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ABSTRACT

Several ternary alloys of the type FePtl_xNix
have been made from the FePt system, by replacing some
Pt atoms with Ni atoms, The densities and the lattice
parameters of these alloys were measured, Agter various
heat treatments, the magnetization, the coercive force
and the remanence were investigated, Measurements'of
‘the temperature dependence of the coercivity and remanence
were made., An attempt was made to estimate roughly the
magnetocrystalline anisotropy as well as the domain
wall energy. Possible permanent magnetic properties
were discusied The results are summarized as follows,

a. All the alloys up to 30% Ni form the continuous
solid solution and by suitable heat treatment they under-
go the transformation from the disordered cubic structure
to the ordered face-centered tetragonal of the AuCu type,
This transformation produces a high magnetic hardness,

b. In the alloys containing more than 30% Ni,
no useful permanent magnetic properties were observed,
because of the presence of the ordered cubic compound
FegPt,

It is suggested that the magnetic hardening is
associated with small misoriented tetragonal regions,
which act as pinning sites to the domain wall motion,
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CHAPTER 1

THEORETICAL CONCEPTS

1.1 Introductory Remarks

A large number of materials may be grouped under
the heading of ferromagnetics since, in certain respects,
all are similar and they are quite distinctly character-
ized by their magneticvproperties. Below a certain
critical temperature, called the Curie temperature, a
ferromagnetic becomes spontaneously magnetized, thel
value of magnetization increasing with decreasing tempera-
ture rapidly at first, and then slowly rising to a maxi-
mum at absolute zero (Figure 1,1).

Feriomagnets are further characterized by the
phenomenon of hysteresis, Figure 1.2 shows how the
magnetization M varies in a typical specimeﬁ when an
external field H is applied; when the field is removed,
the specimen retains some of its magnetization Mg, and
extra energy supplied by the reverse field Hec is required
to reduce the magnetization to zero, MR, the magnetiza-
tion retained by a specimen in zeré field under such

conditions is termed its remanence or remanent magnetiza-~

tion and the reverse field Hc necessary to reduce the

magnetization from its remanence intensity to zero, is

1
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Fig.1.1, Variation of Spontaneous Magnetization
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Fig. 1.2, The Magnetization M as a Function of the
Applied Field H, ,




known as the coercive force or coercivity. There is

also another term usually used in the literature which

is called remanent coercivity Hp. This is defined as

the field required to reduce the remanent magnetization
to zero,

To account for the very high intensity of
magnetization which a ferromagnetic crystal may acquire
at ordinary temperatures and in relatively low magnetic
fields, Weiss1 (1207) postulated the présence of a
large, igternal molecular field, proportional to the
magnetization, However, in practice and as may be seen
from the experimental curve of Fig. 1.2 ferromagnetic
crystal can exist in a state bf zero overall magnetiza-
tion, The fact led Weiss to suggest further that such
crystals are magnetically saturated in small regions
(domains) which are randomly oriented, so that in the
demagnetized state the resultant magnetization of the
crystal along any direction is zero, According to this
the effect of an applied field is not to induce the
magnetization at the atomic level, but to align the

magnetization vectors of these domains,

1.2 Origin of Domains

Generally the main reéson for the existence of
domains in a crystal is that their formation reduces
the magnetic free energy assocliated with it. The

adopted procedure has been to postulate a domain



configﬁration for the demagnetized state complying with
Zexro divergencevof the hagnetization. Then the dimen-
sions of the domains can be calculated by minimizing
the total free energy Wt, which may have the form,

Wt = Wex + Wk + Wm + W6 + Wo

2 Wex is the

on the basis of the chosen configuration,
exchange energy due to the exchange interaction, Wk is
the crystalline anisotropy energy which comes from the
fact that it is easier to magnetize the crystal in.
certain directions ("easy directions'") than in others,
Wm is the magnetostatic energy, the energy of the
crystal's magnetization in an applied field plus its
energy in its own field., W6 is the magnetostrictive
energy associated with the fact that a ferromagnet
exhibits changes in volume when placed in a magnetic
field, Wq any other present form of energy.

