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Abstract

This the~is describes the experimental in\leSlig~tion of magnetocryStalJine anisotropy

and magnetization of Nickel single crystal. TIle first anisotropy constants have been

determined at diflerent temperatures. The anisotropy eons1allls have been delennined

by tOfllue measurements in the (Ino) eJystaJlographic plaue 'as ~ timelion of fields and

temperatures. TIle mearurements are perfOffiJeil using a Torque Maguetometer wilh

~lllomatic electronic compensating system. TIle temperature dependence of magnetic

anisotropy ofNi is fonnd 10 cOlllply with the earlier wurks 011tllis magnetic system. A

rotation of the magnetic vectur is predicted arouud the fcrrom~gnetic Curie

temperature 7,.. As the samplc entered in In the paramagnetic phase, some non-

periodic signals ne recOlded, tbe cause ofwhieh may he attributcd to (he lncal spin

flnctuations in the unhroken clusters containing fClTomagnetica!ly ordered spins lIear

the onset of paramagnetic phase. I1le magnetization of the sample is measured by a

Vibrating Sample Magnetomeler (V S,M). The valiation of the anisotropy constants

due to ch~nge oftemperatllre is found to he faster than the variation of m~guetization
in NickeL
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Chapter 1

Introduction

Th~ maguetocrystalline anisotropy IS a secondary cffect which characterises the

magnetic softness or hardness. In practical application almost all the devices using

magnetic material as a core matcrial demand that the material be magnetically soft and

iwtropic so that the hysteresis ,loss is minimum, 111e area under a B-H loop indicates

the magnetic softness or hardness of a magnetic material. 11ms minimising the area

inside a S-H loop has long been thc focus of magnetic research.

One factor which may strongly affect thc shape oftbc M, If (or B, 11) curve or the

hysteresis loop is the magnetic anisotropy. This term siruply means that the magnetic

properties depend on thc direction in which they arc measured, So it is one of the most

important characte,istics which determinc the complcx magnetization process of an

ordered magnetic material. 1llis gcneral subject is of considerable p"'d~1;icalinterest,

because minimising the magnetic anisotropy is velY important while we desigu most of

the devices of commercial impOl1ancc using 'nagnetic materials.

TIle present theoretical knowledge of the origin of magnetic anisotropy is not quite

dear as there are various factors on which this property of a magnetic material depend.

The atomic structure of a material is at thennodynamic equilibrium when the atoms

take the positions to minimise its energy, Iron having thc body centred cubic (b.c.c)

,1ructure conld be easily magnetized along the r f00] crystallographic direction. On the

otherhand Nickel having the lace centred cubic structure (fc.c) could be easily

magnetized along the r 1I I] cry,tallograpliie (hody diagonal) direction.

TIle physical properties of a ferromagnetic single crystal ill general depends On the

direction along which thcir lllagnetizatioll is measured Jclative to the crystal axes, III a

ferromagnctie singie crystal thcre is preferred crystallographic dircction along which it

is easily magnetized which i~known as the easy direction of magnetization. TIJere is

also a hard direction along which it is difficult to magnetize. TIle dilTerence in encrgy



to magnetise thc sample in the hard and easy directions is a measure of the

magnctOCIY"'alline auisotropy. '111e reason for the maguctic anisotropy may he

attrib,uted to the stacking of the atoms taking the miuimlllll encrgy position during their

gro\~1h, TIms as one passes through a cry~1alline an'angement of atoms or molecules

alon,g a gIven direction, one meets atoms or group of atoms having minimum energy

orientations.

The magnetic anisotropy in a fClTOmagncticmaterial aud also in their alloys may be

induced by mechanical ;1ress which is called the induced anisotropy. The magnetic

anisotropy in a metallic glass dbbon is an example of induced magnetic anisotropy. 'The

mechanical stre,s suffcred by the ribbon oluring its gro\~th gives' rise to the induccd

magnctie anisotropy.

Cobalt has higher anisotropy energy thau Iron and Nickel. When an external magnetic

field is applied on a magnetic material thc magnetizmion vector trics to mtate and align

itself with thc external ficld. TIlis happells as the electron spin moments try to rotate

along \-vith the applied magnetic ficld. But this effort of rotation is resisted by the

electron orbits as they are strongly hound to the c')'stal field created by the lattices. As

the lal1ices are strongly bound ill a crystal, the electron moments can not rotate thcm

However, if a strong e"1el'llalmagnetic field i; applied, the strong bindings hetween the

lattices and the electron spins could bc overcome. -nm amount of cnergy requircd to

overcome this binding is the magnetocrystaIIine au;;otropy cnergy whose underlying

reason is the spin-orbit eouplillg.

