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Abstract

Department of Physics
Bangladesh University of Engineenng and Technotogy
Doctor of Philosophy

Magnctisation and magnetocrysialline anisotropy measureinents of Ni-Mo and FeaP

ailoys
by

Md. Feroz Alam Khan

This thesis descrtbes the experimental investigation of magnetocrystalline anisotropy
of Nickel-Molybdenum (Ni-Mo) single crystal alloys and of FeoP single crystal. The
first amsotropy constants of Ni-Mo systein have been delenmned (or compositions
Nij.x-Mo, x= 4.6,8,10 wi% at different temperatures down to 4.2K. The anisotropy
constanis lhave been determined by mapnelisation measurements in  different
crystallographic directions as function of ficlds. The measurements are performed
using both Vibrating Sample Magnetomeier {VSM) and superconducting Quantum
Interference Device (SQUID). The effect of alloying nickel with molybdenum s
observed to be nearly straight forward dilution of magnetic system: by non-magnetic
atoms with slight non-linearity at higher concentration of molybdenum. The variation
of magnetisation and the anisotropy constants due to change of composition and
temperature have been analysed in the hght of existing theories, none of which are
completely supported by experiinental results indicating the incompleteness of the
present state ol theoretical undersianding of the magmetisation process of 3d transition
metals and alloys. Our expcrimental results however apree [avourably with the
unpublished data obtained by torque magnetometer. The termperature dependence of

magnetic anisctropy of FeaP alloy is also determined by magnetisation measurements



usimg SQUID follows a third power law as observed in the case of iron. The ac
qusceptihilicy and the d.c. relaxation measurements have been performed on the
anisotropic ferimagnetic system FeyOy4 Ferroluid. It 1s revealed (or the frst tune that

the mapnetisation in this anisotropic syslem decays with time i.e., the systemn ages
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Chapter 1



Introduction: N

R e
Magnetic amisotropy is one of the most important cha eﬁ#ﬂ@%&{c}f@c@ine the
complex magnetization process of an ordered mapnetic matendl™It-i§ therefore very
important in detenmining the technical properties of magmelic matcrials when they are
tatflored for their magmetically sofl or hard charactenstics. For example, silicon-iron is
magnetically sofl both because addition of silicon reduces magmetostnction and
magnetic anisotropy of pure single ¢rystals of iron. Again SmCos is eminently suitable
for makjng permanent magnet because of its high uniaxial anisotropy, its anisotropy
field is of the order of 2.3x 107 A/ m. Therefore. it is important to understand the
mechanism of magnetic anisotropy in order to control the magnetic hardness or
sofiness of mapnetic materials by manipulating magnetic anisotropy
The present state of theoretical knowledge of the origin of magnetic anisotropy is not
guite clear and since magnetism is basically an experimental science, the detenmination
of magnctic anisotropy of magnetic alloys for their composition and temperature
dependence through experimgm is very important for checking the existing theornes
and controlling of magnetic anisotropy. Tust as there arc controversies in the theorics
of magnetic anisotropy, the experimental techniques used far determining anisotropy as
also Uhe choices of materials for the study of magnetic anisotropy are diverse,
In the mesent work we have chosen three dillfercnt classes of amsotropic matenals for
their study These are Nicke-Molybdenum{Ni-Mo). [on-Phosphide(Feal) and
farrofuid{Fe304). The methods used for determining the anisotropy of these materials
are the measurement of magnctization by the Vibrating Sample Magnetometer
(V.8.M). and the Supercondicting Quantum Interference Device{SQUID), the
a.c Susceplometer to measure the a.c.susceptibility of the amsotropic ferri-magnetic

particles{Fe104) and the d.¢.SQUID 1o mecasure the d.c.relaxation of the ferni-



magmetic particles. Finally a sensitive Torque Magnetometer is designed, built and set-
up for measurements of torque. Some complimentary measurements arc performed in
the Torque Magnetometer.

Ferromagnelism is a co-operative phenomena where interactions between the magnetic
moments of atoms or ions act in such a way that, below the Curic temperature. the
moments begin to align parallel to each other creating a spontaneous magnetization,
The coupling between the magnetic moments, can be represented empircally by a
Weiss molecular ficld whose origin is guantum mechanical exchanpe force of isotropic
nature. The atomic magnetic moments have two possible onigins:

{a) The orhital motion of the electrons around the nucleus,

{b) The spin motion of the eleciron about its own axis,

I'rom ferromagnetic resonance and gyromagnetic experiments the magnetic momenis
in nickel and other 3d ferromagnets are found Lo originate almost entirely from the
electron spins. In these materials the orbital magnetic moment s quenched by the
crystalline electric field created by surrounding aloms.

In a metal the motion of the electrons are affected by neighbouring atoms. The most
tightly bound electrons are least affected and remain localized on separate nuclei
While the outermost electrons maove through the lailice of positive ions, giving the
metal its characteristic property of high clectrical conductivity Tn metals of the first
transition series. and their alloys, the clectrons responsible for ferromagnetismm are
those which remain in the unfilled 3d shell. Results of high-field magneto-resistance
and Iiall effect measurements{Fawcett,1964) indicate that the magnciic clectrons in
jron-group metals are itinerant with mabilities of the same order as the conduction
electrons Thus the clectrons remain in states which are intermediate between localized

and ficely jtinerant. That is they move through the lattice, but due to the strong



Coulomb repulsion's their motions arc highly correlated. Molecular field models have
been deveioped for two himiting cases:

(i) the localized electron model, and

(ii} the itinerant electron model

The localized elcctron theories of l[erromagnctism are govemed by the work of
Heisenberg{ 1928}, According to ldcisenberg the molecular field is the result of
guantum mechanical exchange interactions between electron spins. Calculations of the
Heisenberg exchange constant yield the values which are too small to account for
ferromagnetism in  the iron-group metals {Stwarm and Marshall, J960). Van
Vleck{ 1953). suggested that the d-electrons move between ions, changing the local
clection configuration. Thus in mickel & rmxture of magnetic 3d? electrons and non-
magnetic 3d!? clectrons in the ratio 60:40 accounts for the observed magnetic moment
per atom of ﬂ_ﬁuBl_

The pionecring calculation of the interactions’ between itinerant electrons, by
Bloch{ 929). considered a free electron gas. Tt was shiown that in this case, because of
correlation cffects. ferromapnetism is unlikcly. Subsequent theones allow for the
interaction between the electrons and the ion cores, as a result of which the clectrons
are confined to bands of permissible energy.

The collective electren thcory proposed by Slater(1936) and Stoner(1933,1938,1939)
15 based on the following assumptions’

(a) Ferromagnetism results from holes in the 3d energy band. This band is parabolic in
shape.

{b} The exchange interaction between the electrons may be represented by a molecular
field proportionai to the magnetization.

(¢} The electrons, or holes follow Fermi-Dirac statistics.



The theory predicts reduced magnetization and inverse susceptibility curves which are
itt 1casonable agreement with the variations observed in real metals, One of its mam
achicvements 15 the prediction of noun-integral magnetic moments which agree well
with experiment. Ohher authors have extended the collective electron theory to include
a number of modifications{e. g, Wohlfarth, 1945 1949 1951; Band. 1946; Bell, 1952}
When compared with experimental measurements of magnetic and thermal properties
and neutron diffraction studies of iron-group metals the collective electron approach is
not necessarily found to be m better agreement than the more improved localized
theories. In fact ,while the band model provides good agreement for nicket the
localized madel fits better for iron.

Morc uptodate theories attempt to include both itincracy and the effect of correfation’s.
The theories of Friedel et, al{1961) and Thowmpson ct. al .(1964) are based on an
extension of thc itinerant model which introduces spatial corrclation's. (Hhers,
proposed by Vansovsky(1946,1953) and Zener (1951,1953) start from the locaiized
model and introduce an exchange interaction between the 3d and ds electrons. |
Magnetic anisotropy, which is the main aspect of the present research is not only
cvaluated from magneiization measurcments but its vardation with composilion and
temperaturc is also explained in terms of magnetization as a statc variable.

The reason of undenaking this study is to understand the efleci of alloying nickel wilh
molybdenum in respect of saturation magnetization, magnetocrysiallme anisotropy
cnergy, magpetization process and the ferro-paramagnetic transition temperature.
Nickel is a ferromagnetic e{emenh on the ather hand Malybdenum is a non-magnetic
element. The idea of alloying Ni with Mo is 10 undersiand its effect on Ni in terms of
its different measurable magnctic parameters. Nickel is ased in its pure form or an alloy

as a transformer core for which it is required 1o quench the matcrial from high



temperature. Alloying nickel with a non-magnetic clement like molybdenum eleminates
the necessity of quenching and also reduces the magnetic hvsteresis loss of the
material. In this particular case the saturaiion magnetization becomes low and reduces
its technological passibility, but is useful in understanding the effect of alloying on
anisotrapy. Nicke! is also & major constituent of Permalloy and the binary alloy system
Ni-Mo is relatively a simple material

In this thesis Ni-Mo has been investigated from different angles and a comparative
study have been performed to characterise this material interms of different magnetic
properiies like magnetocrystalline anisotropy and magnetization process.

Since the orbit is rgidly coupled with the crystal, the magnetic anisotropy can talk
aboul the crystal structure in general. Magnetic anisotropy can have dillerent origins,
There are stress induced anisotropy, anisotropy caused due 1o cold rolling of 2
material, shape anisotiopy. anisotropy of magneto-strictive ongin ete. In 3d elements
anisotropy is caused due to holes in the 3d band.

The magnetocrystalline anisotropy originates from the spin-orbit coupling. Since a
erystal is formed by the regular arrays of aloms, the atomic orbits are coupled with
the crystal lattice. Therefore the crystal lattice are indirectly coupled to the spins of
the electrons. As we know that magnetism is caused by the spins of the electrons,
the magnetic anisotropy is a measure of the strength of the coupling between the
spin and the orbit, also the coupling between the orbit and the lattice.

The aim of this work is to study the magnetocrystalline anisoropy of the binary
alloy system Nickel-Molybdenum. The anisotropy of nickel have been studied
before. But therc are uncertainties in the experimental values of the anisotropy
constants. As a part of the general problem of how the magnetic properties are

altected when some non-magnetic solute aloms arc added to the mwckel matrix, the



magnetization of Nickel-Molybdenum single crystals Nij_(Moy, x = 4, 6, §, 10
have been measured as a function of magnetic ficld, from which the anisotropy
conslants of these alloys have been calculaied at liquid helium, and liguid nitrogen
temperature. Although the magnetic anisotropy of Ni-Mo system have been dome
heforc by torque magnetometry, [private communication] there is no published dala
on this system. Review work on the conventional theory of magnetocrystalline
anisotropy 15 discussed in Chap.2. This chapter also deals with the theories of
cmperature and composition dependence of the magnetic anisotropy and the
different models on magnetic anisotropy. There are different methods of
measuremenis of magnetocystalline anisotropy e.g. the ferromagnetic resonance
mcthed in which the resonance frequency of precessing spin depends on the
cffective internal magnetic field which exerts a torque on the precessing spin
syslem. Another method o determing the magnetic anisotropy is the torque method
in which an anisotropic single crysial is suspended in a uniform magnetic field, a
torque acts on it tending W align an easy direction of magnetization along the field
direction. The third method 15 the measurements of area under the magnetization
curves of a single crysial. The shape of the magnetization curve for a magnetic field
applied in a parricular cryslallographic direction depends on the values of the
anisotropy constants. These methods of determining the magnetic anisotropy are
discussed in chapter 3. Also the mode of operation of a ¥ibrating Sample
Magnetometer (VSM) is described in this chapter. The working principle of the
Torque Magnetometer 15 also discussed m this chapter,

The technigue of evaluating the anisotropy constanis is discussed in Chapter 4 which

also contain the results and discussion.



Iron phosphide {FesP) is a very inicresting material to study. There are different
parameters of this maicrial which are under continuous investigation for years
together and stll calls for further investigations. The most disputed paramelers arc
the {erro-paramagnetic transition temperature (Curie temperature), the saturation
moments et¢. There 1S no systematic investigation of the anisotropy constants of this
material. In this work a detail investigation is performed on this system, e.g. the
determination of the transitton temperature, the saturation magnetization and the
magnetocrysialline  anisotropy constants. There is po previous daia on the
temperature dependence of the magnetocrysialline anisotropy consants on this
system. We have studied the emperature dependence of the amsotropy constants
upto the Cune temperature by the SQUID magnelometer. Also a theoretical fiting
of the temperature dependence of the anisotropy constant is done on this system.
This is described in chapler 5.

As an inlereshing eurrent research problem ferrofluid is included as a third magnetic
systern in the present work in Chap. 6. A ferrofluid is a system of fine magnetic
particles suspended in a carmer liquid c.g. hydro-carbon oil. This particles arc
anwsolropic in nature and goes through different magnetic phenomenon which is very
interesting from the point of view of understanding the nature of a very dilute
magnetic system. To avoid agglomeration the particles are coated with surfactants.
In this system there are particles which are super-paramagnetic and blocked in
nalure. These terms are explained in chapter.6. To study the nalure of this particle
system the a.c. susceptibility and the d.c.relaxation experiments are performed by
the a.c. Susceprometer and the d.¢. SQUID. Possible interpretations are given for

hoth the states { dilute and frozen ) | and an overall magnetic characteristics and the



Y 1

dvnamics of tus system is described in terms of « single particle as well as 4 system
of particles.

ln chapler 7 which 18 the concluding chapter, the salient features of the present work
and the conclusion arrived at are presented alongwith some suggessions for future

rescarch.



Chapter 2
Magnetic Anisotropy



2.1 Paramapnetism:

When the magnetic atoms in a substance are non-interacting and are not affected by
any spantanegus intemnal field it is said to be in a paramagmetic state.

Paramagnelism is thus found in those matenials where the mdividual atoms , jons or
molecules have a permanent magnetic dipole moment but no molecular ficld When a
magnetic field is applied to these materialg, the atomic moments tend to align
themselves along the field direction whercas the thermal agitation tend to misalipn
them The perfect alignment is classically possible at infinite magnetic field. Ma?T,
Gd3F, U4+ are the examples of paramagnetic materials. According to Hund's rule, in a
partly Beld transition metal, the various orhital states are filled first by electrons of one
spin, then hy the other, s that pairing of eleciron spius is the least possilile and the
spin magmetic moment is maximized. Tt is this type of exchange interaction that is
responsible for spin aligninent in paramapmetic materials. Paramagnetism may also ariss
from gtoms, ions or molecules with a net magnetic dipole moment. Jt is observed
experimentaily that for many malerials in weak magnetic fields, the susceptibility is
inversely proportional to temperature. This dependemce of susceptibility on

lemperature I is known as Curies law. According to this law the susceplibility y is

dehned as .
M E

Lo ™ H g =7

where (' is the Curle constant, A{ is the magnetisation, B is the magnetic flux density

and /¢, is the permeability constant,



2.2 Forromagnetism,

An_alloy 15 composed of atoms. The magnetic moment of an atom is associated witl
the spin motion of its clectrons and their orbital motion around the nucleus. The
magnetic orbital quantwm sumber o, and the magnetic spin quantum numbe
m determines the quantum state of an atom. For a filled shell of an atom the
contribution from both the arbital and spin motion is zcro.i.e, ZurJ =1 andZmﬁ =10,
This 18 the siluation for complete diamagnetism wlhere all the atomic shells are full. On
the other hand inn the case of 3d transition clements the shells are not completely filled
and there are resullant D" s, and > s, which are non zero,
This means that they have a resultant magnetic moment. These materials when
subjected to external mapnelic feld exhibit wvery large magnetization . This
magnetization is not reversible and persists even alter the magnetic feld is withdrawn,
When cooled below a certain critical teinperature, the magoetic moments of the atoms
are ordered 1o a cenain degree even i the absence of an external magnetic field.
Ferromagnetic aterials are charactenzed by the presence of spontancously
magnetized regions called domains and the existence of internal molecular field B; as
proposed by Weiss (1907} The orgin of the molecular field was explained by
Heisenberg (1924) and the existence of domains was explained by Landauv and Tifshitz,
At 0°K or at infinite magnetic ficld the alignment of the spins is complete and the
magnetization allains its maxinmwm value. Matedals kike transition metals lie, Co, Ni
and some rare-earth metals like Gd and oxides CrQs, Er0 are cxamples of
{erromagnetic materials
The iield seen by an atomic dipole is the sum of the applied feld 5, and the internal
licld B ic.,

R=8+8 L. (2.1}

10



B=H +B e (21)

where B, =AM and4 is known as the Weiss constant
i A is such that %%-T;B is smallwhere g is ihe Tande 'g'- factor, 4, is ithe Bohr

5

magneton and £, is the Boltzmann constant, Then we CiD write

M Ngtuld(s+1) (1 . A.MJ

Ko = 4 T T skr )
J{Iﬁ, oo Ne®i2 J(J + l)
) 8k,
O . CA
ot }J;-m = 7 TC “’f_[e]'e f}__ = :II:- (22}

+ Iis the Curie temperature at which the susceptibility tends to infinfry. This means that
M has a finite value when B, is zero which is an evidence of sponianeous
magnetization.

From the quantum theory of Paramagnetism we can write the equation for spontaneous

magnetization as
M = Ngu, JB,(y) e (2.3)
£Hp B
h A e e 2.4
where y 67 (2.4)
and B,(y) is the Brillouin function defined by
2J +1 (27 +1) I ( ;:]
B =| —— |coth | — =——coth| — v - 25
(%) ( 27 )m [ 2J J’J 27 " 27 23)

Thus eq(2.3) can be writien ag

Neu,/ )
M = Ngu, /B, [%f-f}—{aﬂ + AM}]

=M [0)B, [T’;f {B, + J_M]J e {2.6)

where Af {0) = Ngys,/ represents the maximam value of mapmetization at 0° K . When

there is no magnetic field, 8, =0 and we gex

11



where 1 s given by cq(2.4), m case of lerromagnetic natertals, as

iyt o gyt
=0 g e g LAY 2.8
) P ) N
ln case of no magnetic ficld, B8, =0 and hence
kv
A=l e (2.9
e di

Since A satisfics both eq(2.7) and eq(2 9}. the two Af versus 3 ocurves are plotted in
(2.1} LEq(2.9)1s a siraight line between Af and 3 and for various temperatures i.e
T<T.T=T, and? > 7. is shown in Fig.{2.1). Eq{2.7) represents a curve which
intersects the siraight line for 7 < 7. at pont P. This gives a non-vanishin g value of M
even il the cxtemal feld B, =0. This spontancous magnetization below the Curie
temperature is shown in Fig {2.2) where the magnetization decreases from a saluratcd
value Af = M _[0) at T=0 to zero at T=7. At T=17.. the straight line given by
eqi2 97 is the tangent to the curve eq{2.7) at the origm. Thus there is no sponlaicous

magnetization for T2 7,



A T>Te

T =T¢

¥

Fig. 2.1 Graphical solution of equations 27 and 2.3



M (0}

Fig. 2.2 Spontaneous magnetization below the Curie temperature.
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2.3 Ferromagnetism in NijxMoy alloys

The present object of investigations are dilule solid solutions of non-ferromagnetic
metal molybdenum in nickel Ni-Mo  alloys exhibit variations of spontaneous
magnetization with temperature that are smooth, and decreasc monotonically wath
incscasmg temperature  Uhey also show 2 systematic decrease m the value ol the
miagnetic momenl per atom as a function ol increasing solute concentration It is found
that the deciease in the magnetic moment of the alloy per solute atom added 15
approximately equal to the number.n, ol valence elections of the solute atom ( n=1 lor
Cu and w=6 for Mo} This behaviour can be explained by assuming thal the wvalence
clectrons of the solute atom enter the 3d band to fill up the 0 6 hiolcs per atom of mckel
utitih no unpaited spins remain and the alloys cease to be ferromagnetic. This model fits
the experimental data well.

in general, these alloys also show a decrease in the Curie tempetature, T, with
ingreasing solute concentration which is nearly linear and becomes shightly non-lmeat
as we go higher in the concentration of Me. The vanation of To with solute
concentralion is similar to thal of the average atomic moment and is, for most alloys, n
proportion to the number of valence electrons of the added element. The Ni-Mo alloys

mvestigated in the present work falls in the typical alloy sysicm mentioned above.