Brown3 (1962) also studied the minimization
of the free energy without postulating a domain con-
figuration, According to this, the basic concept is a

spontaneous magnetization whose direction varies con-

tinuously with position in the lattice,

1.3 Domain Walls - Domain Wall Energy

From previous section we have seen the necessity
of randomly oriented domains in a ferromagnetic crystal.
The term "domain wall" denotes the'transitionrlayer

which separates adjacent domains magnetized in different



directions, The nature of this boundary between domains
is not anvabrupt change of magnetization but rather a
gradual one, since the latter involves less exchange
energy, Within the wall the tendency of the exchange
interaction to make the spins parallel is overcome and
each spin is misaligned slightly from its neighbours,
the wall width being usually determined by a'competition
between the exchange energy and the crystalline ani-

4 have been done on this basis

sotropy. Calculations
for an wnigxialspecimen giving for the wall energy
5 ==aTT(2E[kl)% and for the wall width

= E 2
: OlT‘(zlkl)

where E is the exchange energy, k is the anisotropy

constant and A the interatomic distance,

1.4 Irreversible Process - Motion of Walls

Under the action of an applied magnetic field,
the resultant magnetic moment of the specimen is
increased in value, This could be visualized as taking
place on the domain theory by two independent processes:
by an increase in the volume of domains which are favor-
ably oriénted with respect to the field at the expense
of unfavorably oriented domains or by rotation of the
direction of magnetization towards the direction of
the field,

On closer examination it comes out that in

weak fields the magnetization changes usually proceed



by means of domain boundary displacements and in strong
fields the magnetization usually changes by means of
rotation of the direction of magnetization (Figure 1.3).
If all the processes taking place during a
change in the magnetization of a crystal were reversible
then the coercivity would be zero, and the existence
in practice, of a finite coercivity suggests 'that the
crystal is to some extent imperfect. The total energy
of the specimen depends on the location of the wall
because of this imperfection, For example, Figure 1,4
represents diagramatically the variation of the wall
energy J of a single 180° wall with its positions as
measured along x axis, When the field is zero the wall
will be at an energy minimum state, By applying a small
field H the wall will move to a position where the
driving force is balanced by the restoring force., The

equilibrium position at A is determined by
dy
2ms = (gx) 5

The action of the increasing field is to displace the
wall to the right until it arrives to a position at B

where df is maximum and
dx

dJ
2HM ”(EE) max,

A further increase in the field causes the wall to move

spontaneously and irreversibly to position C where
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Fig, 1.3. Magnetization curve, showing the dominant

T~ magnetization processes in different regions
of the curve. " Oa reversible boundary
displacement, ab irreversible boundary
displacements, bc magnetization rotation,

x —t=

Fig. 1.4. Schematic variation of 180° wall energy
—_— J(x) with position X



(__ci_X)C - 2HMs
dx '
the irreversible process causes a loss of energy and this

is one of the factors giving rise to hysteresis,

1.5 Theories of Coercivity

The coercivity is a measure of the applied field
required to move a wall over the energy barriers, and
depends on the maximum slope of the domain wall energy.
So in order to calculate this quantity, it is necessary
to have an expression for the wall energy . For this,
two things are required: first the kind of the imper-
fections and their contribution to the energy and
secondly the distribution of the imperfections through-
out the material, Consequently, many of the theories
put forward to account for the coercivity have been
concerned with mechanisms that might produce a variation

of domain wall energy with position,

1,5.1 According to the strain theory5 (1938, Becker)

which is the first one developed, the existence of
inhomogeneous stresses within a crystal might be a
dominant factor in determining the resistance to domain
wall motion, The local internal stresses lead tov
local variation of the magnetostrictive energy plus the
domain wall energy. These internal stresses which are
present iﬁ a ferromagnetic materiai can be affected by

a convenient metalurgical process, such as cold workingb



plastic deformation or heat treatment. The maximum

coercivity calculated by this model could be about 100 Oe.

6

1.5,2 The inclusion theory~ (1943, Kersten) considers

variations of domain wall energy caused by the inter-
section of the wall by a number of nonferromagnetic

inclusions presented within the crystal. Coercivities

obtained by this model are between the range of 1 - 10 Oe.,

1,5.3 In the disperse field theory7 (1944, 1946) Neel

poiﬁted out that the magnetic energy associated with
inclusions or strain variations could be considerably
greater than the changes of the wall energy associated
with the same structure, This magnetosta tic energy
could be reduced by the formation of subsidiary domains
based on the inclusions these domains are called "Neel
spikes."” Taking that into account, Neel calculated the
coercive force which seems to account for values over

100 Oe.

1.5.4 The fine particle theory is dealing with the

existencé of single domain particles whose size is so
small, that below a critical value domain walls will
not form, and the most stable state is thevuniformly
magnetized one., The irreversible process takes place
by méans of the rotation of the magnetization of the
single doﬁain. Several kinds of ahisotrop&, such as

shape, crystalline and strain anisotropy could be taken
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into account and for each one the coercivity is cal-
culated by balancing the torques exerted on the magneti-
zation vector of the single domain, These torques are
due to the external applied field and to the considered
anisotropy. This model is of great importance because
of the high values of coercivity which can be obtained,

The maximum theoretical values are of the order of

2 WM., 2k or 3X\s6 for shape, crystalline and strain
M, M
s

8
anisotropy, where 6 is the strain and )\s the magneto-

striction coefficient, For iron the maximum coercivity

due to shape anisotropy could be 10,700 Oe.

