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Abstract

This thesis deseribes the experimental investigation of magnetocrystalline anisotropy
and magnetization of Nicke] single erystal. The first ATHSOtropy constants have been
determined at differem tetperatures. The anisotropy constants have been detennined
by torque measurements in the (100} erystallographic plane ‘as a function of fields and
temperatures. The measurements are performes| usiug 4 Torque Magnetometer with
automatic clectronic compensating sysiem. Thie temperature dependence of magneric
anisotropy of Ni is found to comply with the garlier works on this magmetic sysiem. A
rotation of the magnetic vector is predicted around the ferroma Enetic Curig
temperature T,.. As the sample eniered in 1o the Parmamagnetic phase, some non-
periodic sigmals are reco ded, the cause of which may he attributed ta the local spin
fluctuations in the unbroken clusters containing ferromagnetically ordered Sping near
the onset of paramagnetic phase. e magnetization of the sample is measnred by a
Vibrating Sample Magnetometer (V 8.M). The variation of the ANISOLrOpy constants
due 1o change of temperature is found to be faster than the vatation of magnetizatian

in Nickei.
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Chapter 1

Introduction

The magnetocrystallme anisotropy is a secondary cffect which characterises the
magnetic sofiness or hardness. In practical application almost ali the devices uding
magnetic material as a core material demand that the material be magnetically soft and
isotrepic so that the hysteresis loss is mmimum. The area uader a B-H loop indicates
the magetic sefiness or hardiiess of 4 magnetic material. Thus minimising the area
inside a B-H leap has long been the focus of magnetic research.

One factor which may strongly affect the shape of the A7, /7 (or B, #) curve or the
hysteresis loop is the magmetic anisotropy. This term Isiﬁlpl}' means that the magnetic
properiies depend on the direction in which they are measured. So it is one of the most
important characteristics which determine the complex mapmetization process of an
ordered nagnetic material. This general subject is of considerable practical interest,
because minimising the magnetic anisotropy is very important while we design most of
the devices of commercial importance using magnetic matenals.

The present theoretical knowledge of the arigin of magmeric amisolropy is not quile
clear as there are various factors on which this propeny of a magnetic material depend,
The atomic structure of a material is at thermodynamic equilibrium when the atoms
take the positions to minimise its energy. fron having the body centred cubic {b.c.c)
stoucture could be easily maguetized along the [100] crystallographic direction. On the
otherhand Nickel having the face ceatred cubic structure (Fe.c) conld be easily
magnetized along the [111] crystallographic (bedy diagonal) direction.

The physical propertics of a ferromagnetic single crystal in general depends on the
direction along which their mapmetization is measured 1clative to (he crystal axes, In a
ferromagnctic single crystal there is preferred crystallographic direction along which it
is easily magnetized which is known as the easy direction of magnetization. There is

also a hard direction along which it is difficult to magnetize. The difference in energy



to magnetise the sample in e hard a;ld easy direclions is a measure of the
magnctocrystalline anisotropy. ‘The reason for the magnetic anisotropy may be
attnbuted to the stacking ol the atoms taking the minimum energy position during cheir
growth. Thus as one passes through a crystalline arangement of atoms or molecules
alang a piven ditection, one meets atoms or group of atoms having minimuin energy
ortenlations.

The magnetic anisotropy i a ferromagnctic matedal and also in their alloys may be
mduced by mechanical stress which is called the induced anisotropy. The mapnetic
amsotropy in a metallic glass ribbon is an example of induced magnetic anisotropy. The
mechanical stress suffercd by the ribbon during its growth pives rise to the induced
magictic amsotropy.

Cobalt has higher anisotropy energy than Iron and Nickel, When an exzemal magnetic
field is applied on a magnetic material the magnetization vector trics to rotate and align
itgelf’ with the external field. This happens as the elcetron spin moments try to rotate
#long with the applied magnetic field. But this effort of rotation is resisted by the
electron orbits as they are strongly bound to the crystal field created by the lattices. As
the latlices are strongly bound in a crystal, the electron moments can not rotate them
However, if a strong external magnetic field is applied, the strong bindings between the
lattices and the electron spins could be overcome. The ailnmmt of cnergy required to
overcome this binding is the m-agnetucr}rslaﬂine anisotropy cnergy whose underlying
reason is the spin-orbit coupling,

Magnetocrystalline anisotropy of Nickel wiiich is the nllain aspc-;t of present research is
evaluated from the torque curves, and also its temperature dependence is studied From

room temperature to and above the ferromagnetic Curie temperature 7.



Chapter 2

Review of Earlier Works

Study of mapnetocrystalline anisotropy and maguetostriction has long been the subject
of research by the Scientists who are working for the development of magnetic
materials for scientific and industrial applications. The magneticaily sofi and hard
matenals are characterised on t-hc basis of their hysteresis . The soll magnetic marerials
are identified by their small hysteresis loss. When such magnetic materials are used in
sophisticated electronic devices powered by small batteries, t]n;:}r usnally consune very
small power from the source. To minimise the hysteresis losses and to preserve their
useful magnetic properties have been quitely a challenging task in recent days of
technological revolution. Thus the study of magnetocrystalline  anisotropy  and
magnetostniction is one of the very important ficlds in magnetic research

The classical theory of Felmmag,mi':iic anisotropy in cubic crysials was formulated by
Aknlov 1], He showed that if the anisotropy energy is expanded in powers of the

direction cosines a,, a,. and &, between the bulk magmetization vector and the three

cubic axes, the lowest non-van ishing term must be of the form
- X 2 ) 2 T 2
F=¥(a'e vata} +ala}) e (21)

A rough estimate of the temperature dependence of the first anisotrapy constant X
was also given by Akulov. He considered the crystal to be composed of a number of
small regions, and within each 1egion he assnmed that the magnetization vector makes
a randomn small angle & with respect to the avcrage over-all direction of bulk
magnetization, As the temperature incrlcase&, the angle # Dbetween regional and
average magnetization becomes larger and larger, and e total anisotropy energy

drops precipitously. At a stage the tolal anisotropy energy will disappear; however, the



sample magnetization AS(7'), which is given by the average value of A/, will be quite

large. Akulov derived the expression

KT 2y 1o [M00) ~ (1))
K,(0) #(0)

R (2.2)
in 1954 C. Zener 121 in Westin ghouse Research Laboratory, attempted to understand
the iemperature dependence of the crystal an isotrapy. .Tn his attemnpt he proceeded in a
classical manncr with two assumptions: (i) the eflect of temperature upon magnetic
anisotropy arises solely fiom the introduction of local devistion in the direction of
magnetization; and {i) The local deviation in an elcmentary region is the resultant of a
very large number of independent deviations. 1le saw thai the anisotrapy in nickel

decreases much more rapidly than predicted and found that & , decreases at least rwice
as rapidly with T/ 7, in the case of nickel as in the case of iron. Since J, decreases in
approximately the same manner for those two metals, he concluded (hat the same
agreement would nat be obtained for nickel as was obtained for iron. Zener has shown
by random-walk calculation of the average angle & that a more precise formulation of

eq (2.2)is a “10h power law™

k() _[ My 23)
RO L hor|

a result which fits excellently to the experimenta] curve for iron, but fails completely in

the case of nickel wheie one finds approximately

KATY M{TJJ“ 2.4)
K(0) | M)



Raoben Brenner 131 found (he reasan why the propused model should hold for iren
only. He showed that the teng power of M)/ A{0) holds for all lemperatures up
to the Curie point,

Zener has given a general expiession for higher-order anisotropy. In paricular, the

teniperature dependence of K, is as close to the 2!st power of M(I). Fener has alsp
shown that if K,(0) is of comparable magnitude to £ (0), K| increases as the
temperature (alls off;

The Akulov-Zener macr{.‘:scnpic classical theory is quite gemeral, and seems to be 4
correet first approximation 1epardless of the type of microscopic quantum-mechanical
source of the anisotropy The standard quantum-mechanical theory has been given by
Van Vleck [4]. He has expanded the indirect anisotropic coupling between neighbour

spins into a dipole-dipole tern

Hy =30 D,[8.8,-30,7(S.0, XS, 1, ). e {2.5)

plus z quadrupole-quadrupole (erm
Hy =2, (5,0, (8, P e 2.6)

Here 7, connects nearest neighbours, e, spin ¢ and spin j and D and @, are the

coupling constants, which is considered temperature independent and acting anly
between nearest neighbours,

In the Van Vleck theory the temperature dependence of the macrascopic anisotropy is
cavnsed by statistical dwiﬂtiﬂll:s of & and 5, from maxinuin alignment, Decavse he
evaluated these deviatinons in a molecular field, that is, assuming complete lack of
comrelation in the alignment of neighbouring spins; Van Vleck obtained too slow a
temperature dependemce of X Tt has heen shown by Keffer 151 that if correlation is

properly taken into account, Van Vieck's H » lcads ta the 10th power law. This may he

demonstrated in a general way, and also by means of a spin-wave analysis. Pal [0] 1as

Lh



mdependently made a spin-wave calculation leading (o an equivalent tesulr, in an
cxceilent review article Van Vieck [7] has exhibited a very powerful and completely
genf:ral extension of correlation concept, Thus the anisotropy arising from H,, behaves
according to the Akulov-Zener theory, and the quadrupoelar-coupling problem is well-
understood.

Van Vleck's second order perturbation theory of dipolar type anisolropy i cubic
ferromagmets was re-evaluated by 1. Keffer and ‘I Oguchi [8] and Irederic Keffer [91.
Essentially the same corrclation was obtained very easily from a simple modification of
the Yan Vieck formalism to take careful account of the average energy involved in
simultancous reversal of neighbouring spins Tt was Sh-DWll that the spin-wave theary,
in agreement with classical theory, predicts identical values of dipolar-type anisotropy
whether measured statically in a torque experiment or dinamically in a microwave
resonance experiment.

R. R. Dirss and P, M. Wallis [19] had worked on the temperalure dependence of

magnetocrystalline  anisotropy. They have shown that the tenth power law
K(T)_
£(0)

': M T)J is in much better agresment with experiment at low temperature,
A (D)
F

The theory of tcmperature dependence of magnetoerystalling  anisotropy in
ferromagnetic insulators was reviewed and summarized by H. B. Catlen and E. Callen
[11]. They found that the derivation of the 10th power law is resincted to materials
with localized spins and 34 metals are almost surely exempted. For various insulating
magnelic materals and even {or rare canh metals the cxpedmental data, which they
reviewed was in excellent agreement with the 7 +1)/2 power law. They also saw
that the theory of the temperature dependence of the anisotropy could be extended to
arbitrary temperatures and i stood in excellent agreement with ihe data for insulating
materials. They also discussed the magmetic field dependence of magnetic anisotropy.

In 1968 I. . M Franse and G. De Vres [12] attefnpted to measure the
magnetocrystalline anisotiopy energy of nickel at diﬂ"ere;n Lemmeratures beiween | 5K

and 296 K", They based their description on the usual expansion of this energy:



Eym K+ Ks+ K p+ K+ K sp+ K5+ 8 p° + e 2.7)

where s=a)’a,” +a, a” +a ¢ and p= a’a’a’s a, a, and a, being the
direction cosines of the magnetization with respeet Lo the crystal axis and K, K, et
the anisotropy constants. These constants were derived fom torque measurements -h}'
" a least adjustment Neglecling higher constants they got, hawever, a good estimation
of K, and with the aid of this constant they altempted to determine X s K, and K,
from the combined torgue curves in the (100), (110) and (111) planes.

R. R, Birss, G. J. Keeler and P. D. Lea [13] measured the anisoilropic magnetization
{ A4,) of nickel by a rotating sample magnetometer over a range of temperature [fom
4K to 250K, A new technique of analysis was used which reveals thal the effect is
field dependent at low fields. Tn all cases the field dependence of X, were found to be
essentially the same at all fields, hut Af, showed a marked ficld dependence.

R M. Bozorth [19] ghowed that by taking account of an additional term in the
expression lor the energy of magncﬁznrliun the [110] direction might under cenain
conditions be the direction for easy magnetization in a crysial, instead of [100] or
{111}, Magnetization curves for single crystals werc caleulated using the additional
term,

L. P. Tarasov [13] worked a lot aver the dependence of ferromagnetic anisotropy on
the ficld sirength. By using a torquemeter of very high sensitivity, he had been able to

show that a saturation value of the torque could not be obtained experimentally, but

could be calculated by extrapolating to % = 0. The tesult is expressed by the equation
Ty = Tm[l——ﬁ-} e (2.8)

where T, and 7 are the magnitudes of the torque peaks for an applied field H, and

e : : |
for an infinite one respectively, and 5, is a constant. The usefulness of ihe — law for

4

dishs lies n the fact that it makes possible the calculation of a unique value of the



. . I . )
anisotropy constant, the one comespondivg to i 0, which neither depends upan the

field used nor upon the dimensions of the specimen,

When & disk cul from a cubic crystal of a ferromagnetic material is placed in a
magnetic freld parallel to its plane. the torque exerted on the disk by the field generally
increases continually with the strenpth of the feld, approaching a fnite limit
(saturation) in very high fields. An anomaly fov onc orientation of a crystal of iron-
silicon was observed by Tarasov. R M. Bozorth and FL J. Williams [16] confirmed his
fndings and observed a similar effect for & serics of orientations of disks cut parallel to
the (110) and (100} planes. As the field sirength is increased, the torque passes
through a well-defined maxinmim before beginning the final approach to saturation,

C. D, Graham [17] reported precise measurements below room temperature which
indicate in this range not a tenth power, but founth or fillh power dependence on
magmetization, W. 1. Carr {18] interpreted this seemingly anomalous resnlt for the
lemperature dependence of magnctic anisotrapy in ferromagnetic material on the basis
of Zener's theory, with the eMfect of thermal expansion.

The conventional theory of the variation with temperature of the anisatropy of cubic
crystals is extended by C. Kittel and 1 H. Van Vieck [19] {0 include the
magnectoelastic constants, Tlhcir results are expressed i the form of a funciionat
relation connecting the magnctoelastic energy with M rather than T, but as the
saturation magnetization Af is itself a function of 7, the form of dependence on ¥ is in
principle determined. Becker and Déring [201 shawed the magnetoelastic energy in a
cubic crystal by symmetry considerations. |

W. . Carr, 21] worked 4 lot 1o develop the theory of ferromagnetic anisotropy. 1t is
generally agreed ihat the principal source of ﬁ:rmmagnetif: anisotropy in most
materials, panticularly metals, comes [rom electronic spin-orbit coupling, a suggestion
scems first to have been advanced by Powell [22], and Iater in 4 more concrete form by
Bioch and Gentile 23], Two note-worthy schemes have been used in attempting (o

calculate the effect af spin-orbit interaction in a ferromagnetic solid; one by Van Vleck



[24] ysing an atomic approach, the other by Brooks [25] using an energy-band
approximation. Later using an improved cnergy-band model, Flewcher [26] gave a
resull for nickel two orders :nf magnitude too large Dut ane of the principal
mechanisms for anisatropy was found by Carr to be dillerent from those considered by
Van, Vleck, and arises from the interaction between the orbital moment ahout a lattice
site and the crystalline potential of the lattice.

w. I Carr [27] also verified the tz-:mperaturf: depenéiﬂncc ol crystalline anisotropy
.cansiants of iron, cobalt, and nickel, He showed that Zener's result for iron {i.e the
first anisotropy constant varies as the tenth power of the magnetization) also might be
derived from molecular field theory. In cobalt a satisfaciory agreement with cxpenment
was obtained by using Zener's resulis together with the postulate that (he intrinsic
anisotropy varies with thennal expansion. For nickel the lemperature dependence of £
seemed to require. in addition to the tenth power of magnetization, multiplicative
. factor that is linear i the temperature.

F. C Nix and D. MacNair [28] investigated the thermal expansion of pure melals,
Their values for these characteristic (emperatures are: 410K for A7 and 420K for Fe,
The ferromagnetic Curie temperature is found o be 625K . In plotting irue coeflicient
of thermat expansion versus temperature Simon and Bergmann [29) found & harizontal
plateau at about 1754 to 235X for Mv and Fe.

The ferromagmetic anisotropy constant X, was accurately measured by the magnetic
torque method for a group of iron alloys containing up to 13.7 atomnic percent silicon
by L. P. Tarasov [30] The value for iran was considerably higher thas the one due Lo
Akulov [31] When & , i plotted against the atomic |)e|'ccnlaée of silicon, the change
m slope ocours at very tl;.aui'ly the same concentration as the similar change in slope
found by Jette and Greiner [32] for the lattice parameter a . An allempt was made to
explain the occurrence of 11:-::5::- breaks in terms of change fram a hypothetical

superlattice with a silicon concentration of 3/32 w a partially formed Fe S

superlatrice.