-

3.4 Physical origin of magnetoerystalling anisotropy:

Phenomenologically magnetic anisotropy of a ferromagnetic single crystal is usually
expressed in terms of a free emergy £, which 1s assamed to be a funciion of the

diection cosines @, , @, and @, of the magnelization vector M with respect Lo the
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crystallopraphic axes. Considermg cubie symmetry and the f{act that the total
| lamiltonian ol a given system is invariant under the time reversal transfonmation in the
ahsence ol an external magnetic field, we can wrile .

=K +Klda+ed +aia’ )+ K fad aall+.
for a cubic crystal,
IF'o1 a crystal of umaxial anisotropy tie comesponding equation is

E =K_ sin" ¢+K _sin'g

whete ¢ is the angle between the axis of easy magnetization and the direction of
magnetization veclor.
Crystal anisotropy ongmates mainly ffom the spin-orbit coupling, Oy coupling is meamt
a king of meraction which keeps the moments either parallel or ant parallel 1o cach
other. Crystal anisotropy may be regarded as a force which tends to bind the
magnetization Lo directions of a ccriain form in the crystal. Thus we could speak of
the exchange interaction between two neighbouring spins paralle]l or anti-paraliel to
one another. But the associated exchange energy 15 isotropic and it depends ouly on
the angle between the adjacent spins, but not on the direction of the spin axis relative
to the erystal lattice. The spin-spin coupling therefore cannot contribute to the crystal
anisotropy. The orbit-lattice coupling is also strong, This follows from the {act that
orbital magnetic moments are almost entirely quenched. 1his means. m effect. that the
arientations of the orbits are Bxed very strongly to the laliice, hecause even large ficlds
cannot change them,
There is also a coupling between the spins and the arbital motion of the electrons when
the orbital angular momentum remaing parially unquenched. When an external field
tries to reorent the spin of an electron, the orbit of that electron also tends to be

reorniented. But the orbit is strongly coupled to the lattice and thercfore resists the



attempt 1o rotate the spin axis. The cnergy requited to rotate the spin system ol a
domain away from the easy direction. which we call the anisotropy encrgy. is just the
enetpy requited to overcome the spin-orhit coupling. This couphng is relatively weak
Iecause fetds of a few hundred gauss are usually strong cnough to rotate the spims
Inasmuch as the "lattice” is really constituted by a numbaer of atomic nuclei arranged in
gpace, cach with its surrounding clond of orbital elcctions. we can also speak ol a spin-
lattice coupling and conclude that it too is weak The suength ol the aniselropy in any
particular crystal is measured by the magnitude of the anisotropy constants K}.Ko,ete
Although there is no doubt that crystal anisotropy is due to spin-oibit coupling. the
dotails are different. and it is not yel possible to caleulate the value of the amsotropy
cotstants fiom first principles

As the theory of ferromagnetism in nickel and other 3d metals is still not understood
fully. the origm of magnetic anisotropy in these materials retnain, to 4 considerable
extent. phenomenological Brief review of theories (ollow that the attempts to explain
(lic temperature dependence of magnetic anisotropy have completely dominated the
minds of the theoreticians [lowever the problem of producing a theory of the
temperature dependence of magnetic anisotropy in 3d metals is enommeus.

The anisotropy encrgy depends on the divection of magnetization relative (o the crystal
lattice. [hus their magnetic moments must be coupled 1o the crystal latuce in some
manner. In the iron-group ferromagnetic materials the magnetic moments, due to spin
moments of the 3d clectrons are coupled indirectly to the lattice via spin-orbit and
mibit-1attice couplings. The extent of the mfluence of lattice symmelry on a ma gnetic

jon will depend strongly on ils clectromic structure,
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In rare-earth metals and compounds, on the other hand. the magnetic moments consist
of both spin and orbital contributions because of the strong spin-orbit coupling. The
magnetic anisotropy therelore atises from a direct ormatal-lattice couphug.

The 3d electrons responsible for the magnetic moments in iron group jonic cryslals are
well localized about cach lattice site, so that it is possible to treat the disturbing effeers
of sumoundings as small perturbations on a frec-ion state. Thus the magnetic
anisot opy can be calculated on the basis of Van Vieck's theory.

n 3d metals and alloys, the orbital moments are quenched by a mechanism wlich
differs comewhat from that in insulators: this is due to electron tansler or hoppmg
Nevertheless magnetic anisotropy is caused by orhital moments induced by gpin-orhi
coupling. and the mechanism for amsotropy must he essentially the same as in
isulators. For this reason, theeres based on localized election model {Van
Viech. 1937 Zener 1954 and others) movide a qualitative understunding of magnetic
ARISOLTOPY.

fhe observed temperatine vanation of the anisotropy comsiants of metals such as
mehel is very rapid On the otlier hand, the magnetostnctive cnergy the otigin of whicl)
is the spin-o1bit coupling shows a very much slower vanation with temperatuic. Thus
according to Zencr (1954), the decrease i the anisotropy constant with mcreasing,
temperature canmot be die to a weakening of the spin-orbit coupling.

The 3d shells of 3d transition metals and alloys are the most exposed except for the 4s
conduction clectroms. The energy levels of these electrons. responsible for
ferromagnetism, is perturbed duc to merlapping of the 3d shells of neighbouring
atons. This perturbation gives rise (o a spread iy the energy levels of 3d electrons to
form an cnergy band. The description of magnetic anisotropy and magnelostriction

cannot therefore be ohtained in the strict sense on the basis of localized glectron model



which has relatively more success for insulators and rare-carth mctals. On the other
hand, the description of these phenomena in the band thcory of ferromagnetism in
terms of the effects of crystalline field and spin-orbit interaction as attcmpted by
Fletcher and Kalayama becomes inexact due to the difficulty of treating dillerent
clectron spin correlation functions correctly

The theory of temperatmie dependence of mapnctostriction constants of nickel docs
not agree satisfactorily with the experimental results{Asgar 1970) and the samgc is
expected to be the case with Ni-Mo alloys whose basic temperature charactetistics are
not likely (o be changed much fiom those of nickel when reduced temperature % is
considered in place of 7.

The effect of ailoying a (erromagnetic metal is to change its electionic structure which
i its tum changes the magnetic anisotropy, magnetostriction and other secondary
phicnomenon of the resultant alloy. A magnetic material can thus be tailorcd 1l the

effect of alloving on anisotiopy and magnetostyiction can be understood quantitatively.

2.5 Theories hased on the localized electron model: -

Akulov(1936) 15 the pioncer to derive the firet theoretical expression for the

temperature dependence of magnetic anizotropy coustant &, Using a simple classical

argument and assuming a system of independent spins, Akuloy assumed that each spin

had a free energy of the form K, = & + @icdd +ata) ) where the direction cosines

x, refen to a particular spin. A simple statistical calculation gives the relationship
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Koy [ M({0) o

between K, and the spontaneous magnetization A1,

The number 10 arises from the structural combination of the direction cosines i the
usual expression for the anisotropy energy: a combination dictated solcly by the
symmetry of the erystal The power law holds well for many msulators and rare-caith
wnctals, for which the localized electron model is particularly applicable. But agreement
with the experimental data for nickel and iron is not satisfactory; for example, in nickel
the temperature variation of X exhibits a dependence of the 50th power of the
magnetization{Carr 1938).

In a further classical treatment of magnctic anisotropy Zener(1954). generalised the

# . . .
10th power law to an —i{n+l} law asswming & sysiem of mdependent spins Zener

showed that, if the anisotropy energy E, is written in terms of spherical harmonics,

E, =2 k{TWa), e 200

then

Here the &,( 1) are linear combinations of the £ (T3, and in particula

EE{}"}=K,{T}+ﬁK2{T}+ Cand k(1) = K.(T) e (212)

The two assumptions basic to Zener's derivation ase:
(i) the existence of regioms of short-range order of spins around cach atom, maide

which the anisotropy constants are temperature independent Thus the only cilect of



raising the temperature is to introduce small pertutbations the dircerion of the local
magnetization.
{ii} the distribution of spins within each rcgion 18 random so that the local anisotropy

enorgy may be averaged aver all directions,

The basis for a quantum theory of magnetic anisotropy was laid by Van Vieck{1937) in
a paper on auisotropy i mwetals using the localized electron model Van Vieck's
approach is based on an anisotropic contribution to the exchange energy. which
appears when the spin-orbit interaction is considered a5 2 perturbation. The second
order term is of (he same lorm as a classical dipole-dipole interaction energy, and the
fousth order term appears as quadrupole-quadrupole interaction. These two terms
provide two models for magnetic anisotropy. The pseude-dipotar model applied to
cubic crystats predicts that anisotropy will vanish if all the dipoles are parallel: quantum
mechanically this does not occur, even at 0°K. The pscudo-quadrupolar modei
requires that the spin quantum number be greater than £, which is unlikely in nickel
Van Vlcck used a Weiss molecular Reld to portray the exchange interactions. The
resulls of his calculati_cms on each of the two models are as follows:

{a) Dipolar model:

K, is of the order of 104 jnulc..fm3, negalive for f.cc. and pasitive for he ¢ crystals,

This is in agroement with the experimental data for nickel and non. The temperatune

variation of K| should be according to the square of magnetization,

(b) Quadrupolar model:

X, for nickel is of the conect order of magnitude. but the sign is indeterminate. The

temperature dependence is as a 5th or 6th power of magnetization, From dimensional



consideration X, should be about 10-3 to 1072 times as pieat as K. For nickel the
experimental value of X is found to be of the same order as £,

The usc of a molecular fietd by Van Vleck assumed no correlation between
neighbouring spins Keffer(1955) replaced the molecular Held hy a cluster theory,
which restored the spin correlation. With this modification. Van Vieck's theory gives
the temperature dependence of K| as the 10ih power of the magneiization at very low
temperatutes, changing o a 6th power at temperatuics where the spin correlation's are
disrupted.

More improved calculations than Van Vleck's, using spin wave theory(Keller, 1955,

Turov and Mitsck., 1939) give the same ;—!{H+|} power dependence for the

temperature vanation of the anisotropy. Tn these cases the amisolropy encrgy must be
written in terms of spherical harmonics. and so the aniﬂ:nlrnp}' constants appeanng in
the theory are linear combinations of the nsial constants. .

The use of a molecular feld theory can, in fact, give a tenth power law for the
temperature valiation of K. as was shown by Carr{1958). Dy expressing the
anisotrhpy energy in terms of the Conlomb energy only, Carr{1957) concluded one ol
the prineipal mechanisms of anisotropy to be different from those discussed by Van
Vleck. Carr obtained the anisotropy constants in terms of electric multipole moments
and crystalline potential constants The electric multipole moments arise from the spin-
orbit coupling inducing an arbital mament. Interzciion between the orbital moment and
the lattice crystalling potential provides a coupling between the spin and the charge
distribution. Anisotropy results from distortion of the charge distnbution which may
pceur in a sufficiently mhomopgeneous crystaffing poteniial Cair's theory gives

reasonable values of K, and X, and it appears that i nickel and cobalt the dommant

o]
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part of &, comes from the intelaction of the charge distribution with the crystaliine

lield.

2.6 Pair Model of Magnetic Anisotropy:

‘I'ne physical mechanisms tespousible for magnetic amsotiopy e dipole-dipole, crystal
field or- single ion. and anisotropic exchange interactions. Starting from thewe
approaches different caleulations have been performed to detcrmine the magnilude,
sign and temperature dependence of amisotropy constants.

Magnetic anisotropy desoribes the circumstance that the energy ol a system changes
with 4 rotation of magnetization. The relation between the change n energy of a
system with the change in energy of atomic pairs is called ihe pair model of anisotropy.
Van Vleck( 1937} first developed this theory. The maost important interaction between
(he atomic magnetic moments is the exchange interaciion. This encrgy s only
dependent on the angle between the neighbourmg atomic mements, wdependently of
their oHentation relative to their bond direction. In a view to explain magnetic
anisotropy we may assume that the pail cnergy is dependent an the direction of the

magnetic moment. #,as measured from the bond direction. in general we express the
pair encrgy by expanding it in Legendre polymomials,
L s . ] N 6 . 3
w[cosg@}:g%—f cns“rp—E + gl cos gﬁ—Ecos ¢ﬁ+]—q toe e (2.13)
The first term is independent of  ¢: hence the exchange encrgy is to be imcluded in

this term The second term is called the dipole-dipole Interaction term.



[f the pair encrgy were due exclusively to magmetic dipolar interaction, it should follow

that

f _ __3."1’1“
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20D

1

I'he actual value of 7 can be evaluated from the unianial civstal anisotropy  In mos
cases the estimated valuc is 107 to 107 times larger than that given hy eq(2.14} The
origin of this sttong interaction is believed to be the combmed effect of wpin-orbit
interaction and exchange or Coulomb interaction between the neighbourmg orbits.
That is if there are small amounts of orbital magnctic moment (cmaining unguenched
by the erystalline feld. a part of the orbit wall 1otate with a rotation of the spin
mapnctic moment becanse of a magnetic interaction between the two, and the rotaton
of the mibit will. in tum, change the overlap of the wave Rinctions between the two
atoms. giving se to a change in the electrostatic or exchange energy. This type of
intcraction is termed as the anisotropic exchange. Tt should be noted here that the
dipolar term of ¢q{2.13} does not contribute to the interaction energy £, since the
spins are perfectly parallel The dipole tenms between the atomic pairs with different
bond directions cancel out as long as their distribution maintams cubic symmetry. If,
however, the crystal has a lower symmetry than the cubic crystal, as in a hexagonal
crystal, the dipole-dipole interaction ghves rise (o magnetic anisotropy

Van Vieck pointed out that the dipole-dipole interaction docs give nse to cubic
anisotropy since the perfect parallelism of the spin system is disturbed by the dip olar

imteraction itself, Thus if /<0 and all the spins are parallel, the dipole-dipole

. . . . . i
interaction gives nse to a large pair energy for ;ﬁ:E. In such case, a more siable
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configuration of the spin pair will be an antiparallel alignment. Some of the spins will
therefore take the anti paralle] direction in an equilibrivm state
According to Van Vleck's calculation. the cubic anisotropy consfants for an ficc
system due to dipole-dipole interaction are

9 NI

K=———e— atT=0K e f215)
RSMH

where § is the total spin quantum number, 34 the atomic magnetic moment. and ff,
(he molecular ficld. n the classical picture, &, should vanish by letting 5 — o2
Now. snce NMH =10 J o’ and Nt =107/ /' the order of magnitude of &, due

to dipole-dipole interaction 18

vy (o)

| = - S 10T
NMH 10

This is sulficicnt to explain the magnitude of the observed anisotropy encrgy.

Judging from the origin of anisotropy, it would be practical (o suppose that the
anisoliopy constant deereases with incieasing temperature and disappears at the Curie
Pomt. Acturlly this does happen, and the temperature dependence is more drastic than
that ol spontaneous magnetization, Zener treated this problem in g snple way and
explained the temperature dependence fanly well. He assumed (hat the pawr cncrgy 1%
given by eq(2 13) even for the thermally perturbed spin system, smee the neighbouring
spints maintain an approximately parallel alignment upto the Cutiec point. where,
hecause of the srong exchange interaction, parallel spin clusters prevail i the spin

synlem.
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Carr lollowed this method 10 calculaie the crystal anisotropy constant for iron, nichel
and cobail.

Let (a,,c;,a,) denote the direction cosines of the average magnetiration. and
(f,.0../3,) arc the direction cosines of the local magietization. Since we assume local
parallelism w the spin system, the anisotropy energ}: should be given by the avera ge of

the local anisotropy energies, so that

E(N=kE+AA+88) @ 16)

where K,{D} is the anisotropy constant at 7= 0"K and ( } denotes the average over
all possible orientations of local magnetization, Using the polar ce-ordinates (4, ¢),
where & is Lhe angle between the incal spin and the average magnelization, and @ the

azimuthal angle around the magnetization direction Thus,

s
-4 ] 27
] [[gjj(ﬁ?ﬁ: 5 +B5) Il 0)dadg
£,(T) =X (0)* . - e (2 17)
[n(&)as
f
; where #l 6)d@ is the mumber of spins which point in the solid angle between & and
{6+ db).
Smee

In

: = [(00+ 25 + 5 g
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where £ (cosd) is the fourth order Legendre polynomial Thus eq(2.1 7} becomes

£,(r) = K (0} Plcos i ata] +nder +aia’) e 219)
where
[P,{cnse;}n{ Ado
[Bleostl)=to——— e (2.20)
Jn{ Ao
0
‘Miis can be expressed in a polynomial series in
1_ &7
o H
where /15 the molecular field.
{ﬂ(cnﬂﬁ}}=1—-‘—[}+4?—l~[§+ ...................... {(2.21)
a o o

(i the other hand
M(T) = M ﬂ}[cnth a - -l-j & M’I[D)[l —~ l) ........ (222)
o

sq that
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compating cqi2.2 ) and eq(2 23) we get

k(1] s ,
LK,{D}}L#[{})] """"" (223 #)

Relation{2.23 a) holds good for the temperature dependence of &, of non Carr also

explained the temperature dependence of K| for nickel and cobalt by laking nto
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considoration the effect of thermal expansion of the crystal lattice Bul. m contrast to
Zenet's theory, Van Vieck obtained a much more gentle temperatwe dependence of
magtictic anisotrapy. Keffer investigated this pomt and showed that the Zencr's theory
is valid at least at low temperature. while Van Vleck's theory is valid at high

temperaturc.

2.7 Single-lon Model of Magnetic Anisotropy:

The orbital state of magnetic ions plays an important role in detenmning the magnetic
anisotropy In order to discuss this phenomenon. we must {irst leamn how the orbital
state of a magnetic ion is influenced by a given crystalline field and how the resultant
arbital state gives rise to magnetic anisotropy. This phenomenon is described by the
single-ion model of magnetic anisotropy. This model has been successful in interpieting
the magneiic anisotropy of varous anti-ferromagnetic and ferimagnetic crystals.