Magnetoery,1alline anisotropy of Nickel which is the Illain aspect of present research is

evaluated from the torque curves, and also its temperature dependence is studied from

room temperature to and above the fC1T0111agneticCurie ternperatme '/~.
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Chapter 2

Review of Earlier Works

Study ofmagncto~ry51alJille anisotropy and mab'lletostriction has long been the SIIbjeet

of research by the Scientists who ~re working for the development of magnetic

materials for scientific ~nd industrial applications. TIle magnetically soft and hard

materials arc characterised on the basis of their hysteresis. The sofi magnetic materials

arc identified by their small hysteresis loss. When such magnetic materials are used in

soplti51icated electronic devices powered by smaJi balleries, they usually consume very

small power from the source. To minimise the hy&teresis losses and to preselve their

u.>eful magnetic properties have been quitely a challenging task in recent days of

tcehnological revolutioll. TIlus the study of magnetocrystalline anisotropy and

magnetostri~tion is one of the v~ry impol1ant fields in maguetic r~search,
TI", classical theory of fenomagTH,tic anisotropy in cubic crystals was formulated by

AI...llov [Il. lIe showcd that if the anisotropy energy is expanded in powers of the

dire~tion cosines Q'" Q'" and uJ between the bulk magnetization vector aod lhe three

eubie axes, lhe lowest non-van isllillg teml must b~ of the 10r111

f" "'( " " 2 ')',= ", U, u, +Q',u, +u, u, ......... (2. I)

A rough estimate of the temperatur~ depend~nce of the first anisotropy constant X,

Wa&also given by Akulov. lie cOllsidered the clystal lO b~ cOlllpos~d of a number of

small regions, and within each legion he assnmed thatlhe m~gnctization vector m~kes

a random small angle e ""1th respect to the average over-all direction of bulk

magnetization. As the temperalure increases, Ih~ angle e between regional and

average magnetization be~omes larger and larg~r, and the total anisotropy energy

drops precipitously. At a stage the total anisotropy ~nergy will disappear; however, the



sample maguclizatioll M(T), which is given by the average value of M,. will he quite

large. Akulov derived the e~lJrcssiOJl

•

K(n" [M(O)-M{T)]-'-=1-10,---- __
K,(O) M(O) _." .... ,(2.2)

In 1954 C. Zener [2] ;n Westinghouse Research Laboratol)', attempted to understand

the temperature dependence of the crystal anisotropy. Tnhis attempt he proceeded in a

classical Illanner "'Ih two a&.umpliolls; (i) the effect of temperatufe "POll magnetic

anisotropy arises solely /i-om the introduction of local deviation in the direction of

magnetization; and Iii) The local de"imion ill an elementary region is the resultant of a

velY Ingc number of iudepcndeu( deviations. J Ie saw that the anisotropy in nickel

decreases much mOTCrapidly than predicted and found that K, decreases ~tlcast twice

as rapidly \\1th T 17; in the case of nickel as in the case of iron. Since J, decreases in

approximately the same manner j,)r those two metals, he concluded that the same

agreement would 110tbe obtained for nickel as was obtained for iron, Zener has ShO\\11

by random-walk calculation of the average angle (J that a more precise fOlmulatioll of

eq (2.2) is a "10th power law'"

t;,(T) _[M(T)]"
K,(O) - M(O) , ... ,.. ,.(2.3)

a result which fits excelle"tly to the experimelltal cmve for iron, hut fails completely in

the case "fnickel whele one Jlnds apllroximately

KJ{T)= [M(T)]"
A:,(O) M{O)

4
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Robert Brenner 13] [uund lhe reason wl,y the propused model should hold for iron

only. He sltowed thallhe lellth power of M(T)! M(O) holds for alllemperalures up

to the C[!lie poinL

Zener has given a general exp'ession for higher-order anisotropy. In particular, the

temper~lure dependence of K, is as close to the 2 Is! power of M(T). Zener has also

sho'Ml that if K,(O) is of comparable magnitude to K,(O), K, increases as the

tem]leratllre falls oil:

11le AJ..-ulov-Zenermacroscopic classical theo,) is quite general, and seems to be a

correct firsl approximation legardless of the type of microscopic quantum"meehaniea!

source of the anisolropy TIle standard quantum-meehanica! theot)' has been given by

Van Vleck [41 He has expallded the indirect anisotropic coupling between neighbour

spins into a dillOle-dipole tenn

.... ,(2.5)

plus a qlladmpole-quadrupole lerlll

....... (2.6)