Since X, values arc ofien required for the theoretical treaiment of the problem, 2 new,
and direct, detennimation of &, for ivon and nickel was made by liroshi Sata and B

S. Chandraseklar 133] by means of magnetic torque measurements in the {11 1) plane.
This method minimizes the contribution fram &£, 1o the torque. Then the pure K,
confribution was singled out from the measured torque corve with the aid ol Syminetry
considerations. The values obtained for iron and nickel are at room temperature
714x10° j/of and 2.34x10° j/ar® vespectively. The results show, in (he casc of
iron, that the value of K, which had been given previously with the same order of
magnitude as K|, is actually an order of magnitude smaller. In the case of nickel, the
value is comparable to K| and its temperature dependence is even larger than that of

K

L

The conventional theory of the variation with temperature of the anisotropy of cubic
crystals has been used to calculate the magneto-elastic constants [34]

L. Néel, R. Pauthenct, G. Rimet, and V. S. Giron 1351 descrbed the mechanism of
magnetization of a ferromagnetic single crystal, They classified the elementary domains
in several groups, called “phases™ each having a certain direction of the spontaneous
magnetization. The variation of the total magnetization took place in various “modes,”
corresponding 1o the number of coexisting phases in a given field. The calculation of
the magnetization curve in these various modes explaing the experimental results for

single crystals,

10



Chapter 3

Magnetism in Solids

3.1 Paramagnctism

When the magnetic aloms in a substance are non-interacting and are not affected by
any spontaneous intemal field |, it is said o be a paramagnetic state. It is related 1o the
tendency of a permanent magnet Lo align itself in the direction of magnetic field such
that its dipole mament is parallel to the field. In atomic systems the permancmt
magnetic mament is associated with the electronic spin as in all atoms, molecules and
lattice defects possessing an odd number of clectrons, the total spin canmot be zero,
Thus a paramagnetic substance has & non-vanishing an gulat mamentum, It may also be
the permanent moment of unfilied atomic shells that arises fram the combination of
spint and orbital moment.

Some atoms and ions have permanent maguetic moments. In the absence of 1 magnetic
ficld, these moments usunally point in random dircetions and hence produce no
Macroscopic magnetization. But in the presence of magnetic field, the moments tend to
line up preferentially in the field direction and produce a nci magnetization. The perfect
alignment is classically possible at infinite magnetic field Since the moments line up in
the direction of the field and enhance the external field, the susceptibility is grester than
ZeT0

Paramapnetism is thus found in those matcrials where the individual atoms , iong or
molecules have a permanent magnetic dipole moment but no molecular field, Adn®,
Gd™, {4*" are the examples of paramagnetic materials Accarding to Hund's rule, in a
partly field transition metal, the vanous orbital states arc filled fist by clectrons of one
spin, then by the other, so that pairing of eleciron spins is the least possible and the

spin magnetic moment is maximised: It is this typc of exchange interaction that is



. responsible for spin alignment in paramagneic materials. Paramagnelism may also arisc
flom atoms, ions or molecules with a net magmetic dipole moment, 1t is ohserved
experimentally that for many materials in weak magnetic fields, the susceptibility is
inversely proportional to temperature., This dependence of susceptibility on
temperature is known as Curies law. According to (his law the susceplibility y is
defined as

M O .
X}Mrn=fun_‘ﬂ,_=_ {J])

where 7 15 the Cune canstant.

3.2 Ferromagnetism

A metal is composed of atoms. The magnetic moment of an atom s associated with
ihe spin motion of its electrons and their orbital motion araund the nucleus The
magnetic orbital quantum sumber 2, and the magnelic spin quantum mumber
determing Lhe quantum state of an atom. For a filled shell of an atom the contribution
from both the orbital and spin motion is zere, ie., Y 71 =0 and > ar, = 0. This is the
situation for complete diamagnetism where all (he atomic shells are filled. On the
otherhand in the case of 3d transition elements the shells are not completely filled and
there are resultant 3 #y, and 7 m, which are non-zero,

This means that they have a resultant magnetic moment. These materials when
subjected  to  exteral magnetic field exhibit very large ma gnebization.  This

magnetization is nol reversible and persists even after the magnetic field is withdrawn,

12



When cooled below a certain critical tempeiature, the magnetic moments af the atoms
ate ordered (o a certain degree even in the absence of an external maguelic field,
Ferromagnetic mateifals are- characterised by the presence of spontaneously
nagnetized regions called domains and the existence of internal molecular field A, as
praposed by Weiss (1907). The origin of the molecular field was explained by
Heisenberg (1924) and the existence of domains was explained by Landau and Lilshitz.
At 0X or al infinite magnelic field the alignment of the spins is complete and the
. magmetization allains its maximum value, Materials like transition metals Fe, Co, Ni
and some rare-earth metals like Gd and oxides Crf),, ErQ are examples of
ferromagnctic maternials,

The field seen by an atomic dipaie is the sum of the applied field B, and the internal

field B, i.c.,
B=B +A e (3.2)

where 8 = AV and A is kuown as the Weiss constani,

If B is such that M is small, where g is the Lande  'g'- factor, i, is the Bohr
'

magneten and & is the Bolzanann canstant. Then we can write

Ne2 2 1041
X oms = Hp— = £ fu { ] 142
ﬁl‘I'I Ekﬂ'f BU

i A
=_Fr_1 I + -r_."u.l'm
! Ha

Ny A0 +1)

where (=
8k,
i
or fﬁ:m:,—."T: .......... (33}
T
whers T = A
Jﬂdl']

13



7, is the Curte temperature at which the susceptibilicy tends Lo infinity. This means that

M has a fnite value when B, is zero which is an evidence of spontaneous

magnetization

l'rom the quantuim theory ol paramagnetism we can write the equation for spontaneons

magnetization as

M = Ngg, JB, (1) E (3.4)
whcre ¥ ;%‘;ﬂ e (3.5)

and B{,{y} is the Brllouin finction defined by

32/ +1 (2J+1) ! ¥
BJ[}}—[ 5 JC{}HI‘: Y )JJ—Ecnlh(-ﬂ) e (3.8)

Thus eq. (3.4) can be written as

Nep .
M = mg;fgm{m—”}—{aﬂ +,1M]]

o

- M,(GJ&,{M“[“}
Nk,T

(5, +A.M]} e {37

where M, (0)= Ng,/ represents the maximum value of magnetization at 0K . When

there is no maguetic ficld, 5, = 0 and we get

M = MS{G)B.,[J?—L{?_—?AM} = M. (0}B,(y) e {3.8)



wherc y is given by eq (3.5), in case of ferromaguetic materials, as

T T Y 3.9
YT 0T (B, +As1) | e e 3.9)

In ¢ase of no magnetic field, 8, = 0 and hence

ky Ty
BH w2

M=

e (3.10)

Since M satisfies both eq.(3.8) and eq.(3.103, the two A7 versus ¥ curves are plotted
in Fig, 3.1. Eq {3.10) is a straight line between Af and y and for various temperatures
e F<f.7T<T,T=7 and T>7, is shown in Fig 3 1. Eq.{3.8) represents a curve
which intersects the straight line for 7 < 7, at point P. This gives a nom-vanishing value
. of A even if the extemal field B, =0. This spontancous magnetization helow the
Curie temperature is shown in Fig 3.2 where the magnetization decreases from a
saturated value A=A (0) at T=0 to zero at 7=7,. At T=7 the straight line

given by eq.(3.10) is (he tangent to the curve eq.(3.8) at the origin. Thus there is no

spontaenus magnetization for 7= 7

15



T <T¢

Fig. 3.1 Graphical solution of equations {3.8) and (3, 10}
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Fig. 3.2 Spontaneous mapnetization helow the Cure temperature
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3.2.1 The molecular field model of ferromagnetism

Most known ferromagnetic substances are metallic. This fact introduces immediatcly a
difficulty which is not really peculiar to magnetism The problem is the more general
ane of how to describe the states of motiom of the electrons in a metal. When atoms
comghine to fonn a wetal, their EI]ECII'IHIS hecoms inlluenced by the neighbouring atoms,
The most tightly bound EIECHD;IS are hardly aHected and remain localised on scparate
nuclei. The aurermost electrons, on the otherhand, are as close to one aucleus as to the
next, and they tend to move extensively through the lattice of positive ions, giving the
metal its most charactenisiic property of high clectrical conductivity, The magnetic
electrons in the ferromagnetic rare earth metals are in 3 / slates and, benup screened by
| the 55 and 3p electrons, probably vemain tightly bound and localised on parent nuclci.
Tn iron, cobak and nickel, and i their alloys, the electrons responsible for
ferromagnetisin are these which are derived rom the 3d siates of free ions and arc
unscreened from neighbeuiing atoms in a solid sample, They probably exist therefore
in states which are itinerant, or at Jeast intermediate between being localised on parent
nuclei and being freely itinerant. that is they niove through the lattice but their muotions
are highly comrelated as a tesult of the Coulomb repulsions beiween them, Such a
situation is extremely diflicull to analyse theoretically,. Molecular field models have
been developed for the two limiting cases. The original Weiss mmodel is applicable 1o
electrons which are localised within the positive ions forming the laitice, while the
collective-eleciron model due maimly to Stoner, deals with almost free itinerant

glectrons.

I8



3.2.2 The localised clectron model

Free atoms of iron, nicke! and cobalt have 34 shelis wiiich contain fewer than the
maxunum 3d complement of ten electrons. They ]mssés:-:l, therefore, resultant magnetic
moments. Similarly, the incompletely populated 4/ shells of rare earth atoms give rise
to gesultant momenis, The Weiss model is based upon the hypothesis that, when such
atoms condense to form metsllic solids, the 3¢ ar 4d electrons retain their localised
character, so that ions at the c¢rystal lattice sites constilute the clementary dipoles
which are ordered by exchange forces between them.

The ferramagnetic elements like Tron, Cebalt and Nicke! and also their alloys are
. Teadily magnetised under the influence of an externally applied magnetic feld The
degree of spontaneous magnetisation obtaining at a particular temperature is to be
determined as a balance hetween the ordering influence of the molecular fGeld and the
disordering effect of theonal agitation. The molecular field tepresentation of the
exchange forces makes it possible to investigate the spontaneous magnetisation as a
development of statistical theory of pm‘mﬁa gnetisin. So there is a relation between the
intensity of magnetisation A7 of a paramagnetic sample and the applied feld & which

induces it. Tt is

M:M_,:ﬁ,[r‘-‘ﬁ] | end3.10)

M, is the saluration magneligation which would be attained in an infinite field with all

the dipoles of moment u  aligned, % is Boltzmmann's constant, 7 the absolute

jr H - . . . .
‘umf ) is the Brillouin finction of the variable # l"‘;" ie.,

tetnperature and BJ(

B.(x)= 2J+]cnth 2J-i_]x—icmhix 312
2 24
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Where / is the angular momentym quantuni number of (he ions, in terns of which

i : . . .
Ho = 28 When, J=E s it does for the spin dipole moment of g sinple

uncompensated eiectron, the Brillowin function reduces to

H i
8, [EEF] = tanh[%-) en(3.13)

The exchange forces are introduced through the hypoihesis that the field acting on

each ionic dipole is
H=H +y M e (3 14)

Where H_ is the applied ficld and ¥ M is the molecular field, being propenional to
the magnetisation A7, with 7 the moleeular ficid constant. It has been stressed that

the molecular field in a ferroma gnetic body is normally very much greater than any

other realisable applied feld. Neglecting 4, therefore, we obtain from eq{3.11)

M
o _ B{ﬂ“‘_} ........ (3.15)

M, kT

The magnetisation here is pow ihe sp-:mt:menus magnetisation due to the molecular
field, and for this we have used tihe symbo] Mw.- Equating ¢q.{3.15) states how
M_...depends on temperature Lbut A4 appears both sides of the eq.(3.15) _ It is not

Possible to rearrange the terins to display M, as a simple function of T Instead the

vadation may be derived graphically by plotling hoth sides of eq {3.15) apainst
M, '

T » and finding the points at whicl the curves mtersect. Thus in Fig. 3.3 for the

right hand side of eq.(3.15), we have the Brillouin function and for the left hand

i ) A M
™~ has been drawn as g function of S8 s

side,
M, iT
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A '
e, o [ _ KT (“mﬁ"fﬂ) nd3.16)
A, i M, AT

resulting in a siraight line of slope proportional to T. The simultancous solutions are
indicated by the points of caincidence of the twa curves at 0 and X. The point 0,

correspouding to zero spontancons magnetisation, would be an unstable equilibriurm

and the value of M, al the cross-over point X is the one which would obtain, The

variation of A, with 1emperature is revealed when the change in slope of the

TR

straight line for is considered. As remarked the slope is proporional to

8

temperature, and therefore qu at very low temperatures approaches the value Af s
and decreases as the temperature rises. When'the temperature is such that the slope of
the line is just equal to the initial slope of the curve for B,, the only point of
intersection is at the origin, and at this and higher temperatures the theory indicates
that there wall be rero spontaneous magnetisation, This oritical temperature at which

M, falls to zero is the Cure temperature 7. and its value in terms of the various

molecular field parameters fellows from the slope of the Brillouin funciion at the origin

which is :IL] ' ' |
3/

' Equating this to the slope ol'the line we abtain

. J+1}f J+]}’ 1
F=——=Lp = =N

] 3.), J{, .'H“'m ‘;J k fum
_Jd+D)

3k

e (3.17)
g gt = 3C

where & is the mumber of dipoles per unit volume. Equating (3.15) may therefore be

written as

A I M,
Moo _p (34 T Myw ] (3.18)
NI T M
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Epamr

For a given choice of I the variation of with% depends only on the form of a4

Ry
Briilonin function and nol upon 4, , » or N, that 15 the variation is independent of
those parameters which would vary from onc material to another. The dependence of

R

N T,
the reduced magnetisation upen the reduced temperature }_—_15 thus a law of

' & E
comresponding states which, a-::f;:uniing to the Weiss theory |, should be obeyed by all
ferromagnetic elements. The physical processes implied by the theory above are, of
¢ourse, that, as the temperature increases above zero, progressively more dipoles

become temporarily excited into disaligned states by the thermal collisions, or

fluctuating interactions, between neighbounng atoms uitil, at 7= 7,

3.3 Antiferromagnetism

Heisenberg theory of ferromagnetism is based on the assumption that the exchange
integral is positive. When the exchange integral is negarive, favouring an anti-parallel
onentation of neighbouring sping, we have an antiferromagnetic substance. o an
anpiferromagnel the spins are ordered in an anti-parallel arrangement with zero nct
mament at teraperatwres below the ordering or Néel temperature. Such systems were
first investipated theoretically hy Néel [38] and Ritter [37]; the theory was later
extended by Van Vieck [38] and his formulation is usually regarded as the basic
theory of antiferromagnetism Experimentaily, antiferromagnetisin was Grst discovered
as a properry of MnO by Dizette, Squire, and ‘I'sai in 1938 [39].

Consider a crystal coniaining two types of atoms A and B distnbuted over two
interlocking lattices. Funthennore, let the interaction between the atoms be such that

the A spins tend to ling up anti-parallel to the B spins. At low temperatures this



interaction is very eflective and in an external field the resulting magnetization will be
small. As the temperatuic is raised, the efficiency ol the interaction becomes less
pronounced and the susceptibility increases, Finally a ¢ritical tt;mperature 1, (the Néel
temperature} will be reached above which the spins are “free” and above ihe
' Iletqpérature the antiferrotnagmetic material becomes paramagnet, ie., y decreases with
further increase in 7'

An antiferromagnet is a special case of ferrima gnei for which both sublattices A and B

have equal saturation magnetizations, Thus €, = ,, and the Néel temperature in the

mean field approximation is given by
T, =uC
where €, and (' are Curic constants for the A and D sites and O refers 10 a single

sublattice. The susceptibility in the paramagnetic region T > T, can be written as

_CT-2 20 2C

= S J.19
1P =(uC) T+l THT, 19
The experimental results at 7 > T, are of the (bom
20
r=T v 3 20
“TTve (3200
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Chapter 4

Magnetic Anisatropy

4.1 Theories based on localized electron model

Akulov (1936} is the pioncer to derive the first theoretical expression [or the

temperature dependence of magnetic anisctropy constant X, using a simple classical

argument and assuming a system of independent spins, Akulov assumed that cach spin

has a free enerpy of the form X| 2-(0.’12{}!: +ta, a, +afa,j), where the direction

.cosines ¢, reler to a particular spin. A simple statistical calculation gives the

relationship

K.tr)ﬁ[M(T)r I CRY

K (0} | M(0)

 between K, and the spontaneous mugnetizaiinu M.

The pumber 10 anses from the structural combination of the direction cosines in the
usual expression for the amisotropy encrgy; a combination dictated solely by the
symmeiry of the crystal. The power law holds well for many insulators and rare-carth
metals, for which the lacalized electron model is particularly applicable. But apreement
with the experimental data lor nickel and iroa is not satisfactory; for example, in nickel
the temperature vanation of K| exhibits a dependence of the SGth power of the
magnetization (Carr 1958).

In a further classical treatment of magnetic anisotrapy Zener (1954), generalised the

10th power law (0 am g[ﬂ"l']} law assuming a sysiem of jndependent spins. Zener

showed that, if anisolropy energy £ is writien it terins of spherical harmonics,
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E =Yk {T)F"(a) reen(2.2)

then

e’

,5;“{_?" ﬂf_f(T) il.u+1]
I_WQ[M[HJ e (4.3)

Ir

Hence the ku{T} are lmear combinations of the & r[ 7}, and in particular

The two assumptions basic 10 Zener derivation are:

(1} the existence of regions of short-range order spins around each atom inside which
the anisotropy constants are Lemperatuic independent. Thus the only effect of rising
the temperature is to imtroduce small perturbations in the direction of the local
magnetization.