In [rce atomic statcs, every 3d electronic state has the same energy; m other words
their energy levels are degenerate. When the atom is placed in a cubic field, the orbital
states of 3d electrons are split into two groups. One is the triply degenerate de orbits,
(he spatial distributions of which are expressed by xv, ¥z or zx. The other is the
doubly degenerate v orbits whose distributions are expressed by 227 —x* - 3% and
x'— v Fig.2.3 cxplains that the 2 orbits extend to <110 directions. while the gy
orbits extend along (he co-ordinate axcs, In octahedral sites.the surrounding anjons are
found on the three co-ordinatc axes. so the oy orbits, which extend towards the

anions, have a much higher energy than dr oibits because of the clectrostatic repulsion
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Fig. 2.3 Spatial distribution of de and dy orbits

dy de
£ {
de dT
{a} {b)

Fig 2.4 Energy levels of de and dy electrons in [a) octahedral and
{b) tetrahedral sites



bolween anions and o orbits, For tetrahedral sites oy o1bits are more stable than e
orbits (g 2.4)

Lol us consider the case of the electrons occupying the 3¢ encrgy levels, First let
us assune that the magnetic ion has only one 3¢ election, This electron will natutally
occupy the lowest encrgy level Now as the three de levels have the same energy. the
lowest orbital state is toply dcgenera:m(triplut] Such an orbital degencracy’ plays an
important tole m determining the magnetic anisotropy  If there arc additional 3¢
electrons, they should occupy exclusively the plus spm levels. because the exchange

intcraction between these 3d clectrons is much Jarger than the cnergy seporation

bherween the dy and de levels, In the case of {3:3’}1, the three clectrons occupy the
three de levels. so that the ground state is non-degenerate(singlet). For (3#}4, threc
elcotrons occupy the s levels and the remaming one secupies one of the two &
levels. thus the state is doubly degenerate(doublet). In the case of (34) ,all electrons
oceupy plus spin levels, so that the gronnd state is a singlet, When there are more than
five electrons, the first five fill up the plus spin levels while the remaining glectrons
accupy the minus spin levels in the same way as for the plus spin levels,

As for the 72" ion, the sixth electron should occupy the lowest singlet statc, su that
the ground state is non-degenerate. Op the other hand, the o™ ion has seven
electrons. so that the last one should occupy the doublet. Tn such a case the orbit has
the ficedom to change its state in the plane which is normal to the trigonal axis. so that
it has an augllllar momentum parallel to the trigonal axis. Now since the angular
momentwm is fixed in direction, it tends to align the spin magnetic moment paraliei 10

the trigonal axis through the spin-orbit interaction. The encrgy of (his interaction can

be cxpressed as —ALS|cosH, where 2 is the spn-orbit parameter, L and S are the

orbital and spin-angular momentum and 7 is the angle hetween the magnetization and
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the triponal axis. This model was first proposed by Slnnpzcwski, who explained the
magnetic annealing effect in Co ferrite by this model. He also explamed the
temperature dependence of the anisotropy constant of cobal-substittted magnetile, In
(he normal. o1 non-magnetically annealed state , Co™ ions should be distributed
equally among the four kinds of octahedial sites each of which Tas its trigonal axis
paralled o one of the fouwr <111 dircctions, so that the cubie anisotropy can be
obtained by averaging the amsotropy encigy —ilSjcos@| over four direction of
trigonal axes

if the mound ortal state is non-degenciate, we cannol expect any othital angular
momentum so long as the alom stays in the ground state: in other words, the orbital
angular momentum is quenched by the crystalline Reld. In such a case we cannot
expeet an anisotropy as large as that of the Cotlion in an octabedial site. There are |
however. various sources which resull in a fairly small magnetic anisotropy. which is
nevertheless sufficiently large to account for the observed values. ¥ osida and Tachiki
calculated the various types of anisotropy and applied their results to the A, Fre and
Ay formites. which contain Ma®t Fe™ Fe™* and Ar** ions. Firstly, they found that the
magnetic dipole-dipole interaction is too weak to account for the observed magnitude
of anisotropy. The main source of anisotiopy 1s thought to be the distortion of the 3d
Jhell from spherical symmetry In a distorted 34 shell the intra-atomic dipole-dipole
miteraction between the spin magnetic moments may depend en fhe direction of
magnetization; this is similar to the dependence of the magncto static energy on tbe
dis cction of wagnetization in a fine elongated single domain particle, and gives risc to
ANISOLTOPY energy.

The anisotropy is also induced through spin-orbit mteraction That is, some amount of

orbital angular momentum can be induced by spm-orbit interaction by cxciting
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additional orbital states. Tn a distorted 34 shell this excitation is dependent on the

dircction of magnetization, giving rise to anisotropy Yesida and Tachiki showed that

: . ] 3 .
the anisotropy due to these mechanisms should vanish {or § = -EF,L and 3 where § is

the total spin angular momentum, and that anisotropy of this type cannot be expected
for AT and Co™ ions Accordingly, the main source of the anisotropy of Afu, Fe and
No farrites is considered to be the Mn™ Fe™, and Fe* ions. Since N7 ion has no
effect on the magnetic anisotropy in M ferrite, the dillerence in AMNMEOITOPY CNCrRY
hetween Fe and v [erritcs must be explained by the anisotropy due to Feé*' lons,
vosida and Tachiki alse caleulated the temperatwme dependence of the anisottopy

constant fon Ay ferntes and fitted the theory with expeniment,

3% Band Model Thearies:

Brooks( 1940} ucated the magnetic anisotropy of nichel and iron from the collective
clectron approach. in an attempt to calculate the anisotropy constants with a more
cxplicit model than that of Van Vieck In the collective electren model of Dloch.
Sioncr and Slater each electron is considered as belenging to the metal as a whole and
mming in a seli-consistent feld. Although. this s a poor approximation for the tightly
bound d electrons, it gives 1ise to magnetic anisotropy i & siraight forward manner.

According to Brook's theory, spin-orhit coupling together with {he quenching of the
orbital causes amsotropy. The quenching arises naturally from the hopping of clectrons
hetween adjacent atoms This hopping takes place, cven in the d band, with sulfcient
frequency to destroy any orientation in an external magnetic field So cach electron

moves in a Reld which has the syinmetry of the crystal.
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I'he structure of the d band was represented by the Bloch tight-binding approxunation,
which is reasonably reliable since the overlapping of the shells is smali Using this and
by Lreating the spin-orbit inleraction as a small perturhation Brooks calculated X, for
nickel and iron. His values of K, were of the correct signs and orders of magmitude.

Fletcher( 1954) re-calculated X, for nickel by Brooks method, using new data ou the
energy distiibution of the d-electrons. His value of X at 09K is about 30 times greater

than the accepted experimental values.

2.9 Composition dependence of magnetie anisotropy:

In the present work, the varation of the anisotropy encrgy as a function of the
concentration of a non-magnetic solute, e.g molybdemum, in nickel 15 of particular
intersst. The saturation inagnetization of Ni-Mo ailloys decreases linearly with
increasing molybdenum content i Ni, being zero at about 10 at Mo.( Fig.4.4). Smce
the anisotropy encigy is related to the magnetization. the anisotropy constants will alsp
decicase  with wereasing molybdenum, as some function of (he  saturation
magnetization.
On a single-ion model of anisotropy 1t seems 1easonable Lo expect. by a simple dilution
process, that the anisotropy energy will decicase n the same manner as the
magnetizatton. i.e.. linearly with increasing solute concentration.
From Van Vleck's theory of magnetic anisotropy. according to Bozorth(1951), K0}
of alloys such as Ni-Mo decreases with increasing. solute content as;
{a) dipolar model

K (0} e M(0)
and
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{b) quadrupolar modecl
K |(0) 0 [M(0)]2

A simple model of the composition dependence of K is given by Enoch and
Fudge(1966), They consider a localized madel in which magnetic anisotropy anses
from magnetic Ni-Ni intcractions; they assume that the basic mechanism of amisotropy
is unaffected by the presence of atoms of Cu or Mo, Ou this model increasing the
amount of solute should educe Ky by
(a) 2 simple diluiion process where a magnetic nickel atom is replaced by a non-
magnetic solute atom,
(b dilution causcd by the presence of neutralised nickel atoms. Thus K1{0) should be
proportional to the probability of Ni-Ni interactions occurring, ie.

K1(0)< (Cni- KCgo)?
where Cyj and Cgy, are the atomic concentrations of nickel and solute 1espectively,
and k is the number of nickel atoms neutralised by the addition of one atom ol solute
Resulis of neutron scatienng cxperiments {Comly,Holden and Low, 1068) examing the
spatial distribution nlf the magnctic moment disturhance around an impurity atom n
dilute allovs of mcket and suggest that the composition dependence of Ni-Cu and Ni-
Mo allovs may be 1ather complicated. especially for low concentrations. Comly L. ak.
found that the addition of small concentrations of copper 01 molybdenum to nickel lead
to a widespread magnetic disturbance tn the neighbourhood ol the mpurity atom,
extending some 5A into the nickel matrix. Since the Tattice constant of mickel is about
1.5A. the 1ange of he distubance is considerable. and might be expected to give rige
1o a rapid decrease in the anisotropy enetgy with small additions al the selute to the

pute metal,
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Further work by Hicks ct al{1969) on Ni-Cu alloys near the critical composition
{about 60% Cu) indicate that in this region the behaviour of the anisotropy energy may
be complicated by the presence of giant magnetic moments. UJ S neution scallering
technigues, these workers found, in the weakly ferromagnetic Ni-Cu alloys, the low
temperature spontancous magnelization to be inhomogeneously distributed in magnetic
polarisation clouds of large total moment (over 8up) extending over many atoms 1l
scems reasonable that a similar situation cxists in Ni-Mo alloys in the region near 10
atomic% Mo.

2.10 The 1 emperature dependence of magnetoerystalline anisotropy:

The temperature dependence of mapnctocrystalline anisotropy s established by

theorelical arguments with increasing generality(Callen and Callen 196610 follow the

general g[n +1} power law, i.e.

k(1) [ m(T) s
HOBEL)

where £(0) is the anisotiopy constant at 0" K and K (7] is the anisotropy conslant
at T'K . A{0} is the magnetization at 0" K and M(T} is the magnetization at "4,

L&) .
The E{“ +1) power law of the lemperature dependence of the magneto-crystallime

anisotropy at low temperature is derived in gencral fashion by Calien and Callen{ 1666)
‘I'he problem of temperaturc dependence of anisotropy eneigy takes its begining from
the famous tenth power law, formulated for the first time by Akalov. Callen and Callen
have reviewed tic origin of the tenth power law,

The magnetocrystalline anisotropy is defined in terms ol the dependence of the free
energy on the direction of the magnetization, For a cubic ferromagnet the frec cneigy

is usually expanded in a power series in the direction cosines ey cr,. &r,.0f the



magnetization direction relative to the crystallographic axes Symmetry dictates that

this power series take the form

F=&{+K () alzail o, o a;a,lll KTy oy . o (2.24)

Akulov showed by a simple classical aipument that

0

K)o

X (0) e {225}

LETEAE o] = {m{TY]

- M(T
where #%7) 15 (he reduced magnenization (= 'Li'ffﬂ;) and wheie & Th=i-m(T)
4

The Akulov result applics only at temperatures sufficiently low thal G <<l The
Akulov derivation is based on the assumption of independent classical spins, each of
which has an energy of the form of eq(2 24). The power 10n eq(2.23) anises not from
a particular model but rather from the peculiar structural combination of the direction
cosines in cq(2.24). This combination is completely dictated by the symmetry afl the
erystal. Thus the Akulov derivation, did identify the source of the 16th power law.
Akuloy compared the thepretical result with the data of Honda et al. on iron, and
concluded that the faw was quite accurately obeyed upto 7 = 0.657,

Tn 1955 Keller recognised that the paradox posed by the disagreement of Akulov's
theorem and Van Vleck's molecular ficld calculations arose from the violence that
molecular field theory does te spin coirclations. He therefore recalculated the
anisotropy of pscudo-guadrupolar origin, substituting a cluster theory for molccular
field theory. This cluster theory had been incidentally intreduced by Van Vleck in
1937, This concept was later fully exploited by Oguchi. Keffer then found that the
pseudo-quadrupolar inferaction would give a 10th power law at lm.s.'- temperatuies,

changing rapidly to Van Vleck's 6(h power dependence as increasing temperature
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disrupts the spin correlations Keffer also rederived the Zener ;Ur +1) gencrabisation,

using the classical single-on mechanism and molecufar field theory At this paint it was

clear that the single-ion terms in the Hamiltonian were completely consistent with the

n f
5[,-."*]] power law. and Kefler's cluster caleulation was generally accepted as

establishing the thearem for pseudo-quadrupolar interaciions.

L . . : H . .
Peculiarly in the very paper m which Keffer esiablished the E{H + 1} law for the sinple-

ion and pacudo-quadrupolar terms and identified (he crucial role of spin correlations,
he also bricfly remarked that a spin-wave analysis of the dipolar terms would probably
pive 2 powen even lower than two  Kasuya then carried out just such a spii-wave
caleulation for the pscudo-dipolar terns and found a 16th power Charap and Weiss
found an error of a factor of 2 in Kasuya's calculation and concluded that the Bth
power was cormect. Finally Keffer and Oguchi added certain terms omitted by Charap
and Weiss. 1egained the 10th power and dressed that correlations ensure the 10th

power law in all cases.

o 1959 Twov and Mitsek deduced Lhe ;{}H 1) power dependence from the spin-

wave approach of Kasuya. In 1966 Callen and Callcn showed (hat this law can be
penetalised Lo higher anisotropy constants of arbitrary erystal symmetry, to a quantum
mechanical treatment, to two ion as well a< one ion mechanism and to arbitrary
tempreralures.

The theory predicts that for cubic crystals the anisotropy constants are related (o

inagnclization as,

I

KT M[T}J Ko7}y _| a7 e (2.26)

&) _{
Moy | M) &0} | m{o)



And for hesagemal crystal

anl

{227

When these coeflicients arc expressed in terms of amsottopy constants K A, .. which
are penerally measwiced in the analysis of the torgue curvedhe eapressions (2.24) and
{2.25) become

For cubic etystal

N ORI, D ¥/co J I Kt TN )
ﬁ.1{T]—[ﬁ.1{{ﬂ+ﬁK1{m—|tm} —ﬁxz{m{m] o f228)
A1) = K:[D}Ir%] e - A229)

For hexagomal crystals

oo Dot 8 on B mir)T [ e T ain] s M)
K(7) —LMGW + ;un) + ?K‘LD]}[W} —[EK,({]JJr?rm{mJLM—{DJ -PE&[QJLWJ
(230
) . E ﬂ*f{T} I _E ) ,M'(f} |
KAT) _[hz{uh Ki{ﬂ}}[—:ﬁm ] T j{ﬂ}{—HM u}] (2.31)
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K(1)=K(0) vl (2.32)
k(7= &, (0) 210 zl (233)
* (0}

However. neither of the expressions {2.26) or (2.27) is found to be in good agreement

wath the observed behaviour of the fton group clements, For iron {cubic) K,(T] L AMCE

X MT S e
as approximately as the sixth power of —‘Lﬁ whilst in nickel the variation is much
[ J[I.?l' F"! i qul!f :Ir‘ zn
faster than —[— and nearly [ollows L at lower tempesature
A1{0) A0}

Veom all the model discussed so far. it is evident that the ferromagnetic anisetropy s
causcd by an anisotropic term in the exchange energy. The anisotropic exchange is
caused by the spin-orbit coupling which i1clates the spin to the dependence of inter-
atonie ;:nclgy on the orientation of the arbital wave functions The origuns of magnetic
anisotiopy. mainly with reference to insulators. are teviowed by Yosida{1968)

Roanamorif 19639, and Callen and Callen{ 1266).

g M . . i
Ihe -E-{H +1) posver Jaw for the rempetature dependence ol ihe anisotropy constants,

in particular the 10th power law for Ky. obrains it all the theoties that can treat the
temperature variation of the anisotropy encrgy. i may be derived quite penerally. both
quantum mechanically and classically{Van ¥lech.1956). In gither case the law is valid
at low temperatures only, because classically it 1s assumed that the spin deviations are
small, and quantum mechanically oniy the ground and the fivst cxcited states are

accupied.

Tl
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On the other hand. it has been foumd by many workers that a highly satisfactory fit Lo
experimental data is given by the empirical relationship of RAryuchatov and
Kirensky( 1937}

S0 mer

which is Frequcnth* used to determine K {0) by extrapolation. This holds for mickel up
to room tcmperature. A thermodynamic argument has been given in favour of this
relationship by State and Tine (1956)

The mathematical expression of the behaviour of the anisotropy constimts at low

temperatures, derived theoretically, 18

K;(D}-K;(r1=fih!+4} Miy= M7 (235

K. {0) 2 vy L T T

je iﬂ;;=1—§bpnyﬂﬁr} e (236)
where MY = AMO)- M) ML)

M{0)
Since the anicotropy iz assumed to vanish at the Curie temperature the lincar
cpression of equation{2.30) can not be exacl. Vence it represents Lthe first two terms

of a bimomial expaunsion,

Toar
":\- f"r'] E I, Bl 'I'-Jf{ .Ilr} E
e LAl B (237
k() [i { }] [;‘Lff{ﬂ}} (237

AL temperatures suficiently far from the Curie temperature
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KT _

X (0) C-‘P[‘%{nﬂ]ﬂf{ﬂ]} 2w

If the low temperature variation of the spontaneous magnetization is taken to be

; . ; Iy " i .
'i""f'”):l—A[ E] {239
M) VT
thet
K1) A
ATy G M {240
K, (0) w[ B(T] B
where
H:E(HH}A
2

From spin wave theory m=—= at low temnperatures and equation(2.3%) has been

)

confirmed to a high accuracy (Pugh and Argyle.1962) for nickel The derived constant

1. - i .
of—/—1 is of order 410 Tt must be admitted that the temperature dependence ol

T

AU) for Ni does not follow the eapression in equation{2.34) with s =—, nor the

K'(0)

1

By | tes

initial slope of a graph of ing{%ﬂ%} in agreement with the predicted value of
1

B ! . : . .
E[n+ 1} AT.5. However it has been the common expenience of many experimentalists

that equation (2.39) does fit experimental magnetization data with m =2 over a large
temperature range. However none of the trhennes ol anisotropy can explam the change
in sign of X of nickel that 15 found experimentally 1o occur about 2000C A change in
sign of &, would appaently suggest a change in sign of the magnetization which is
incorreet. It iz possible that il corrected to constant volume &£ may be found to temain

negane.

41



These developments in the thearetical understanding of temperature dependence of

anisotropy however fails to explain our results of Ni-Mo alloys satisfactorily as we

shall see m Chapter 4,
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Measurement Techniques
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3.1 FExperimental

For the measurements of magnetization a Vibrating Sanple Magnetometer (VM)
with the Tacilities of connecting a Cryostat {or measurements at low temperature anel 2
high temperature Oven for the measurcments at high lemperature is used Also a Super
Conducting Quantum Interference Device (SQUID) with a computer controlled data
acquisition system s used for measurements of magnetization. For the measurements
of a.c susceptibility an a.c.Susceptometer with a Computer controlled data acquisition
system (5 used. For the measureiments of d.c.relaxation measurements a + LSQUID

with a Computer controlled data acquisition system is used.

3.2 Different methods of measurements of Magneto-crystalling Anisotropy:

{1} Ferromagnetic resonance

I'he resonance [requency depends on the effective ternal magnctic field which exeris
2 torque on the precessing Spin system Magnetic anisotropy contributes & lorque on 2
wpin system if the spins pomt in other than-the sasy or hard directions. thus aflecting
(he resonance frequency. The equation of motion af the magnetization vector is given
by

and )
[]—)[—dr—) = M = f +torque due to amsotropy energy
¥

By calculating the Fequency of the umall oscillation of A around the cquilibrium

position one can express the resonance frequency in terms of H and anisotropy

constant. ¥ is the gyro-magnetic ratio,
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Iiiis method enables measurements of the anisotropy to be made on very small single
crystal specimens [t also ofers inforination about the magnitude of the local

anisotropy, as distinct from the bulk anisotropy determined by other methods.