1.5.5 The theories discussed so far, except Fine
particle'theory, have all been concerned with impedances
to domain wall motion and they can apply to low coerci-
vity materials rather than permanent magnets. Also,

the fine particle theory which isﬁidehmpplicable to
many magnetically hard materials is inadequate to explain
the behaviour of a group of permanent magnets like

PtCo and smCog,

P, Gauntg trying to explain the magnetic proper-
ties of PtCo suggested a simple model of domain wall
pinning by inhomogenetics in ferromagnetic alloys,
Assume a 180° domain wall which lies parallel to y, =z
plane and moves towards the x direction after the

application of a field, Its wall energy can vary with
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position as shown in Figures 1.5, 1,6, When a field

is applied, an area A of the wall is displaced by a
distance x so that the total magnetic energy can be
written

(1) U =AY {x) - 2HMAx

Wﬂere 5’(x) is the wall energy per unit area and M is
the saturation magnetization per unit volume: By mini-
mizing this magnetic energy we can find the maximum or
minimum stationary states. From previous sections we
have seen that the coercive force is the field required

to push a wall over the barrier., At absolute zero, this

is given by a2y = 0, dU = 0 and has the value of

rmscm—

dxz dx

(2) Ho=_1__(9ﬁ)
2M dxX nmax,

In fact in a pure phase there is a random distribution
of these inhomogeneties whose area is less than the

area A of the domain wall, Cénsequently at a
finite temperature T most of the pinned area will
vibrate due to thermal fluctuation effects, At this
tem perature, the coercive force will be less than Ho.
Equation (1) can be rearranged so that it gives us the
energy barrier

AU = Upay = Upyp = A [X (x9) - § (xl)]- 2HMA (%, - Xj)

where xy, X5 refers to the minimum and maximum energy.
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Fig. 1,5, 180° domain wall approaching magnetically

inhomogenous region,
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Fig, 1.6. Variation of wall energy with distance X
travelled by the domain wall through the
Specimen shown in Fig. 1.5,
A__.,... m—

J)

2 , X—>

Fig. 1.7. 1Idealised wall energy variation with posi-
tion ""delta form," o
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Thermal activation energy will supply the wall
with the energy needed to cross the barrier. The
probability that the wall will pass the barrier in time
X is given by

) .
(3) l =C exp (- AU) where ¢ = ].01 sec 1

T kT
and Tcan be arbitarily chosen as 1 sec,, the time
needed to make a measurement, Taking the logarithm
of equation (3) we get

(4) 0 = 25 -AU and substituting the value of AU
kT

(5) Hc = AY - 25kT or
2MAx 2MAAx

(6) Hc = Ho - 25kT where
2MALx
Ho = A{
2M Ax

. From this equation it is obvious that Hc is
always less than Ho, and that it is calculated if the
form of 5(x) is known, The "delta form" of the
variation of the domain wall energy with position (Figure
1.7), is the simplest one we can consider, and it leads
to the linear dependence of coercivity with temperature,
Considering Figure 1.7 we can easily see fhat 2A0Ax is
the width of inhomogenity and AAX is the increase in
wall energy associated with it,

Differentiating equation (6) with respect to T

we may find
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(8) dHc = 25k
dT 2MAO x

and dividing equations 7, 8

(9) Ho = AAY from which
dHc 25k
—)
dT

we may find the change in the domain wall‘energf associated
with an inhomogenity.

According to this model, for high coercivities
a large and abrupt change of the domain Wéll energy with

position is required,

1,6 Permanent Magnets

On the basis of the theories we have seen before,
we can classify the magnetic materials as hard or soft
according to their intrinsic coercive force, The range
of variation 6f coercive force ﬁay be between 0,001
(supermalloy) -~30,000 oe such as SmCog. Usually hard
magnétic material may be defined as a substance with
high coercive force, say above 100 oe,

In order for a material to serve as permanent
magnet two things are necessary: a large value of
remanence and a high coercivity, Analyzing the per-
formance of permanent magnets it is essential to consider
B versus H where B is the magnetic induction, The maxi-
mum énergy product BH obtained on the demagnetizing
branch; hés become a standard, charactérizing'the

quality of a permanent magnet material, The maximum |
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obtained value of this'productlo

is (BH)max =

9.6 106 (Gauss x,oé) forVCoPt°

[
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CHAPTER 2

PREVIOUS AND PRESENT WORK ON
FePt SYSTEMS

2;1 Previous Work on FePt Systems

°

The magnetic properties of iron-platinum alloys
were first investigated by Graf and Kussman11 (1935),
They examined the magnetic hardness of these alloys and
they attained a maximum coercivity of 1,800 Oe for the
equatomic alloy quenched from the single phase at 1,2000 C.
The remanence induction was 3,500 gauss and (BH) max, =
3,1 x 106 (gauss.Qe), Lipson12 followed a different
procedure, He heated the alloy for a short time at
1,500°C and then he quenched it in air finding for
Hc = 1,200 Oe. X-ray work showed that the alloy was

an ordered f.c.t. structure with ¢ = ,968, The high

coercivity was ascribed to strains introduced by the
transformation from the high temperature cubic to the
tetragonal phase,