(ii) the distribution of spins within each region is random so that the local anisotropy

energy may be averaped over all directioms,

The basis for a quantum theory of magnetic anisotropy was laid by Van Vieck (193 7}
in a paper of anisotropy in metals using the localized electron model. Van Vieck's
approach is based on anisotropic contribution 1o the-exchange energy, which appears
when the spin-mbit interaction is considered as a perturbation. The second erder term
is of the same form as a classical dipole-dipole interaction energy, and the fourth order
term appears as quadnipole-quadiupole interaction. These two terms provide two
models for magnetic anisotropy. The pseudo-dipolar model applied 1o cubic crystal
predicts that anisotropy will vanish if all the dipoles are parallel; yuantum mechanically

this does not oceur, even at 0K . The pseudo-quadrupelar model requires that the spin

! . . L
quantuim number be greater than 5 which is unlikely in nickel. Van Vieck used a

26



Weiss molecular field (o portray the exchange imeractions. The 1esukts of his
calmlllatinns on each of the two models are as lollows:

{a} Bipolar model:

K, is of the order of 10° J /' negative for Fe.c. and positive for b.c.c. crystals, This
is the agreement with the experimental data for nickel and iron. The temperature
vanation of X should be accoiding (o the square of magnetization,

(b}Quadrupolar model:

K, for mickel is of the correct order of magnitude, but the sign is indeterminate. The
temperatme dependence is a5 a Sth or 6t power of mapnetization. From dimensional
consideration K, should be about 10 to 107 times as great as X,. For nickel the

experimental value of K, is found to be of the same order as X,

The use of a molecular field by Van Vleck assumed no comelation between
neighbouring spins Keffer (1955) replaced the molecular field hy a cluster theory,
which restored the spin correlation. With this modification, Van Vieck's theory gives
the temperature dependence of £, as the 10th power of the magnetization at very low
temperatures, changing to 6th power at 1emperatures where the spin correlations are
distupted.

More improved caleulations than Van Vieck's, using spin wave theory (Keffer, 1955:

Tutov and Mitsek, 1959} give he same g(nﬂ] power dependence for the

temperature variation of anisotropy. In these cases the anisotropy energy tust be
written in terms of spherical harmonics, and sa the anisolropy conslants appearing in
the theory are lingar combinations of the usual constants,

The use of a molecular field theory can, in fact, pive a tenth power law for the
temperature varation of ﬁ.’,,i as was shown by Carr (1958). Dy expressing the
anigotrapy energy in terms of Coulomb energy only, Carr (1957) concluded one of the
principle mechanisms of anisotropy to be ditferent trom those discussed by Van Vieck.

Carr obtained the anisotropy constants in terms of electric multipole moments and
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crystallme potential constants, The electric multipole moments arise from the spin-orbit
coupling inducing an orbital moment. Interaction beiween (e orbital moment and the
lattice crystalline potential provides a coupling the ﬂlil; and the charge distribution.
Anisotropy results from distortion of the charge distribution which may occur in 2
sufficiently inhomogencous crystalline potential. Cart's theory gives reasonable values
of £, and X, and it appears that in nickel and cobalt the dominant part of X, comes

from the interaction of the chaige distabution with the crysialline Reld.

4.2 Pair model of magneiic anisotropy

The physical mechanisms responsible for magnetic anisotropy are dipole-dipale, crysial
field or single ton, and anisotropic cxchange intell'acl;iuns_ Starting from this approaches
' different calculations have been pecformed to (ietarlninc the magnitude, sign and
lemperature dependence of amsotropy constants.

Maguetic anisotropy deseribes the circumstance that the energy of a system changes
with a rotation of magnetization The relation between the change in energy of a
systemn with the change in energy of atomic pairs is called the pair model of anisotropy.
Van Vieck {1937} first developed this theory. The mast important interaction between
the atowmic magnetic maments is the exchange mteraction. This energy is omly
dependent on the augle belween the neighbouring atemic moments, independently of
their orientation relative to their bond divection. In a view to explain magnetic
anisotrapy we may assume that the pair energy is dependent on the dicection of the
magactic monent, ¢ as measured from the bond direction. In gencral we express the

pair energy by expunding it in Legendre polynomialy,

28
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wicosg)=g +J‘(cnsz ¢—%)+ g[cns‘ th— g::-:n-‘.2 ¢+%) .......... {4.5)

The Tirst term is independent of ¢; hence the exchange energy is to be included in this
terms. The sccond terin is called the dipole-dipole intcraction term.
If the pair energy were due exclusively to magnetic dipolar interaction, it should follow

that

3A4°2

i=- 3
Ay

v (4.6}

The aciual of { can be cvaluated from the wniaxial crysial anisotropy. In most cases
the estimated value is 10° to 107 times larger I‘.han-that given by eq.(4.6). The origin of
this strong interactien is believed to be the combined cliect of spin-orbit nteraction
anil exchange or Coulomb interaction between the neighbouning orbits. That is it there
are small amounts of orbital magnctic moiment remaining unquenched by the crystalline
field, a part of the orbit will rotate with a rotation of the spin magnetic moment
because of a magnetic interaction between the two, and the rotation of the orbit will, in
tumn, change the overlap of the wave finctions between the two atoms, giving rise to a
change in the clectrostatic ar cxchau:gc encrgy. This tﬁje af mteraction is termed as the
anisotropic exchange. 1t should be noted here that the dipolar terin of eq.(4.5} does not
contribute to the interaction encrgy £ since the spins are perfectly parallel, The dipole
terms between the atomic pairs wilth different bond directions cancel out as long as
their distnibution mantams cubic symmeiry IE, however, the crystal has a Jower
symmetry then the cubic crystal, as in a hexagonal erysial, the dipole-dipole interaction
gives rise to mapnetic anisotropy.

Van Vleck pointed out that the dipole-dipole inieraction does not pive tise to cubic
;misntmpy since (he perfect parallelism of the spin system is disturbed by the dipolar

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

. . . . . i
interaction gives rise to a large par energy for ¢=—. In such case, a mare stable
2
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canliguration of the spin pair will be an anti parailel alignment. Some of the spins will
therefore take the anti parallel direction in an equilibriun: state.
According to Van Vieck's calculation, the cubic anisotiopy constants for an fc c.

system due to dipole-dipole interaction are

aNT? .
K=——>T__ 1 T=0"K {7
Y8SMI ) “.7

where S is the total spin quantum number, Af the atomic maguetic moment, and & _
the molccular field. In the classical picture, X, should vanis by letting S — o,
Now, since NAMH = 10°/nr’ and Ni = 10° S/ 17| the order of magnitnde of X, due

to dipule-dipole interaction is

(x1y  (10)
"TNME 10

21077/ ne e (4.8)

This is sufficient to explain the magnitude of the observed anisotropy cnergy.

Judging from the origin of amisotropy, it would be practical to suppose that the
anisotropy constanl decreascs with increasing temperature and disappears at the Curie
point. Actually this does happen, and the temperature is more drastic than that of
spontaneaus magnetization. Zener treated this problem in a simple way and explained
the temperaturc dependence fairly well. 13 assumed that the pair energy is piven by
cq (4.5) even for the thermally perturbed spin sysiem, since ihe neighbouring spins
maintain an approximately parallel alignmeni upto the Curie point, where, because of
the exchanpe interaction, paralle] spins clusters prevail in the spin system.

Carr followed this method to calenlate the crystal anisotropy constant for iron, nickel
and cabalt. ‘

Let {a, e, a,} denote the. direction cosincs of fhe average magnetizaiion, and

(£,./,.0,) are the direction cosines of the local magnedization. Since we assume local
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parallehsm in the spin system, the anisotropy energy should be given by the average of

the local awisotrapy energies, so that

E(T) =K, (00578 + "8} + 1. 87) e (4.9)
where K,(G} ts the anisotropy constant at 7= 0" & and ( } denotes the average aver
all possible onentations of local magnetization. Using the polar co-ordinate (8, ;b],
where & is the angle between the local spin and (he average magnetization, and ¢ the

aamuthal angle around the magnetization direction Thus,

j[[ﬁ]zj{(ﬂ.zﬁf +3.°07 +ﬁfﬁ|3] nl B)dod
2 {T} = Kl{{]} . s

T

e (.10)

jn[ﬁ}d’ﬂ

il

. where #{)d0 is (he number of spins which point in the solid angle between ¢ and
(0+ 7).

Since

25

if(ﬁliﬁzz +ﬂ12ﬁ;3 +ﬂ31ﬂl1) = %[l_ HL{G‘]53)]+P{GUSS}(“|1312 + '112’132 + ‘13.1“11}--

o

e 4U11)

where P {cos#) is the fourth order Lepgendre polynomial. Thus eq.(4.10) becomes

E(T)= K, (O} P(cos E?))( o e oy e + rxf(xlz) e {4.12)

where

31



ﬂ{cnsﬂ}n[ﬁ]dﬂ
(fﬁ[casﬂ]} = — {4.13)

f nl 6)de

T Ty iy

This can be expressed in a polynomial series in

L__& e (4.14)
a MH,
where H_ is the molecular field.
10
(Aloosghy=1- 2, B 15 L (4.15)
« a a
On the other hand
M1} = M[ﬂ}[mtha—l] w2 M[ﬂ](l —l] e (4.16)
7} .
s that
M) 10 as
Sl bt m--—+——@ L (417
A{0) z & a

Comparing ¢q.(4.13) and {4.17} we et

£(n] [smin)]
{Imﬂ_[w} ........ (4.18}

Relation (4.18) holds pood for the temperature dependence ol X, of iron. Carr alsa

explained the temperature dependence of K, for nickel and cobalt by taking into

consideration the effect of thermal expansian of the crystal lattice Bul, in contrast to
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Zener's theory, Van Vleck obtained a much more gentle temperalure dependence of
magnetic misotropy. Kelfer investigated this point and showed that the Zener's theory
is walid ac least at low temperature, while Van Vieck's theory is valid at high

temperature

4.3  Sinpgle-ion model of magnetic anisotropy:

The orbital state of magnelic jons plays an mportant role in determining magnetic
anisateopy. In order to discuss the phenomenon, we must first learn how the orbital
state of a mmagnetic ion is i11ﬁ11e11ued by a given crystalling field and how the resultant
arbital states gives rise to mapneiic anisotropy. This phenomenen is described by the
smgle-iom  model of magnetic anlisntmp}r. This mode! has been successful in
. interpreting the magnetic anisotropy of various anti-ferromagnetic and ferromagnetic
crystals.

In free atomic states, every 3d electronic state has the same energy; in other words
their energy levels are depenerate. When the atom is placed in a cubic figld, the orbital

statcs of 3d electrons are split into two groups. One is the triply degenerate de orhits

the special distributions of which are expessed by xy, vz or zv. The other is the
doubly degencrate dy orbits whose distributions are expressed by 2z° —x* - 3 und
| x* —yv*. Fig. 4.1 explains that the dr  orbits exiend to  <110> directions, while the
dy orbits extend along Lh-e co-ordinate axes. In octahedral sites, the surrounding
anioms are lound on the cthree co-ordinate axis, so the y  orbits, which extend towards

the anions, have a much higher energy than =  orbits because of the electrostatic

repulsion between anions and d orbits, For Letvahedral sites dy  orbits are more stable

than dc orbits (Tig. 4.2).

33



222 -x? .yl xi. oyl

Fig. 4.1 Spatcial distnbution of d¢ and dy orbits
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Fig. 4.2 Energy level of de and dy electrans in {a) octahedral and {b) tetrahedral sites
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Let us considar the case of the 4 clectrons occupying the 3d encrgy levels, First let us
assume that the magnelic jon has only one 3d electron. ‘This electron will naturally
occupy the lowest energy level. Now as the three d- levels have the same energy, the
lowesl orbital state is triply degenerate (triplet). Such an orbital degeneracy plays an
important role i determining the magnetic anisonopy. If there are additional 3d
¢lectrons, they should occupy exclusively the plus spin levels, because the exchange
interaction between these 34 clectrons is much larger than the energy scparation
" between the gy and de levels. In the case of (3d)", the three electrons eccupy ihe
three g« levels, so that (he ground state is non-degenerate (singlet). For {3:1"‘), three
electrons occupy the three ds levels and remaining one occupies one of the two dy
levels, thus the state is doubly degenerate (doublet), Tn the case of {3{3]5, all electrims
accupy plus spin levels, so that the ground state is singlel, When there are more than
five electrons, the first five fill up the plus spin levels while the remaining electrons
ocoupy the minus spin levels in the same way as for the plus spin levels,

Asg for the Fe™* iom, the sixth cleciron should occupy the lowest singlet state, so that
the ground state is nou-degenerate, On the otherdumd, the Co™* ion has scven
glectrons, so thal the lasi one should occupy the doublet In such a case the orbit has
the freedom to change its state in the plane which is nomnal to the trigonal axis, so that
it has an angular momentum ;]H]‘ﬂ]lﬂ' 10 the trigenal axis. Now since the angular
momentum is fixed in direction, it lends to aligo the spin inagnetic moment paraftel to
the trigonal axis througl the spiu-orbit interaction. The eneray of this interaction can
be expressed as -ALS|cnsq, where A is the spin-orbit parameter, L and § are the
arbital and spin-angular momenium and # is the angle between the magnelization and
the trigonal axis. This model was first proposed by Sloncrewski, who explained the
magnetic anncaling effect i Co ferrile by this model. He also explained (he
temperature dependence of (he anisot opy constant of coball-substituted magnetite, Tn
the nenmal, or non-magnetically annealed siate, Co™ jons should be distributed equally

among the four Kinds of octahedral sites each of which Tias its trigonal axis parallel to
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one of the four <111> directions, so that the cubic anisotropy can be obtained by

averaging the anisotropy encrgy —ALS cusE{] over four directions of trigonal axes.

If the ground orbital siare is non-degenerate, we cannol expect any orbital angular
mamentum so long as the atom siays in the ground state; in other words, the orbital
angular momentum is quenched by the crystalline field Tn such a case we cannot
expect an anisotropy as large as that of the Co™ ion in an octahedral site. There are,
however, various sources which result i a fairly small magnetic anisotropy, which is
neveriheless sufhiciently large to account for the observed values. Yosida and Tachiki
calculated the various iypes of anisotropy and applied their results to the Afn, #e and
Ni ferrites, which contain A, Fe*, Fe** and Ni™ ions. Firstly they found that the
magnetic dipole-dipole interaétion is too weak to account for the observed magnitude
of anisotropy. The main source of anisotropy is thought to be the distortion of the 34
shell from splierical symmetry 1n a distorred 3@ shell the inter-atomic dipole-dipole
interaction between the spin magnetic momenis rﬁa'y depend on the direction of
magnelization; this is similar (o the dependence of the magneto siatic energy on the
direction of magnetization in & fine elongated single domain particle, and gives rise to
the anisotropy energy.

The anisotropy is alse imduced thiaugh spin-orbit interaction. That is, some amount of
orbital angular momentim can be induced by spin-arbit interaction hy exciting
Hl‘lditliﬂllﬂ orbital states. In a distorted 3¢ shell this excitation is dependent on the

direction of magnelization, giving rise to anisotropy. Yosida and Tachiki shewed that

. . .| 3 )
the anisotropy duc to these mechanisms should vanish for § = 3 I, and > where § is

the total spin angular monicntumy, and the anisotropy aof this 1ype cannot be expected
for Ni** and Co™ ions. Accordingly, the main source of the misotropy of M, Fe
and Nr Mn ferrites is considered to be the A**, Fet' and Fe®* ions. Since Ai*' ion
has no eflect an the magnetic anisotropy m A ferrite, the difference in anisotropy

energy between Fe and N ferrites muist be esplained by the anisotropy due 10 fe®
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ions. Yosida and Tachiki also calcuiated the 1emperaiure dependence of the anisoiropy

comstant for Afxn lemites and fitted the itheory with experiment.

4.4 Physical origin of magnetocrystalline anisotropy

Phenomenologically mapnetic anisotropy of a ferromapmetic single crystal is vsually

expressed in terms of fiee energy £, which is assumed to Le a fusciion of the
direction cosines «,, a, and @, of the magnetization vector A with respect to
crystallographic axes. Considering cubic synmetry and the fact that the total

Hamillonian of a given sysiem is invarant under the time reversal transformation in the

absence of an external magnctic Aeld, we can write
B, = Ky H{egas + ogey +oqag )+ Ky lagoge 1+ e 4. 19)

far a cubic crystal. -
For a crystal of uniaxial anisotropy the corresponding equation is

o= Nysin® g4 Kant o e - A4.20)
Where ¢ is the angle between the axis of easy magnetization and the direction of
magnetizalion vector.
Crystal amisotropy oniginales waily from the spin-orbit coupling. By coupling i5 meant
a kind of interaction which keeps the momenis either parallel or anti parallel to each

other. Crystal anisotropy rna;»;f be regarded as a force which tends to bind the

magnetization to directions ol o certain form in the crystal. Thus we could speak of the
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exchange interaction between two neighbouring spins parallel or anti parallel to one
another. But the associated exchange energy is isotropic and it depends ouly on ﬂlel
anigle belween the adjacent spins, but not on the direction of the spin axis relative to |
the crystal lattice. The spin-spin coupling therefore cannot contribute to the crystal
anjsotropy. The orbit-lattice coupling is also ﬁtrung. This follows from the fact that
orbital magnetic moments are almost entirely quenched. This means, in cHect, that the
orientations of the orbits are fixed very strongly te the lattice, because even large fields
cannol change them.