{2) Torque Curves
When an anisotropic single crystal is suspended in a uniform magnetic held, a torque
acts on il tending to align an easy direction of magnetization along the field direction.

The torque exerted per unit volame of the spectimen 1%

where ¢ is the angle of rotation of the casy dircction of magnetization. fiom which the
anisotiopy constants may be svaluated. This method has the advantape thal
conitibutions to the torque from sources other than the magnetic anisotropy can

ecnerally he distingwished in the torque curves.

(3) Magnetization curves of a sin ple_crystal:

I'he shape of the magmctization curve for a magnetic ficld applied in a particular
crystallographic dircction depends on the values of the anisotropy constants. The
theorstical expressions for the magnetization i teyms of the magnetic ficld and the
anisotropy enelgy can be caleulated, and comparison with experimental values enables

the anisotropy constants to be deterrmned.
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3.3 Formulation of Magnetoerystalline anisotropy:

When a ferromagnelic materal is magnetised in an applied magnetic field 7, the

energy E .stored m the system is represented by

M,
E, = JH..-iM e (3
n "
where M, is the saturation magnetization. The quantity JH .fAf represents the area
f

under the magnetization curve and is related to the magnetic anisotropy cocergy

E,=Kldel + b + oot )+ Kol al e+, e 3.3)
where «'s are the direction cosines of the magnclization vector with respect to the
crystallographic axes and K, and K, are the first and the second anisotropy constants
respectively. Ifg is the angle made by the internal magnetization measured i the plane
of the specimen. For magnetization confined to a (001) plane of a cubic crystal, we can
write @, = cosd,a, =sin ¢ ande, = 0, if § is measured from the [100] direclion.

Then the first term of 2q{3.3) becomes
E. =K, cos® gsin® ;s.:%:r:, @26 (3 4)

and hence from eq(3.1)
.L:—%Klsindl;ﬁ ................ (3 5)

where L is the torque.

For a (100) surface the anisolropy energy is given byl Chikazumi|
E =-K, .:us‘[g:-qtﬂ'}+%[?-4:052[¢-¢n}—3ms4{¢—¢3]] 4-%[1-;05 2= ) - 2oosdl p— g, b+ contd p= 4. )]

KK
= — 4+ —=
R 3 1"'1
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lior a hexagonal system the anisotropy encrgy may be written as

E =K, sin*g+Ksmig+.. e (3.9

3.4 Sample preparation and orientation:

A SX5X5 mm? sample is cut from the bulk Ni-Mo specimen and then tumed inte a
rough sphere by using a polishing machine. The sammple is then put into a ball milling
imachine for several hours. Afler several hours of milling the sample is tumned into a
perfect sphere Afier that the sample s ctched by dilute HNQ7 for a couple of hours to
(emove strams The ctched sample is then glued to a Goniometer head for Lauc
photography. The sample is then oriented i the (110) crystallographic plane wilhin the

accuracy of i; . Thig plane contains a)l the threc principal crystallographic directions,

I

[1§17,]116] and (100] respectively within an accuracy of +

I | —

3.5 The Vibrating Sample Magnetometer (vV.5.0M:

A vibrating sample magnetometer {VSM} is a device which measures the magnetic
moment of a sample when it is vibrated perpendicularly to a uniform magnetising feld
With this instrument, changes as small as 1062107 emu can be detected and a
stability of eme part in 104 inay be attained, This instrument is simple, inexpen sive, and
versatile. yet permils precision magnelic moment measurements tao be made m a
uniform magnetising field as a function of temperature, magnetising  feld and

crystallographic orientation

4i



Laue photograph of the Ni-Mo single crystal in the [100} crystallographic
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The novel features of this magnetometer are, firstly. the sample moLion is
perpendicular to the applied ficld, and secondly, the detection coil configurations with
cffective area umns non-symmetrically disiributed about the axis of vibrations, which
permit the ascillating dipole field to be observed. The basic instrument 15 shown m
Fig 2.1,

The sample is vibrated perpendicularly to the applied feld by the
loudspeaker{diaphragm) assembly with a selected frequency. The oscillating magnetic
ficld of the vibrating sample induces a voltage in the stationary detection coils, and
from measuremetts of this voltage the magnetic properties of the sample are deduced.
A second voltage is induced m a similar stationary set of 1cference coils by a relerence
sample which is a small permanent magnet or a-vihrating coil in the field of permanent
magpets. Since the sample and the reference arc driven synchronously by a commeon
member, the phase and (he amplitude of the resulting voitages are directly related The
kuown portion of the voliage from the 1eference coils is phased to balance the voltape
from the detection coils, which is then proportional to the magnetic moment of the
saniple.

I3y this procedire the measurements can be made msensitive to changes of vibrational
amplitude, vibiation frequency. small magnetic field mstabilities, magnetic ficld non-
wntformily, amplificr gaim. o1 amplifier lincarity  The mecasutements are made
insensitive to the exact sample position by employing suitable pairs of coils. To do this
for the coils. the sample is first centrally positioned between the coils by visual
inspection. The sample is then positioned about the z-axis for maxinmum signal output.
‘The output is then insensitive to small changes in position about this axis. The sample

i« (hen translated in the s-direction for a minimum output, and then along the y- -
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Fig. 3.1 Schematic diagram of the Vibrating Sample Magnetometer
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direction for 3 maximum output. The sample is now located at the "saddle point'. The

output signal is independent of small displacements of the sample in any direction

3,6 The Detection Coil configuration

All the magnetic induction measurements involve observation of the voltage induced m
a detection coil by a flux change when the applied magnetic field. coil position, o1
satple position is changed. The advantages of sample vibration perpendicularty te the
applicd magnetic-ﬁeld can be realised only if suitable delection coil arangements can
be devised. In practice many satisfactory coil configurations can be found This is
casily seen if we consider the time varying part of the vibrating dipole feld. The scalar

patential of a fixed dipole s at the origin and peinted alomg the X dircction 15

mx . . L i . . i
¢=—— If mis vibrated in the Z direction with sufficiently small amplitude, the time

.
(3‘«;5] _amyZ

Z re

vanving potential in the sunounding space will be ¢e™ where ¢, = —n[

The flux patiern of the (ime varying part of the field is given by - grac,.

*

L3

Appropriate placement of pick up coils 1o sense this Mux may be visualised easily. A
general feature af all the useful coil configurations is that each cffective area-tum is
non symmetrically distributed about the axis of vibration, Pairs of coils are employed in
order to minimise eflects of sample position or external field variations. In a similar
way, the effect of slight nonuniformities of the maguetising field, which causes # 10
vary durng vibration, may be examined. In general, the pickup coil dimensions are not

wmall compared o theil distance from the sample. Furthemmore, the coil geometries
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often da not follow the symmetries of the time varying flield. For these reasorls. thf-d
voltage induced in most useful pickup coils can nol he caleulated in closed fonn

Ome of the most convenient detection-coil arrangements is the double coil shown it
Fig.3 2. The spatial variations of refative output signal for a typical double coil

assembly is plotted m Fig.3 2 a.
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[wo coils are wound each of resistance about ¥ kilo Ol The coils are positioned on
the two pole faces of the clectromagnet. These coils are tested expenmenially by
observing the output signal duc to the magnetic moment of a small magnetically
saturated nicke! sphere as it is Positimmd at various poinls in space hy a suitable
mictometer arrangement An additional feature of this double-coil system is that the
two coils are connected series-opposing in order (o obtain a net output signal. Tlus
arrangement to a large extent climinates the cffects of the background naise duc to
magnetic ficld instability or mechanical vibrations of the magnet and coil system. This
coil configuration is cmployed extensively for almost all magnetic measurements and is
proved to he suitable for our measurements as it is VETSi;T.ﬂE}. casy to assemble and most

comvenient in operation.

3.7 Calibration of the Magnetometer.

For the calibration of the V.S.M a standard nickel sphete of mass 57 mg from National
Board of Standards is obtained. The sphere is put in a small plastic cup of about >mm
diameter. Some cotlon is put on top of the sphere to avoid free vibration of the sample
Then the sample cup alongwith the sample is fived at the end of the quanz sample rod
rand is joined with the upper part of the sample rod. A small altemating voltage is
applied by a Phillips Signal Generator to vibrate the sample rod with a sclected
Frequency(in this experiment 37 Hz). The magnet power supply is connected 10 a
Magnetic Field Sweeping unit . The magnetic ficld is then gradually increased to record
the magnetization. The fleld is continued to ingrease until the mckel sphere i-

magnetically saturated. The output is imeasured in volts by a voltmeter, Then using the
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saturation mament of nickel the magnetometer is calibrated. The calibration constant

ofthe V.5 M. 1~

lFoft =2.3e.mu

3.8 The Torque Magnetometer:

A torgue magnetometer for the measurement of torque in the range of 10710Nm to
5 0N 10-4Nm has been construcled. The torque compensation is achieved by [eedback
fom a photo-detector into a Proportional Tntegrating Differentiating (PID} regulator
system which gencrates a current through a compensation coil located in the field of

permanent magnels. Measurements can be made in the temperature range J00K to

100K,

Introduction:

The inherent propeny of a magnetic material in a static magnetic ficld is to align itself
m order to minimise its cnergy. The energy variation with respect to sample orientation
is represented by a torque cxerted on the sample The torque L excricd along an axis

pempendicular to the magnetic field is related to the total anisotropy enetgy £, by

IL=- d.;; e+ (310

where, @ is the angle between a fixed direction in the sample and the direction of the
magnetic field. Thus it is cvident that by measuring the torque [rom a sample i a

magnetic ficld we can gain information about the magnetic anisotropy energy of a
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material, For farromagnetic substances the anisotropy constants can be deduced (rom a

Fourier analysis of the torque data as a function of the angle ¢ between the magmetic
field and a direction fixed in the crystal

Akulov (1929) showed that  E, can be expressed in terms ol a serics expansion of the
direction cosines of Af, (saturation maguctization} relative to the crystal axes In a
cubic crystal, let A7, makes angles a.5.c with the crystal axes and let ¢, 2, &, be the

cosines of these angles, then

E =K, K ledal +ddd + ol )+ K (el dldd) R < N B
where K K A . are the anisotropy constants The first termy, which is simply &,
is independent of angle and is usvally ignored, because normally we are interested only
on the change in energy £ when the M, vector rotates from one direction to another.
When Ky is 7ero, the direction of easy magnetization is detennined by the sign of K. [f
K, is positive, then £, < £, < £),, and {100} is (he direction of easy magnetization.
I K, is negative. E, , < E,; < Hiop, and {11 I} is the direction of easy magnetization, K
15 negative for mekel.

The anisotiopy energy expression for a hexagonal crystal can be written as

E =K, +Kssin® 8+ K, sin” &+, cee3.12)

The expression for the torque can be obtained by using eq(3.10). From eq(3.10) the ¢

dependent pant of the anisotropy encrgy may be wrillen neglecting K, as

£o=Ksin*8 e {3.13)
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When the energy of a system depends on an angle. the derivative of the energy with

i

respect to the angle is a torque. Thus % is the torque exerted by the crystal on A,

and —% is the torque exerted on the crysial by Af,. Then the torque on the crystal per

winit volume is

ab
L=—-——+ e (3014
P (3.14)
or . L=-2K sinflcos#
or L=-Ksn2¢ L {3.15)

3,9 Design and_working principle of the Torque Magnetometer:

A simple form of torque compensation can be achieved by suspending the sample from
a fibre with known torsional consiant. When a magnelic ficld is apphed, (he toique
from the crystal will twist the fibre, thus we cap measure. by how much we have to
rotate the upper point of suspension of the fibre to bring the crystal back to its original
position.

lustead of using a torsion fibre a balancing torque can be generated with a

compensation coil in a slatic magnetic field. The torque from the coil is proportional to



the current through the coil over a wide range of currents. Thus we measure the
current needed for the crystal to keep its orientation.

‘I'mhe principal drawing of a torque iDagnetometer with an automatic compensation
syslem is shown in Fig.3.3. The sample is rigidly connected to a mirror and the
compensation coil. The whole asscmbly is freely suspended in a thin quartz fibic and
the coil is located in a Held produced by a pair of permanent magmets. Now if a laser
heam is shined on the mirror. the image of the beam will move as soon as some torgue
acts on the crystal and thus wms the mirror, The principle is to let a photo-detector
detect the movement of the reflected beam via an amphilier genciating a current
throteh the compensation coil which inhibits the motion of the suspension,

The simplest type of electronic compensation system with a photo-sensitive feedback
have beon designed{Westerstrandh et al.). The simplest way is to let the current
through the compensation coil be directly proportionai to the signal from the detector.
Such a foedbach sysiem is ofien referred to as a proportional (P) regulator. Tt a torque
acts on the crystal the wurning of the mirror gives tisc to a dellection of the beam
shining on the detector. The deflection fiom the centre of the detector can be made
small by increasing the amplifier gain. Nevertheless the contribution fram the rigidity of
the suspension may seriously affect measurements of small torques Neither the gain of
the feedback could be increased too much since the system will then become unstable.
To improve the stability we have used the oil damping . The viscosity of the oil danps
oscillations so that we can increase the amplifier gain. To enhance the clectronic
damping a dillerentiating amplifier has.been used in parallcl with the proportional
amplifier and hence improve the stability of the system, This type of compensation

system can he characterised as a proportional differentiating regulator{PD). Since the
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large deflection of the suspended system is a problem, the introduction of a

differentiating unit allows a very high gain and 2 small angular deflection.

3.10 The sample suspension:

The sample is mounted at the cnd of a thin quariz rod. Quartz 1s a suitable material for
this purpose as it is diamagnetic and has a low thermal conductivity. The upper end of
e quartz rod is attached to a brass rod. ro which the mirror and the compensating
coils are fixed. The whole assembly is suspended in a quartz fibre. The quartz fibre 15
very suitable hccﬂusc. of its large tensile strength and small torsional constant. Typical
valucs of the torsional constant are 5-20X10-"Nmirad The clasticity in the
tongitudinal direction is very low, which prevents low Ifl'i:{]'l.lt?llf:}-‘ oscillation along the
axis of suspension. [he cclnmpensatinn coils have 10 layers of 100 tums of O Jomm
copper wite. To minimise influence from the stilfiiess of the copper wite. the leads to
the coils havc been spiralized. Below the coil there is besides (he mirror, an

arrangement for oil damping. effective against self oscillations.

3.11 Calibration of the Torgque Magnetomcter:

The torque magnetomcter is designed at the Department of Solid State Physics,
University of Uppsala in Sweden by Professor M. Al Asgar and late Professor Leif

|undgren. The magnetomeler is built in the Workshop of the Department of Sohd



Statc Physics. Uppsala University and is fnanced by the International Science
Programs of the University of Uppsala, Sweden. The magnetometer is later donated to
the Material Science group of the Department of Physics, Bangladesh TUniversity of
Engincering and Technology{BUET) by the Intemational Science Programs(ISP),
University of Uppsala. Sweden. The magnetometer is assembled and msialled at the
Solid State Physics laboratory in BUET. The rotating base of the magnetometer is
designed by Professor M_Abu Taher All of the Depariment of Mechanical Engineering.
DBUET, and is consiructed at the Engineenng Workshop of BUET.

The main parts of the magnctometer is described in section 3.9. P'or the calibration of
the magnctometer a thin nickel single crysial dise s chosen. The disc is of mass 45 mg
and is orienled in such a way that the {100) crystallographic plane lies on the planc of
the disc. The sample is glued to the quanz rod and is suspended [rom the quanz fibre

A three kilo pauss magnetic field which is stuong enough to salurate the nickel
specimen is applied along the planc of the disc and measurements of torque is taken m
steps of 100 for a complete 3609 rotation of the magnetic field.. A total of 36 points
are obtamed from a complete rotation of the magnctic field. The whole process ol
measwements is repeated for applied magnetic field of 3 5 kilo gauss and 4.0 kilo
gauss.

The torque on the specimen is given by

r=Asn 28+ Bsin 44

whcrm!:—[i +£ and H:(~'”[‘—‘+£) for {110 crystallograplic plane of
4 a4 B I )

rotation,



The experimental torque data arc then fitted with a theoretical cxpression using & least
square fit, The Fouricr coelficients 4 and B are calculated using the known values
of K, and X,.

Fig 3 4 shows the torgue curve at 300°K of a nickel dise oriented in the (IC;D}
crystalfographic plane. And Fig.3 S shows fhe torque curve of a spherical shaped

sample of Ni-Mogeg, at 300K orjented in the (F10) crystatiographic plane

0



Photograph of the Torque Mapnetometer
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%12 The Lligh Temperature Oven:

The high temperature oven is constructed by Dr.Per Nordblad and late Prof Leif
Lundgren of the Department of Technology, Uppsala University, Sweden. The
schematic diagram of the oven is shown in Fig.3.6. [he most important feature In the
construction of the oven is that the inner stainless steel tube extends throughout the
oven and the thermocouple unil is introduced from the bottom end with the
thermocouple junction placed immediately below the sample.

The heater is wond directly on the inner tube. The heater consists of a MO msulated
Chroinel-Constantan thermocouple with a stainless steel cover ( O.D. Imm. length
| 3m, manufactured by OMEGA Carp. This thermocouple is flexible and 10 obtain a
firm conlact between the heater and the imner sample tube, the (hermoceuple is first
wound on a tube with a somewhat smaller diameter and the resulting spiral is
aflerwards squeezed on to (he sample tube. The thenmal contact between the heater
and the sample tube is improved by adding some silver paint. The lower ends ol the
heater wires are electrically connected by means- of silver paint Copper wares,
connecting an exterual power supply, are soft soldered on the upper ends of the heater
wires. The silver paint is dried out at ordinary atmosphere by passing some current
through the heater. The advantages to use this Chromel-Constantan thermocouple as a
heates for this oven are that il is readily available, non-magnetic, insulated, easily
formed gives a bififar winding and close theimal contact with the sample tube. The
licater has a resistance of 75 ohims at room temperature

Five radiation shiclds. consisting of 50m stainless steel foils are located outside the
heater These are tied directly on to the heater using reinforced glass fibre threads The
outer tubc is at the bottom end connected to the inner tube via a phosphor-bronze

bellow m order to allow for the diflerence in length of the two tubes at lugher

0l
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temperatures. O-ring couplings are used throughout to enable easy disasscubling of
the oven in case of any fault,

Both the oven and the thermocouple are adjustable in h;:ight with respect to the
sample. This gives a possibility to find a position of (he sample in the warmest region

of the oven which gives a minimum temperature gradient between the sample and the

thermocouple junction, The temperature gradient over 10mm of length in the

]
warmest part of the oven is approximately 0.1% and independent of the temperature.

The special characteristics of the oven are

{13 the oven can be heated from room temperature to 1043 K in less than 15 minutcs
with a temperature difference between thermocouple and sample of less than 1 K at the
fmal tcmperature

{2} at a constant heating or coaling rate of SK/minute a temperature difference of the
order of LK is cstablished.

