible change in mcrostructure of the foils due to
cold rolling. The parameters obtained fromour rapid anvil and
pi ston quenching should be better representative of the state of
hi gh chemical disorder in the sanples. Simlarly the field obtai-
ned for our ordered foils is 281 kCe which is slightly higher
than the value of 278 kCe obtained by Drijver et. @&l for their
ordered sanples. The linewidths obtained is slightly Iower
(0.44 mm/sec for our alloys as conpared to 0.45 to 0.46 mm/sec
for Drijver et. al) suggesting that the final degree of order
achieved is also slightly better in our alloy. The average hyper-
fine field for the splat quenched NigFe, ,.8i, ,¢ allov asobser-
ved to be 260.8 ke and the Ilinewdth of outer lines is
©.63 mm/sec. There is thus a large decrease (= 32 kCe) in hyper-
fine field at Fe site due to the presence of Si first near neigh-
bours which arise in the disordered sanple due to random occupy-
ing of all sites by Fe, Si and Ni. This field shift to be conpa-
red with dilution effects observed by Stearns [11] in bec Fe-S
all oys. A decrease of 8 percent field at Fe was observed due to

presence of Si first neighbours at a distance of 0.87 a the

in
Fe
bcc system For Si in fee NigFe, the first neighbour Fe - Si dis-
tance is also about 0.87 8pe but the field decrease observed is

11 percent as conpared to the field in disordered NigFe.
6.3.c. Chemical Ordering Effects
The effect of chemical ordering (anneal at 475° C for 7

days) on the NiaFe0 758ig 25aIon is to increase the average

hyperfine field to 271.3 kOe, a value which is close to the value
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of Fe hyperfine field in nickel (272 kOe). This shows that the
chenical order induced in the systemis also of L12 type with Si
atons occupying the Fe sites, thereby producing a first nei ghbour
envi ronment of Fe consisting of 12 Ni atoms (face centres) and a
second nei ghbour environnment consisting of Fe and Si atons (at
cube corners). The nmagnitude of hyperfine nmagnetic field is |ower
than that obtained for ordered NiaFe (281 kQCe) which is also con-
sistent with the presence of nonmagnetic Si neighbours at Fe

sites in the second nei ghbour shell.

The effect of the ordering heat treatnent (anneal at 475° C
for 7 days) on all sanples is shown in Fig. 6.4 and the average
hyperfine field values are shown in Fig. 6.5 Drijver et. al
deduced linear correlation between Fe hyperfine field and number
of first near neighbour (n,) and second near nei ghbour Fe (n2)

atons as foll ows:

H= H0,6) + njaH; + (n,- 6) AH, (6.1)

where H(0,6) = 276.6 kCe is the field for O first and 6 second
nei ghbour Fe atonms (fully ordered L1, structure), AH = 11.6 kCe
is the field contribution due to one Fe first neighbour and
AH,, =2.7 kCe is the contribution due to one second Fe nei ghbour.
Based on Eq. (6.1), the hyperfine field at Fe site in fully

ordered Ni,(Fe, _Si ) sanples with Si substituting Fe atoms in
J 1 -X X

second nei ghbour sites and acting as " nagnetic holes” in the
lattice will be, as shown by the dotted line in Fig. 6.5  The

experimental value of hyperfine field for our ordered sanple for
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Fig.6.4. Mossbauer spectra for ordered Nial’e Si all oys of

1-x""x
various conpositions subjected to the ordering heat

treatnment as discussed in text. Solid lines are the fits
(for all conpositions except x = 0.75) to the data using
Fast Fourier Transform Program For x = 0.75 comnposi-
tion, a stripping procedure as discussed in Chapter 4
was enployed to get the fields corresponding to Fe rich
and N rich phases.
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x = @.25 is in agreenent with the expected value for a well
ordered sanple. The linewidth of the outernbst Ilines for this
sanple is observed to be 0.47 mm/sec which is close to the value
expected for a well ordered sanple. At higher Si concentration
(x = 0.5) the hyperfine field value is much smaller than that
expected froma sinple dilution approach and this large decrease
is due to presence of Si atonms which can be also present in the
first neighbour shell if the ordering is not conplete. This is
al so borne out by the very large linewidth (0.93 mm/sec) for the
sanpl e. Beyond this conposition, the x = 0.75 alloy shows phase
deconposition (Fe rich NigSi and «-Fe) and a predomni nantly NiSSi
phase at X = 0.9. This corraborates the X-ray diffraction data

di scussed earlier.