I'Jere 'y cOlilleels nearest neighbolll's, ie., spin i and spill j and DIJ and Q,; arc the

coupling constants, \\hich is considered temperalure illdependent and acting only

between nearest neighbours,

In the Van Vleck theory lhe temperature depelldence of the macroscopic ani~otropy is

caused by Slalistieal deviatiOl~s of S, alld S, ji-om maximum alignlTlent. Because he

evaluated these deviations in a molecular Held, that is, assulTling cOlTlplete rack of

correlation in the aligumenl of neighbouring SpillS; Van Vleck obtained too slow a

temperature depclldence of K,. It has heen s1l(lv"nby Keffer IS] that if correlation is

properly takell into accollnt, Vall Vied's H(! leads to tbe 10th power law, This lIlay be

demonstrated in a general '\illY,and also by means ofa spin-wave analysis. Pal [6] has



-
imiependclllly mad" a splIl-wa\'e cakulatioll lcadiug to all cquivolelll result. In an

excellent review article Vall Vleck [7] has exllibited a velY powerful and completely

gen~ral C:l.1e1151011 ofcorrelatioll concept, TIllis the nll1slltropy arising from H
Q

behaves

according to the A\...ulov-Zencr theory, and the quadrupolar-couplillg problem is we11-

understood.,
Van Vleck's second order perturbation theory of diJlolar type anisotropy in cubic

fcrromagl1et~ was Te-evaluated by F. Keffer and T. Oguchi [8J and l'rederic Keffer [91

Essentially the same correlation was obtained very easily from a simple modification of

the Van Vlcck fonnalism!ll take careful aCCOIl1Hof the average energy involved in

simultaneous reversal ofncighbouring spins It was ShO\VIllhat the spin-wave theory,

in ~greement with classical theory, predicts identical v~lues of dipolar-type anisotropy

whether measured statically in a torque experilllelli Or dinalllieally in ~ microwave

resonance eX],eriment.

R, R, Dirss and P. M, Wallis [lO] had v.'orked Oil the temperature dependence of

rnagnetocrystalline anisotf<1I'Y. 11ley have shown that the tenth power law

K, (1) = [M.( 1)]" is in much better agreement VI,jthexperiment at low telllperatilre.
K,(O) 114,(0)

'Ihe thenry of temperature dependence of magnetoCI)stal1ine anisotropy 111

ferromagnctic insulators was reviewed ~nd snmmarized by H. D. Callen and E. Callen

111111ley found that the derivation of the 10th power law is restricted to materials

with loc~lized spins amI 3d metals are almost surely exempted. For various insulating

magnetic m~terials and eve" for rare earth met~ls the experimelllal data, which they

reviewed was in excellent agreement with the 1(1+1)12 power law. TIley also saw

that the them) of the temperature dependence of the anisotropy could he extended to

arbitrary temperatures and it ,tood in excellent agreement with the dat~ for insulating

materi~ls, 'Illey also discussed the maguetic field dependence ofmaguetie anisotropy.

In 1968 1. 1. M Franse and G. Oe Vries [l2J attel~lpted to measure the

magnetocrystalline anisotl opy energy of nickel at differelll temperatures between 1,5K

and 296K, They based their de,cril'tioll on the usual expansion of this energy:

,

•



"""",-(2.7)

- , ,
p=uJ a, Ll,; cr" a, ~nd cr, heing the

direction ~osin~s of the m~gn~tization with respcct to the ~rystal ~xis and K" K, etc

the ?nisotr\lPY eonst~nts. TIlew ~onsta111swere derivcd fi'om tllHlue measurements by

, a le~st ~djllstment Neglecting higher COllst~ntsthey got, however, a good estimation

of K, and "1th the ~id of this const~llt they altempted to detelmine K" K, and K,

from the combined tOrllne cUlves ill tile (100), (110) ami (111) planes.

R, It. llirss, G. I Keeler anJ P. D. Leo [13] measured the anisotropic maglletization

(Al,) of nickel by a rotating sample magnetometcr over ~ mnge of tempemturc from

4K to 250K, A new tec1I11;'lueofan~lysi, wasllscd which reveals that the effect is

field dependent at low fields. 111all cases the field depcndence uf K, wcre found to be

esscntially the same at all fields, hilt M, showed a marked field dependence.