Due to small thermal mass of the oven, it cools from 1150 K to 600 K in about 30

minutes which enables a fast interchange of samples.

fl
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Chapter 4
Measurements on Ni-Mo alloys



4.1 Magnetocrystalline Anisotropy in Ni-Mo alloy:

I'he Ni-Mo single crystals are prepared by the British Post Office Rescarch station,
Dioliis Hill and have been made available for this iovestigation through pnvate
communication between Prof E.'W.Lee and Prof M. A Asgar. The single crystals are of
high quality as can be seen from the magnetization curves. The equilibrium phase
diagram of this alloy system indicates a continuous fc.c structure upto 16 atd ol
Mul:;-bdenum {Fig.4.1). The magnetization curves at different temperatures are used to
calculate (he magnetocrystalling anisotropy energy of differcnt samples. The saturation
magnelization is estimated by scaling the magnetization axis using the demagnetising
line of the magnetization curves The X, values are estimated by using the relevant
equation for the chosen crystallographic plane. The X values are plotted as a function
of different molybdenum concentrations at 4.2K and 77K (Fig 4.15). These values are
althrough nepative, dccreasing in  magnitude with increasing molybdenum
concentration and gocs to zero at about 10 at%. The cffeci of alloying nickel with
“molybdenum is interesting both from the point of view of magnetic anisotropy and
magnetization. Also a weak alloying of Ni by non-magnetic snluttlz might improve the
properiies of some Nickel-ferrite and avoid quenching from high temperature of these
alloys. ‘The temperature dependence of mapnetic anisolropy is also an interesting
property to understand these matenals. According to Zener the effect of temperature
upon magnetic anisotropy arises solely from the introduction of local deviations in the
dircction of magnetization. This deviation in an elementary rcgion is the resultant of
very large number of independent deviations. The influence of these local deviations
gpon the maguetic anisotropy is mosl conveniently expressed by representing the

magietic energy as a serics of surlace harmouics. The coefficient of the nt/r harmonic
M (T) an+1)

M [0)

. The firsi

is found to vary with temperature as [ } raised to the power
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two exponents for cubic crystals have the values of 10 and 21, respectively. The
exponent 10 expresses almost precisely the observed temperature dependence of Ky in
iron. In nickel the anisotropy decreases much morc rapidly than predicted. According
to Franse JOM. e al the dependence of the misotropy emergy of nickel on the
impurity concentration can be described in terms of a nearly lemperature independent
parameter, In Ni-Mo the addition of malybdemmn has no effects other than simply
diluting the system. Hence it may be argued that the same (emperature dependence of

anisotropy and magnetization holds for Ni-Mo alloys

4,2 Measurements of magnetization:

For the measuiciments of magnetization, the Cryostat is first evacuated by an Edwards
high vacuum pump The vacuum pump is kept running until the pressure in the
Cryostat dropped to about 10-*arr. The vacuum line is then disconnected and the

Crvostat is filled with liquid Nitrogen. [he oriented sample in the Goniometer is then

glued to the quartz rod with Araldite. Afier some time the glue became hard. The

sample rod is then fixed with the upper portion of the vibrating part of the V.5 M An
a.c.signal is then fed to the coil of the vibrating diaphragm from a Phillips signal
acncrator so ihat the sample rod alongwith the sample vibrates wath a definite
frequency ( 37 He in this case ) The induced signal (signal A ) is then measured by a
Voltmeter. The position of the sample is changed verticallty and horizontally with the
help of adjustable screws fixed on the support of the V.8.M until the signal is
maximised and the sample is on the 'saddie point. The induced signal is then fed nto

the A tenminal of the Puinceton Apphed Rescarch (PAR) Lock-in-Amphifier. The
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refcience signal from the reference coil is fed into the B terminal of the Lock-in-
Amplifier. The phase, sensitivity, and the time constant of the signals arc adjusted until
the output of the Lock-in-Amplifier was zero. The output of the Lock-in-Amplifier {A-
B) is fed into the input of the P.ID. regulator which is in the reverse bias mode The
output of the P I 13 {Proponional lntegrating Differentiating) regulator is connected to
the V-terminal of the X-Y recorder. The X-lerminal of the recorder is connected to the
Hall-probe of the Llectro-magnet t‘u*arian Electiro-Magnetl} across a resistor. The
magnet power supply is connected to an automatic magoetic field sweeping unit. The
magnetic field is then swept up gradually and the sample is magnetised in a particular
crystallographic direction The magnetic field is kept sweeping until the sample is
saturated in a particular crystallographic direction. The output is measured i a X-Y
recorder The saturation magnetization is then measured. The magnetic field is swept
down gradually and the sample is demagnetised. The sample is then rotated in the
other crvatallographic directions and then magnetised in the same procedure. The

whole procedure is repeated in liquid Hehum telperature.

4,3 Evaluation of first anisotropy consiant X :

The first anisotropy censtant A, is evaluated using the magnelization curves ol the

different samples at 77K and 4.2K. The magoctization curves are scaled using the

L . L1
demagnetisation factor of the sample N. For a sphere, the demagnetisation factor is 3

and the slope of the magnelization curve is proportional to ihe rcciprocal of the
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demagnctisation factor . Thus the mapmelization axes aie scaled and the magnetisation

. g .
valucs are calculated in —. The magnetic field axes are measured in tesla. The areas

between the magnetization curves are integraled and the anisotropy energy £ 1s

calculated m J'm? Afler calculating the anisotropy energy. the anisotropy constants

are calculated using the relevant equations for different crystallographic planes.

Table.d.]
Molyhdenum at% K oules/m3) at 77 K K, (Joules/m) at 4.2 K
0.61 -6.1% 104 -8.07x 104
2.66 -2.65x 104 -3.85x% 104
3,12 ~2.41x 104 334104
3.76 1,78 104 272104
3.99 -1.64x 104 -2.37x 104
4.84 9.3x10% -1.54x 104
5.33 ~7.82x 103 -12.82x 103
6.11 -3.05x 103 “22% 103
1 6.66 2.07x 103 -4.95x 103
7.39 -3.1x102 -2.22x 108
9.05 -1.0x 101 -3.20x 102
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4.4 Resuvlts and Discussion:

In Fig.4 1 the equilibrium phase diagram of Ni-Me alloy system is given. In Figure 4.2
a typical M vs T curve at low applied field near the T, is shown, The transition to
paramagnetic state is similatly sharp for all the samples. The Cude temperaiure of the
samples are determined fiom such curves usmg the kink-point method  Figure 4.3
show s the variation of T, with molybdenum concentration. Almost a linear decrease of
T; is observed at low molybdenum concentration. At higher Mo concentrations the
decrease becomes more rapid and an extrapolation to T.= 0 yields a congentration of
10 at% of Mo

In Figur.4.4 the saturation magnetisation (Mg) at 4.2K is plotted against Mo
concentration. Also included in the figure is Mg of pure Ni. The decrease of Mg with
Mo concentration is closely linear at low concentrations bul becomes non-linear with
stronger dilution and M, goes to zero at about 10 at% of Mo. This linear decrease of
both T, and Mg with concentration of Mo is in accordance’ with the typical behaviour
of the Ferromagnetic 3d transition metals when they are diluted with non-maguetic
elemenis. In Figure.4.5 the saturation magnetisation of the Ni-Mo samples are plotted
vs temperature. Mg= 0 is in the figure marked at the measured T, for different
samples. The [all of saturation magnetisation with temperature is non-lincar for
different concentrations. Fig 4.6-4.13 show the M vs H curves for samples with
different Mo cancentrations a1 4.2 and 77K, The magnetisation curves for different
crystallographic directions are quite sharp which is an indicative of the high quality of
the sainples. Tn Fig4.14 a room temperature curve for Ni(3.99at%Mo} iz shown,
Using these curves the first anisotropy constants { &) of the different Ni-Mo samples
are calculated. Tn Figure.4 15 K, is plotted as a function of Me concentrations at two

temperatures 4.2 and 77K. Both the curves show quite rapid decrease of K, with Mo

H



concentration There is no published data on magnctization and magnetic anisotropy of
Ni-Mo single cr}'stallalluys to be compared with our resuits, However, anisotropy
constants of Ni-Mo alloy single crystal measured by Janet by torque magnetometry
(obtatned by private communication) is plotied alnngxﬁth our results in Fig 4.15. The
data obtaimed from the two dillerent methods compare micely both in magnitude and
for temperaturc dependence. Also the data compare favonrably with concentration
dependence of anisotropy constants for the dillerent samples.

The room temperature magnetization measurements are done on Ni-Mo3 0g9a¢%.
Other samples did not show any measurable anisotropy at room temperaturc. The
values of K, remain althrough negative decreasing in magnitude with increasing
molybdenum concentration. The general shape.of the curves for the alloys is similar to
that for pure nickel.

Puzei (1949) determined X for some Ni-Mo and Ni-Cu alloys at temperatures above
90K by measuring the appioach to saturation of the polycrystaline specimens He
calculated that. at a frst approximation, the temperature dependence of X, was
independent of composition. It is found by many workers that a highly sausfactory it
to eoxperimental data is given by emmrical relationship by Bryuchatov and

Kirensky{ 1437),

=enpl-a®) (4.1)

This equation is [requently used to deterrmne K {0} by extrapolation and is found to

hold for nickel uplo room temperature. Hence according to Puzei, for temperatures far
from the Curic peint, the comstant @ in the eqf4.1) may be considered to be

independent of the alloy composition,
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From Van Vleck's theory of magnetic anisotropy, X, should vary with composition as
cither M[ﬂ} or as AF1(0). depending on the model used. The values of X, for Ni-Cu
alloys, determined by Williams and Bozorth (1939) arc supposed to vary with
composition as approximaiely M7 (Bozorth 1951) as the vahies obtained by Puze

{ 1947} for Ni-Mo and Ni-Cu alloys

Kic) M
Lﬂ}vsf—iﬂ values of Ni-Ma alloys frem our expenments arc plotted for two
k(o) m{o)

K{c) Ale)

temperatuies n Fig 416, In Figd. 17 In| —— | vs In| ——=
P g B [ } [M(D]

K,(0)

77K and 4.2K. The slopc of both the curves is clese to 3

} valucs are plotted for

It is found for several ferromagmctic nickel alloys. €.g. Ni-Cu and Ni-Al (Martin, 1958}

that the magnetisation and Curie paint vary with concentration in such a way that

. N .7 .
curves of reduced magnetization against — show a continuous decrease as the solute
i

concenlration ncreases until a limiting concentration is reached For alloys contaming
a greater amount of solute the reduced maguetization curves coincide : and the Law of
Corresponding States applies.

The anisotropy constanis to be compared with theory are those at constant volume.
We ghalii discuss here, what lappens to nickel matrix when molybdenum is added to it.
This phenomenon is to be linked with magnetostriction {Asgar 1970] When
molybdentin is added to nickel. the increase in volume &F (¢} that occors will give rise
to a magnelostrictive contribution to X,, similar to that due to thermal cxpansion.
Therefore the correciion that may be done to & is

ie)

8K (e)=-h(C, +zc,2)-V— ........... (4.2)
n

&7
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where €, and C,, are the elastic constants From the lattice parameter data for Ni-Mo
alloys {[carson.1967} it may be found that the greatest increase in volume m the
relovant alloy range is 3.5%. Although the clastic constants C, and C,, have uot been
determined for Ni-Mo alloys, they do not change nmuch for similal alloys [n a theory of
the temperature dependence of magnetoelastic constants of cubic crystals Yan Vieck
and Kittel( 1960) prediet that the mechanism causing #, is sufficiently closely linked
with that of K, for A, to exhibit a similar varation with temperature, Therefore, 1t is
unreasonable to suppose that the composition dependence of hlc) is also similar to
that of K {¢) Thus we assume that /i, decreascs rapidly without change in sign with
increasing  molybdenum  concentration.  Fo nickel at low icmperatuics.
hy = =47 x 107" (Benninger and Pavlovic. 1967}, Since the elastic’ constants are 10%,
K l((‘} will be positive and small for all the afloys. becoming negligible for the higher
Mo alloys. Hence &K I{c} is ignored. Asgar has determined both the linear
magnclostriction constants fi and /2, m the Ni-be alloy system Both the constants arc
negative as in the case of nicke! and decreass monotonically in their absolute values
with mereasing concentratien of molybdenwm and el casitg temperature.

Magnetisation distribution araund a wide variety of impurities In nickel, as studied
particularty by neutron diffraction by Low and Collins, Hicks et al, Comly ct al and
others, lias shown that two types of disturbances can be produced by alloying nickel. In
one category the magnetic disturbance is confined 1o the impurity site, for example
when Mn, Fe, or Rli is present. And in the second category the magnetic disturbance is
wide spread and includes the neighbouring matrix atoms Ni-Mo alloys helong to the
second category, The presence of Mo in Ni matrix has the same effect of moment

disturbance n nickel matrix as those of Al,Ga,5iGe,S11,Nb.Cr.W cic except that the



effect of impurity must be weighted by the number of electrons ousside the closed
shells in the impunty atom.

Friedel has considered that when the difference of valence between the components of
an alloy is too large, the rigid band model does not hold, The strong repulsive impunty
potential due 10 a large value of vZ splits the localized states off the top ol the 3d
band. However Beeby has shown that the density of states is not ahered due to this.
uniess the localized states remain at the Fermi level. The only glfect being to reduce the
(otal number of states available in the band and to reduce the band width, Since the
Jocalized states ol both spin directions are empty for the allovs we have mentioned, the
rigid band model can be used in thesc nickel alloys when clectron concentration is
replaced by saturation magnetization. The results of Ni-Mo alloys. thercfore. will
represent the general behaviour of any nickel alloy of the sccond category.

Considering the simple mechanism that the decrease in mapnctization of the alloys is
due to transfor of electrons of Mo atoms outside the inner ciosed shells of the Ni

atoms. we can express the momenl per atom using the general relation
.l”m' = -lu.vrml.liv — v S ommterrmrmIes ""{4'3)

wherev is the valency, being 6 for Mo and ¢ is the atomic percentage of iropunty on
Ni. Cur graph of saturation magnetisation supports this showing linear dependence of
magnetization with concentration. However, if the equation {4.1) should hold upta the
highest concentration of Mo, the magnetisation should vanish around 10 at% of Mo in

M.
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Chapter 5
Measurements on Iron Phosphide (Fe2P)



5.1 Iniroduction:

The physical properiies of iron phosphide (FepP) have been the subject of many
iyvestigations in Tecent years. Many workers have determined the physical parameters
of FeaP which both agree and disagree wilh the earlier results. The most disputed
parameters are the (erro-paramagnetic Curie temperature, and ihe magnelic moment
per iron atom. The crystal siructure has been determined and refined by Rundgyist and
Jellinck. Chiba et. al. has determined from high temperature susceptibility data that
FeaP is ferromagnetic with a paramaguetic Curie temperature of 4780K. The
ferromagnetic Curie temperature of FegP was reported to be 3530K by LeChatelier
and Wologdine, 3069K by Chiba, 2669K by Meyer and Cadeville and 216CK by
Lundgren et.al. The discrepancies in the magnetic properties of Feal have made it
difficult to interpret the Mossbauer spectra of this material and hence calls {or further
studies on this material, Fruchert et. al. reporied congiderable variation in the magnetic
moment with slight variations in the stoichiometry, Meyer and Cadewille and Fruchert
et al. were the Frst to report the existence of a range of stoichiometry for Fesl
Bellavance, Mikkelsen and Wold have set the lower fimit of stoichiometry for FegP
that can be prepared from ihe clecirolysis of fused salts They have also measured the
magnetizaton as 2 [unction of field and tempeiature for stoichiometnc and non-
stoichiometne FegP

The purposc of underiaking this study is to detel mine mainly the magnetic properties,
c.g. the ferro-paramagnetic Curie temperature, the saturation magj-wi.izatinn, the
magnctocrysialline anisotropy constant and the temperature dependence of the
tagnetocrystalline anisotropy constant of FegP with the help of the Super Conductmg
Quattum Interference Device (8QUID). Besides apreements with previous resuls.

there arc aiso some disagreements in the mature of 1cmperature dependence of
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maguetization. Although there is no previous data to compare the temperature
dependence of magnetocrystalline anisotropy constant, we have measured the
temperature dependence ol magnetocrystalling apisotropy constant of FesP and have
fited these data with some power law. Also we have given some degree of
itcrpreiation (o the persistence of the magneto crystaihine anisotropy above the Curic

tEmperars.

5.2 FcaP - alloy:

FesP is a ferromagnet which shows a first order ferromagnetic lo paramagnetic
transition at T=216 K_ it has a large magnectocrystalline anisotropy with the casy axis

along the c-anis, The magunetic moments arc- directed along the c-axis with an
extiemely Tngh uniaxial anisotropy ol A, =2.3x 10" jowies i n at 4.2K. The
saturstion moment is 1 46, per Fe atom at 42K The crystal structure is C22 which
helongs 1o the hexagonal structure having two crystallographically different Fe sites,
i'eq and Fejr.

The crystal structure of Feal® was [lirst determpined by Rundqvist and Jellineck{)95%)
and accurately refined by Carlsson et al (1973). At 287 K the unit cell dimensions are
2=5.8675(2) A ic = 3.4581(2) A,

FesP displays rich magmetic properties. A cntical balance between ferro- and
aptiferromagnetic interaction in this compound results in a great sensitivity of the
magnelic properties to the external parameters €.g. pressure, concentration of alloymg
additions, temperature and magunetic ficld. FeaP is hasically ferromagnetic but, due o

the extreme sensitivity of the phase transition to the presence of vacancies and mmpurity
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atoms, early reports showed large discrepancies as regards Lransition temperature and
1he nature of transition, Furthermore the large magnetocrystalline anisotropy prevented
an accurate determination of the saturation moment from medsurements on
polyerystalline samples, The saturation moment is otherwise not sensitive lo smwall
deviations from the ideal FeoP formula. The main properties of pure FeqP of ideal
stoichiometry can be summarised as follows:

Mossbauer spectroscopic studics {Wappling et al. 1974,1975) as well as magnetic
measurements on single crystals (Fujii et al. 1977, Lundgren el al. 1978, Andersson ct
al.1978) showed a first order ferro/paramagnetic transition at 216K W‘it:ll a thermal
hysteresis of the transition of about 0.7K. At the transition the hyperfine felds drop
Fom about half of their saturation values { 11.4T for Fep and 18.0T for Ferp ) to zere.
The transition is accompanied by a discontmuous change in the dimensions of the

hexagonal unit cell with a decrease in the a-axis of 0 06 - 0.07% and an increase of the

" = —0.05%).

c-axis of 0.08% for increasing temperatures (i.c. a volume change of

The magnetoelastic cffects arc suppressed 1 sufficient amount of Ni or Mn are

substituted in Fes[. Substitution of Ni results in ‘stable’ ferromapgnetic properties,

whereas substitution of Mn gives antiferromagnetism at low temperature.

- VT .
The pressure () dependence of the transition 15 G —3K / khar The transition
=

changes fiom first to second order in applied ficlds { B) above 0.07¥ and mcreascs by

Vi , i e
about E: 25K ¢ 7 in Relds upto 47 Specific heat measurcments (Deckman ct

al 1982) pave an entropy change at (he transition of VS=0.02R, which is in

. . NT NV
agleement with Clapeyrons equalion: v, o5 The very small entropy change at the
7

(ransition as well as no indication of magmetic excitations in the specific heat are

charactenstic for delpcalized d-electrons and an itenerant electren mode! should be
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used {Monya and Usami 1977, Moriya 1985, Wohlfarth 1979, 1986). The low
temperature  specific  heat  measurements gives an  clectrontic  part  of
y= 24mf { K mole . Magmictization measurcments on single crystals (Pujin et al. 1977,
Lundgren el al, 1978) show that the spins arc directed along the hexagonal c-axis with
an exceedingly high uniaxial anisotropy. The saturalion moment is 2.92 2, per formula
writ and the anisotropy field is 6.57 . equivalent (o a uniaxial anisotropy encrgy of
3 1% 10 J / m’. Neutron diffraction results on powdered samples at 77K( Scheerlinck
and Legrand 1978) gave momenis of 0.694, and 2.31xu, for Fep and Fejp .
respeciively. In contrast , a single crystal polarised neutron diffraction study (Fujii et al
1979), at the same temperature, gave 0.924, and §.70x,. The magnetic form factor of
Iey was found to be close to that of a free iron atom, while (hat of Fey] was found to
bhe close to that of Fe''ion. The total magnetic moment determined from this single
crystal measurement is about 10% sinaller (han the value obtained from magnetization
measurements.