Later Kugsmanand‘V,Ritteberga found that for
an at 407 Pt the saturation and remanence magnetization
are higher while the coercive force is almost the same,
They also found that the magnetostriction coefficient
is very low so that the magnetic hardness is not due

to the strain but to the high magnetocrystalline energy
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of the tetragonal phase,

In contrast with the bulk material weill? showed
that the powders of ordered Fe-Pt phase has a very high
coercivity up to 20,000 Oe (by extrapolation),

Recently V, Vlasova and Y, E, Vintaykinls’l6
héve done a lot of work in these alloys., They studied
the fine structure of FePt and they investigéted the
influence of plastic deformation and tempering on the
coercive force, obtaining coercivities up to 7,400 Oe
with (BH)pax. = 7.610% (gauss.oe).

On the other hand Shotaro Shimizé and Eigo

Hashimotol7

prepared the quasi binary alloys Ptso_xpdx
Fego and PtsoFeso_xNix and they examined their magnetic
properties, They found that the alloys containing more
than 20 at, % Pd are good from the viewpoint of permanent
magnets, while those having more than 30% at, Ni they are
not suiteble as permanent magnets because they have low
saturation magnetization and their magnetic transition
temperature falls near to room temperature,

According to the phase diagram18 (Fig. 2.1) in
Fe-rich FePt alloys two types of ordered structures are
formed with stoichiometric compositions Fe3Pt and FePt,
the first of which is analogous to Cu3Au and the other to
CuAu, The ordered FePt exists in the range of 30 - 65%

at Pt and has a tetragecnal structure., Fe and Pt atoms

are disposed in layers parallel to (10@3 planes, Around
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the stoichiometric composition there are two narrow
phase regions which show that the formation of the

FePt superstructure is a first order transition,

2.2 Purpose of Present Work
19,20

It has been shown recently that an Fe-Ni
alloy at its equiatomic composition could exist in the
ordered structure of AuCu type. Looking at this infor-
mation, it was thought that a system with higher satura-
tion magnetization, based on FePt, could be developed by
substituting partially some of the Pt with Ni,.

Apparently from the behavior of the new system,
it is found that Ni takes the‘place of Fe atoms and this
puts a limit in the amount of Ni for which ordered

structure Qf the type AuCu éould exist in the specimen

(Fig. 2.1).



CHAPTER 3

EXPERIMENTAL PROCEDURE

3.1 Preparation of Samples

The ternary FePt; _xNx alloys were melted by arc
casting from high purity materials in a water cooled
copper boat under an atmosphere of purified argon., For
a high homogeneity , the alloys were remelted six times,
The maximum weight losses from melting were ,5% due to
the splattering of Fe and Pt because they were in the
form of thin wires,

After the alloys were produced, samples were
cut off using the diamond wheel, and a final shape
approximate to a prolate ellipsoid was obtained. Then
the samples were entered in a solution of Nitric acid
45% and HC1 15% and they were ready for the heat treat-
ment ,

These samples were sealed into a clean vycor
tube under 180 mm Hg pressure of Argon and they were
homogenizedat1050°c for several hours. From this high
temperature the specimen were quenched by breaking the
vycor tube under tap water,.

Furthermore the specimen were subjected to a
cunulative ageing process at various fixed temperatures,
each time being quenched in the above way,

20
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All the annealing was done in tube furnaces with

temperatufe control of iZOC.

3.2 Apparatus

The ballistic method was used for the magnetiza-
tion measurements., The maximum available magnetic field
+ 16KOe, was provided by a water cooled electromagnet.

By withdrawing the sample from the uniform field
region of the magnet, a voltage proportional to the
magnetic moment of the sample is induced due to the
change in flux in a 15,000 turns pick up coil, This
voltage is fed into an electronic integrator (Fig. 3.1)
based on a chopper stabilized operational amplifier. The
output is displayed on a digital voltmeter.

| Magnetic measurements at low temperatures up to
95%°k were obtained by using a cold finger arrangement
(Fig. 3.2), The sample was mounted on one end of a
copper rod, and the other end was cooled to LiNg. A
heater was sitting inside this end to fix the desired
temperature and the copper rod was thermally isolated
from the enviromnment by a vacuum jacket. Using this
method, equilibrium temperatures could easily be reached
within +1°k,

A different set up was used for reaching 77°K°
The sample was mounted on a vycor tubing which was
fitted inside the magnet bore., Then by flushing LiN

2
through that tubing(??oK could easily be reached,
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Fig. 3.1. Integrator Circuit,
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3.3 X-Ray Techniques

X-ray diffraction examination was carried out
using a copper or iron target with appropriate filter

A single crystal rotation camera was used for
most of the samples, This camera is useful for bulk
samples and gives diffraction patterns similar to those
of powders, Pictures were taken from sampleé which
were mechanically polished, followed by chemical etching,
Those samples were put in such positions, so that the
collimated x-ray beam was striking them on one edge.