R. M, Bozonh [14] showed that by taking ~ccount of an ~dditional term in the

expression for the ~nergy of l11~gnetization the [110] dircction might undcr certain

conditi<ln~ be the directioll ti,r easy magnetization in ~ crystal, inste~d of [100] or

[I 1Ij. Magnetization CONes for single cr)';1~Is werc calculated using thc additional

tern"

L. P. T~r~so\, [15] worked a lot over the depeniJence of ferro11lagneti~ anisotropy on

the field strength, By using a torqllemeter ofvcry high sell~itivity, hc had been ahle to

show that a saturation value of the torque could not be obtaincd e"perimentally, but

couliJ be c~lclll~ted by e"tr~pol~ting to ~ = o. n'e result is expressed by the equation

,.,.... ,..(2.8)

where T" and 7~ are the l1l~gnitlldes of the 10nlue peaks for an applied field H. and

for all infinite one respectively, and Hu is a constant. TI,e u.,efillness of the ~" law for

dis!.., l;e~ in the fact that it ilIilkes possible the calculation of a wlique value of the

7



anisotrnpy constant, the olle conespondiug to _I '" 0, which neith~l dcpcnds upon the
II

field nscd nor upon the dimcnsions ofthc spccimen.

WIle;' a disk cnt frOIll a cubic crystal of a fcrromagnetic mat~rial is placcd in a

magnetic ficld parallel to its plan~. thc torque cxcl1ed on the disk by the field gencrally

increases continually with the strcngth of the field, approaching a finite limit

(saturation) in very high fields. An anomaly Jhr one orientation of a crystal of iron-

silicon was ohscrvcd by Tarasov. R M. Bozorth and II. J. Williams [161 confinn~d his

findings and obs~rved a similar ~ffect for a series of olicntations of disks cut parallel to

the (lIO) and (100) plancs. As the field strength is increased, th~ torque passes

through a well-defincd maxilllulll before beginning the final approach to saturation,

C. D, Graham f17) rcponed prccise measurements below room temperature which

indicate in this range not a tenth power, hut fonnh or fifth po\ver dep~ndence on

maguetization, W. J. Carr (18] illt~T]Jrctcd this sccmingly anomalolJ~ result for the

temperature dependence of magnctic anisotropy in felTomagnetic material on the basi~

ofZencl's theory, with the effect ofthellllal cxpansion.

The conventional theory of the valiation with tcmperalllre of the anisotropy of cubic

crystals is el..lcnded by C. Kittel and J. H. Vall Vleck [19] to include thc

magnetoela>lic constants. Their results are expressed in the foml of a functional

relation connecting the m~gnctoelastic cnergy ":-;th M rathcr than T, but as the

saturation magnetization Ai is itself a limction uf T, the fonn of dcpend~nce Oil ]" is ill

principle detemllned. Rcckcl' and Doring [201 showed the magnctoelastic cnergy in a

cnhie crystal by synJmcl1y consiileration,.

W. J. Carr, [21] worked a lot to develop the th~ory of fcrromagnetic ani,otropy. It is

gcnerally agrced that thc principal source of ferrom~gnetic anisotropy in must

materials, ]Jarticu)~rly metal!" comcs J"om electronic ,vin-orbil coupling, a sllggestion

seems first to have been advanced hy Powell [22], and later in ~morc concrete fonn by

Bloch and Gentile [23 J. Two note-worthy schemes have becn used in attcmpting to

calculate thc effect of spin-orbit intcraction in a ferl'Oll1agneticsolid; one by Van Vleck



[24J using an atomic approach, the other by Brooks f25] using an energy-band

approximation, Later using an improved energy-hand mOlle!, Fletcher [261 gave a

resul( for nickel two orders .of magnitude too large But one or the plincipal

mechanisms for anisotropy was Ibund by Carr to be dilferent from those considered by

Van, Vleck, and arises fTom tile interaction between the orbital moment about a lattice

site and the crystalline potential orthe lattice.

W. J. Carr [27] also verified the t~mperature dependence of crystalline anisotropy

,constallls of iron, cobalt, and nickel, He showed that Zener's result fOTiron (i,e ,the

first anisotropy con,1aut valies as thc tellth powcr or the magnetization) also might be

derived rnun molecular field theory, In cobalt a satisfactOlY agrcement with cxperiment

wa.~ obtained by using Zeller's results together with the postulate that the intrinsic

anisotropy varies ,,;th thellnal e"lIansion. For nickel the temperature dependence of K,

seemed to require. in addition to the tenth power of magnetization, a multiplicative

factor that is linear in thc tell~)erature.

F, C Ni,,- and D. MacNair [2M] illvestig1iled the thermal e''lJanSJon or pure metals,

nJeir values for these characteristic temperatures are; 410K for Ni and 420K for Fe.