The electronic structure of FesP has been calculated by Ishida ct. al {1987) using the
KKR and LMTO methods within the fiamework of LSD approximation  The
calculations indicate that FeoP is ferromagnetic and the values of the magnetic moment
for bep . Ferp . P and Py found to be 0 89, 224, -0.07 and -0 06 g, by the KKR
method and 0.76. 2.31.-0.09 and -0.08, by the LMTO method This result agrees
well with self-consistent spin-polarised electropic structure calculations by Eriksson et
al (1988). using the LMTO method. where 0.92 and 2.03 g1, are found for (he two iron
sites

FesP has an orthothombic structure at high temperatures{ 9000C, 80kbar, Senateur et

al 1976 ). Electronic structure calculations of orthothombic ferromagnetic Feal* by
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S Fujii et al {1988} gave 3.02 1, per formula unit and 0.86, 2,19 and -0.03 1, for Fey,

Fejp and P. respectively

At temperaturcs above T, the susceptibility deviates markedly from Curie-Weiss
hehaviour and high tempcrature measurements {Krumbugel-Nylund 1974, Krumbugel
Nylund ot al. 1974, Wappling et. al. 1985, Chenevier et al. 1989) gave a paramagnetic
Cure temperature of about 470K ie.. more (han iwice the value of the transition
temperature, which implies strong short range order above T Komura et al.{ 1980,
1083} have studied the magnehc excitations at temperaturcs ahove 77K. They found
that the spin wave encrgies of magnons propagating alang 001> are much larger than
those in the basal plane. It was inferred that onc dimenszional ferromagnetic chains
along <001> persist well above the transition temmperature. From elastic and inclastic
neutron scattering {Fujii et al. 1988) it was shown that giant shorl range order exists at
temperatures upto 7 = 37,. Polarised ncutron scattering investigations by Wilkinsson
et. al.(1989) revealed spin corrclations upto a distance of 12A at temperatures upto
atleast T =377 . However. fiom transverse field 1SR measurements {Wappling et
al. 1985) no magnetic correlations could be found at life time larger thar 107" sec

The magnetic properties of FegP are sensitive Lo pressure, with pronounced

anisotropy The transition temperature Tg decreases with hydrostatic pressure, but

. - v
deviates al about Skbar, In the limit of zero pressure A‘F_T_ has been reporied to be
P

35K jkbar  (Fujii et al 1977)-4.0K [ kbar (Goodenough  etal 1973)  and

_$5.4K [ kbar (bujiwara et al 1980). Due to an anisotrapic  compressibility

E.‘ -
(2 = 2 5%10™ / kbar and b
id

=-15x107") at room temperature {S.Rundyvist,

: c oL . .
unpublished) the — ratio increases with hydrostatic pressure.
&
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Uniaxial stress experiments by Fujiwara et. al{1082) revealed amisotropic ellects.

. W
Presgure applied along the a-axis gives ET- — —6.4K [ kbar , whercas pressure applied
p )

glong the c-axis givesgr-?.ﬂh’ | kbar which is-in accordance with results by
P

Lundgren et. al.(1977, 78), who found that a temsile stress of 107%/, along the c-axis

decreases the iransition termperature by SK. Fujiwara et al. measured the weak leld
a.c. susceptibility and the resistivity of FeaP single crysials as a function of temperature
from 4.2 K =300 K and as fonctions of hydrostatic pressurcs upto 20 kbar. ‘Ihe Cauric
tomperature, and (he first-order transition  (cmiperature decreased rapdly  wath
increasing piessure. and ferromagnetism vanished at about 13 kbar at 0 K. Small
substitutions of B. Si or As results in an increase of the a-parameter and a decrease n
the c-parameler, The transition temperature increases rapidly with non-metal
substitution. . A crystallographic lexagonal‘orthorhombic transformation occurs for
both Siand As substitutions (Jernberg et al. 1984, Lundgren et al 1977, 78).

The pressure effects have been discussed on the hasis of a pair interaction model
(Kadomalsy et al. 1983) [t was argued that the exchange interactions between the iron

sites | and 1, sites | and 11 and sites 11 and I1 are strongly antiferromagnetic, strongly

femomapnetic and weakly antiferromagnetic. With an increase of the — ratio the
a

antiferromagnetic [-1 interaction in the basal plane becomes stronger than the
ferromagnetic 1-11 mieraction, which muns Agzag along the c-ahis.l This results in
decrease of T,.. in agreement with pressure data. From a somewhat modificd viewpoint
(Lundgren er ai 1980}, it appears that an increase of the a-parameter and [/ or decrease
of (he c-parameter pives rise to an increase of T¢. A larger emphasis is put on variation

of the a-parameter since both the a-parameter and the volume show a similar change at

the transition. Tt is found that the variation of Ty with pressure, stress and nop-metal
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N Ve Ve, . .
substitutions is well correlated to the parameter {i: -z—c}. [he pood correlation
a ¢

between T and lallice parameters indicate that the change in elcctron concentration
with non-metal atom (X} substitutions only has a minor mnfluence on the ordering

temperature

5.3 _Magnetocrystalline anisotcopy in FepP:

Although there arc anomalous results on the determination of K| for FepP calculated
by different authors, our results seem to be quite consistent with Hironobu Fup et. al.
The two methods employed for the determination of &, gave identical results which s
about 2.3% 10 penetes { m*, This large uni-axial anisotropy is due to the strong spin-
orbit coupling as its moments prefer to point along the c-axis and the orbit-lattice
coupling is also very strong. For systems that exhibit itencrant ferromagmetism like
FesP. corielations between magnetic spins have been ‘detected al temperaturcs
significantly above the Cune lemperature, This is one of the reasons behind the
nersisience of magnetic anisotropy above the Curig temperaturc. There ale many
striking features observed in FeaP in termns of ils sensitivity to exiernal pressure, or
come substitutions ctc But there is no data on the change in maguetic anisotropy when
Feal' is subjected to these changes. iowever, we have analysed the temperature
dependence of the magnetocrystalime anisotropy of Fes P which we claim to be a new

work on this line.
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5.4 Super Conducting Quantum Interference Device (SOUID):

The Super Conducting Quantum Interference Device( SQUID) provides the ultimate in
resolution for Beld measurements. The SQUID consists of a superconducting ring with
a small insulating layer known as the "weak lnk’ as shown in Fig.5.2 a. The weak link is
also known as a Josephson junction. The resoluton of this device is of the order of
107" tasfa( 107" geruss). The (ux passing through the ring is quantized once the ring
has gone superconducting But the weak link enables the flux trapped in the ring to
change by descrcte amounts, Changes in the pick-up voltage occur as the flux s
incremented in amounts of V¢ =2.067 x 107" Wh, The device can thereby be uscd to
measure very small changes in flux. In fact it can be used to coumt the changes in {lux
quanta in the rmg,.
With no “weak link' the flux cannot enter the ong as we kmow from the property of a
supercenductor, and thus the ficld passing through the ring remans at the value it was
al when the ring became superconducting The presence of the weak link  typically
restricts the valie of the super current flowing in the ring to less than 107" A, Therefore
with a weak link the magnelic Aux can enter the ring, The supercurrent in the weak
link tries to oppose the entry of the flux but because it is limited by the weak link 1t
cannot achicve this entirely as the fux is increased. It thereforc becomes a periodic
function of the ux threading the superconducting ring. The relation between the [ux
denaity in the ting and the flux density due to the applied Beld 1s

p=¢, + L1, {5.1)
where ¢ is the flux density in the ring, ¢_ is the flux due to the applied Reld, £ is the
inductance ol the rng and /, is the supercurrent which prodaces a flux of ¢, = L/ . In
the Joscphson junction the supercurrent [ in the Ji:ng is related to (he gﬁtica] current

I, determined by the properties of the weaklink
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[ =1sm@ (3.2)
where 7 is the phase difference of the electron wave functions across the weak link.
‘Thus

g=¢ +Lf sinf (5.3}

In a completely supercanduciing ring the flux is an integral number of flux quanta.

Therefore if @, is the flux quantum of 2.067 < 107" W3,
= N¢, (5.4)
With the weak link the phase angle & across the link depends on the fux in the

0=27V - z”(j’i] (5.5)

sm F= sin(—z Hi]
Py

, ¢
= —sin| 27— (5.6
qm{ R";j“) }

:,ﬁ:;ﬁu—L!ﬂsiu(fo} (3.7)

m

following way

since J¥ is an integer

and therefore

and the relation between @ and ¢, is given in Fig.5.2 b From this praph we sec that
the SQUID counts flux quanta of the applied field in unils of 2.067 %107 Wh, If a
nop of wire or a cail is placed around ihe superconducting ring then a voltage pulse is
induced in the coil at each quantum jump, and this pulse can be used to measure the
applied ficld. The SQUTD is clearly a very highly sensitive device and is therefore best
suited to measuring very small changes in magnetin; field. A schematic diagram of the

SQUTD magnetometer is shown in Fig. 5.1,
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5.5...Experimental:

The Fes P sample is glued by silver ghie in a sample cup of diamcter Smun. The cup is
then Fxed with the SQUID sample rod. The SQUID Cryostat is then filled with liquid
Helium. The sample rad with the sample is then put in the SQUID magnetometer with
the data acquisition systemn {or measurements. At first a small probing field of 50 Gauss
is applied on the sample. The SQUID response js then recorded The posilion of the
maximum signal is observed on the SQUID monitor. The position of the sample is then
changed using the SQUID cammand through which the sample position can be raised
or lowered by fraction of a millimeter. Thus the signal from the sample is maximised

Cmee the sample is accurately positioved, the Computer is programmed for execuling
the mecasurements, The magnetization of the sample is measured in both the axes c.g.

parallel to the c-axis, and perpendicular to the ¢-axis. In the perpendicular direction to

the c-axis, the demagnetising factor is . he measured data is stored automatically by

the Computer for analysis,

5.6 Evaluation of the first anisotropy constant £

bor the evaluation of the first anisoliopy constant & two methods are cmployed. One
is the slope method. the other 15 the calculation of the area under the M-H curve [n the
slope method the initial slope of the linear portion of the M-H curve is accurately
measured and labulated. The saturation magnetization Mg at 4.2K is estimated by
extrapolating the M-H cunve to very high magnetic field where the sample is assumed

(0 have boen saturated as we know that the saturation field of FeaP iy viery lugh due Lo

103



its large uniaxial apisotropy. The apisotropy constant ig then calculated by using

equation{5.3).

In another method the anisotropy constants are calculated by integrating the area under

the M-11 curve. Doth the methods agree very nicely with each other.

Table. 5.1. (K, calculated from area under the M vs H curve)

Temperature (K)

X, (Joule/m3)

M, (Ampere/im)

0 2.32 % 10%xurapoiated) 6.80 » 103 entrapolated)
5 2.30 x 106 6.66 x 107
30 2.23 x 106 6.60 x 10°
50 2.16 x 106 6.50 x 10°
75 1.88 x 106 6.38 x 105
100 1.54 x 100 6.4 x 103
150 0.92 » 106 §.53 x 109
180 0.41 x 106 4,10 x 105
200 0.35 x 10 3.83 x 102
210 0.33 x 166 3.63 = 10°
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Table 5.2 (X, calculated from the slope of M vs H curve)

Temperature {K)

K, (Joule/m3)

M, (Ampere/m}

0 2.31x |00 (extrapaisted) 6.79 % 105 (extropolated)

5 2.28x 108 6.77x 103

30 2.22x 106 6.68x 107

50 2.04x 108 6.52x 10°

75 1.77x 108 6.36x 102

100 1.52;1{}6 6.14x 107

150 0.92% 108 5.49% 103 ’i
180 3.84% 103 4,19% 103

200 2.71x 103 3 82x 10 r
210 2.14x 10° 3.51x 107 J-,
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57 Results and Discussion:

Fig.5 3 shows the M vs H curve at 5K for FegP The saturation ficld 1s very tgh due
to large unjaxial amsotropy. The saturation feld is estimated by exirapolating the M vs
11 curve using a lincar equation of the form ax+ bx* Aext 4 The estimated
saturation ficld is about 9 tesla. This large saturation ficld perpendicular to the ¢-axis 15
a characteristic of FeaP. The initial slope of the M vs H curve is used to calculate the
first anisotrepy -:;nnstant- £, . Fig.5.4 shows the magnelization curve of Fel obtained
by applying the magnetic field parallel to the c-axis. The Sf;tutatiun magnetization Mg
is oblained by extrapolating high ficld magnetization along the c-axis to B = 0. The
same fgure also shows the M vs H curve perpendicular to the c-axis at 150K, This
corve shows a continuous increase of magnetization with the applicd magnenc ficld.
The calenlated saturation moment of FegP is 2,48, per formula unit. Fig.5.5 shows
the M ve T curve for different applied fields. All the curves show a remarkablc jump in
and around T, The reason of these jumps in magnetization is the possible magnetic
scattering(S.Komura et.al.) which increases around the Cure temperature and gocs
through a maximum at T, before decreasing sharply. Another possible reason for these
jumnps is the change in lattice parametet wlich takes .p]am: at "I';. Fig.5.6 shows the M
vs H curve of Fep [ above the ferromagnetic Curie temperature. Fig.5.7 shows the M

vs H curve for two different temperature 30K and 100K Fig.5.8 shows the M vs H
curve at 230K and 250K. Iig.5.9 shows the ! vs temperature plot of FepP. The
x

extrapolation of the slope of the curve intercepts at T Fig.5.10 shows a plot of the

_ N . . .
temperature defivative of maguetization j;r- against Lemperature for different applied

. dM . . .
figlds. The fanction E}—z 0 is a measure of the Curie temperature T Fig.5.11-5.14

are the plots of parallel and perpendicular susceptibility data of FeaP. The difference il

106



susceplibility is a measure of the magnetocrystalling anisotropy above T, Usually for
all the 3d elements the anisotropy vanishes at Te. Dut in FepP the high uniaxial
anisotropy seem to persist well above the Curie lemperature. This phenomenon
supports R Wappling ct al(1985). Tt may be argned (hat although the spin-spin
interactions cease 1o take place above T, there may still be some interactions betwecn
the spins and the orbits above T, wirich in turm gives nise to some preferred
orientations of the spins. This may be the possible reason for the persisting anisotropy
above Tg. Fig.5 15 shows a curve of the susceptibility versus temperature. This curve
shows a hump at the Curie point confimming further a frst order transition
accompanied by a sudden change in lattice parameter at T, Fig.5.16 shows the
temperature dependence of the saturation magpetization, The change in saturation
magnelization is lincar at low temperature but falls sharply at higher temperature and
goes to zero at Tg. Fig.5.17 shows the M vs T carve of FesP for dillerent applied
fields parallel 1o the c-axis. Tig.5.18 shows the M vs T curve at low applied lield close
to T Fig.5.19 shows (he hysteresis curve of FeaP at 35K, Fig.5.20 shows the reduced
magnetization versus reduced temperature.Fig.5.21 shows the temperature dependence
of the magnetocrystalling anisotropy constant X, calculated from the slope of the M vs
11 curve and the saluration magnetization A,

. The anisotropy encrgy of a hexagonal crystal may be writte as

E =K, +K sn’ 0+ K, sin" 8 rennn(B21)

where K, and K, arc first and second anisotropy constants respectively, From the
minimum condition of the frec energy containing Zeeman cnergy, we can usc the

relation
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lFor all most all hoxagonal crystals K, »»> £,.(K, s negligible) In that case we can
wiite
H 2K,

— ==l D e 53
fvf .n'wg “ [ ]

Thus by measuring the slope of the M vs H curve and the saturation magnetization, the
Frst amisotropy constant K, can be calculated. Fig 5.22 shows the temperature
dependence of K, caleulated from the area under the M vs H curve K, calculated by
this method agrees favourably with that calculated by the slope method. The
temperatuie dependence of the magnetocrystalline anisotropy constant for hexagonal
crystal follows the 3rd power law as can be seem in Fig 5.23. The dotted curve is

plotted taking the exponent #7 of the equation

(0 be equal to 3. Thus our results follow the 3rd power law. This conlirms that the

temperature dependence of the magnetocrystalline anisotropy constant X, for Fes P

follows the 3rd power law.
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Chapter 6
Measurements on Ferrofluid (Fe304)



6.1 Introduction:

A magnetic liquid or a ferrofluid contains fine magnetic particle with sizes m the
nannmctler range. which are suspended in a suitable carrier liquid e.g. hydrocarbon oil.
To prevent apglomeration, the particles are coated with long chained orpanic
molecules or polymers to achieve sterical repulsion. The magnetic liquids are nsed in
seals. as lubricating or damping medium. The first stable magnetic liquid was produced
in the year 1963. In order to get a stable magnetic liquid of iron oxide. the parmicle
diameters have to be smaller than 10 nm Magnetic particies with sizes in the 10 nm
range are monodomains, When a magnetic field is applied on the particles a complete
monodomain paricle with coherent magnetization reversal is maintained only for irom
particles with diameters smaller than 20 nm [Cultity & Kneller]. The thermal relaxation
time in magnetization reversal for monodomam particles was first caloulated by Neel in
1049, He pointed out that the magnctization Auctuations for fine magmetic particles
undergo a sort of Brownian rotation. At some temperature, the so called blocking
temperature 7, the relaxation time may be the same as the time scalc of the measunng
lechnique‘ This kind of behiaviour leads directly to the concept of superparamagnetisam,
At temperatures below 7, the intrinsic magnetization im the paricles s thermally

blocked. while at temperatures above 7, the intrnsic magnetization  {ollows

superparamagnetism,

.' 130



6.2 Review of previous works :

Brown( 1963) and Aharoni( 1969) calculated the dependence ol superparamagnetic
relaxation tine on the magnetic field. They considered the case when the applied licld
was parallel Lo the easy axis of the particles Both Brown and Aharoni found that the
relaxation time decreases with inereasing magnetic field. which yields a decrease in 7.
Later calculations comfirmed their results, and showed that in low felds T, 18
practically independent of the angle berween the Aeld and the casy axis of the particle
Shtrikman and Wohlfarth also Chantrell and Wohlfarth considered the interaclions
between the particles in the superparamagnetic relaxation models. They found that
when the magnetic interparticle intcractions are considered, the superparamagnetic
relaxation time increases and so does T,. The cusp in the zero field cooled
magnetization represents the blocking temperature When there 18 a particle size
distribution, the cusp in the zere field cooled magnetization is shilied towards the high
temperature[Gittleman et al]. By using the M osshauer technigue 7, can also be
identified. The experiments confirm he calculated feld and concentration dependence
qu 7,. The concentration dependence of 7, which is determined experimentally is well
described by a power law.