There is alzo a coupling between the sping and the arbital motion of the electrons when
the orbital angular momentum remaing partially unquenched. When an extcmal field
tries to Teorient the spin of an clectmn,tthe orbit of that clectron also tends to be
reoriented. Dut the orbit is strongly coupled to the lattice and therefore resists the
attempt Lo rotate the spin axis. The energy required o rotate the spin syslem of a
domain away fram the casy direction , which we call the anisotropy energy, is just the
energy requited to overcome the spin-orbit coupling. This coupling is relatively weak
hecause fields of a few hundred gauss are usually strong enough to rotate the spins,
Inasmuch as the lattice is rcally constituted b_j-,r a number of atomic nuclei arranged in
space, each with its swrounding cloud ol orbital electrons, we can also speak of & spin
lattice couplivg and conclude that it toa is weak. The strength of anisatropy in any
particular crystal is measured by the mapmitude of the anisotropy constants &, X,
etc. although there is no doubt that crystal anisotropy is due to spin-orbit coupling, the
deiails are different, and it not possible to calculate the value of the anisotropy
constanis from the first pnnciples.

As the theory of ferromagnetism m nicket and other 3d metals is still nat understood
fuily, the ovigin of magnetic anisotropy in (hese materals remain, to a considerable
extent, phenomenclogical. Brief review of theories follow that the attempts to explain
the temperature dependence of magnetic anisotropy have completely dominated the
minds of the theoreticians, However the problem of producing a theory of the

temperature dependence of magnetic anisotropy in 34 metals is enonnous.
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The anisotropy cnetgy depends on the direction of magmetization relative to the crystal
lattice. Thus their magnetic moments must be coupled to the crystal in some manner.
In the iron-group ferromagnetic niaterisls the magnetic moments, due (o spin mMoments
of the 3d clectrons are coupled indirectly to the lattice via spin-orbit and orbit lattice
couplmgs. The extent of the influence of lattice symmictry on a magnetic jon will
depend strangly on its electronic stnmll:ure.

In rare-earth metals and compounds, on the otherhand, the magnetic moments consist
of both spin and orbital centributions because of the strang spin-otbit coupling The
magnetic anisotropy thercfore arises from a direct arbital-lattice coupling.

The 34 electrons responstble o the magnetic moments in iron g,rf.‘}u]:- ionic crystals are
well localized about cach lattice site, so that it is passible to treat the disturbing cfects
of surroundings as small perturbations on a free-ion state. Thus the magnetic
anisotropy can be calculated on the basis of Van Vieck's theory.

In 34 metals and alloys, the orbital monents are quenched by a mechanism which
differs somewhat from that in insulators; this is due 1o electron transfer or hopping.
Nevertheless magnetic anisotvepy is caused by orbital moments induced by spin-orbit
coupling, and the mechanisin for anisotropy musgt be essentially the same as in
msulators For this reason, theoties hased on localized electron model (Van Vieck
1937, Zener, 1954 and others) provide a qualirative understanding of mapnetic
_ anisotropy.

The observed temperatore varation of the snisotropy constants of metals such as
nickel is very rapid, On the other hand, the magnetostrictive energy the origin of which
15 the spin-orbit coupling shows a very much slower variation with temperamrel_ Thus
according to Zener (1954), the deercasc in (he anisotropy constant with increasing
temperature cannot be due to a weakening of the spin-orbit coupling.

The 34 shells of 3d trangition metals and alloys arc the most exposed except for the
45 condition electrons, The energy levels of these electrong, respomsble for
ferromaguetisny, is periwrbed due to overlapping of the 34 shells of neighbouring

atoms. This perturbation gives rise to a spicad in (he energy levels of 34 electrons ta
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fortn an energy band. The description of magmetic anisotropy and mapnetostriction
camot therefore be obtained in the strict sense on the basis of localized electron model
which bas relatively more success for insulators and rare-earth metals. On the other
hand , the description of these phenownena in the band theary of ferromagnetism in
terms of the elfects of crystalling field and spin-orbit interaction as attempted by
Fletcher and Katayama becomes inexact due to difficulty of treacing dillerent electron

spin correlation functions correctly.

4,5 The temperature dependence of magnetocrystalline anisotropy

The temperature dependence of magnetocrystalline anisotropy is established by

(heoretical argumnents with increasing generality (Callen and Callen 1966) to follow the

" peneral %{n+ 1) power law, ie.,

e {421

KTy _[ M) hil
K(oy | M(0)

Where K(0) is the anisalropy constants at 0°K and K(7') is the anisotropy constant
at T° K Af(D) is the magnetization ac 0°& and Af(7) is the magnetization at 7° K.

The g{n+l) power law of the temperature dependence of the magnetocrystalline

anisotropy at low temperature is derived in gencral fashion by Callen and Callen
(1966). The problem of temperature dependence of anisotropy cnergy takes its
heginning from the famous tenih power law, formulated for the first time by Akulav.

Callen and Callen have reviewed the ongin of the 1enth power law,
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The magnetacrystalline anisolropy is defned in terms of the dependence of fiee enerpy
on the direction of magnetization. For a cubic ferromagnet the Gee energy is usually

expgnded m a power series in the direction cosimes «, «,, «, of the magnetization
direction relative to the crystallographic axis, Symmetry dictates that this power series

takes the form
F=E[N+x{Mda +aiad +dal]+ K (Da' ddad - ....(4.22)

Akulov showed by a simiplc classical argument thar

—KI{T] =1 10w =|! —ﬁwjm =[nfTH" e (423}

K (0)
) - M(T) .
where #(7) is the reduced magnetization | = V() and where &m(Ty=1-m{T)

The Akuloy result applies only at temperatures sufficiently low that &n<<l. The
~ Akulov derivation is based on the assumption of independent classical spins, each of
which has an energy of the form of eq (4.22) The power 10 in eq. (4.23) arses not
from @ particolar madel but rather from the paricular structural combination of the
direction cosines in eq. (4.22). This combination is completely dictated by the
symmetry of the crystal Thus the Akulov denvation, did identify the source of the
10h power law. Akuloy compared the theoretical result wilh the data of Honda et al.
on iron, and concluded that the law was quite accurately obeyed upto T = 0,657,

In 1955 Keffer recognized that the paradox posed by the disagreement of Akulov's
theorem and Van Vleck's molecular field calculations arosc from the violence that
molgcular feld theary does to spin cmrclatic-ns.l tle therefore recalculated the
anisotropy of pscudo-quadrupolar origin, subsiituting a cluster theory lor molecular
ficld theory. This cluster theony has been incidenially introduced by Van Vleck in 1937
This concept was later fully explonted Oguchi. Keffer then found that the pseudo-

quadrupolar interaction would give a 10th power law al low temperatures, changing
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rapidly to Van Vleck's 6th power dependence as increasing temperatre disrupts the

spin correlations. Kefler also rederived the Zener g[n-h ) peneralisation, using the

classical single-ton mechanismt and molecular field theory. At this point it was clear

. ) . e . i "
that single ion tenns in the Hamiltonian were completely consisient with the;{ a+1)

pnfvcr law, and Keffer's cluster calculation was generally accepted as establishing the

theorem far pseudo-quadrupolar interactions.

Peculiarly in the vé:n_,' paper im which Kcfler established the g[m—]] law for the single

ion and pseudo-guadrupolar terms and identificd (he critical role of spin correlations.
He also briefly remarked that a spin-wave analysis of the dipolar terms would probably
give a power even lower ﬂmn1 two. Kn-5uya then carried out just such g spin-wave
calculation for the pseudo-dipelar terms and found a 16th power. Charap and Weiss
found an error of a factor of 2 in Kasuya's calculation and concluded that the Sth
power was correct. Finally Keffer and Oguchi added cerlain terms omitted by Charap

and Weiss, regained the 10th puweﬂaw in ail cases.

" In 1939 Turov and Mitsek deduced the E(H'{-I] power dependence from the spin-

wave appreach of Kasuya. In 1966 Callen and Callen showed that this law can be
generalised to higher anisotropy constants of arbitrary crystal symmetry. to a guantum
mechanical treatment, to two ion as well as one ion mechanism and 1o arbitrary
temperaturcs.

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

magnelization as,

g _[Mo] | kan (Mo (6.24)
N0y | Mio) WO RO

And for hexagonal crystal

KTY _ { M(TJT KUy [M(T)T
K20y [ M0 7 KI(0) | M(0)
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and

KTy x:(?‘}z[M{T}]” {425)

Kooy KH0) | M(D)

When these coeflheients are expressed in terms of anisotropy constants X, K, -

which are generally measured in the analysis of the torque curve, the expressions
{4.22) and (4.23) become

Far cubic crystal

Ky(T)= [K(ﬂw K,(0 ]}H’E;] - K0 )mﬁﬂ .(426)
K,(T)=K,(0 gigﬂ (427

For hexagonal crystals

K.fT)={Klm}érz:m)éﬁam}][‘”‘T}] [?K(m K0 )][""’” 3'} K,(0 {’”‘T}

A(0) M) M{D)
........ (4.28)
s 18 M| 18 sy T
Ky(T)= |:‘ikz(D] K(U)}[M{DJ TR )[M{G)J oo (4.29)
g o M)
K(T)= A (UJ[M[GJ o (4.30)
- cay M)
K{(Fy=K,(0 M(DJ . (431)

Howcver, neither of the expressions (4.24) or (4.25) is found to be in pood apreement

with the observed behaviour of the iron group elements. For iron (cubic) X {T) vares
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., whilst in rickel the varaton 15 much

as approsamately as the sixth power ol

M(T)
/

faster than MUT) and nearly follows M)
' M{G) V{(

{

zh
J at lower temperature.

From all the model discussed so far, it is evideot that the ferromagnetic anisotrapy is
caused by an anisotropic team in the exchange energy. The anisotropic exchange 13
caused by the spin-orbit coupling which relates the spin to the dependence of
interalomiic eneigy on the orientation of the orbital wave functions. The origing of
magnetic anisotropy, mainly with reference to insulators, are reviewed by Yosida

{1968), Kanamori {1963) and Callen and Callen {1966},

" . .
The E{II-H) power law for the temperature dependence of anisotropy constants, in

particular the 10th power law for K, obtains in all (he theories that can treat the
temperature variation of the anisotropy encrgy. M n:my be derived quite generally, boih
quantum mechanically and cla ssically {Van Vleck, 1956). In either case the law is valid
at low temperatures only, because classically it is assumed that the spin deviations are
small, and quantum mechanically only the ground and the ~J‘irst cxciled states are
occupied.

On the otherhand, it has been found by many workers that a highly satisfactory fit to
" experimental data is given by the empirical relationship of Hryuchatov and Kirensky
(1937),

K {1

A niear®
g, = o) e {432)

|
which is frequently used to determine £ () by extrapolation. This holds for nicke! up
to room temperature. A thermodynamic argument has been given in favour of this
relationship by Stato and Tono {1954).
The mathematical expression of the hehaviour of the amisotropy constants at low

temperatures, denived thearetically, is
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E (=K (T) =

—{n+ ]'}[

M(0)— M(T)

|

K0 2 M(0)
i A7) n :
i e X.(0) =1 2(n'+ DAV{T)
where svi(ry= MO M)

M{0)

Since the auisotropy is assumed to vanish at the Cure temperature
expression of eq.(4.28) cannot be exact. Hence it represents the first two

binontal expression,

n
St
'2" 1

LS
K,(0)

MT)

_N—& 'i'i-wn:

|

At 1emperatures suficiently far from the Cutie temperature

AT)
K(0)

= cxp[—%[xw nwm)}

If the temperature vanation of the spontaneous magnetization is taken to be

—M(T:'zl—-A M
A(0} I,
then '
A AT) =exp| —H — "
K, (0) 7,
where A= g-(n+ 1)A

. 3
I'rom spin wave theory m=5

to a high accuracy {Pugh Arpyle, 1962) for nickel. The derived constant of
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(434}

the linear

terms of a

ceee(4.36)

rerer(4.38)

at low temperatures and eq.{4.37) has been confirmed

A
— is of
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- . KT L
arder 4x 107, I must be admitted that the temperaiure dependence o E‘L’l for Ni
1

dves not [ollow the expression (4.32} with s = % nor the initial slope of a graph of

LR

KAT)] . : : : ,
IDQ[L] in agreement with the predicted value of %f”+]}/‘” FHlionwever il has

K, (1) ’
been the common expericnce of mauy cxperuncitalists that eq.(4 37) does fit
expenmental magneiization data with =2 over a large temperature range. |lowever
none of the themiies of anisotropy can explain the change in stgn of & ol nickel that is
found experimentally to ocew about 200°C . A change in sign of X would appaicnily
suggest a change in sign of the magnelization which is incorrect. Tt is possible of

corrected to constant volume K, may be found to remain negative.

4.6 Magnetocrystalline anisotropy of Nickel

In nickel the direction of easy iagnetization is of the forn [111], the body diagonal of
the unit cell. It means that saturation can be achieved with quite low field in the [111]
direction. Bui a fairly high fiel] is needed to saturate nickel in a |110] direction. For
this onientation of the feid, the domain structure changes. The oaly way in which the
rmagnetization can increase further is by rotation of the Mg vector of each domain until
i is parallel willl the applied field. Domain votation occws only in fairly high Gelds,
because the field is then acting agamst the force of crystal anisotiopy, which is usually
fanty strong. So a high ficld is requited to saturate nickel in the | 100] direction which
is calted the hard direction. Because the applied field must do work against the
amisetiopy force to torm the inagnetization vector away from an easy diecton, there

musi be energy stored m nickel in wiich Mg points in a nonecasy direction. This is
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called the magnetocrystalline anisotropy encegy of mickel. The temperature dependence
ol magnetocrystalline anisotropy of nichel is alsa an interesting propeny According to
Zener the effeet of temperatuie upon magnetocrystalline anisotropy arises solely from
the introduction of locat deviations in the direction of magnetization, This deviation in

an glementary region is the resullant of very large number of independent deviations

4.7 Different measurement technigues of mapnetic anisotropy

4.7.1 Ferromagnetic resonance method

There are several ways to measure the magnetocrystalline anisotropy of a magnetic
material. One of the ways is the lemomagnelic resonance, When an alternating
magietic field of high frequency is applied to a magncti-é substance, ceriain resonance
eflects are observed at particular values of the frequency and magmitude of the field.
The effect is one of the rwo kinds: One involves the magnetic moment of the clectron
which anses due to the spin of the electron around the nucleus. The eleciron moment
interacts with the applied extemal a.c magnetic field and precesses when the resonance
between (he electron spin Fequency and the frequency of the applied exrernal fGeld
“occurs. The other method is 1o measure the magnetocrystalline anisotropy

The first effect which is usuatly due anly to cleciron spin can be observed in ferro-,
antiferro-, and ferrimagnetic suhstances, where the spins are coupled by exchange
forces. Here resonance measurements can reveal the crysial anisotropy constant £ -
When (he constant field /7 is directed parallel to the easy axis of a crystal, two forces
acl o tum the spins taward the easy axis: the applicd extemal magnetic field &, and
the crystal anisotropy, which ¢an be rcgan;icd as an amsotropy ficld A, . The resonance

condition then becomes
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hu=pn dH+H.) e 4.39)

"and M isvelated to A by

2K
H,o==—L" v (4,40
! £ =, (4.40)

If resonance measursments are made parf;]lcl to several crystal dircctions in a cuhic
crystal, the value of both £, and £, may be found.

The resonance frequency depends on the eflective intemal magnetic field which exerts
a torque on the precessing spin sysiem. Magnetic anisotropy contributes a torque on a
spin system if the spins point i1 other than the easy or hard direclions, thus affecting
the resonance Irequency. The equation of metion of the magnetization vector is gl'rven
by

1| df .
[—][?) = M = H +torque dus to anisatropy energy
;V [

By calculating the frequency of the small oscillation of Af around the equilibrinm
position one can express the resonance frequency in terms of B and anisotropy
constant. y is the pyro-magmetic ratio, .

This method enables measurements of the anisotropy to be made on very small single
crystal specimens. It also offers information about the magnitude of the local

anisotropy, as distinct from the hulk anisotropy determied by other methods

4.7.2 Magnetic torque method
Since ferromagnetic crystals have easy and hard directions of magnetization, the
energy associated with the magnetization depends on the direction . In arder te abtain

the anisotropy energy in teims of direction of maguetisation, we make use of the
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crystal symmetry. The cnergy variation with 1espect to sample odentation is
represented by a torque exeried on the sample When an anisotropic single crystal is
suspended in & uniform magnetic field, a torque acts on it tending to align an casy
direction of magnetization along the Geld direction. The torque exerted per unit

volume of the specimen is

JL——EEi ........ 140

dg
where ¢ is tlie angle of rotation of the casy direction of magnetization, from which the
anisottopy constants may be evaluated. This method has the advantage that

contributions to the torque from sources other than the magnetic anisoiropy can

generally be distinguished n the torque curves.