6. 4. CONCLUSI ONS

Al t hough NigFe and Nissi both crystallize in an fec struc-
ture there exists a miscibility gap around x=@.75 conposition in

the quasi binary NijFe Si, system The field reduction at Fe

1-x"7Xx

site due to presence of Si first neighbours is slightly Ilarger
(11 % in the fcc Ni,Fe systemas conpared to the field reduction
(8% due to Si first neighbours in the bee Fe-Si alloy. Ordering
treatment of splat quenched NisFe and NisFeg 75510 25 al | oys
gi ves L1, order with only Fe and Si second nei ghbours to Fe sites

suggesting that Si atoms show preferential substitution of Fe

sites.
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CHAPTER 7

QUADRUPOLE SPLITTING INFeS AND EFFECT OF AS
SUBSTITUTION IN (FeixNiy)osSios ALLOYS
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7.1. | NTRCDUCTI ON

FeSi and other transition metal silicides (CrSi, MnSi, CoS
and Nisi) possess the B20 cubic structure [1]. The structure of

FeSi is shown in Fig. 7.1. The space group is T' - P2,3. There

are four iron atons and four silicon atoms in a wunit cell in
positions (Xx,Xx,X; x+1/2,1/2-x,x;2)> Wwth lattice par amet er
a = 4.489 A Xpe = 0.137 = 0.0020 and xg; = 0.842 £ 0.004. Each

iron atomis surrounded by seven silicon atoms, and each silicon
atom by seven iron atons. Qut of seven silicon atons around iron
atom one lies along <111> direction at a distance of 2.29 A
three silicon second neighbours at a distance of 2.38 A, and the
remaining three silicon third neighbours at a distance of 2.53 A
Each of this group of three silicon atons is located symmetrica-
[y about the trigonal axis. In addition to these silicon neigh-
bours, each iron atom has six iron neighbours at a distance of
2.75 A Athough the system has B20 cubic structure, the loca

coordination around Fe atomis less than cubic and results in
nucl ear electric quadrupole splitting of iron energy levels [2].
Simlarly the seven Fe atons around Si are located at 2.29 A (one
atom, 2.34 A (3 atoms) and 2.52 A (3 atons).

The physical properties of FeSi are unusual. At |ow tenpera-
tures the electrical resistivity shows activated behaviour with a
small gap of 0.1 ev. However for T = 300 K, the resistivity
increases with T as in a metal [3]. Although magnetic susceptibi-
lity shows a maximum at 500 R and suggests anti-ferromsgnetically

ordered state below 500 K, neutron diffraction nmeasurenents show
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2

°
2.29 A

Fig.7.1. B20 cubic structure of FeSi. The Fe atom (solid circle)
has one Si first neighbour at 2.29 & along <111> direc-
tion, three Si second neighbours at 2.36 A and three Si
third nei ghbours at a distance of 2.53 A
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no magnetic ordering [4]. It has been proposed that this wuarrow
gap characteristic of FeSi is due to a hybridisation gap between
conduction band and a l|ocalised nmagnetic nonent which is simlar
to the situation in rare-earth Kondo insulators [5]. W have
carried out neasurement of electric field gradient (EFG in FeSi
and N substituted FeSi and found that the calculated field gra-
dient based on ionic lattice contribution can account for the
observed value. This indicates a highly ionic nature of this com
pound which is a property also observed in other hybridisation

gap insul ators.