In the supemaramagnetic regime the magnetisation of an ensemble of fine magnetic
particles can be expressed by the Langevin function The initial magnetic susceptibility
for superparamagnelic non-interacting particles. can he described by & Curic law. Asin
the case of s-uperparamagnetic relaxation Lime, the magnetic interparticle interactions
will also influence the initial susceptibility. 1t has been theoetically and experimentally
found that the initial susceptibility can be expressed by a Curic-Weiss law. The Curie-
Weiss temperature which reflects the interactions between the particles is defined as

the intercept at the temperature axis of the extrapolated linear porlion of the reciprocal
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susceptibility wversus temperature plot. The Curie-Weiss tempcerature has been
experimentally determined to be both pesitive and negative for magnetic liquids. The
positive Curic—‘»;f’eiss temperatures werc obtained from measurements above the
melting point of the magnetic liquid where the particles are mobile, and yield the
negative temperatures helow the melting pnix-n.

The magnetization in high fields of a magnetic liquid containing fine magnetic paricles
chould saturate according to the [Langevin expression. The non-saturated
magnetization is mainly due to the intrinsic spin structure in the particles. The ions in
the carrier liguid are responsible for some part of the magnetization imcrease in ligh
ficlds. From Afosshauwer cxperiments it has been concluded that the farrimagnetic
oxide particles for instance y— Fe, (), have got its magnetic moments neither parallel
por anti-parallel within such small particles. The non-collinear magnetic moment
«tructure has been explained as a surface cffect. Fe,0, does nat have such spin
structure. Tn magnetic measurements this phenomenon can be scen as a lingar
magnetization increase with the increasing [ficld. The differential high field
susceptibility is defined as the slope of the Imear portion of the magnetization versus

fetd curve i high felds.



6.3 Masnetism of ferroluid:

The maemetic liquids studied in this work contain ferimagmelic fine particles of Fe ().
When the mapnctization in the panticle changes direction fwo rotational processes may
occur, the coherent process and the curling process. In the coherent process all the
spins are parallel during the whole reversal of the ma gnetization. In the curling process
(he rotation of the maguectization is incoherent In this process the angles between the
spins change gradually. It has been revealed through calculations that the particles with
diurneter smaller than about 20 nm will reverse their spins by the coherent process, and
the ]afger particles will reverse their spin by curling process. the paricles in the
magnetic liquids have dismeters of the order of 10 nm or below, therefore the

magnctization reversat is considered 1o ocour by the coherent process.

6.4 Static magnetization of ferrofluid:

The Langevin function
Neglecting (the magnetic anisotropy the energy of a fine magnetic particle with volume

Vin a magnetic ield B, can be written as

E=-mD=-MIFBcosa R {99 §
where m is the magnetic moment of the particle, M,is the intrinsic magnetization and
o the. angle between Lhe feld and (he magnelic moment. When non interacting
monodisperse single domain particles have attained thermodynamic equilibrium, the

magnetization M, of the particle ensemble, in the dwection of the field is given by
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Icnsacm[ﬁ]da
M =aM 1 r - {6.2)
~ d
-[ EW[H) “
Jcnsaexp[LT;E]da
= ”J"IJ‘RI; 0 P A R .[6.3}
Jc [EJPB cosa ) .
AL
It X M3 ields
nttin x=
! E LT ¥
M= HMSV{cnth{x} - l} = M, ilx) R (. X )
Y

Here # is the number of patticles per unit volume, A7, the saturation magnetization

given by nM V', & the Holtzmann constant, 7 the tcmperature and Lix} is the

Langevin [unction.

The magnetization of the ensemible of single domain particles is identical to that of

paramagnelic substances except for the fact that magmelic saturation for single domam
particles may be attained even in low magnetic fields and high temperatures. The

particle ensemble can then be represented as a paramagnetic gas with giant magnetic

IMomenis
V) . .
In low fields o1 high temperatures when —2 L << | eguation (6.4) changes mto
\{ VB -
M=HMEV§=-’:::—T S (%)

The initial magnetic susceptibility, x, is defined as

o aM aMIRC
XJ_H“%EIDEE_#DE}_-F .............. {ﬁ' (J:I-
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where g, is the permeability of vacuum and C is the Curic constant

In the case of high ficlds or low temperalures when ;;_H »> 1, equation (6.4)
changes to
M:n.-‘L-fﬁfz’{l‘l}zmeV 1- H, RRSRUTURUIORN ()
x M VB

6.5 The cffect of particle size c!istrihutiun on the magnetization:

In a real ensemble of fine magnetic paﬂliclcs there is always 1o some degree a particle
size distribution. According to the ideas of Chantrell et.al if the paricle size
distribution is known te be f(¥), then the magnetization can be obtained by

mtegrating the Langevin Rmction weighted by f(F) "

P
M =nM, j F{FWE [ ‘%;H )di»’ ............... (6.8)
J’II.IJI

where ¥ and V. are the inimutn and maximum particle volume in the ensemble.

min 1@
I'he particte size usnally follows a log-normal distribution. Taking the particle size
distribution into consideration gives higher values of the caleulated magnetization in

low and intermediate fields
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6.6 The elfect of magnetic anisolropy on inagnetization:

Maguelic anisotropy means that the magnetization depends on the direction i which it
is measured. At very low temperatures the magnetization of a fine magnetic particle is
oriented in the easy axis. The anisotropy cncrgy is the enerpy 1cquired to turn the
maguetization aut from the easy direction. For a particle with uniaxial anisotropy, the

anisotropy cnergy can be written as

E=K¥Vsm®f s (59}
wheie 7 15 the angle between the direction of magnetization and the easy axis, and Ais
ihic anisotropy constant.

A fine ma g-neti:: particlc may have anisotropy of different origins:
Magnetoerystalline anisotropy -
The magnetocrystalline anisotropy is originated from the spim-orhit coupling. Thus the

energy tequired to overcome this coupling is magnetocrystalline anisotropy encrgy.

Shape anisotropy:

When a magnetic field is applied to a magnetic material. there is a demagnetising field
apposite to the direction of magnetization., this hai:apcns due to the free magnetic poles
at the panicle surface. For a non-spherical parnticle the demagnetising Feld depends on
the direction of magnetization giving a direction dependent magnetostatic encrgy

wlich is the origin of shape anisotropy.
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Surface anisoiropy:
The surface anisotropy is duc to the fow symmetry of the surface atoms compared to
the bulk of the crystal. ‘The surface anisotropy is large for small patticles as the area to

volume ratio is large.

Anistropy due to mechanical stress:

When a particle is subjected to mechanical stress, the magnetic anisotrapy can he
introduced into the particle. This is duc to the magnetostriction effect

In the derivation of the Langevin relation the magmetic anisotropy has been neglected.
Thus taking the magnetic anisotropy into account we can calculate the total

magnetizaton according 1o the expression

E=—AVBcosa+ KF sin® 3 et e {6.10)
The corresponding mtegration is then carried out essentially over and 7 for a f[ixed
direction of the casy axis of the particle. The final magnetization is then obtamed by
mtegrating over a specilic otientation distibution of the easy axis direction 1clative to
tiie applied Lield.
In high magnetic fields the magnetic dipole energy is much larger than the magnetic
anisotropy energy. Therefore, the magnetization including the anisotropy encigy

coincides with Langevin fanction.
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6.7 Magnctic dipole-dipole interaction:

The most imporiant inter-particle interaction which influences the ma gnetic properlies
of an cnsemble of fine magnetic particles is the dipole-dipole mieraction. The
interaction strength is Jarge and is almost independent of the distance. Detween the two

magnetic dipoles with magnetic moments , and #2,,the interaclion energy £ is

given by the relation

E =it - : e R )

where 7, is the vector from dipele /' and dipole 7. The relation (6 11) holds pood for

more ar less spherical particles. Thus the magnetic moment of cach particle is equal to
MV and 7, is the voctor joming the centre of two particles The ipteraction cnergy
varies in a complex manner due to its distance and orientation dependence. It can be
both atiractive and repulsive depending on the relative otientation of the magnetic
mMoments.

The magnetization of an ensemble of fine magnetic particles depends on the magnetic
dipole-dipoie interaction between the particles. The mteraction elfect is most
pronounced at low magnetic field and decreascs as the ficld is increascd. The
interaction cffect vanishes at high magnetic Reld. The initial magnetic susceptibility for

a system of interacting particles can be described by the Curie-Weiss law given by

¢ e (B 12)

S

where # is an interaction paramerer which depends on the panlicle concentration and
particle volume. & is usually called as the Curie-Weiss temperaturc. Thig relation holds

good for 7 >> 6.
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6.8 The superparamagnetic relaxation:

The enetrpy of a particle with uniasial avisotropy has lwo cnergy minima separatcd by
an enerpy barier £,. The intrinsic magnetization of a particle can be reversed cither
thermally over the bamer o1 by guantum tunneiimg, Thermal activation of the
magnetization over the encrgy barrier s known as the Neel relaxation process At
temperatures when the viscosity of the carrier liquid is low and the panicles are free to
rotate, both Neel and the Brownian relaxation process may be present The Brownian
relaxation process is (he rotation of the particle magnetic moment and the particle as a
whole. Shliomis concluded that iron particies larger than about 8.5 nm will relax by the

Brownian process.

6.9 The Nee) relaxation of interacting and non-interacting particles:

There are several models to include the magpetic interparticle interaction m Lhe
calculation of the superparamagnetic relaxation time. When the interaction field at a
magnetic particle is considered to be unidirectional, the relaxation iitnc is found to

resemble a Vogel-Fulcher type law according to Shtrikman and Wohlfarth,

KV
T=1, exp[m] .I ................ ['5 13)

where 7, is a measure of the interaction strength. The ahove relation is ouly valid in

-

. , . KV ” o . .
the weak interaction regime, 7, << - and 7 >>7,. While in the sirong mteraction
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) A1 . :
regime, 7 ::-::-T the anisotropy constant and the particle volume arc 1eplaced by

temperalure dependent effective values

l'or a non-interacting particle system let us consider a particle with the magnetic
energy given by equation (6.10). In zero magnetic field there are two equal minima
separated by a maximum. The magnetization reversal takes place over the energy
barrier £, = KV betwcen the magnetic states =0 and f=x . Then the relaxation

time, 7 for magnetization reversal can be expressed by the Neel relation,

E KV
r= r“evp[ﬁ)= T, cxp(ﬁ] e e (614

where r, is the characteristic relaxation time of the order of 107" sec.

6,10 Dynamic magnetization of fercofluid:

When a magmeiic ficld is apphied o or removed from an ensemble of magnetic particle,
the system will not attain its equilibrium value inqlamancmlslj:,;. The magnetization will
arrain its equilibrium value exponentially in the frst approximation. Simijarly when an
alterating magnetic field is applicd to the system, there will be a phase lag between the
magnetization and the field, The phase lag can be expressed by the angle s, which is

preen by,

2l

tan = -5
7w}

e (6.15)
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wiiere @ =27y, y{@)} and y'(w) are the real and imagmary parts of the complex
susceptibility y(w) =z (w)- i (0). /() and ¥ (&) may be expressed by the Debye

relations,

rlw) = —2o - v e {(6.16)
1+{mr}
: Xolw7)
= L 017
Sl ooy @1

Where y, is the static initial susceptibility and r is the relaxation time for the Necl or

Brewnian process,

6.11 Superparantagnetism:
The decay of the wagnetization of an ebsemble of fne magnetic particles which are

mitially magnetised follows in the first approximation an exponential law,

where Af{0) is the magmetization at lime 1 =0 and 7 is the Neel relaxation time. In

Fig.6.1 the decay in magnetization afier 10 sec and | year have been plotted as a
finction of %— From the figure It is evident that there exisis a narrow region of
Kv
kT

which separates the particles (hat have relaxed almos immmediately,

{superparamagnetic particles} from the particles wath a remanent
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magnetization(blocked particles). The deBnition of superparamagnetism is that there is
no remancot magnetization, and the particles relax almost immediately. Thus it is

possible to define a blocking volume ), and a blocking temperature 7, for blocked

particles that separate from superparamagnetism. the expressions are given as,

kT (¢t
V,FI,-ln{—”J I (-3 L)

T
KV

kln| =
Tl-_, )

where 7_is the characteristic measuring time.

=

6.12 Experimentals:

‘The {errofluid samples are supplied by Ferrofluidics Ing Two different size disiribution
of particles are measured. Both are lognormal distributed with mean particle diameters
of 45A(sample A) and 60A(sample B) with FWHM of 23A and 31A respectively. The
volume fiaction of particles in the solvent have been 1.7%, 0.17% and 0.017% for
both the samples and also 10.6% for sample A The samples arc sealed In small cups
made of saphire and is fixed in a thi saphire rod. The sample is put in the
a.c Susceptometer with the Computer controfied data acquisition system to perform
a.c.susceptibilty measurements. The Computer is programmed for different a.c. and
d.¢c.felds and different probing frequencies.

For the d.crelaxation measuremepts the sample is put in a Computer controlled
r£SQUID. This SQUID 15 very censitive for d.c.relaxation measurements. The

samples are cooled in zero maguetic feld (ZFC) to the measuring temperature 7, then
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equilibrated for a time ¢, and then probed by applying a magnetic field. The applied
magnetic field is = 3Gauss which is low cnough to be in the Imear response regime.
When the solvent freezes at 7'— 177K the particles are fxed with their easy axes

randomly distributed. The Geld cooled {FC) measurements are also perlormed.

£#.13 Resulis and Discussion:

The relaxation time of a single domain particle is piven by

r= ruexp% I (571}
I

where 7, is a microscopic time and 7, is the energy barmer which for sufficiently
dilute samples cquals (K}, Due to volume distribution of particles.{K'¥"} indicates an
cffective anisolropy energy far the whole sampie.

Fig 6.2 shows the block diagram of the a.c.Susceptometer. Fig £.3.a and 6.3.b show
the in-phase component ¥(T) of the complex a.c.susceptibility at the probing

{requency 23:125}{3 for different concentrations of sammples A and B The mset
i

shows the feld cooled (FC) and the zero field cooled (Z1'C) magnetization for 10 6%
concentration particies. Fig 6.4.a and 6.4.b show the in and out of phase components

¥ (7Y and 7 (7) for both the samples A and B at different prohing frequencics. It is

checked that the a.c.field amplitude is m the regime giving lincar response. The

position of the cusp in ¥ (7) and (7} is shifted to fower temperatures as the

concentration decreases and only a small difference can be seen between the two most

diluted samples. indicating that E, is negligible for the least concentrated sample, The
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inflection point in 3 pives the blocking temperature 7., where the relaxation time

equals the probing a.c.Beld time T=i5r-. In a sample with negligible interaction

between the dipoles .eq(6 21) should hold with £, = (ﬁf ¥7Y. Tn this case Lthe amsotropy

. . . 1 .
enargy {.ﬁ’ I } and the time constant r,, can be determined by ploiting log 7 vs —. [is
‘ T,
1.3

analysis is performed for the most diluted samples. The calculated values of r, are
respeciively 7=2.0x107"sec and 4.0 107" sec for samples A and B. The calculated
anisotropy constants for both the samples ar e K =804/ ne',

To investigale the interaction effects the magnetic relaxailion measurcments arc done.
Simulation have shown that dipale-dipole interaction can cause typical spin glass (SG)
behaviour. In a spin glass, the ground state is different for diffcrent temperalures
implying that the domains of spins ip equilibrium can grow only when the temperature
is kept constant. 1 2 magnetic field h is applied after waiting time f;, the rate of
relaxation will depend on the size of the quasi equilibrated domains, This measurement
is performed for sample A using a volume concentration of maguetic particles of 1 7%
in which the dipole-dipole interaction is strongest Three relaxation rate curves are
obtained at T =12.5K with T, =10%10" and 10*sec and are plotted as a function of
time in Fig.0.5 Fig.6 6 a. 6.6.b and 6.6.c show the relaxation rate curves {or sample B
at To= 15K, 25K and 35K and for three different waiting times, There 1s a clear
difference in relaxation rates between cunves corresponding to different wailing thmes

t, [hisis an indication that the system behaves more like a spin glass.
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Chapter 7
Findings and Conclusion




7.1 Findings of Lhis research

In spite of the fact that excellent theories have been developed in magnetism, the
magnetism of 3d transition metals is too complicated to provide as yet a unified
theoretical understanding of this phepomenon. This is panicularly so for Ni and its
alloys due io the itinerant nature of their magnetic electrons,

The dependence of magnetisation on composition of Ni-Mo system- shows that Mo
aloms do not periurb the magnetic mnoments of Ni matrix but only dilute the magnetic
atoms cxcept at very low concentration of Mo, where a slight deviation from linearity
is identified. The temperature dependence of anisotropy constants K| af thesc alloys
do not supporl the 10th power law as proposed by Zener but instead shows a 3rd
power law dependence.

For FesP sysiem the investigation has beeu carred out from 4.2K to 218K, the Cure
temperature of this alloy. The hexagonal anisotropy constant Ky of this alloy is found

(7)

k|
1o obey [:—:| law quite satisfactorily. Although. as a current research problem,

A(0)

FesI* sysiem has been studicd quite extensively, there is no data on the temperature
dependence of the magnetacrystalline anisotropy constants on this system. The present
work on the temperature dependence of the magnctacrysialling antsotropy constants
K| of FepP from liquid helium temperature of 4.2K upto the trausition temperature T,
(216K) is a new fAnding.

The spin glass is a system in which 2 non-magnetic element is doped with a small
amount of ferromagnetic or antiferromagnetic clement. In this system the spi;m tlo not
know whether to order ferromagnetically or antiferromagnetically and as a result it

behaves like a frustrated system. The characteristic property of this system is that the
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magmetisation in this system decays with time. and the rate of decay of magnetisation
depends on the waiting time 7;.. which means that the SVSICM AgEs

Tn ferrofivid (Fe304) the different magnetic propertics of this anisotropic system have
been studied, the orgin of which is explained to be the dipole-dipole interaction. The
superparatnagnetism and the blocking characteristics of this particle system'have been
estahlished through measurements of a.c.susceptibility and the d.c.relaxation. It has
been observed for the first time through our cxperiment of magmetic relaxation
(Fig.6.5- Fig.6.6) that the system ages and hehaves like spin glass.

While it is so difficult to find a unified (heory for even a single magnetic system. the
present thesis an operational view point is suggested to find 2 unified picture in the
three diverse magnetic systems through the experimental determination of magnetic

anisotropics in these systems
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7.2 Conclusion:

Although the nickel based alloy systems are widely siudied, the understandimg of
magnetism is quite complicated and still incomplete. It is more so for secondary effects
like magnetic anisotropy and magnetostriction and their temperarure dependence. In
the present work single crystals of Ni-Mo and Fe)P* alloys have been studied for the
temperature and composition dependence of magnetization. The anisolropy constants
of thesc alloys have been determined from magnetization versus field curves. This s an
integral technique where the energy difference for magnctization between a chosen
crystallographic direction and the direction of easy magnetization is measured from the
complete feld versus magnetization curves Anisolropy energy is thus detcrr;ﬁned from
the first principle. The success of this method depends entirely on the accuracy of the
orientation of the specimen and the recording of magmetization and the magneilic ficld.

Although anisotropy constants of the Ni-Mo single crystals have heen measured by
Janet using a Torque Magnetometer, it has not been published due lo lack of
confidence in the results { As we came to know by private communication ). However
it is very interesting to find that our results which are obtained by entirely diffcrent
method nicely agree with Janet's results indicating that her measurements are more
reliable than she herself presumed. We also checked some of the results by using our
Torque Magnetometer, which is extremely sensitive. These results on Ni-Mo will
provide new information on the existing experimental data on nickel based alloys and
help in the development of the theorctical understanding of magnetism of 3d tansition

metals which is still mcomplete.