4.7.3 Magnetization method

Another method of measuring the magnetic anisotropy is the measurements of
magnetisation along the different crystatlographic directions , and calculating the area
under the A versus A curves. The area under the A versus H curves is a measure of
the anisotropy encrgy. This energy differs from one crystallographic dircction to the
other,

The shape of the magnetization curve for a magnetic field applicd in a particular
crystallographic direction depends on the values of the anisotropy constants. The
theorctical expressions for the magnetization in terms of the magnetic Geld and the
anisotropy energy can be caleulated, and comparisen with experimental values enables

the anisotropy constants to be determined.
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When a ferrommagnetic material is maguetized in an applied magoetic ficld A, the free

energy £ stored in the system is represented by

M,
E_= _]'n_.-_i-w e (4.42)
: ]

where M, is the samration magnelization, The quantity jH .dM represents the area

bounded by the magmetization curve for the direction concemed, by the axis for A
and by the line Af = AS_ Fliﬂﬁ(}l‘ﬂﬂl’lﬂ]{}giﬂﬂ-ﬂy, magnetocrystalline anisotropy of a
fenromagnetic single crystal is usually expressed in terms of a free energy £, which is
assumed to be a Amction of direction cosines a,.a, and @, of the magnetization
vector M with respect to the crystallographic axes. Considering cubic symmetry and
the fact that the total [‘Iamilmni:nn ol a given system is invariant under the time reversal

transformation in the absence of an external magnetic field, £ can be expressed as

o

b
Lk [

T 2 2 2.2 2 2 2
E —ﬂl(a|a2+a2a’3+a £ )+K2(aflaf

. where & 's are the direction cosmes of the magnetization vector with respect to the

crystallographic axes and £, and X, are the first and the sccond anisotropy constants

respectively.
If the cnergy for the threc crystallographic directions are EH ,Eﬂ and
[it1] “ro
Eﬂ respectively, then
oo
IlIE:l KE
Eﬂ' - Eﬂ‘ :T+E ........ {444}
[ “rroo]

since @, = «, = «, =—J§ for [I11] direction, and o, =e, =0a,=1 for [100]

dircction.



Similarly,

K
E -E -1
Moy ooy

L 1 .
since &, = &, =—=,a, =0 for |110] direction.

N5
Thus

K =4 & - E
“noj ooy

51

crereen(4,45})

e (4.46)



Chapter 5

Experimental

5.1 The torque measurement

Magnetocrystalline anisotrapy and its temperature dependence which are the main
aspects of this fhesis is determined by Torque Magnetometer. The proacedure of
measuring torques in the ranpe 107" Nm to 5107 Nm is described here. Torque
compensation is achieved by feedback from a photodetector inte a PID regulaior
system which generates a current through a compensation coil located in the ﬁclrll of
permanent magnets. Stability crileria for the regular system are discussed. The
apparatus permits continuous measurement of the torque as a function of angle with
simultaneous registration of the data on x-y recorder and on paper tape for computer
analysis. Measurements can be made in the temperature range 4.2X to 800K

The inherent property of a magnetic material in a slatic magnetic ficld is to align itself
in order Lo minimise its energy. The cnergy vatiation with respect to sample orientation
is represented by a torque exened on (he sample. The torque £ exerted along an axis

perpendicular to the magnetic field is related to the 1otal anisotropy energy £, and is

given by

: 5.1

where & is the angle between a fixed direction in ihe sample and the direction of the
maguetic ficld. Thus it is evident that by measuring the torque from s sample in a
magpetic field we can gain infonmation about the magnetic misotropy euergy of a

material. For ferromagnetic substances the anisotropy constants can be deduced from
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Fouricr analysis of the torque data as a function of the angle @ between the magnetic

field and a dircetion fixed in the cryscal.
Akulov {1929} showed thai &, can be expressed in terms of a series expansion of the

direction cosines of A, (saturation magnctization) relative to the crystal axes. In a
cubic crystal, let Af, makes angles @, &, ¢ with the crysial axes and let @), wp. a3 be

the cosines of these angles, then the anisotropy cnergy may be written as,

E =K +Kldd +adid +ed)+ K, ddlal) red5.2)

where K,, K,, K, are respectively the zero, first and secend order anisotropy
conscants. The Frst term, which is simply X, is independent of anple and is usually
ignored, because normally we are interested only on the change in energy &, when the
A vector rotates from one direction to anather. When £, is zero, the direction of
easy magnelization is determined by the sign of X,. H K is positive, then
E, <E,, <, and then [100] is the dircction of easy magnetization. If X 18
negative then, £, <£,, <E,, and thus the [111] crystallographic direction is the
direction of easy magnelization. For nickel K| is negative.

For a specimen cut in a (100) plane for & smgle crystal of cubic structure, if a strong
field /1, is applicd at an angle & io the fixed direction of the sample then the crystal
may be magnetized to saturalion with the saturation vector Af;. The resultant ficld H
in the specimen is then the vector difference of &, and the demagnetizing feld

N, M,. The anisotropy energy when A is at an angle ¢ to the field direction

direction n a (100} plane can be wrnitten as
E =K, +£S‘—(1 — cosd 6)
The torque on the specimen per unil volume is

;- _dE,
df




Therefore,

X
Loy = =" 5in 46 (5.3)

For cubic crystal the torque cxpressions with (110) and {111) planes are:

Lyu, ='[% +%;—)sin 26— (HTK‘ +%)sm 49+ 3‘5“ sin 68 {5.4)
and

K, .
Loy =T§=sm ile, {5.5}

Taking the measurements on a {100) crystal the constant K| may thus be obtained

independently from the torque curve from the experimental amplitude of the sine wave.
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Photoaraph of the Torque Magnetometer
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5.2 Design and working principle of the Torque Magnetometer

The Torque Magnetometer which was initially studied and designed by Djom.
Westerstrandh, Uno. Gafvent and Leif. Lundgren of the Department of Solid Stale
Physics of the University of Uppsala in Sweden in 1976 [#0] was redesigned and
constructed at Uppsala. The tarque magnetometer of the Depariment of Physics at
HUET was provided by the Iniemational Science Programs (TSP) through a resesarch
collaboration is used for the measurement of magnetic torque. A simple form of
magnetic torque compensation is ackieved by suspending the sample from a Abre with
known torsional constant in 10 a magmetic field of known magnitude. When a magnetic
field is applied on the sample, the sample aligns its direction of easy magnetisation with
the magnetic ficld. When the sample is rotated away from the easy direction the sample
resists this elfort due 1o the magnetocrystalline anisotropy and thus exers a torgue.
The tarque fiom the crystal will twist the fibre on which the sample is suspended. The
rotation ol the sample is followed by the rotation of a mirror connecied to the fibre . A
laser beam 15 shined on the mirror which then illuininates a couple of photodiode, A
small rotation of the mirror will give rise to an unbalanced photocurrent. This
photocurrent is fed in Lo the (PID} regulator whick is kept in the reverse biased mode
generates a compensalion current and sends to the compensating coil suspended in the
permancnt magnetic field ol the torque head. Fig. 5.1 explains this phenamenon. Thus
by measuong the conmpensation current through the coil we can measure the
magnetocrystalline anisotropy of the sample. The torque fom the sample is
proportional to the compensating current through the coil. Thus we measure the
current needed far the crystal to keep its nricntatiun.

The principal drawing of the Tulnrque magnetemeter with an automatic compensation
system is shown in Fig. 5.1 The samplé 15 ngdly connected to a mirror and the
compensalion coil. The whole assembly is freely suspended in & thin quariz Rbre and
the coil is located in a field produced by a pair of permanent magnets. Now il a laser

beam is shined on the mirror, the image of the beany wall move as soon as some torque
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acts on the erystat and thus turmns the mirror. The principle is to let a photo-detector
detcct the movement of the reflected heam via an amphlier generating a current
through the comipensation coil which inhibits the motion of the suspension.

The simplest type of electronic compensation system wilh a photo-sensitive feedback
hava been designed (Westerstraudh ct al.). The simplest way is to let the current
through the compensation ceil be dirgctly proportiona! to ihe signal from the dctector.
Such a feedback system is ofien 1eferved to as a proportional {P) regulaior. If a terque
acts on the crysial the tuming of the mirror gives rise to a deflection of the beam
shining on the detector. The deflection fram the centre of the detector can be made
small by increasing the amplifier gain. Nevertheless the contribution from the rigidity of
the suspension may secnausly alfect measurements of small torgues. Meither the gain of
the {eedback could be increased oo much since the system will then become unstable.,
To improve the stahilit}; we have used the oil damping. The viscosity of the oil damps
oscillations so that we caulincrease the amplifier gain. Ta enhance the electronic
damping a differentialing amplifier has been used in parallel with the proporional
amplifier and hence improve the siability of the system. This type of compensation
system can be characterised as a proportional differentiating regulator {PD). Since th-e
large deflection of the suspended system is a problem, the introduction of a

diffcrentiating unit allows g very high gain and a small angular deflection.

5.3 Measurcment of magnetic anisotropy by Torque Magnetometer

For measurement of magnetic anisotropy by torque magnctometer, at first the sample
the form of a circular disc is prepared. The circular disc is then fixed on a sample

" holder for maguetic torque measurement. The sample holder is hung on a quarts fibre
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fixed with the upper part of the torque magnetometer. A small magnetic field is applied
on the sample to measure (he response of the sample. The signal fiom the sample is
recorded through an eleciromic compensating system. The noise From the electronic
system is eliminated by regulating the properional gain {P), integrating time constant
(D), gnld the differentiating time constant (D). Once the single is stabilized, the ma gnetic
field is increased in a steps of one kilo gauss up te maximum of 4 kilo gauss. The
,magnetic field is rotated in steps of 10° for a complete 360° rotation, For avery 10°
' Iptatiun of the magnetic field, the magnetic torque is recorded. Thus the torque data is
recorded for 36 angular positions of the magnetic field. These 36 points are entered in
a computer for Fourier analysis. The Fonrier coefficients Aq. A, and A4, are calculated,
The Fouier coellicients are plotted agaiust the reciprocal of the applied magnetic feld
(i.e.,%). The extrapolated values of the coeficients for % =10 are taken as the valies
at the saturation held. The signals are found to obey a sin 48 curve. Thus enly A,

coelficients are found dotninating,

5.4  Sample preparation

Pure Ni single crystal was procured from the Nativnal Rureau of Standard (N.B.S).
The crystal is cut in the (100) crysiallographic plane. Thus the plane contained only
[10G] and the [110] crystallographic directions. The (100} crystallographic plane is
confirmed by orienting the sample using (he Lave photographic iechnique. Since
evaluation of £ is the purpasc of this work, the sample plane is chosen to be (100)
crystallographic plane to avoid ;'my contribution from the second anisotropy constant
K,. The sample is found 1o have the mass m=456x10" kg and volume

vas5llx10" &',
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5.5  The sample suspension

The sample 15 mounted at the end of a thin quartz rod. Quartz is a suitable material for’
this purpose as it is diamagnetic and has a low thermal conductivity. The upper end of
the tuaniz rod is attached to a brass rod to which the mirror and the compensating
coils are fixed. The whole assembly is suspended in a quartz Bbre. The quartz fibre is
very suitable for this purpose because ol its large tensile strengih and small torsional
constant. Typical value of the torsional constant is 5—20x107 Nm/rad. The
elasticity in the longitudimal direction is very low, which prevents low frequency
oscillation along the axis of suspension The compensation coils he;ve 10 layers of 100
tums of 0.06 mn copper wire. To minimise influence from the stiffiess of the copper
wirg, the leads to the coils have been spiralled. Below the coil there is besides the

mirror, an arrangement for oil damping, which damps the self ascillations.

5.6 Calibration of the Torque Magnetometer

For the calibration ol the Torque magnstometer a thin nickel single crystal disc is vsed.
The disc is of mass 45 mg. and is oriented in such a way that the (100) crystallopraphic
plane lies on the plane of the disc. The sample is glued o a sample holder and is
suspended from a thin quanz fibre connected to # brass spindle. ‘The sample is then
placed in between the poles of an electromagnet. A 3.0 kilo ganss magnetic field which
1s stromg enough to saturate the nickel specimen is applied along the plane of the disc
and measurements of torque is taken at every 10° angular rotation for a complete 360°
rotation of the mapgnetic field. A totsl of 36 data points are obtained for a complete

rotation of the magnetic ficld. The whole process af measurements is repeated for an
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applied magnetic Geld of 3.5 kilo gauss and 4.0 kilo gauss. The measured data are
mller{;d m g conmputer for Fouricr analysis The Fourier coefficicnts are then equated
wilh, the standard equation for torque curve, Thus from the known mass of the disc
and the known valuc of the amisotropy constant for nickel at room lemperature, the

calipration constant of the torque magmetometer is determined.

5.7  The High Temperature Oven

The most important feature in the constuction of the oven is that the inner stainless
stecl tube extends throughout the oven and the thermocouple unit is introduced from
the botiom end with the ithennocouple junction placed immediately helow the sample.
The heater is wound directly on the inner tube. The heater consists of a MgO insulated
Chramel-Constantan thermocouple with a stainless steel caver (O.D. Umm, length 1.3
m, inanufaclured by OMEGA Corp. This thermocouple is [lexible, and 1o obtain a firm
contact between the heater and the inncr sample tube, the thermocouple is first wound
on 3 tube with a somewhal smaller diameter and the resulting spiral is afterwards
squeesed on 1o the sample tube. The thermal contact Letween (he heater and the
sample tube is improved by adding some silver paint. The lower ends of the heater
wires are electrically connected by means of silver paint. Copper wires, connecting an
extemal power supply, arc soll soldered on the upper ends of the heater wires, The
silver paint is doed out at ordinary atmosphere by passing some current through the
heater. The advantages to use this Chromel-Constantan thenmacouple as a heater for
this oven are thai it is readily.available, non-magnetic, insulated, easily farmed and
pives a biflar winding and clnscl thermal contaci with the sample tube The heater has a

resistance of 75 (2 at room temperatuere.
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Five radiation shields, consisling of 5;] pun stainless sieel Foils are located outside the
leater. These are tied ditectly on to the heater using remforced glass fibre threads. The
outer- tube is at the bottom end commected to (he imner tube via a phosphar-bronze
bellow in order (o allow for the difference in lenpth of the (wo tubes at higher
temperatures. O-ring couplings are used throughout te enable casy disassembling of
the oven in case of any fault,

Both the oven and the thermocouple are adjustable in beight with respect to the
sample. This gives a possibility to find a position of thie sample m the warmest region

of the oven which gives a minimum temperature giadient between (e sample and the

over 10 mm of len gth in the

thermocouple junction. The temperature gradicnt -

warmest pati of the oven is approximately 0.1% and independent of the lemperature.

The special characteristics of the oven are:

(i) the oven can be heated from Toom temperature to 1043K m less than 15 minutes

with a temperature dilference between thermocouple and sample of less than 1 X at the
| final temperature.

(ii) at a constant heating or cooling rate of 5 & /mimte 2 temperaturs differcnce of the

order of | X is established.

(iii) Due to small therinal mass of the oven, it cools from 1150 & to 600 X in about

30 miuutes which enables a fast interchange of samples.
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5.8  Evaluation of the torque curve by Fourier analysis

The wneasured values of the magnetic torque are fed in to an IBM 486 personal
Computer for Fourier analysis. The Fowrier coelficients are evaluated using a
programme written in M8 Basic language designed specially for the analysis of
magnetic torque data. The input data are the torque in volt (t). and the corresponding
agle (8). The analysis also gives the offset angle of the magnetic field, which may be
adjusted by rotating the magnet through the offsel angle to locate the zero torque
position. The evaluated Fourier cocflicients are the values at the saturation fGeld, and
are used to caleulate the anisotropy energy of the sample. This anisotropy energy is the
enerpy diflerence between the easy direction of magnetisation of the sample and the
hard direction of magnetization. Using the mass of the sample and the calibration

censtant of the torque magnetometer, the misotropy constants is evaluated,

5.9 Magnetization process of Niclel

Magnetization is defined as the magnetic moment per unit vohime. There are various
ways of measuring mapnetization of a substance. ln preseni thesis magnetization is
measured at room iemperature by using a Vibrating Sample Magnetometer
(vsmy41],

The measurement of magnetization is usuafly performed by mcaswing magnetic
moment of a specimen and deviding this quantity by the volume or mass of the
specimen. The techniques for the measuremem ol magnelic moment by the direct

metheds can conveniently be classificd into two categories:
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(1) The mcasurement force exerted on the mlagnelic moment of the specimen by an
inhamogencous figld and

(2} The measuremeni of the emf induced by the suitable coil system by changing
relative position of the magnctic moment with respect 1o the coil system or by varying
the magnetic momeni. L

The VSM is a highly sensitive and versaiile cquipment for measuring the magnetic
moment, magnetization and mapnetic susceptibility. The VSM was invented by Van
Osterhout [42] and simultancously and independently by 8. Foner [43-44]). The basic
prnciple of ¥SM developed by Foner is based on the flax change in a coil when the
sample is vibrated near it. The sample, vsually 2 small disc is cemented to the end of a
tod, the other end of which is fixed to a loud speaker cone {as shown in Fig. 5.3} or 10
some other kind of mechanical vibrator,

Current through the loud speaker vibrates the rod and the sample at shout 80 cyclefsec
and with m amplifier of about 0.1 nﬁn m a direction at right angle to the magnetic
feld. The oscillating magnetic field of I_IIEISHITIIZIIE induces an allernating eml m 1he
detection coils. The vibrating rod also canies a reference specimen in the lorm of a
small pertnanent magnet near itstupper end induces another em{ in two reference coils.
The voltages From the two sets of coil are comnpared and the difference 15 proportional
to the magnetic moment of the sample. The VSM used in the present wark to take the
magnetization measurement is of Foner type. The Magnetic Matenals Division, Atomic

Energy Center, Dhaka designed and constructed this Foner type VSM in 1986,
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3.10 The working principle of the Vihrating Sample Magnetometer
(VSM) ' '

A schematic diagram of the VSM including the various mechanical and electronic pars
is ghown in Fig. 5.4 to illustrate the basic working principle of the unit. The signal
generalor 8G feeds a sinewave signal of 80 Hz frequency to the audio amplifier AA
which In tum drives the speaker SP The output of the signal generator is also
connected 1o reference channel mput of the lock-in-amplifer LA. The drive-rod
assembly R tightly coupled to the vibrating papercone of the spesker vibrates in a
vertical direction along its length. The amplitude of vibralion may be varied by
changing the gain of the audio amplifiecr A permanent magnet P of cylindrical ghape is
fitted to the dnve-rod at its lower end with the help of a sample holder H. Two
cylindrical sample coils SC with their axes kept venically are placed on the opposite
sides of the sample and along the line joining the centres of the poletips (N.8.) of the
electromagnet. They are connected in series opposition and the net output signal is
connected to the lock-in-amplifier through a shielded cable. This pair of coils is
referred to as the sample coil system. Another pair of coaxial coils RC also connecied
to each other i scrics opposition is placed symmetrically around the permanent
magnet P. This coil pair is the refereace cosl system,

As the drive-rod assembly is vibrated with a partticular frequency and amplitude, the
sample 8 induces a signal of the same frequency in the sample coil system. This signal
i8 proportional to the dipole moment of the sample. As the field in the pols-gap is
gradually increased by increasing the current through the electromagnet, the sample
becaines magnetized more und more and induces a larger signal in the sample coil
gystem till it reaches saturation magnetization.