7. 2. EXPERIMENTAL

A series of sanples of conposition (Fe, N ), Sinpe Wth
1-X X U.9 V.D

x =0, 0.05 0.1, 0.25, 0.5, 0.6 and 0.75 were prepared by arc
nmelting. The ingots were honobgeni sed at 800° C for 48 hours. The
powders prepared from the honogenised ingots were annealed at
400 C for 48 hours. Mossbauer absorbers were prepared from

anneal ed powders.

7.3. RESULTS AND DI SCUSSI ON

7.3.a. X-ray Diffraction

Representative X-ray diffraction patterns for x = 0, 0.25
and .6 are shown in Fig.7.2. For the sanples with conposition
x =0, 0.05 0.1, 0.25 and 0.5, all the lines in the Xvray dif-

fraction pattern could be fitted to a cubic structure. For sam-
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ples with x = 0.6 and @.75, additional |ines were observed which
could not be indexed with cubic lattice. The observed additional
lines were fitted to a orthorhonbic unit cell with lattice para-
meters close to the values reported for NS system (a = 5.62 A
b =5.18 A and ¢ = 3.34 A) by Toman [6]. The indexing of the
powder patterns for x = 0, 0.25, and 0.6 conpositions is shown in
Tables 7.1 - 7.3. Fig. 7.4a shows conposition variation of
lattice parameter for the cubic phase. These observations show
that the sanples are obtained in a single cubic phase upto
X = 0.5 conposition and a mixture of «cubic and orthorhonbic

phases is obtained beyond x = 0.5 conposition.
7.3.b. Mossbauer Spectroscopy

The room tenperature Méssbauer spectra for all the conposi-
tions are shown in Fig. 7.3. The Myssbauer spectra were anal ysed
using a fast Fourier Transform (FFT) program Al the spectra
could be fitted to two Lorentzian lines with linewidths in the
range of 0.15 to @.18 mm/sec (HWHM). The quadrupole splitting (A)
and isomer shift & (relative to « - Fe) were evaluated from fit-
ted line positions. The isoner shift & and quadrupole splitting A
as a function of N concentration (x) are shown in Fig. 7.4b and
7.4c. W now cal cul ate the quadrupole splitting assum ng that the

lattice contribution is dom nant. The quadrupole splittting for

57
Fe arising fromelectric field gradient of the lattice is given

by

1/2

2
_ 1 2..lat n )
AEy = 3 e“QVgy [1 + 2 ] (1 -7y <7.1)
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Table 7.1. Indexing of Powder X-ray diffraction pattern for FeSi,

(I/Io)xlﬂﬂ hkl exp dcal

degree A A
28. 00 17 110 3.187 3.185
34.50 9 111 2. 600 2.601
44. 80 100 210 2.023 2.015
49. 50 45 211 1. 841 1. 840
69.18 8 311 1. 359 1.358
79.70 16 321 1. 203 1.204
86. 80 8 400 1.122 1. 126
97. 00 12 331 1. 029 1.0833
103. 80 8 421 0.978 0.983
135. 30 7 432 0. 833 0. 836
140.20 8 521 0. 819 0. 822