The whole specimen was rotating about this edge with an
amplitute of 16°, Exposure times were about 4 - 5 hours,
with an anode current of 20MA at 40kv for the copper
tube,

In a few samples, the x-ray work was carried out
by using the Debye-Scherrer method, For this purpose
pdwder was required, which was provided by grinding some
of the bulk specimen. The powder recelved the same heat
treatment as the bulk sample and the results were satis-

factory;giving an accurate value for the lattice parameters,



CHAPTER 4

OBSERVATIONS - MEASUREMENTS

4,1 General Review

In this section a brief review of the work done
on all of the alloys is given, The basic idea is to see
how the magnetic properties change for different systems
and the possibility to relate this with changes in the

crystal structure,

4,1.1 X-Ray Analysis

X-ray examination of the specimens after quenching
and tempering at appropriate temperatures showed the
existence of a phase transition of first kind from an
disordered face centred cubic X , to an ordered face
centred tetragonal 3'1,

All the specimens quenched from 1,000° - 1,200° C
contained a X phase, At the first stage of ageing
ordered lines appeared on the diffraction pattern,
besides those of the cubic phase, On further ageing,
the intensity of the dlisordered lines decreased while
that of the X 1 phase increased and after several hours
of ageing only cﬁluphase lines could be seen on the
pattern,

The transformation from cubic phase to tetra-

gonal does not occur in the FePt6N14 alloy in which an

25
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ordered cubic phase of the type AuCu3 is formed while

tempering,

The calculated lattice parameters are tabulated

on Table 4.1, ap refers to the cubic phase,

Table 4.1

Lattice Parameters of FePtl_xNix Alloys

a, a c
Heat o o o c
X Treatment (4) (a) (4) a
.2 Quenched from 1?280°C
and aged for 2023 hrs,
. at 4859, 3.770 3.823 3,690 ,965
.3 Quenched from 1,100°C
and aged for 100 min.
at 700°C, 3.751 3.834 3,663 ,955
.4 Quenched from 1,100°C. 3,730 - — ———

4,1.2 Density

Knowing the atomic composition and the dimensions
of the unit cell we can easily find the density of the

alloys which is plotted against composition on diagram 4.2,

4.1.3 Optimum kagnetic Properties

The optimum magnetic properties of these alloys were
-.developed after the appropriate heat treatment shown
in Table 4.3,

According to these data FePt and FePt¢Ni 3

8 2
show good permanent magnetic properties while FePt 6Ni

Ni

4
shows very little magnetic hardening.
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Fig., 4.2, The density as a function of composition.



Optimum Magnetic Properties of Ptl_xNixFe

Table 4.3

Ms (emu)
gm,
Cubic -
X Phase Heat Treatment Hc (Oe) Hg(Oe) Ms (emu/gm.) Mg (emu/gm.)
02 73.20 Quenched from 1,280°C
aged for 105 hrs, at
485°C 2292 2660 61.8 32.6
3 80.60  Quenched from 1,100°C
aged for 35 hrs, at
650°C : 1762 2100 70.1 34.8
.4  87.10 Quenched from 1,100°C
aged for 169 hrs, at
650°C 370 558 87.2 14 .4

8%
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4.1.4 Variation of Coercivity and Remanence Coercivity
with Tenperature

From experimental observations the coercive force
Hc and remanence coercivity depend strongly on the temperature
and they increase by a reasonable amount on cooling
them to liquid nitrogen temperatures. The results are
plotted on diagrams 4.4, 4.5, FePt.8Niqg wasg annealed
for 67.5 hours at 485°C and FePt°7Nic3 was annealed for
40.5 hours at 650°C., It is obvious from these figures

that these functions depend linearly on the temperature,

4.1.5 FePt gNi 5, Alloy

The complete cycle of FePt gNi 9 is included
in Table 4,6 which shows the variation of Hc and Mp at

o)
different aging times at 485 C.