This signal directly goes to one of the inputs of the lock-in-amplifier. Similarly, another
signal of the same frequency is induced in the relerence coil system due 1o vibration of
the permanent magﬁet P. Since moment of the magnet is fixed, ihe signal is also of

fixed amplitude for a particular frequency and vibration amplitude. This signal is the

07

i



8Y

3P

LEGEND

S$C— Sample- Coit system

3G — Signal Generator

; AA— Awdin Amplifier
Ps RT A4
RC - BT — Ratip Tmnsformer
p . . LA — Lock-in - Amplifier

PS5 — Phase Shifter
RC— Reference Coil system

} R — Drive-rod assembly

H — Sompie Haolder

P — Permanent magnent

LA 56

Fig. 5.4 Schematic diagram of the electronic system of the VM,




reference signal and it is first fed 10 a unity gain phase-shifier unit The phase-shifter
capable aof continuously changing the phase fron1 0° to 3607, is used to bring the
refercnce sipnal in phase with the sainple signal.

From the phase-shifler the reference signal passes on to the decade ratio transformer
RT.af constant input impedanca:, The output of this transformer then goes to the other
input of the lock-in-amplifier. The output to inpul raiio of the decade transformer can
be accurately varied from 107 ta |. By wming  various knobs of the decade
transformer the amplitude of its output is made equal to that of the sample signal. The
lock-in-amplifier is operated in the differential input mode and is used as a null
detector. When the sample sigual.and output signal of the decade wransformer are of
equal amplitude and in the saine phase, the'd.c. meter ol the lock-in-amplifier gives a
null-reading. The whole clectronic system then comectly measures the ratio of the
sample signal to the reference signal. Since sample S and the permanent magnet P are
. vibrated with the same drive-rod assembly, the sample-signal and reference-signal have
direct phase and mmnplitude relationship. As a rv;isull; the ratio of the sample signal 1o the
reference signal is proportional to the magnetic moment of the sample The
measuremnent is msensitive to small changes in tl;e amplitude and frequency of vibration
and the gaim of the amplifier. The accuracy of the equipment depends mainly on the

accuracy of ihe raiio (ransformer and the gain of the amplifier.

5.11 Description of mechanieal design of the YSM

The various mechanical pads of the magnetometer are descnbed in detail in the
Fig.5.5. The base B of the V8M is a circular brags plale of 8 mm thickness and 250
mm diameter. A brass tube T of 25 mm outer dizmeter and 0.5 mm thickness rung

normally through the base such that the axis of the tube and the centre of plate
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coincide. The base tube are joined together by solt solder. The tube extends 60 s
upward and 24 mm downward from the base. There is a vacuum port on the lower
parc.of the tube 120 mm below the base The lower end of the tube T is joined 1o a
brass extension tube I. by a threaded coupling and an O'ring seal. Another thin tube K
magle of german silver and of 8 ms imer diameter rons through the extension tube L.
trom the coupling poimt C o about 50 mm below the sample position. Above the base
there is a hollow brass cylinder M of 180 s lengih and 130 mm inner diameter and
having 40 mm wide collars at its both ends. The lower collar seats on an O'ring seal
which is situated n a cirenlar groove in the base plate On the upper callar, there rests
an alummnium top N with an (’ring seal. The brass cylinder M has a side port ¥P. This
is again a brass tube of 41 mm diameter and 13 mm length, The port has a collar at
the end away from the cylinder. A perspex vacuum feed-through is fitted at its end
with O'ring seal. This port is connected 1o the cylinder by soft solder.

Electrical connections from the audio amplifier e the speaker and from the reference
coil system to the phase-shiller are taken via the perspex feed-through. By conmecting
the vacuum port of the tube T to a vacuum pump the sample enviromment can be
changed. The speaker 8P is fitted 25 mat above the tube T wiih the lelp of onr brass
stands, The lawer ends of stands are screwed 1o the base plate while the om of the
speaker is screwed on the top of the stands, The speaker has a circular hole of 10 mm
diameter along the axis of' it. An aluminium disc having female threads in it is fitted to
the papcrcone wath araldite. The aluminium connectar having male threads on i1 and
attached 1o the drive rod assembly fits in the aluminium disc and thus (he drive rod
assembly is coupled to the speaker. The drive rod asscmbly consists of detachable parts
which joined together by means of aluminium threaded connectors, Each part is a thin
Pyrex glass tubing of 4 mm diameter The upper part has a small permanent magnet P
situated 100 mim below the aluminium connector attached to it. At the lower end of
the drive rod asscmbly a pérspcx sample holder having quite thin wall can be ftted
tightly with samiple in it A few perspex spacers are alsa artached to the driver-rod

thronghout its length. The spacers guide the vibration of the sample only in the vertical
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ditection and stops sidewise vibration ar motion The total length of the drive-rod
assembly is 920 mm.

The-base plate of the VSM rests on three levelling screws above a brass frame which in
tum rests on an fron angle bridge. The bridge rigidly fitted to the sidewall of the room.
The brass frame is provided with arrangements with the help of whick it can be moved
in two perpendicular directions in the herizontal plane. The levelling screws are used
to make the drive-rod vertical and to put the sample at the centre of the pole-gap
between (hie sample coils. The sample can also be moved up and down by the levelling

SCICWS.

5.12 Calibration of the YSM

+ There are usually two methods of catibration of a VSM.

{1) by using a standard sample and

(2) by using a coil of small size whose moment can be calculated for d.¢. current
through it.

The magnetometer is calibrated using a_stanrlard spherical sample of nickel having
99.9% purity. The sample was made spherical with the help of a sample shaping
device. It was then annealed in helium atmosphere at about 900°C. The sample's
saturation magnctic momeni has been calculated using (he available data. The ratio-
transformer reading is obtamed by fn s;'m measurements and thus the valie of the
calibration constant £ is olnained.

The accuracy of this calibration, however, depends on the reliability of the standard

nickel sample, the accuracy of the ratio transformer and the gain of the amplifier. The
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equipment has been operated repcatedly with Ithe sanc standard sanple and finally
stability has been found to be within 1 in 1000.

The seusitivity of a VSM is usually determined by the signal 10 nose ratio. But because
of comparatively low sensitivity of the lock-in-amplifier used in this equipment, the
noige level could not be measured. The maximum sensitivity of the lock-in-amplifier is
10 microvolt (r.m.s). So the differential method has been used to measure the
sensitivity. it is found to be ahout 107 emne. It may be mentioned here that the
sensitivity of a commercial VSM made by PARC (Princelon Applisd Research
Corporation, USA)is Sx 107 emie.

With the sensitivity so far achieved, this VSM can be used for investigation of only
ferromagnetic and strongly paramagnetic materials at room temperature. In order to
extend its uselulness, a more scnsitive_100k~iu-ampliﬁer, a sample oven and a cryosiat

are needed.

5.13 Measurement of magnetization of Nickel by VSM

The basic principle of 2 VSM is to measurc the maguetization and compare this
measured signal with a standard reference sample. When a magnetic sample is vibrated
n a magnetic field an induced clectromolive force (e.m.F) is generaied in 4 coil placed
near ta the vibrating sample based on the principle that 4 change in the magnetic flux
gives rise to an induced e.m.[. and vice versa. This induced e.m.fis fed in to a Lock-in-
-Amplifier. Another e.m.f of known magnitude is pencrated by another sample of
. known mass and known magnetic moment which s vibrated by common member. The

' two signals are compared by a Lock-in-Amplifier and their phase and sensitivity are
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adjusied. Once the signals are in phase, the Lock-in-Amplifier gives a zero output. The
measured signal is the signal from the sanple under investigation.

The measurement of magnetization of Wi smgle crysial was performed using a
vibrating sample maemetomeler as shown in big. 5.5, Sample m the (orm of thin disc of
diameter 5 mm was preparcd from the disc shaped sample. The specimen was glued to
the sample holder of the VSM. Measuremenis ol magnetization was taken al room
temperature for different values of the magnetic ficld in the range 0.1 &ilo gauss to

4.0 Ko gauss. The magnetic ficld was simultaneously measured with the help of a

Digital Ganss-Meter.

5.14 Evaluation of magnetic moment data of Nickel

Before gluing the Ni specimen under investipation with the sample holder, the
calibration constant of the VSM was measured using a 99.99% pure nickel poly
crystalline specimen. The calibration coustant was fouad 7.45 enm, Then this sample
was removed and the single crystal of Ni was mouated. Initially with the increase of
the magnetic field the mapnctization increased. At one stape the magnetization attained

a constant value. This value is considered as the saturation magnetization.
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Chapter 6

Results and Discussion

As 2 sofl magnetic material Nickel could casily be saturated by applymg a magnelic
field of 4 &ife gouss strenglh. Thus all of pur mmeasurements are assumed to have been
done at saturated field The Ni disc is orented in the (100} erystallopraphic plane and
thus we obtained thc sin 4 curves n all the torque measurements. ARer pertormmng
Fourer analysis of these curves the X, values arc calculated. The measured torque
curves are found to be feld independent above the saturation feld. The order of
harmonics higher ithan 48 are ignored as these had very Iittle or no affect on the
calculation of the first anisotropy constants. Harmionic analysis of the experimental
torque curves taking different positions as the origin may yield the coefficients of the
higher order harmonics. Plotting the coefficients of ihe higher order harmanics against
the pasitions of the origin one can have a curve which way give an information about
the bepinning of the higher order coefficients. Tt is also possible to minimisc errors that
are mherenl in compwing the harmonic coellicients with a finitc sumber of terms
laking difTerent combination of points on the curve i each time.

Fig. 1 shows the magnelic torque curves of Nickel at different apphed magnetic lields
al the room temperature (298 K). The sample is gradually brought to saturation by
applying the magnetic fields of increasing magnitude. The saturation Feld is estimated

- . . ]
to be around 4 ko ganss. This is done by plotting the values of K| agaiust - and

. I . s
extrapolating 1hc curve to 7" 0. The values of K, at this point is taken to be the

values at the saturation field. The sign of X, is found to be negative. The sign of X

and its decrease in magnitude with temperarure indicates a greater temperature

dependence of X,. Fip. 2 shows the magnetic torque curve at the saturation field, A



total of 36 data points are taken at an interval of 10 degrees for a complete 360°
angular rotation of the (100) crysiallographic plane Since there are few higher order
harmonics m a Ni torque curve, it is possible to obtain an accurate value of K| by
calculating upto Sind& terms Fig. 3 shows the magoctic torque curves of Nickel at
different temperatures at the saturation field. Although there is no change in the
periedicity of the torque curves, the torque magniiude is found ta decrcase with
+ temperature. This indicates that the sample is approaching the ferromagnetic Curie
temperature (1), where the magnetic anisotropy is practically zero and the sample
enters in to the paramagnetic phase. This faci agrees qualitatively with the Zener's
theory of magmetic anisoiropy. Fig. 4 shows the torque curves of Nickel aronnd and
ahove the Curie tewnperatwre The upper curve shows thai thers is a possibility of
rotation of the crystal easy axis as the thermal agitation takes over the magnetic
anisotropy of the system at this temperature. Fig. 1, 2, and 3 show the sin 48 1orque
curves which are responses mainly for the (100) crysiallographic plane, while the lower
curve of Fig. 4 shows a combination of sin 24 and sin 46 curves which is a response
for the (110) crysiallographic plane. Therefore we predict that a rotation of the easy
axis has occured near the Curie temperature. Fig 3 shows the temperature dependence
of the firsi anisotropy coastant X, of Nickel. The values of X| decreased quite sharply
at the lower tcmperature region bul 1akes a nwmotonic fashion at higher temperature
region as the sample approaches the Curie temperature. The temperatare dependence
of magnetocrystalline anisotropy arses because of the deviation of the local spin axis
from the average magnetizalion divection. This happens because with increasing
temperature the spin axis deviate from the direction al absolute zere due to thermnal
agitation. The whole eifect is reflected in the lagender palinomial of the 4th order.
Comiparing the results of B R, Dirss [13] on maguetization of Ni as a function of
teniperature with our results uf‘anisutmpy constants as a function of temperature we
can say that the anisotropy r.:mllstant falls off quite faster than the magnetization. Our
results althouph shows temperature dependence of allliSI}tTU]]}'. constants do not quite

agree to the theortical predictions which did not take imo account thermal expansion
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of the cryatal Table 1 shows the values of anisotropy censtant K, in different
lemperatures. The magnetic anisotropy practically poes to zero at the ferromagnetic

Curie temperature. According to Zener the first anisotropy congtant and the saturation
KATY _ {M;m
K (0) | M(0)

1u
mapnetization is relaced as ] " however , this relation is

expi&ﬁmeﬂtally found to hold good for iron which has the [100] crystallographic
direction as the direction of easy maguetization. For Nickel which has the [111]
crystallographic direction as the direction of easy magnetization, the above relation is
not found to hold good. ‘The fall of anisotropy with increasing temperature is faster far
nickel than for iron. The temperature dependence of magnetostriction is also faster for
Ni than for iron and cobalt Fig. 6 shows the A vs H curve for Nickel a1 room
- temperature. The magnetization curve at lower magnetic field is quite sharp which is
an indicative of the high quality of the sample. At 4 =1945 ganss it becomes
saturated and there is no risc of magnetization even if the magnetic feld is raised
further. Table 2 shows the values of magnetization at room temperature. It is observed
that the variation of anisotropy is quite faster near the low temperature region than that

nearer 1o the Curie temperature.
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Table 1: Values of anisutropy constant X, in different temperatures

Temperature {in X') Anisotropy constant & Lin Jim')
__ %8 4 52x10"
326 -3.18 x10°
351 Al -2.23x10°
P 374 ~1.63 x 10°
A ~0 92 < 10’
- 433 - —01.56 x 16
446 -0.42 % 10°
434 -ﬂ.39;< L0*
- 463 035 10}
A8 ' o0.24x10°
498 —0.16 x 10
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Table 2: Magaetization Yalues for Ni single crystal at room temperature

Field Intensity (in Gauss) | Decatran Reading [\Iaglnetic Moment (in enu / gm)
198 1836 2969
319 2440 39.86
512 2950 48 19
994 3300 53.91
1487 3348 34.69
1945 3350 54.87
2430 3360 54.89
3043 3360 34,89
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Torque (Volt)

—+— Figld = 1K Gauss
~#—Fiald = 2K Gauss
—&—Field = 3K Gauss
~¥—Figld = 4K Gauss

Angle (Degree)

Fig. 1 Magnetic torque curves of Nicke! al room temperature { 298K}
Applied magnetic field H=1, 2, 3, 4 kilo ganss
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Torque(Volt)

—o—T=1298K
—u—T=326K
—A—T=351K
—— T 374K
—+—T= 404K
——T= 433K
——T= 463K
—— T= 498K

Angle (Degree) B

Fig. 3 Magnetic -lurque curves of Nickel at different temperatures
Applied magnetic ficld Fi=4 kilo gauss
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Fig. 4 Maguetic torque curves of Nickel around Cuiie temperature (627K)
Applied magnetic lield H=4 kilo gauss
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Conclusion

The anisotropy constanis of Nickel decrease very rapidly with increasing temperature
at Ipw temperature. This nature is changed at higher temmperature; however the rate of
fall of amisotropy energy is slower in nature than it is a1 low temperatare region. This
work is an altempt to understand this marked temperature dependence of the magnetic
anisotropy of N1 at high temperature. The interpretation of the high temperature
property of magnetic anisolropy 15 given on the basis of experimental resnlts.