Table 7.2. Indexing of Powder X-ray diffraction pattern
(Feg 75%ip 2579 551p 5

20 (I/IO)XIDG hkl dexp dcal

degree A A

28.00 12 110 3.187 3.178

34.50 8 111 2.600 2.595

45.10 100 210 2.010 2.010

49.70 38 211 1.834 1.835

79.90 17 321 1.231 1.201

96.90 7 331 1.030 1.031
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Table 7.3. Indexing of Powder X-ray diffraction pattern for
(Feg 75Nipg g 551p 5-
2e (1/1)x100 hkl 4 exp doa1
degr ee A A
28. 05 29 110 3.181 3.179
31. 50 9 0. 20 2. 840 2.840%
34. 50 20 111 2.597 2.598
35. 37 8 120 2.538 2.538*
35. 90 10 021 2.501 2.501*
40. 11 12 200 2.248 2.248
40. 42 10 112 2.231 2.205*
45.186 100 210 2.008 2.011
47.15 18 202 1.928 1.930™
49. 85 82 211 1. 829 1.835
62.20 10 221 1.492 1. 499
69. 56 13 311 1.351 1.356
76. 52 10 402 1.245 1.248%
80.06 29 321 1.199 1. 202
80. 71 7 332 1. 190 1.192*
85. 80 10 430 1.133 1.132*
86.93 15 400 1.121 1.124
90. 26 10 410 1.088 1. 090
93. 70 10 005 1. 057 1. 056*
97.08 12 331 1. 029 1. 029
122. 56 17 510 0.879 0.881

Li nes correspond to orthorhonbic phase
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Fig.7.3. Mossbauer spectra of (Fe;,  Ni ), (Si, . alloys for vari-
ous nickel concentrations (x). The solid lines are fits
to data using two Lorentzians.



182

where Q is the nuclear quadrupole monment, V., is the largest com-
ponent of EFG  tensor in a set of prici pal axes,
n = (Vy;- Vy5)/V3q is the asymetry paraneter, and ¥, is
Sternheimer antishielding factor. We consider only the seven
silicon atonms around Fe which lie upto the third near neighbour
shell. The EFG contribution fromthe lattice is calculated using

the equation
lat _ 2 2 5
viio = Z qn[axni -r n]/rn (7.2)

where q is the charge, r_ is the distance from the central Fe
atomand x . withi = 1,2,3 is the position of the n th ion. W
first carry out a principal axis transformation by the applica-

tion of rotation matrix

cosa -sina 2
R = Jcosflsina cosficosa -sinf3
sinffsina sinficosa cosf?

with e« = 45° and ft = 54.40°. The new coordinates of the silicon
atoms under this rotation and the conponents of EFG tensor are
given in Table 7.4. Fromthese coordinates, we find that the

asymretry parameter » = 0 and the |argest conponent of EFG ten-

2

sor, V., = 12.033 g/a . To calculate the nunerical value of the
EFG tensor conponent Vgg we need to substitute an appropriate

value of charge g on the Si near nei ghbours of Fe



Table 7.4. Coordi nates of S
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atons in the rotated franme and their

contribution to EFG at Fe.
S atom x'/a Ja | z/a | (a3/a)w.,| aS/av..| (a3/q)v

y 11 22 33

1 0.0000| @.920008 -0.2737 -7.500 -7.500 15. 000
2 -0.2234| 0.2790| ©.6686 -2.974 -1.454 4. 427
3 0.3535| ©.8538| 0.6686 1.104 -5.527 4.422
4 -0.1301| 0.3333| 0.6686 -4,.762 0. 349 4.416
5 0.4836|-0.1290| 0.0912 11. 190 -5.780 -5.415
6 -0.1301| 0.4832| 0.0912 -5.755 11. 169 -5.410
7 -0.3535|-0.3535| 0.0912 2.685 2.724 -5.410
-6.012 -6.019 12. 030
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7.3.c. Resonating Valence Bond Theory and Val ence State of Si and
Fe
Pauling and Soldate [1] have discussed the nature of the
bonds in FeSi and related crystals fromtheir structure and bond
I engths. They have cal cul ated the val ence state of iron and sili-

con using the resonating val ence bond theory.