Table 4.6

Ageing Time (Hrs.) Hc (Oe) Mp (emu/gnm.)
0 426 16.1
1.3 | 730 19.9
4 1,216 26.6
9 1,462 29.2
25 1,947 32.5
56 2,235 32,3
105 2,292 31.5
273 | 2,254, 25,7
442 1,955 21.9

780 270 7.6
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4.2 FePt°7Ni.3 Alloy

For more detailed work the FePt‘7Ni.3 alloy was
chosen because it has a relatively low transition temp-
erature compared with FePtlgNi02 and because the magnetic
properties of the two alloys are very similar,

4.2,1 Variation of Lattice Parameters with Ageing
Temperature and Ageing Time

The lattice parameters of this alloy were
investigated for various annealing times at different
temperatures, The transformation from the disordered
cubic to an ordered tetragonal doesn't occur above 750°C
so that it suggests that its transition temperature lies
within this range,

By using Cu Kua radiation the lattice para -
meters were measured very accurétely from high angle
lines corresponding to 024, 332 reflection, From Tables
4.7, 4.8 we can easily see that the values of 'a'change
slightly for different ageing times and more drasticalily
at different ageing temperatures., At a given ageing
temperature and for different ageing times thé ; ratios
for the structure and superstructure lines are the same,
within an experimental error of + .002,

The process is very slow at 600°C° The value
of ; at the early stages of tempering differs from
those at the subsequent ageing times,. Particularly

there is a reduction in ; by further tempering which
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suggests that the degree of long range ordering is
increasing,

At 650°C and 700° the process is rather fast
and the values of g are constant through all the ageing
times, This indicates that the alloy orders quickly to
tﬁe equilibrium degree of order.

The peculiar thing is that the degreé of long
range ordering is lower at 650°C than at 700°C whereas -~
%E would be expected to drop slightly for higher tempera-
tures, This would suggest that the process here ;s not
a simple ordering mechanisp. The composition of this
alloy is very close to thé phase boundary of the ordered

tetragonal and ordered cubic structure where the two

ordered phases might coexist.

Table 4.7

Variation of lattice Parameters With
Ageing Time, Ageing Temperature 650°C

o (-] C

Ageing Time (hrs.) c(A ) a(A) Y
.25 3.683 3.818 . 965
4,00 3.678 3.808 . 966
40.5 3.675 3.803 . 966
Very long time 3.680 3.801 . 968

o

( Estimated error in 'a' & 'c! 0,001 A )
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Table 4.8

vVariation of Lattice Parameters With
Ageing Temperature

T (°C) Ageing Time (hrs,) ax cg g
B 15¢5 - am - 0967
600
182 3.856 3.654 . .948
650 4 3.808 3.678 . 966
~
1.7 3.834 3.663 .955
700
199 3.833 3.666 .956

4,2,2 Magnetization Curves

By quenching the specimen in water, after anneal-
ing it for several minutes at 1,000°C, a disordered cubic
structure was obtained. This phase is magnetically soft
and it saturates at very low fields (Fig., 4.9), By
further ageing at a certain temperature the saturation
magnetization drops and remains fairly constant after a
very long ageing time, This is thought to be associated
with a tetragonal phase which is much harder than
'the cubic one (Fig. 4.10), 1Its magnetization saturates
at very high fields which weren't available at this
time, An attempt was made to find this saturation
magnetization by plotting Mvs é'and extrapolating it to

infinite applied fields., The saturation magnetization
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Fig. 4.9. Demagnetization curve for the cubic phase,
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for both the phases are given in the following table.

Cubic Tetragonal

Ms(S2%) 80.6 65.0
gm

4,2,3 The Crystalline Anisotropy Constants

It %s generally observed that magnetically hard
materials possess a very high anisotropy energy. This
crystalline anisotropy energy could be expressed in a
series of trigonometric function, In a cubic crystal

21
it must have cubic symmetry as it is given by

2 2 2 2 2 2 2
Wy = kl(al ag + a2 ag’ + a; ag ) + k2(a12a2 a32)

where k;, k, are the anisotropy constants and a;, ag,
ag the direction cosines between the direction of the
magnetization and the cube edges, The anisotropy constants
k,, ko depend on the matefial used and their sign and
magnitude determines the easy direction of the magnetiza-
tion,