The errors in orientation grving 1ise to sin2d, sind(, cos20 and cosdd are ignored as
these did not alfect the values of the anisotropy coclicicnis. However, the torque
arismg [rom the asymmetric mounting of the specimen are not negligible as they may
disturb the torque relations at higher temperature, For nickel it is observed that the
change in the anisotropy constant is mech 1oo larpe in comparison with the
maguetization. For the determination of the coelficients aceurgtely it is found to be
. impaortant to be careful about three factors lm;nely, ihe imporance of the gher order
terms of the coefficients, the mmportance of the purity of the specimen under
investigation and the effect of strong tomperature dependence. Also it is very
unportant to know the fine details ol the energy band struclure in order to express the
significance of the higher order coefficients. For nickel the first anisotropy constant X,
decreases nmich more rapidly as a function of temperature than that ol iron, 1t is quite
unlikely that this rapid variation could be accounted far by the motion of the spins, as it
would scem that the ncighbouring spins in nickel are correlated as in the case of iron

This fact actually leads 1o the tenth power law of magnetic anisotropy of nickel with
the additional dependence coming about becausc of the coupling constants themsclves
are the function of temperature. The tenth power law of the magnetic anisotropy
agrees reasonably well with the experiment if the first anisotropy constant K| bas a

linear dependece on temperature. According to Breuner, some linear dependence of &,
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upon tEIllpErﬂlUI't: should exist due to thermal expansion. The change in sipgn of X, a1

7 =0.6isa key point toward understanding the anisotropy of Nickel,

o
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Appendix

Table 3: Pata for the measurement of torque at room temperature (298K)
Applied magpetic field H=1 kilo gauss

Angle 7 in degree Torque 7 m volt
0 -0.67
10 3.82
20 6.18
30 5.92
40 3.80
50 0.12
50 -2.44
70 -4,19
80 -3.90
Q0 -(),99

100 4.04
110 &.11
120 5.93
130 3.95
140 (171
150 -1.95
160 -3.70
170 -3.45
130 -0.58
190 4.43
200 6,70
210 6.40
220 4.00
230 035
240 -2.00
230 -4.01
260 -3.90
270 -0,70
280 4.10
290 6.60
300 6,26
310 4.17
320 1.20
330 -1.58
340 -4.15
350 -3.87
360 -0.26




Tablc 4: Data for the measuwreinent of torque at room temperature (2981}

Applied mapgnetic field 13=2 kilo aauss
Angle & in degree Torque 7 in volt

a -1.55
10 3.14
20 ' 5.81
30 5.69
40 322
50 -0.70
60 -4. 10
70 -5.058
20 . -5.15
an -1.62
100 . 328,
110 .05
120 5.00
130 3770
140 - 0.11%
150 -3.17
160 -5.00
3 -4.605
180 -1.52
190 ] 2.70
200 5.38
210 5.27
220 . 2,79
230 . -0.73
240 -4.01
250 -5.77
260 -5.12
270 . -1.78
280 - 325
290 5.50
300 5.38
310 , 2.99
320 -0.11
330 -3.28
340 ' - -5.17
350 -4 54
3460 -1.20




Table 5; Data fur the measuremecnt of torque at raon temperature {298K)

Applied magnetic ficld H=3 kilo gauss

Angle & in degree

Torque 7 in volt

0 -1.45
10 3.20
20 3,85
30 5,80
40 330
30 -89
af) -4.30
70 -5.81
g0 -5,20
40 -1.71
100 3.00 -
110 373
120 5.85
130 3.50
140 -0.506
150 -3, 80
160 -5.57
170 -4.83
150 -1.50
190 3.20
200 3,50
210 375
220 3.30
230 -0.33
240 -4.25
250 -5.99
260 =5.07
270 -1.68
280 3.05
290 5.84
300 3,73
310 3.40
320 -0.5%9
330 -3 86
340 -5.46
350 -4.76
360 -1.40
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Table 6: Data for the measurement of torque at room temperature (298K)

A|:21Iied my guet_ii field H=4 I;ijn gauss
Angle & in depree Torque 7 in volt

0 -1.35
1) 3.10
20 : 5.41
KLY 5,40
40 2,50
50 -0.95
411] -4, 47
70 -3.74
Lt -5.18
90 . ) -1.77
100 2.94
110 5,80
120 547
134} 3.40
140 ’ -0.52
150 ] -3.86
160 -5.60
170 -4.76
130 -1.44
190 3.10
200 553
210 535
2210 287
230 -0.75
240 -4 31
250 -5 99
26() -4 98
270 -1.62
280 2.96
291 5.55
300 5.35
310 - 2.30
320 -0.66
330 . -4 10
340 -5.26
350 -4,75
360 . -1.40




Tabie 7: Data for the measwrement ot torque at 326K

Applied magnetic field H=1 Wilo gauss

Angle £ in degree

Toryue rin volt

0 -0.82
10 2.20
20 3 30
30 3.59
40) 2.01
50 -0.53
60 -2.55
70 -3.65
&0 -3.23
a0 -1.04
130 2.20
110 J.88
120 3.80
130 250
140 -0.15
150 -2.05
160 -3.25
170) -3.00
180 -.92
190 2.23
2040 3.85
210 3.62
220 2,05
230 -0.46
240 -2.50
230 -3.65
260 -3.23
270 -0.97
280 2.25
280 3.95
300 3.80
310 2.35
320 -0.16
330 -2.13
340 -3.35
350 -2.95
360 -{1.86




Table 8: Daia for the measurement of torque ar 326K

Applied magnetic field H=2 kilo gauss

Angle & in degree

Torgue 7 in volt

0 0,78
10 2.30

20 4.05

30 4.00

40 2.10
50 -0.55
a0 -2.80
70 -3.92
80 -3.32
G0 2107
100 2.10

110 4.15

120 4.20
130 2.50
140 0,02
150 -2.12
160 -3.42
170 23,01
180 -0.84
190 195
200 4,10
210 3.05
220 2.01
230 -0.36
240 -2 85
250 -3.78
240 -3.22
270 -(1.95
280 1.85
290 4.12
300 4.10
310 2.80
320 -0.09
330 -2.09
340 -3.35
350 -2.%4
360 -0.55




Table 9: Data for the measurement of torque at 320K

Applied magnetic field 11=3 kilo gauss

Angle & in degiee lorque 7 in voli
0 -1.00
L0 2.03
20 3.87
30 3.85
40 2.9

B 50 -0.99
6l =3.40
70 : -4.52
80 ' -3.80
90 -1.54
100 .95
L0 3.90
120 3.95
130 ) 2.35
140 -0.49
150 -2.85
160 -3.98
170 . =349
180 -1.11
190 2,90
200 3.95
210 3.80
220 £.95
230 : -0.85
240 -3.25
250 -4.35
260 -3.67
270 -1.34
280 1.85
290 3.80
300 395
310 2.10
320 -0.62
330 -2 30
340 -3.93
330 ' -3.30
360 -3.11




Tabie 10. Data for the measurement of loique at 326K

Applicd magnetic field H=4 Lilo gauss

Angle # in depree

Torque 7 in voll

0 20,56
10 2.39
20 4.10
30 4.12
10 2 52
50 ~0.40
60 -2.70
70 -3.82
30 -3 10
90 -0.92
100 2.19
110 3.04
120 4.02
130 2,55
140 017
150 -2.30
160 -3.34
170 -2.83
180 -0.70
150 2.26
200 3.93
210 3.97
220 2.45
230 -0.35
230 -2.63
250 -3.67
260 -3.00
270 0,89
280 2.12
200 3.85
300 3.93
310 2.50
320 6,15
330 224
340 -3.28
350 -2.66
360 -0.60




Table T, Data Lor the measuwiement of torque at 351K

Applied imagnetic field H-1 kito gauss

Anglé & in degree Torgue r in volt
{ -0.43
it 1.96
20 317
30 3.04
4] .86
50 -0 27
630 -1.84
Tt} -2.02
80 -2,32
o0 -0.72
104) 193
110 3.24
120 3.22
130 2.19
140 0.17
150 -1.34
160 -2.30
i -2.12
180 =332
1 20 1.95
200 .13
2140 3,05

220 .47
230 -0.20

* 240 -1.77

250 -2.65
260 -2.35
270 -0 57
280 .96
200 3.34
J00 3.21
310 212
320 .09
330 -1.44
340 -2.31
350 -2.08
3ol -0.48




Table F2: Daia for the weasnrement of tongque at 351K

Applied magnctic fieid H=2 kilo ganss

Angle # in degree

Torque 7 in voll

{) -{1.42
10 1.96
20 3.25

30 3.26

40 2.04

50 -(L.26
ol -2.04
i -2.86
50 -2.40
kil -0.74
100 | 85

110 3.20
120 3.34

130 2.29

1414 011

150 -1.49
1 GO -2.43
170 -2.13
130 -0.45
190 .98
20t 3.27
210 3.28
220 2,05
230 -0.21
240 -1.96
250 -2,85
20) -2.40
270 065
280 1.80
280 3.30
3] 3.35
k3Lt 2.24
320 0.08
330 -1.50
3410 -2.47
350 -2.08
360 -0.46




Table 13 Data for the measurement of torque al 351K

Applied magnetic field =3 kilo gayss

.ﬁmglc & in degree Torque t in vait
0 =40
L0 1.85
20 . 3.20
30 3.30
40 1.90
50 -0,34
(i1 -2.05
70 ' -2.85
B -2.30
G ) -0.65
10D , 1.90
1D : 335
120 ) 3,340
130 1,90
140 : 0.16
150 -1.44
164} -2.30
174 -2 01
180 .02
190 2.10

200 2.9%
210 3.01
220 1.77
230 -0.10
240 -1.90)
250 -2.80
2610 - =220
270 : -0 50
280 1.30
290 2.97
300 3.04
310 1.95
320 - 022
330 - -1.50
B 340 22,40
350 -2 10
3560 -0.08




Table 14: Data for the measurement of torque at 351K

Applied magnetic field H=4 kila gauss

Angle 7 in degiee Torque 7 in volt
0 . -0.35
10 .80
20 3.05
30 3.10
40 1.9
500 -0.20
60 - -2.10
i -2,75
30 -2.17
90 -0, 50
100 .72
110 © 313
120 330
130 2.19
140 1,25
150 - -1.33
160 _ -2.28
170 -2, 16
180 -0.25
1640 2.00

200 3.05
210 3.01
220 1.65
230 -0 13
2440 -1.95
250 -2.85
260 . -2.45
270 ' -0.60
280 1.75
290 . 3.01
30) 3.00
ELLL .85
320 044
330 -1.45
340 -2.60
350 -2.55
360 -0.10




Table 135: Data for the measurement of torque at 374K

Applied magnetic field H=1 kile gauss

Angle ¢ in depree Torque ©m valt
{0 -0.45
10 : . 1.38
20 ’ ’ 234
30 2.27
40 1.35
50 -0.35
ai ] -1.58
70 -2.20
a0 -1.90
il -0.60
100 1.44
110 2.46
i20 2.50
130 1 68
140 0.14
150 -1.40
160 -1.74
170 -1.57
IR0 -(1.39
190 1.35
200 2.50
210 2.42
220 ' 1.50

230 -0.21
240 -1.41
250 - -2.06
2410 -1.80)
270 . -0.52
280 ' 1.58
200 2.59
300 _ 2.38
314 ) 1.76
320 0.17
330 -1 03
340 -1.80
350 -1.57
ind | - 0,40




Table 16: Data for the measnrement ol tarque at 374K

Applied magnetic field H=2 kilo gauss

Anple ¢ in depree Torque r i volt
] -0.26
0 1.54
20 2.44
30 ' 2.46
40 . 1.61
50 , -013
ol} - . -1.45
i) -2.02
B -1.70
el -0 43
100 .47
114 : 2.46
120 2,55
130} .33
140 0,25
158} -0,90
160 -1.60
F70 -1.50
180 -0.22
190 1.59

200 2.48
210 ' 249
220 i.63
230 -0.08
240 -1.34
250 -1.96
260 -1.63
270 -0.42
280 : 124
200 : 2.56
300 263
310 i.539
320 : 0,23
330 -(.9g
340 -1.64
350 . ) -1.37
340 ~(.22




Table 17: Data for the measurement of torque aL 374K

Apphed magnetic ficld H=3 kilo gauss

Angle # w dearee Terque 1 in voll
0 -0.13
10 ] 1 20
20 220
30 225
4] ) ].30
50 ' -0.31
6l ] -1.55
70 ) -2,13
&0 -1.77
80 -0.62
100 0.91
110 : 2.10
120 2,30
130 132
148 =001
150 - =110
160 -1.74
170 -1.50
130 - -0.40
190 i1t
200 2.35
210 2.30

220 1.30
230 -0.30
240 -1.40
250 - -1.99
260 -1.63
270 -55
230 ' 1.05
290 ) 2125
300 2.35
310 1.30
320 0.01
330 : -1.01
340 ) -1.54
350 : -1.45
340 - -3 10




Table 18 Data for the measurement of torquc at 374K

Applied magnetic field H=4 kilo gauss

Augle & in degree Togue rin volt
0 ' -0.04
10 1.55
20 2.60
30 2.63
40 1.65
50 -0,04
60 . -1,30
70 -1.85
&0 -1,50
90 0,40
[1li] .10
110 2,30
120 2,50
130 1.80
140 016
150 - -0.80
160 -1.40
170 -1 20
180 : -0 13
190 1.50

200 2.50
210 | 2.60
220 1.60
230 -{),60)
244 : -1.25
250 «1,85
260 -1.50
270 ) -0.40
280 1.25
2890 . 245
300 2,60
310 1.80
320 0,20
330 095
340 -1.52
350 ' -1.20
36l -0.14




Table 19: Data for the measurement of tarque at 404K

Applied magnetic field 11=1 kilo gauss

Angle & in degree

Torgue rin volt

0 -0.18
10 0.95
20 1.72
a0 |1 58
40 0.33
30 -0 16
Hid -0.85
70 -1.50
80 -1.30
80 -0.35
10 .31
110 [.B5
120 .90
130 1.40
140 0.25
158 .60
160 -1.08
170 -1.00
120 =022
190 (.97
200 .75
210 1.70
220 (.83
230 -0.13
240 -0.97
2350 -1.50
260 -1.35
270 -0.40
280 0.88
200 1.8
300 .85
310 1.35
320 022
330 -(1.65
340 -1.18
350 -1.02
Jal -0.24




Table 20: Data for the measurement of torque at 404K

Applied magnetic field FH=2 kily gauss

Angle & in depree

Torque rin volt

0 -0 07
10 0 76
20 1.45
30 1.43
40 0.79
50 0,10
60 -0.97
70 -1.38
20 -116
90 -0.38
100 0.62
110 1.34
120 1.472
130 I 00
140 0.24
150 -0.45
160 -0.82
170 -0.85
180 011
190 0.80
200 1.42
210 .45
220 0,85
230 -0.05
240 -0 87
250 -1.30
260 -1.05
270 -0.28
280 0.78
260 1.45
300 1.50
310 1.05
320 .28
330 -0.50
340 -0.98
330 0,43
360 012




Tablc 21: Data for the measurement of torque at 404K

Applied niagnetic field H=3 kilo pauss

J‘mgr: £ in degree Torque 1 i volt
0 . -0.04
10 .78
20 ' 1.33
30 .35
40 083
30 -0.07
60 -0.85
70 -i.25
20 -1.01
90) -0,25
104} 0,710
110 .55
120, 170
130 1.20
144} . 030

150 -0,27
1 6 -0.67
170 -0.75
180 -0 10
190 .75
2. 1.35
210 .40
220 .82
230 -0.06
240 -0.75
250 - -1.28
260 <089
270 -0.18
280 (0.78
290 1.42
300 1.51
310 1.10
320 019
330 -0.40
340 : ' -0, 80
350 -.65
368 , 0.05




Table 22, Data for the measurement of torque at 404K

Applied magnetic field H=4 Lilo gauss

Angle £ in degrec Torque 7 in voll
{0 016
10 0.95
20 : 1.50
30 1.51
40 - 0.93
50 0.03
ol -0.80
i -1.20
30 -0.95
vall - -0.25
103 .68
o ' |.52
120 1.60
130 1.12
140 0.30
150 -(.28
160 -0.60
170 -0.53
180 012
§90 0.96
200 1.51
210 .52
220 0.95
230 012
240 -0.70
230 -1.06
260 -(.87
270 -0.13
280 0.75
29{} 1.3%
304 1.45
310 1.03
320 | 0.36
334 -0.33
340 : -0 68
350 -0 52
o0 014




Table 23. Data o the measureiment of torque at 433K

Applied magoetic feld H=1 kila gauss.