According to this resonating val ence bond theory [7], sili-
con atomwith four stable tetrahedral sp orbitals in its outer
shell which can not formmore than four electron-pair bonds can

however resonate anmong nore than four positions. For Metallic

resonance of val ence bonds to occur, sone of the atoms nust
possess an extra orbital i.e. netallic orbital. The silicon atom
itself possess a netallic orbital (3d orbital), its four bonds
undergo resonance about it, if the surrounding atom possess the

netallic orbital. The resonance of the four bonds of the silicon
atom takes place in such a way that bond nunbers are equal to
sinple fractions 1/2, 1/3, 2/3, . etc. The observed interatonic
di stances 2.34 A (for three bonds) and 2.52 A (for three bonds)
differ by 0.18 A it corresponds to a factor /2 in bond nunber
1/3. The bond nunber for 2.52 A is taken as 1/3. The bond nunbers
are al ways inversely proportional to bond di stances. So, the bond
nunber for 2.34 A is 2/3. The bond distance 2.29 A is 0.05 A
smal l er than 2.34 A Then the bond nunmber for 2.29 A should be
slightly greater than 2/3 and is taken as 1. Hence the bond num
bers for bond distances 2.29 A, 2.34 A and 2.52 A are 1, 2/3 and
1/3 respectively. The sum  of the bond nunbers is

4[ 1 +(2/ 3)x3+(1/3)x3] which is equal to the nornmal valence 4 for
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silicon. In calculating the valence state of silicon atom tke
six silicon neighbours at 2.78 A are not taken into account
because the bond nunber is very small and they can not form bonds
with silicon atom Hence the silicon atom can be described as one
of its four tetrahedral sp bond orbitals is used in fornming a
non-resonating single bond with one iron atom at 2.29 A the
other three orbitals resonate between three iron atons at 2.34 A

and three iron atons at 2.52 A

Paul i ng and Sol date deduce the state of iron atomin FeSi to
be hexavalent iron. It uses four of its orbitals in form ng bonds
with seven surrounding silicon atoms —one single bond, three
2/3 bonds and three 1/3 bonds. Two orbitals are used in formng
six 1/3 bonds with six neighbouring iron atoms. From all these
bonds, the valence state of iron comes to be 6[1 + (2/3)x3 +

(1/3)x3 + (1/3)x6].
7. 3. d. Quadrupole Splitting in FeSi

Taking the charge on Si to be four and the unit cell volunme
as 90. 458 A3, the EFG is calculated with the quadrupole nonent
for the Fe nucleus Q = 0.2 barns. The EFG conmes out to be
©.16 mm/sec. The Sternheimer antishielding factor (7, > for 3d
ions has been calculated by Sen and Schnmidt [8] using uncoupled
charge and nonentum perturbed Hartee-Fock (UCHF) wave functions.

The value of r for Fe (3d2) configurstion cones out to be -2.2.
00

Wth the calculated EFG and », values and using Eq. 7.1, the cal -

cul ated quadrupole splitting comes out to be 0.512 mm/sec. It s
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in very good agreement with our expe-zimental value 0.5119 mm/sec.
This observation confirms the negligible contribution to EFG from
val ence electrons. This highly localised ionic character of FeSi
is a comon property which it shares with other rare-earth Rondo
i nsul ators such as CePd3 and URuZSi2 and is also confirmed by

presence of infra-red active phonon nodes [11,12].

7.3.e. Effect of NN Substitution on Quadrupole Splitting and

Isomer Shift Behaviour

FromFig. 7.4, it is evident that the substitution of N for
Fe decreases quadrupole splitting smoothly from 0.52 mm/sec for
X =0 to 0.25 mm/sec for x = 0.75. The cubic lattice paraneter is
constant throughout the concentration range studied. There is a
slight increase in isomer shift 6 (relative to a-Fe) wth the
increase of NI concentration. The atomic radius of nickel atomis
approximately equal to the atomic radius of iron atom and hence’
there is no change in lattice parameter with the substitution of
Ni for Fe. The observed change in quadrupole splitting can arise
due to the change in nunmber of (3d + 4s) electrons of Fe. Wth

the presence of N near Fe, the electronic configuration of Fe
2 2-X

will change from3d to 3d . This results in a decrease in nmag-

nitude of the antishielding factor #  and hence a decrease in

quadrupol e splitting. Akai et. al [9] perfornmed systematic calecu-

lations of charge transfer effects in Fe from substitutional

impurities with charges between 0 and 56 in the nei ghbourhood of

Fe. It is found that for the 3d series, charge flows from Fe to

the inpurity near nei ghbour site on substitution by an element to
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the right of Fe in the periodic table (and vice versa). This s
consistent with the observed decrease of Fe charge for N substi-
tuted alloys. A slight increase in isomer shift data al so shows a
decrease in the Fe (3d + 4s) electron density with N addition

[10].