An attempt was made to find the order of the
magnitude of the anisotropy constant k1 by using the
law of approach to saturation for polycrystalline
specimen522 (3aus 1932, Becker-Doring 1939). According

to this law

2
- 81{1
M, — H = @8]
8 105M,, H?
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where Ms is expressed in emu and ky in ergs, This law

et

ccC ccC

23

was modified by Neel (1948) who took into account the

interaction between the randomly oriented grains within

the crystal. According to that
2 i

4k L

M M= 1 (2) E

8 105MQH2

So by plotting Ms - M versus 12 a straight line is
H
obtained (F%g. 4.11), The slope of this line gives us

the anisotrcepy constant k1. By equation (1) it is found

that k, = -2.6 x 105 erss
1 6CC
and by equation (2) kj = - 3.6 x 10~ ergs

ccC
For the tetragonal phase the easy direction lies in the
coaxis and the anisotropy energy is given by
Wy = ky sine + ky sin%  where 6 is the
angle between the magnetization vector and the easy
axis,
| The magnitude of the anisotropy constant was

roughly estimated by using U, W. Lee and J, E. L. Bishop

method24. According to this
. _ M HM M
J = — h = “ = f ( )
M's ’ ki M

Using our data we found a set of j's values and for each
one the correspondingh; which were tabulated on certain
tables, Then a plot of h against H should give us a
straight line from the slope of which we can estimate the
anisotropy constant kX', This is done in Fig, 4.12 and

v o
)

gives k 1 x 107 ergs/cc,
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from law of approach to saturation,
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4,2.4 Domain Wall Energy

In order to see how the domain wall energy varies
for the tetragonal and cubic phase, we used the previously
described (Stewart 1948) crude approximation which gives
for the wall energy

¥ - amneeE |kl )}
and for the domain wall width X

3 )
S = Ein(E )<
2 | k|
The exchange energy can be calculated by using the Weiss
model
E = KkTcMg

2jig

where K is the Boltzman constant, Tc is the Curie temp-

erat ure, M.S is the saturation magnetization in emu/cc
and_yB the Bohr magneton,

We plotted our data in the above equations, using
a = 2,658 and T, = 600°K. Knowing also that, in the
case of cubic phase, the energy needed to rotate the

magnetization from (111) direction to (110) is W(11l1) -

W(110) = k1 , we substituted kX with kj. The obtained
3 3

results are tabulated in the following table,

E (ergs/cc) X(ergs/cmz) S (A? )
Cubic 4.76 x 10° 14.5 227
9

Tetragonal 3,84 x 10 23,1 115
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4.,2,5 Variation of Magnetic Properties with Ageing Time

The magnetic properties of this alloy were investi-
gated for several ageing times, In Figures 4,13, 4.14,
4,15 the coercivity, the remanent magnetization and the
remanence were plotted against 1lnt. Looking at these
diagrams we can easily see that these quantities rise to
a maximum and after they decrease, as the agéing time
increases, It should be noted here, that the sample in
the cubic phase has a negligible amount of coercivity,
while after long ageing time the coercivity comes to a
constant value which is higher than the starting one.

For a certain ageing temperature the ageing times
for the maximum of coercivity and remanence are similayr

but the peak for the remanent magnetization curve

comes at smaller times,

The peaks of these curves are shifted towards
longer times as the temperature decreases, Figure 4.13
shows that, as the temperature decreases, the peak of the
curves increases, but in Figure 4.14 there isn't too much
change in the peaks for different annealing temperatures,

The highest peak occurs at 650°C and is

Mg = 39 emu/gm.

4.2.6 Temperature Dependence of Coercivity and Remanence

The coercivity and remanence were measured in the
range of 300°K to 77°K, for different ageing stages of the
sample. The obtained results are plotted in Figures 4,16,

4,17, 4,18, 4.19. From these diagrams it may be seen that
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Fig,. 4,13, The coercivity as a function of ageing time,
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the coercivity and remanence vary linearly with temperature,.
vAs the ageing time increases, the slope of these lines rises
to a maximum value and after it decreases again to become
almost zero after very long ageing time,

It is observed that for ageing at 700°C the rate of

change of coercivity with temperature is higher than that of the

remanence coercivityThe maximum slope of these curves is that

for the . H, of the sample aged at 600°C.

From these figures we can find Hc(0) and HR(O), the coerci

vity and remanence coercivityat absolute zero, by extra-
polating these lines to zero temperature. Also the values
for the reduced slope, given by Hc(0), can be calculated,

C
(HT—) o o
The obtained results for FePt 7Ni 3 aged at 700 C, 650 C,

GOOOC near its optimum point are tabulated on Table 4.20.

4,2.7 Demagnetization and Remanence Curves for different
otages oI the Sample

The demagnetization and remanence curves were in-
vestigated for several ageing stages of the sample., From
Figure 4,21 it can easily be seen that the coercive force
Hc and the remanence Hp differ slightly, Looking at Figures
4,22, 4,23, 4.24, 4.25 we can say that at the early stages
of ageing the effect of the temperature on the magnetic

parameter is stronger than that at the later stages,

4,3 Discussion of Results and Further Suggestions

We may summarize all of the observations we've
already discussed in previous sections, We started from
a stage, where the sample was all cubic, and it had a

negligible coercivity. We estimated roughly its anisi-
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Fig. 4.16, Temperature dependence of coercivity.
Sample aged at 3 different temperatures,

noted on the figure,
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Fig., 4.18, Temperature dependence of coercivity.
Sample was aged for 20, 40, and 80 min,
at 700°C, '
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Fig. 4.19, Temperature dependence of remanence coercivity
Sample was aged for 20, 40 and 80 min,
at 700°cC.