Angle £ i depree Torgue rin volt
0 -0.20
11} 0.45
i 1.25
30 1.20
44 0.40
50 -0.25
H( -0.30
70 =113
B0 -1.10
bl -0.35
100 .40
110 : .15
12} 1.20
130 (.70
140 | 0.10
150 . -0,58
160 -0,86
170 -0.91

180 ~0,33
190 (.42
200 0.90
210 0.86
220 0.45
230 -0.25
240 ' -0.85
250 ' -1.18
260 -1.05
270 -0, 40
280 {142
26} ’ (.98
300 1.05
310 ’ .70
320 .03
330 ’ -(1.48
340 -0.88
350 -0.79
360 ' -0.28




I'able 24: Data for the measurement of torque ar 433K

Applicd magnetic ficld 11=2 kilo gauss

Angle & in degree Torgue 7w voll

0 ) =011
10 046
20 .85
0 0 88
40 0.49
50 - 14
60 ' =070
i -0.96
30 . -0.81
a0 -0.30
100 0.37
110 (.78
124) .90
| 30 (.66
14i) 0,18
150 -0.33
tad " . -0.68
170 : -0.73
180 -0.26
191 0.32
200 , 0.73
2118 ' 076
220 ) 0.36
230 ' -0,10
24() ' -0.69
250 . -0.94
280 -01.51
270 -0.28
280 ' 0.41
200 Q.73
300 . 0.80
J10 0,67
320 : 018
330 -0.35
3410 -0.67
350 -0.58
360 -0.11




Table 25: Data for the measurement of torque at 433K

Applied magnetic field 13=3 kilo gauss

Angle #in degree Torgque 7w voly
L -0.04
10 0.44
20 0.68
30 | | 0.70
40 .34
50 -0,09
60 -0.61
0. -0.85
80 . -0 70
[} -0.26
100 0.34
110 0.76
120 0.86
1340 ’ .62
140 ’ (.16
150 -0.35
| &1 -00.60
170 -0.50
180 -0.18
150 040

200 ' 0,78
210 0,80
220 0,43
230 -0.14
240 -().64
250 -0.88
260 -0 87
270 -0.30
280 0.32
290 0.63
300 0.71
J10 Q.46
320 0.00
330 -0.34
340 -0, 64
350 . -0.56
360 -0.11)




‘lable 26; Diata for the ncasurament ﬁFlnrquc at 433K

Applied magneiic Geld H=4 kilo gauss

Angle & n degrec Torque ¢ m voli
{ -0.08
13 0.40
20 0.75
30 0.77
i} .43
50 -0.07
&l : -0 54
70 -0.77
80 ' -0.65
an -3.25
10 027
110 0.68
124} : .78
130 0.54
140 016
150 -0.32
160 - =060
170 -0.55
130 -0.06
19t} .45
204} ' 0.76
210 0.78
220 0,42
230 -0.21]
240 - -0.70
250 -00.92
260 -0.81
210 -0.36
280 : 0.19
290 . (.58
300 (.64
310 0 40
320 -0.01
330 -2.42
340 - -0.65
350 - -0.54
360 =011




Table 27: Data for the measurcment ol torguc al 446K

Applied magnetic field H=1 kilo gauss

Angle # in degrec Torque ¢ i volt
{}
10 N
20 045
30 ' (.36
41} 0.81
50 ; 0.39
(1K -0 19
70 -0.71
[ RO -0.978
a -0.87
10g - -0.33
LIO .40
120 ' .88
1 3} ' 0.97
140 .07
150 015
160 - 18
170 -{1.52
180 : -0.47
190 ’ -0 17
200 43
210 : 0 88
220 .83
230 .42
240 -0 16
250 ' -0,70)
260 -0.95
270 -{1.BG
280 -0.31
2490 . .43
300 (.91
310 0.98
120 0 66
330 -0.38
340 .72
350 -(.64
360 -0 la




‘Table 28: Daia for the measurement of torgue at 446K

Applied magnetic field H-2 kilo gauss

Angle 8 in degree Toirque 7 in volt
0 0.07
10 0.55
20 0 88
30 .89
i} 0,55
30 -0.01
60 060
0 -0 Bi
80 -0.68
O -0.24
100 0.32
110 0.71
120 0.79
130 ) 0. 60
140 ' 0.19
150 ) -0.05
lat -0.33
170 ) -0 28
180 (.08
190 0.57

200 ' {89
210 (), 90
220 . .55
230 0 04
240 - -0.44
250 -0.66
260 -0.54
270 -0,09
280 0.49
200 ’ 0.87
300 ) (.94
310 0. 74
320 0,32
330 -0.19
340 -0.37
350 -0.32
360 {0 0o




Table 29: Data for the measurement of torque at 446K

Applied magnetic field FI=3 kilo gauss

[ Angle & in depree Torgue 7 in volt
0 0.13
10 .54
20 0 8]
30 0.82
40 0.52
50 0035
60 -{.50
70 -0.71
80 -0.60
&0 -0,24

100 0.25
110 .59
B 120 0.66
130 0.49
140 013
150 -0.02
160 -0.23
170 -0.18
180 013
190 055
200 0.83
210 .84
220 0.53
230 008
240 -0.33
250 -0.55
26 -0.44
270 -0.035
280 0.44
240 0,78
Q0 0,85
S0 .67
320 .33
330 -0.04
340 -0.25
350 -0.18
360 0.14




Tuble 30: Data for the measurement of torque a1 446K

Applied maguetic field Ti=4 kilo ganss

Angle & in degree Terque £ in volt

I Q.18

19 - (.55

20 ' 0,79

30 0.7%

40 0.51

50 : 0.08

60 <037

70 . . -0.63

bl -0.55

a0 -0.23
- 100 018
110 ' .50

1201 - 058

130 {.42

140 . . 0,32

150 ’ .03

160 -0.15

170 -0.10

B 180 - 0.19
164} (.56

200 0.79

210 | 0.78

220 ) 0.51

230 0.07

240 -(.31

250 -0,48

260 -(.37

270 -0.03

B 280 0.40
200 0.72

300 0.70

310 0.63

320 0,30

330 -0.02

340 -0,20

350 . -0.12

360 : 0.17




Table 31: Data for the measurement of torque at 454K

-

Applied maguetic field H=1 kilo gauss

Angie £ in degree

Torque 7 in volt

0 -0.03
1) 0 47
20 0.78
30 0.72
4} 0.31
50 -0.21
o0 -0.66
70 -0.87
R0 -0.77
90 -0.27
100 0.42
110 (.86
120 0.93
130 0.67
149 (.19
150 -0.3]
160 .55
170 -0.52
180 -0.11
190 0.47
200 .83
210 0.77%
220 0.36
230 -0.17
240 -0.65
250 -0.87
260 -0.77
270 -().29
250 0.38
200 0.86
300 0 52
310 0.64
320 0.18
330 -0.30
340 -0 61
350 -0.55
360 -0.11




Table 32: Data for the mcasurement of tordue at 454K

Applied magnetic field H=2 kilo gauss

Angle & in degree

Torque 7 in vol

0 0.01
10 0,40
20 .69
30 0.67
40 0.35
50 -0.172
60 -0.56
70 -0.75
80 -0.64
90 -0.25
1 00 .24
110 0.65
120 0 74
130 0.58
140 0,22

150 -0.14
160 -0.38
170 -0.36

180 -0.03

190 0 40

200 0.71

210 0,72

220 0.39

230 -0.08

240 -0.53

250 -0.73

2610 -0.63

270 -0,23

280 0.30

200 0.68

300 0.76

310 0.57

320 0,20

330 -0.19

340 -0.44

350 -0.39

360 -0.04




Table 33: Data for the measurement of torque at 454K

Applied magnetic field =3 kilo gauss

Angle & m degree Torque 7 1n volt
0 - (.04
10 . : 041
20 0,66
30 ‘ 0,66
40 0.37
30 -0.06
60 -0.48
Eit - -0.67
&l o : -0.58
90 + <026
104} .14
11 051
12{) (.59
130 . .45
140 : 0.22
150 -0 07
160 ' -0.27
170 . -0.26
180 0,02
1 90 0.40
200 . 0.66

210 ; 0.65
220 0.36
230 ' -0.06
240 -0.46
230 ) -0.64
260 -.54
270 ' -0.19
280 T 0.27
2490 ' 0.50
300 0.66
310 . ' : 0.5]
30 ' . A 19
330 - -0. 14
340 - -0.34
350 -0.28
360 0.02




Table 34: Data for the measurement of torque at 454K

Applied magnetic field H=4 kilo gauss

Angle & in degice Terque 7 in volt
0 0.08
10 0.42
20 . 0.65

3 30 0.64
4 - 0.36
30 -0.03
ao ‘ -0:43
70 . =0.61
&0 - -0 52
40 -0.20
100 .20
110 ’ 0.49
120 ' 0.57
[30 0.43
140 0.19
150 ’ -0.04
160 o -0.21
170 -0 18
180 (.08
194 ' .44
200 ' 0.66
210 0.65
220 .37
230 -0.03
240 -0.40
250 -0.58
260 -0.49
270 - 18
280 0.25
294 .55
300 0.62
310 ' 0.47
320 .18
330 -0.12
340 -0.29
350 -0.21
360 - 0.07




" Table 35: Data for the measurement of tuquue at 463K

Applied magnetic field H=1 kilo gauss
Angle £ in depree Torque 7 in volt

0 -0.25
/. ) 0.28
20 . 0.55
30 0.45
40 . - 0.05
50 - -0.40
ab . -0 80
T : -(3.9%
320 -0.98
g -0.70
104D .05
o - .45
[20 (.65
1310 (.40
140 ~{1.04
150 -0.45
164 ' -0 71
170 o -0,72
180 -0.41
150 0,15
200 (.60
210 0.50
220 0.09
230 -0 30
240 -0.70
250 ' -0.90
260 ’ =056
270 . -0.70
280 ' -0.07
2940 .50
300 (.70
310 0.42
320 0.00
330 : -0 41
340 -0.70
350 ) -0.71
300 =040




Table 36: Data for the measurement of torgque at 463K

Applied magnetic field H=2 kilo gauss

Angle & in degree

Torque 7 in volt

0 -0.21
10 0.16
20 0.44
30 0.41
40 0.1¢
50 -0 32
40 -0,63
70 -0.83
50 -0.85
an . -0.60
100 015
1o 0.34
120 (.50
130 0.39

140 0.06
150° -0.27
160 -0.50
170 -0.57
180 -0.35
190 0.08
200 0,43
210 0.45
220 0.14
230 -0.27
240 0.6
250 -0.82
260 -0.84
270 -0.67
280 -0.23
290 0.27
300 0.45
310 0.36
320 0.05
330 0,27
340 -0 52
350 _0,59
360 0,40




Table 37: Data for (he measurement of torque at 403K

Applied magnetic field H=3 kilo gauss

Angle 2 in degree Torque r in volt
) -0.30
10 0.05
20 (.33
30 0.37
40 Q.12
50 : -0,20
&) - -0.41
70 -0.62
80 -0.770
90 -0.62
100 ) -0.40
110 0.07
120 - .34
130) : . 0.35
140 - C013
150 : . -0.17

160 -0.37
170 ’ -0.50
180 ' -0.41
1 50 -0.0%
200 0,25
250 0,39
220 0.19
230 -0.10
240 -0.37
230 ' - -0 60
260 . -0.75
270 ) -0.73
280 -0.56
290 -0.17
300 0.27
310 035
320 -0.0%
330 ' -0.32
340 -0.46
350 -0.45
360 : -0.25




Table 38; Data for the measurement ol torque at 463K

Applied mapnetic field H=4 kilo ganss

Angle # in degree Torgue 7 in volt
0 =14
10 0.17
20 031
in - 0 16
40 -0.09
50 : -3.22
60 - -0.44
70 . -0.56
B ' ~-0.60
90 -0.64
101 -0.68
110 : -0.72
120 - -0.74
131 : -0.68
140 : - -0.42
150 ' 020
160 (.09
1) -0,22
180 -033
190 -0.40

200 -0.34
210 =012
220 0.27
230 0.31
240 0.05
250 -0.20
2650 -0.30
270 =51
280 -0.65
290 ' -0.75
200 -0.77
310 -0.67
320 -0.41
330 0.00
340 ' 0.20
350 0.09
360 ) -0.14




Table 39; Data far the measurement of lorque at 478K

Applied magnetic field H=1 kila gauss

Angle ¢ in degree’ Torque ¢ in volt
0 0,72
10 . 043 .
20 ' 0.05
30 . -0.27

.40 -0.42
S0 B -0.22
il - (.23
70 ' .65
80 078
90 . .60
100 .19
110 -0.21
124 - -0.51
130 -0.61
140 . {138
150 | - D12
1410} 0.a0n
170 - 0.78
180 : 0.74
190 Q.46
200 0.12
210 -0.23
220 - E -0.35
230 -3.18
240 ' 0.26
250 . 0.67
260" 0.78
270 - 0,66
280 0.25
250 : -0.20
3400 -3.50
310 . -0.57
320 -0.34
330 ’ ' {316
340 . , .64
350 . (.84
340 : 077




Table 40: Data for the measuremant of torque at 478K

Applied magnetic ficld H=2 kilo gauss

Angle & in degree Torgue rin volt
0 . .65
(0 0.52
20 ' 0,24
30 002
40 ‘ -0 10
50 0.01
60 0.30
70 : 0.55
80 0.69
G0 ) ) .36

100 : 0,24
110 - : =0.11
120 -0.34
130 - -0 38
140 -0 24
150 0.10
160 - .44
170 . 0.64
130 . .68
190 . 0.51
200 0.26
210 ; 0.00
220- -0.09
230 ' 002
240 - 0.32
250 ’ 0.58
260 0.68
270 .59
280 0.24
290 - -0.13
300 -0.35
310 037
320 -0.22
330 . 0. L1
340 _ 0.47
350 ) 0.64
360 .68




Table 41: Data for the measurement of torque at 478K

Applied magnetic ficld H=3 kilo gauss

Angle # in degree

Torque 7 in volt

{ 0.59
10 0.48
20 0.30
30 0.11
40 0.04
50 .15
60 0.39
70 058
80 0).65
90 0.53
100 0.27
110 -0.03
120 -0.25
130 -0.27
140 -0.15
150 0.09
160 0.37
170 0.55
180 0.59
190 0.50
200 0.32
210 0.13
220 0.06
230 0.14
240 0.36
250 0.55
260 0.64
270 .55
280 0.28
290 -0,02
300 -0.23
310 -0.27
320 -0.14
330 0.11
340 0.38
350 0.58
360 0.62




Table 42: Data for the measurement of lorque at 478K

Applied magnetic ficld H=4 kilo gauss

Angle 2 in degree

Torgue r in volt

0 0,357
10 051
20 0.34
30 018
40 Q.11
30 0.20
&l 0.38
70 0.56
80 0,62
a0 051
100 . 0.30
110 -0.01
120 - -0.21
130 .26
144 -0.13
150 0,09
160 032
170 0.52
180 0.56
190 043
200 031
210 0.15
220 0.09
230 018
240 0.35
250 0.53
260 0.60
270 .49
280 0.27
240 -0.01
300 -0.21
310 -0,22
320 -0 10
330 0.11
340 0.37
330 0.54
360 0.58




Table 43: Data for the measurement of torque at 498K

Applied magnetic field H=1 kilo gauss

Angle & in degree Torque © in voll
1] 077
n. 0.55
20 025
30 : -0.04
40 -0.16
50 : ' -0.01
a0 .37
70 (.67
30 0,78
o) 0.64
104 0.25 |
i10 ) -0.08
120 S -0.33
130 -0.40
140 -0,23
130 ’ ) {20
1460 0.61
170 0,78
180 G.76
190 . 0.54

200 0.25
210 -0.02
220 015
230 . k -0.02
240 ’ 0.31
250 ) 0.66
260 0.73
270 ' 0.63
280 . o027
290 : -0.00
300 -0.33
Jln -0.40
320 , -0.20
330 ' 0.20
340 ’ {1, 64)
354 0.77
3ot ' 0.75




Table 44: Data for the measurement of torque at 498K

Applied magnetic field H=2 kilo gauss

m-ilgh: & in degree Torque 7 in volt
0 0.63
10 .54
20 : 0.34
30 0,14
40 . ‘ 0.05
50 . 0.14
60 - .34
70 T 056
RO . 0.65
90 0,54
100 0.28
g -0.01
B 120 . L0210
130 . - -0.24
140 . =009
150 0.15
160 0,42
170 ' 0 58
180 ‘ 0.62
190 0.54
200 ' 0.34
210 0.14
220 0.07
230 ' 0.16
2410) 0.38
250 : 0,56
260 064
270 - 0.54
280 .26
290 -.02
300 ' -0.22
310 ) -0.22
320 ~ -0.09
330 0.16
340 : 052
350 0.62
360 0.63




Table 45 Data for the measurement of mll'que at 498

Applied maganetic field H=3 kilo gauss

Angle £ in degree Torgue 7in volt
0 ' 0.56
10 : 0.51
20 ‘ n.3%
30 023
40 - 0.17
50 022
60 - 0.37
70 G.51
30 0,55
90 .50
100 ' 028,
110 .03
126 -0.13
130 (.16
140 -0.07
150 0.11
160 | 0.33
170 - 0.47
180 0.53
100 C0.49
200 ) 0.18
210 : 0.26
220 ‘ 0.18
230 0.23
241} © 038
250 3 0.51
2610 ' .55

B 270 - 0.46
280 0.25
290 " 0.02
o0 -0.15
310 0,17
3 -0.06
330 0.16
340 0.38
350. . - 0.52
361} - 0.57




Table 46 Data for the measurement of torque at 498K

Applied magnetic field 11=4 kilo gauss

Angle & m degree

Torgque ¢ m volt

0 0.52
10 0.50
20 0.40
30 0.28
40 0.23
50 0.28
60 .38
70 0.48
20 01,50
90 0.42
100 0.27
110 0.06
120 -0.07
130 -0.11
140 -0.04
150 011
160 0,30
L70 .44
180 0.4¢
180 .46
200 0.37
210 0.27
220 0.22
230 0.28
240 041
250 0.50
260 .52
270 0.42
280 (.23
290 0,02
300 -0.00
310 -0.11
320 0.03
330 0.i2
340 0.32
350 0 45
360 0.51
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