7. 4. CONCLUSIONS

The observed quadrupole splitting at Fe in FeSi can be
explained by lattice ionic contribution and this behaviour s
consistent with other Kondo insulators and their properties. Wth
addition of Ni, there is a decrease in quadrupole splitting and
this has been attributed to charge transfer fromFe to N based
on calculations of Akai et. al. It would be of interest to see
how this charge transfer affects the anomal ous transport proper-

ties of FeSi.
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SUMVARY

The results of the work described in this thesis can be sum

narised as foll ows:

It was possible to exploit the high sensitivity of the
Mtssbauer technique to the chemical environment, coupled wth
conplinentary susceptibility and FMR neasurenments, to study the

richness of the nagnetic structure of Fe, M Si ternary alloys
JI-X X

in detail. The conpeting exchange interactions together with the
specific site substitution behaviour in this systemwere found to
give rise to distinct hyperfine field variations at sites wth
di fferent nei ghbour environnents. The reentrant transition at |ow
tenperatures has been reasoned to be due to spin canting which
can accomodate the conpeting exchange interactions. A better
under st andi ng of the magnetic behaviour of this conmplex system

has therefore emerged from this study.

The addition of O to Feasi showed that the solubility of Cr

is limted upto x = 0.5 in Fe. O S alloys and the presence of
I9-X X

CrySi phase is observed beyond x = 0.5 conposition. This is in
contrast to Mn and V additions to FegaSi which show solubility
over a wide concentration range. In the C substituted alloys,
the presence of B32 and B2 ordered structures in addition to DO,
order is also indicated.

In the Fe, Mh Si alloy systemit is not possible to get the
I-X X
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chem cally disordered state even by rapid quenching, whereas the

situation in Fe, M Al alloy systemis favourable and it is easy
I-X X

to get chemcally disordered alloys in this system by a npderate
quenching rate. A study of the changes in magnetic behavi our due
to chemical ordering was carried out and a very pronounced effect
of near nei ghbour environnents on the hyperfine field distribu-
tions was observed. The presence of M in FegAl was found to sta-
bilise the B2 phase which is only a metastable phase between
550° C and 800° C in FeqAl. The kinetics of ordering at the in-
equi valent sites were seen to be distinct and this is an inte-
resting observation. Magnetic neasurenments on x = 1.2 conposition
all oy showed reentrant behaviour simlar to the M substituted

Fe.Si system

3

Addition of Si to the fecc NigFe systemmade it possible to
see the effect of Si first neighbours on the hyperfine field at
Fe in an fecc lattice and it was found that the field reduction at
Fe site due to Si first neighbour is larger as conpared to Si
first neighbours in the bee lattice. On ordering, S showed a
preferential substitution for Fe sites in the L1, ordered struc-
ture and it is also suggested that a better degree of ordering
may be achieved for the sluggishly ordering NiaFe permal | oy due

to the presence of Si.

The quadr upol e splittings wer e neasur ed in t he

(Fe- Ni ), ¢Sip « alloy system A calculation of EFG for FeS
1-x Xw. Dv. 9o
based on ionic character of the lattice gave a good agreenent
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wi th experinental value. This suggests that FeSi also has ionic
character simlar to other Rondo insulators. The transport pro-
perties of these systens have attracted considerable interest.
Addition of Ni to FeSi decreases the quadrupole splitting at Fe
due to charge transfer effects and it would also be of interest

to study the transport properties of this ternary system