Table 4.20

Values of the reduced Slope
Hc (0) for three different ageing temperatures

dH
dT
He (0) HR(O)
dHc Hp (0) —
Hc (0) ~3T R dHp
Heat Treatment (0e) (°k) (0e) ar_ (°x)
Aged at 600°C
for 182 nhrs, 2420 968 3070 819
Aged at 650°C
for 40.5 hrs. 2250 918 2530 886

Aged at 700°C
for 80 min, 2270 783 2430 778
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tropy constant and we found it fairly high K; = 4 x 106

ergs/Oe, Regardléss of the used ageing temperature,
the tetragonal phase started appearing in the x.ray
pictures, at the early stages of ageing as an indication
of the cubic to tetragonal transformation, Even in
this stage, where the two phases coexist, i.e.; tetra-
gonal particles in a cubic ﬁatrix, the measured coercivity
was found to be fairly low, The transformation from cubic
to tetragonal was completed after a short‘time and the
tetragonal phase was the only one that appeared in the
x-ray pictures, With this phase present, the coercivity
increased with ageing time up to a maximum value, and
after it started decreasing again to become almost con-
stant for very long ageing times, At this stage the
anisotropy constant was estimated to be of the order of
Ky = 1 x 107ergAOe, which is very close to the value
the anisotropy has for the cubic case, However, it
should be noted also, that the difference in the wall
energies of the tetragonal and cubic phase;, is not very
high., |

"From all we have seen, it seems that the mechanism
for magnetic hardening in these alloys differs from that
of CoP‘t..z5 It is suggested that for CoPt, the magnetic
hardening could be explained by assuming a finely disperse
mixture of ordered and disordered phases, According to
this, small tetragonal particles of high anisotropy

constant, present in a cubic matrix, could pin the domain
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wall and give rise to the observed hardening. It is
also found that for CoPt the anisotropy constant of the

cubic phase is low compared with that of FePt°7Ni.3
and that the difference between the domain wall energies
of the tetragonal and cubic phase is three times bigger
than the difference in FePt

Ni.3- However, according

7
to the model of domain wall pinning by inhomogeneities
a large and abrupt change of the wall energy with posi-

tion is required, for high coercivities, For FePt . Ni

7 3
this change in the domain wall energy can't be associated
with the difference between the wall energy of the tetra-
gonal and cubic phase because this difference is very
low. On the other hand, as the x-ray pictures show,
there isn't a mixture of two phases but only one single
phase is present in the sample,
Having all of these observations in mind, we

may suggest that In the early stages of annealing, the
cubic phase transforms to a tetragonal matrix with small
o .mlsoriented tetragonal islands embedded 4n it.
As the annealing time increases, these islands tend to

lign with the main matrix, so that their size decreases
giving rise to the coercivity. By this process the
coercivity comes to a maximum value corresponding to a
size of these islands for which the pinning is most
effective, By further annealing their size becomes so

small that it is ineffective for wall pinning and finally

they join the main matrix,
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The simplest case to consider is a 183@ domain
wall with an inhomogeneity of cross sectional area a
within it (Fig. 4.26), Assuming that the spins within
the wall are normal to the page of the diagram and that
the easy axis of the inhomogeneity

é%? is parallel to the spins, then there
is no contribution to thHe wall energy

a

from this area and the change in the
Fia. 4.26 domain wall energy from the whole
pinned area A could be equal to
AAX‘Z ajfy = Ho

dHe

dT
From the values of table 4,20, we can easily see that the
reduce slope remains fairly constant for annealing at
different temperatures and different times. By averaging
all of these values and‘substituting in the above equation

we may estimate the cross sectional areaof the inhomogeneity

d which is found to be

a = 13 x 10—135-‘"’)9~

Following this model we may easily explain the
linear dependence of coercivity and remanence on tempera-
ture.

However, the assumptions we made they are very
crude. Further work needs to be done in order to test -
the above suggestions, For this purpose a single crystal
of the specimen is necessary andit will provide us with

enough information of the structural changes within the
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sample., <xtra spots should avpear on the diffraction
ratterns, due to the various migorientations of the
tetragonal islands from the main matrix, Such extra apots
vould confirm the hycothesis,

Llectron mlcroscopy and diffraction of thinned
samples weuld allow observatlon of the structure of a
single crystal area and its nisoricntations,_The Interaction
of magnetic domain walls with the misoriented regions could be

observed for the same area using Lorentz electron mlcroscopy,
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