The cmpirical relation =



for the composilion dependence of anisotropy constants on magnetizalion has been
tested. The equation very ncarly fits the third power law. This mdicates that the
cormposition dependence of the anisolropy constants on magnetization follows a third
power law.

The composition dependence of anisotropy has to be understood in terms of the
change in the magnitude of spin-orbit interaction through the change of both orbital
angular momentum and spin angular momentum due Lo alloying. The mechanisin js too
complicated to he quantified theoretically. In fact there is no existing theary of the
variation of maguetocrystalline anisotropy due to change of composition. Although
there are exccllent theories of temperature dependence of anisotropy cnnsla;nt bul even
these arc not in complete agreement with the experimental results. Tt only shows that
more experimental investigations are needed to comprehend this phenomena, especiaily
with reference to nickel based alloys, nickel being the most difficult magmetic element
for 1he itinerant nature of its magnetic electrons.

In a qualitative way we can explain the compositien dependence ol anisotropy
constants of Ni-Mo system in the following way. The addilion of non magnetic
molybdenum to (he nickel matrix changes the orbital magnctic moment as well as the
spin magnetic moment. As a result the spin-orbit coupling becomes weaker Since
according to Nee'l, the spin orbit coupling changes the overlap of the wave functions
between the neighbouring magnetic atoms and thereby make the exchange interaction
direction dependent, the maguitutde ol ihis anisotropic exchange is likely to decrease
wilh the decreasing sirengih of the spin-orbit coupling. The determination of the 'g’
factor for these alloys are thersfore nceded te quantify our argument through the
determination of the relative contribulions of the spin and the orbital pan of the total

magmetisation.
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Although mapnetocrystalime anisolropy and the magnetostriction arc both dependent
on spip-orbit interaction {Lec and Asgar 1971), no unified cxplanation for the
temperature dependence of these phenomenon has yet been devcloped. Future works,
both theoretical and experimental are therefore needed for the saliskactory
understanding of these phenomena. There has been experimental study of temperature
dependence, pressure dependence, field dependence, and composition dependence of
magnetic anisotropy (Veerman and Rathenan 1964). There should be some unifying
theory to explain all these dependences. This can be anather proposed ficld of future
rescarch,

Tron phosphide (FeoP) is an interesling mwterial for rccent research. Its intricate
magnetic behaviour to the change of composition and extemnal parameters have
completely dominated the mind of experimentalists 1o pursue further research on this
system, In this work the magnetic anisotropy and its temperaturc dependence have
been studied quite extensively. The experimental results have been compared with the
theoretical formulations on temperature dependence of magnetic anisotropy. Although
there is no experimental data on the temperature dependence of magnetic anisotropy
constants of FesP* to be compared with our results, we have developed a suitable
relationship of temperature dependence of magnetocrystaifine anisotropy constant of
this system. It has been found that the temperature dependence of magnetic anisotropy
follows a third power law.

As mentioned earlier the anisotropic magnetic system ferrofluid (Fes(y) is a
completely new matcrial of current rescarch. We have experimentally studied its
differcnt observable magnetic parameters al very low temperature regime, Particular
emphasis was given on the behaviour of this anisotropic system around the transition

region of blocking and superparamagnetism through cxperimental siudy of ficld cool
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{FC} measuremcnts, zero field cooled (ZFCYmeasurcments, the a.c.suscepiibility
measurements and the magnetic relaxation measurements. It has been experimentally
observed for the frst time tbat the sysiem ages and behaves like spin glass.

In the present work a unified operational meaning of magnelic anisotropy has been
sought from cxpenimental point of view for three very different magmetic systems.
Since magnetism and especially magnetic anisolropy of various magnelic systems can
not be explained by a single quantitative theory at present, it is only through the
accumulation of detail experimental results of various systems that a comprehensive

theory is expected to be developed in the fulure.

160



Aharoni, A., Phys. Rev. 177 {1969)793

Akulov, N, Z. Phys. 100, 197 (1936)

Andersson, Y., Rundqvist, S., Beckman, O., Lundgren, L., Nordblad. P., Phys, Stat.

Sol{a) 49, K 153, 1978

Aspar, M.A., Ph.D Thesis, University of Southampton 1970

Band, W., Proc. Camb. Phil. Soc. 42, 139(1946)

Bean, C.P., Rodbeli, D.S | Phys. Rev. 126, {1962) 104

Bean, C.P., Livingston, J., F. Appl.Phys. 30 (1959) 120 §

Beckman, O., Lundgren, 1.., Nordblad, P., Svedlindl, P, Tome, A.. Andcrssou,
Y.,and Rundqgvist, 8., Phys Scripta 25, (1982) 679

Bell, G M | Piiil. Mag. 43 127(1932)

Deliavance. T Mikkelsen. I, and Wold, A, 1.50lid State Chem, 2, (1970} 285-290)

Benninger, G.N., Paviovic, A.5.. LAppl Phys 38, 1325 [19{5?}

Birss, RLR. , Wellis,P. M., §. Sci Instrum, 40, 551 (1963)

Bloch, F., Z Phys. 57, 545 (1929)

Bozorh, R M. Ferromagnetism { Van Nostrand, New York, [951)

Hrooks, H, Phys. Rev. 58, 909 (1941)

Drown, W.F. Ir., Phys, Rev, 130 (1963} 1677

Bryuchatov, N.L.. Kitensky. L. V., I. Tech, Phys, (USSR)E. 17I{1938}
Callen, H B.. Callen, E R, J. Phys. Chem. Solids 27, 1271 (1966)

Callen, E.R_, and Callen, ILB., Phys. Rev. 129.2,1963

Carlsson, B, Ohrlin, M., and Rundqvist, S, J. Solid State Chem, 8, (1973} 57
Catlsson, B., and Rundquist, S.. I Solid State Chem. 13,{1975) 258

Carlsson, B., Golin, M., and Rundqvisi, S.. J.Solid State Chem 8§, (1973) 57-67

Carr Jr.. W.J.. Phys. Rev. 108, 1158 {1957)

161

Ap



Carr Jr., W 1., Phys.Rev, 109, 1971 (1958)

Calalano, A., Amoul, R.1., Wold, A.. J. Solid State Chem. 7, 262, 1973

Chandra, R., Bjarman, S., Ericsson, T, Haggstrom, L., Wilkinson, C.. Wappling, R., }.

Solid State Chem. 34, 389, 1980

Chantrell. R W, Popplewell 1., and Charles, $.W., ILCE Trans. Magn 14,975 (1973)
Chantrell. R.W , Wohlfarth, E.P.. I Magn.Magn Mat. 40 {1983} 1

Chikazumi, §., Physics of Magnetism, John Wiley and Sons Inc., New York, 1964
Comly,J B.. Holden. T.M.,Low.,¢.G., LAppl. Phys, 38, 1240 (1967)

Cullity, B.D., Introduction to Magnetic Materials, Addison Wesley Poblishing
Company (1972)

Dormann, J.L., Fiorani, D., Yamani, M. El., Physics Letters A 120,2.(1987)

Cl-ilo, M., O Grady, K., Chantreli, R W , J.Magn Magn.Mat. 114 (1992) 295-306
El-Hilo, M., O' Grady, K., Chantrell, RW., J.Magn Magn Mat. 117, 21, (1992)
Enoch, R.D |, Fudge, AD., Brit. J. Appl. Phys. 17, 623(1%066)

Friksson, O.. Sjosirom, )., Johansson, B., Hagpgsirom, L., Skriver, 11.L.,

J).Magn Magn.Mat, 74, 347-358 (1988)

Fawcett,l5., Advan. Phys 13, 130 (1964)

Fletcher, .C., Proc. Phys. Soc. (London) Aé7, 503 (1934)

Foner,S., The Review ef Scientific Tnstruments. 30, 548 (1939)

Fricdel, J.. Leman, G., Olzewski,S., 7 AppLPhys.32, 3255{1%61}

Friedel. J., Leman, G., Olzewsk,S.. LAppl Phys. 32, 3255 (1961}

Fujit, H., Hokabe, T., Kamigaishi, T., Okamoto,T., F Phys.Soc. Japan 43, 41,1977
Fujii, H.. Komura, §_, Takeda, T., Okamoto, T, Ite, Y., and Akimatsu, T,

J.Phys.Soc.Japan 46, 1616 {1979)

1eld

s
e e



Fujn, H., Hokabe, T., Eguchi K., Fujiwara, H., and Okamoto, T., J. Phys.Soc. Japan
51, 414 (1982)

TujiiH..Hokabe, T. Kamigaishi, T., and Okamoto, T., J. Phys. Soc. Japand3(1977)41
Fuji, H., Hokabe, T., Fujiwara, H., and Okamoto, T., J. Phys. Soc.Japan 44.{1978) 06
Fujii, 1., Uwatoko, Y., Motoya, K., Ito, Y..and Okamoto, T., 1. Phivs Soc. Japan, 57,6
(1988) 2143-2153

Fujiwara, H., Kamaisu, H., Thoma, K., Fujii, H., and Okamoto, T., J.Magn.Magn.Mat
21, (1980) 262

Fujiwara, H., Kadomatsu, H., Tohma, K_. ] Magn Magn Mat. 21 (1980} 262-268
Crupta, H.C., Solid State Physics, Vikas Publishing House Pvt. Lid. New Delhi{1903)
Hicks, T.J. ,Rainford B. . Kovel 1.§ ,Low,G.G.,Comly,J B..Phys Rev. Letters22 331(1949)
Huq. M., Ph.T> Thesis, University of Southampton 1975,

Jannet, § , Ph.D thesis, Unhversity of Sheffietd, 1969

Jemberg. P, Yousif, A., Haggstrom, L., J. Soltd State Chem 53, 313, 1984
Johansson, C., Ph.D Thesis, University of Goteborg, 1993

Kadomatsu, H., Isoda, M., Toma, K., Fujii, H., Okamoto, T., and Fujiwara, H.,
J.Phys.Soc.Japan 54,(1985} 2690

iy
e = T T

Lo S — il

Kanamor J. Magnetism.Vol.1,eds.Rado,G.'T.,SubLH..p. 127(AcademicPress. NowYork, 1963)

Keffer, F., Phys. Rev. 100 1692 (1955)

Kelly, P.L, O Grady. K, Mayo, P.L, Chantrell. RW., [CIE Trans Magn. 235,
3881,(1989)

Kittel, C., Van Vleck, I H.. Phys. Rev. 118, 1231 {1960)

Kneller. E.. Magnetism and Metallurgy Vol.1, eds. B?rkuuila AE . and Kneller,

E..Academic Press New York (1969) 365

163



L

Konmra, 8., Tajima, K., Fujii, H., Tshikawa, Y., and Okamoto, T.. T.Mapgn. Magn.

© Mat. 15-18. (1980) 351-352

Komura, 8., Tajuma, K., IFFuji, 11, Ishikawa, Y., and Okamoto, T., I.Magn Magn Mat.

31-34 {1983) 615-6106

Lee, E.W., and Birss, R.R_, Proc. Phys. Soc. 78, 391 (J961)

Lee, EW., Asgar, MA | Proc. R. Soc. Lond. A. 326, 73-85 (1971)
Lundgien, L., Tarmohamed,G., Beckman, Q.. Carlsgon, B, Rundgwist,S.. Physica
Scripta 17,39, 1978

Luo. W.. Nagel, S R, Rosenbawin, T.F., Rosenweig, R .. Phys Rev Leli. 67, 19
(1991)

Marin, D.H., Magnctism of Solids, London TLIFFLE Books Ltd.

Moriva, T., Usami. K., Solid State Commun. 23 (1977} 935

Morup, S.. Trong, E.. Phys. Rev. Lell. 72, 20 {1994)

Nee'l, L., Pauthenel, R., Rimet, G., Giron, V.S.. I. Appl. Phys. 31. 5, 1960
Nee'l, L., Compt. Rend. 224 (1947 1488

Nowdblad, P.. Ph.D thesis, University of Uppsala, 1980

Pearson, W.13..Handbook of Lattice Spacings and Structure of Metals and
Alloys. Vol . 2. Pergamon Press, Oxford, 1967

Pugh. EW., Argyle, B.E.. I Appl. Phys. 33, 1178{1962)

" Puzei, [ M.. J.Tech, Phys. (USSR} 19. 653 (1949)

Roger, A, 1970, Thesis ((Orsay 1970) .

Rundgvist, 5., Jellinek, I, Acta, Chem. Scand. 13 {1959) 425
Rundawisi, 5., and Jellinek, F., Acta. Chem. Scaug. 13 (19591 3
Sato. M., Tino,Y.. I.Phys. Radium 17, 5(1656)

Scout, J.. Ph.D» Thesis, University of Shefficld, 1970

164

TR s

ot
EE-



-

N

Shrrikman, 5., Waohlfarth, E.I*.. Phys. Lett. 85A{1981) 487

Slater, J C_. Phys Rev. 49, 537 {1936)

Slater, LC., Phys Rev, 40, 531 {1934)

Stoner, E.C Phil Mag 15,1018 (1933}

Stoner. E.C, Proc.Roy. Soc.{London} A 165, 372(1938)

Stoner, E.C..Proc.Rov.Soc.{London) A 168, 339(1539)

Stuart, RN, Marshall. W, Phys Rev 120, 353 {1960)

Thompson, E.[., Wohlfrth, E.P.. Bryan, A.C., Proc. Phys. Soc.(London) 83.
59{1964)

Turov, E.A., Mitsek, A.1, Zh ETF 37, 1127,(1959) Trans. Soviet Phys.-JETP 10,801)
Van Vleck, 1., Rev. Mod. Phyz., 25, 220 {1933)

Van Vleck, J.H., Phys. Rev. 52, 1178(1937)

Van Vleck, I H.. I Phys Radium, 20, 124 {1956)

Veerman, J.. and Rathenau, G.W., Proceedings of the International Conference on
Maguetisam, Nottingham, 1964

Veerman, J., and Rathenan. G.W., Proc. Int. Conf. on Magmnetism, Nottingham, 1964
Vonsovsky, 5.V, ] Phys. (USSR) 10, 468{19446)

Vonsovsky, $.V., Turov,L. A, Zh ETF(USSR)24, 419(1953)

Wappling, R, Haggstrom, L., Eriksson, T., Devanaravanan_ 5., J Sobid Stata Chein.
13, {1975) 258

Wapphing, R., Hartmana, O., Wackelgard, E.. Sundavist, T.. J.Magn. Magn Mat. 50
(1985} 347-353

Wenger, LE , and Mydosh, J.A., Phys. Rev. B 29 (1984) 4156

Westerstrandh, B., Gabrer, U, Lundgren,I.. Physica Scripta. 14 5-10{1976)
WohlEirth, IE.P., Phil. Mag_ 40 1095(1045)

lns

r

-
]




Wallfarth, E.P., Proc. Roy. Soc. {London}, A195, 434(1949)

Wohlfarth, E.P., Phil. Mag.,42_ 374(1951)

Wohlfarth, E.P.. J.Appl.Phys 50, (1979} 7542

Yastda. K., LAppL Phys., 39, 511 {1968)

Zaluska-Kotur, M.A., Cieplak, M., Furophys. Leii, 23(2), pp. 853-90 (1993}

Zener, C., Phys. Rev. 81, 440(1951)

Zener. C.. Phys. Rev. 83, 209{1933)
Zener, C., Phys, Rev 90, 1335 (1954)
Zvada, 5.5, Medvedeva, L1, Sivachenko, A P Kharsev. 8.1, ). Magn Magn. Mat. 72

(1988) 349-356

ﬁim

146 *




-
Sl

o E

o B

< -

":")ﬂrl [

RV Y

N RS

'II

ot W

2
ix
M

List of symbaols

B Magnetic (lux density

H Magnetic field

H, Molecular field

C Cune constant

T . Temperature

A Weiss constant

4 Lande 'g' factor

i, Permeability censtant

Hy Bohr magneton

J Total angular momentum

kg Boltzmann constant

T Curie temperature

8, Brillouin function

M Magnetisation

M. (0) Saturalion magnctisation at 09K
M (T) Saturation mapnetisation al TOK

M {c) Saturation magnetisation at concentration ¢
m Magnetic moment

N Number of atoms per unit vohune
K, Zero order anisotropy constant

K, First anisotropy conslant

K, Second anisotropy constant

K, Firsi uniaxial anisotropy constant
K., Second uniaxial anisotropy constant
K, {T} Amsotropy constant at temperature TOK

]



- LR

;&t‘w“x:*-va

by
~

Anisotropy constant at 0°K
Direction cosine

Spherical harmonics
Distance between two ncighbouring magnetic moments
Gyromagnetic ratio

Induciance

Flux due to applted Held

Critical current

Super current

Blockmg tecmperaturs

Relaxalion time

Phase lag

Enerpy barmcr

Free cnergy

Initial magnetic susceptibility

Fetromagnelic susceptibility

Real part of the a.c.susceptibilty

Imaginary part of the a.c.susceptibility

Static initial susceptibility
Mezsunng tcmperature
Waiting time

Characteristic measuring time

{Observation time




	00000001
	00000002
	00000003
	00000004
	00000005
	00000006
	00000007
	00000008
	00000009
	00000010
	00000011
	00000012
	00000013
	00000014
	00000015
	00000016
	00000017
	00000018
	00000019
	00000020
	00000021
	00000022
	00000023
	00000024
	00000025
	00000026
	00000027
	00000028
	00000029
	00000030
	00000031
	00000032
	00000033
	00000034
	00000035
	00000036
	00000037
	00000038
	00000039
	00000040
	00000041
	00000042
	00000043
	00000044
	00000045
	00000046
	00000047
	00000048
	00000049
	00000050
	00000051
	00000052
	00000053
	00000054
	00000055
	00000056
	00000057
	00000058
	00000059
	00000060
	00000061
	00000062
	00000063
	00000064
	00000065
	00000066
	00000067
	00000068
	00000069
	00000070
	00000071
	00000072
	00000073
	00000074
	00000075
	00000076
	00000077
	00000078
	00000079
	00000080
	00000081
	00000082
	00000083
	00000084
	00000085
	00000086
	00000087
	00000088
	00000089
	00000090
	00000091
	00000092
	00000093
	00000094
	00000095
	00000096
	00000097
	00000098
	00000099
	00000100
	00000101
	00000102
	00000103
	00000104
	00000105
	00000106
	00000107
	00000108
	00000109
	00000110
	00000111
	00000112
	00000113
	00000114
	00000115
	00000116
	00000117
	00000118
	00000119
	00000120
	00000121
	00000122
	00000123
	00000124
	00000125
	00000126
	00000127
	00000128
	00000129
	00000130
	00000131
	00000132
	00000133
	00000134
	00000135
	00000136
	00000137
	00000138
	00000139
	00000140
	00000141
	00000142
	00000143
	00000144
	00000145
	00000146
	00000147
	00000148
	00000149
	00000150
	00000151
	00000152
	00000153
	00000154
	00000155
	00000156
	00000157
	00000158
	00000159
	00000160
	00000161
	00000162
	00000163
	00000164
	00000165
	00000166
	00000167
	00000168
	00000169
	00000170
	00000171
	00000172
	00000173
	00000174
	00000175
	00000176
	00000177
	00000178
	00000179
	00000180
	00000181
	00000182
	00000183
	00000184
	00000185
	00000186
	00000187
	00000188
	00000189
	00000190