The ferromagnetic Curie temperature is fOWldto be 625K. In plotting true coefficient

of thermal expansion versus temperature Simon and Bergmann [29] found a horizontal

plateau at about 175K to 235K for N, and F~:

nle fenomaguetic anisotropy constant K, was accurMcly measured by the m~gnetic

torque method filTa gloup of iron alloys cllntaining lip to 13.7 atomic percent silicon

by L. P, Tarasov [30lllie v~Jue fill' iron was considerably higher than tlte one due to

Akulov [31l. When K, is plotted again,t the atomic percentage of silicon, the change

in slope occurs at very nearly the same concentration as the similar change in slope

found by Jelle and Greiner [321 for the lattice parameter G" An allempt was made to

e"pl.in the occurrence of these breaks in tenns of change hom a hypothetical

superlattiee with a silicoll c(lncentrMioll uf 3132 to a p~rtially fonned Fe,Si

snperlattice.

9



Since K, v~lues ~re often required for lhe lheoreticalneatment of the problem, a new,

a"d (lireet, detellnin~tion of K, for iron ~nd nickel w~s mode by Hiroshi S~to ~nd B

S, Chandr~sekhar [33] hy l1Ieol1~ofmaguetic tonlue measurements in the (Ill) plane.

TI,is method minimizeS tile eontributhlll nom K, to the torque. TIlell the pure K,

eonlJ'ibution was singled OUInom the measured torquc eLJrve,,'ith Ihe ~id ofs)Tl1melry

cOlJsidcJations. TIle values obtained for iron and nickel are aL room temperature

7.14 x I0' j I /II' and 2.34 x I0' j I !II' respectively, '111eresult~ slJOw, in the case of

iron, that thc value of K, which had been givcn prcviously with the MOle order of

m~gnitude as K,> is actually an order ofmagnitllde sm~neL In the ~ase of nickel, Lhe

value is comparable to K, and its tempcrature depcndcnce is even larger Lhan that of

K,

TIle conventional theory of the variatiun ",'ith tcmperaLure of thc anisotropy of cubic

crystals has been uscd to calc'ulate the m3guelo.el~stie .constant~ [34 J.

L. Neel, R--Pauthenct, G. Rimet, and V, S. Giron 1351,dcscribed the mechanism of

magnetiz~tion of a femlm~gnetic single cry!.laL111eyclassified Lheelemcntary dom~ins

in several groups, called ")lha&es" e~eh having a celtain direction of the spontaneous

magnetization. The variation of the 100aimagnctization took place in various "modes,"

corrcsponding to the numbel' of eoexi,ting l'h~scs in a given field, The calcul~ti"n "f

tile magnetization curvc in lhese ~arious modes expl~ins the cxperimental results for

single cry!'1~Is.
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Chapter 3

Magnetism in Solids

3.1 Paramagnetism

When the magnetic moms in a snbstance are non-intcraeting and are not affected by

any spontaneous illlemal field, it is SIIidto he a paramagnetic state. It is related to the

tendency of a permanent magnet "toalign itself in Ihe direction of magnetic field such

Ihat its dipole moment is parallel to the field, In atomic systems the permanent

magnetic momcnt is associated with the electronic spin as in all atoms, moleculcs and

lattice defects possessing an odd number of electrons, the total spin cannot he Lero.

Thus a paramagnctic suhstance has a non-vanishing angular momentum, It may also be

the permanent moment of llnlilled alomic shells that ariscs Ii'om the comhination of

spin and olbital moment

Some moms and ions have permanent magnetic moments. In the ahsence of a magnetic

field, Ihese moments usually point in random dircctious and hence produce uo

macroscopic magnelization. But in the presence of magnetic field, the moments tend to

line up preferentially in the field directIon and produce a ne! magnetization. TIle perfect

alignment is classically possible at infinite magnetic field. Since the moments line up in

the direction of the field and enhance the extemal field, the snsceptlbility is greater than

zero

Paramagnetism is thus lound in those materials where the individnal atoms, Ions or

molecules have a pennanelll magnetic dipole moment bllt no molecular field. Mil'.,

Cd", U'" are the examples of paramagnetic materials According 10 Hnl1d's rule, in a

partly field transition IUdal, thc \'arious orbital states arc filled filst by electrons of one

spin, then by the other, so that pairing of electron spins is the 1caSIpossible and the

spin magndie moment is maximised: Jl is this type of ~xchangc interaction thaI is

II



responsihle for spin alignment ;n paramagnetic matelials. Paramaglleti~m may also arise

limn atoms, ions or molecllle~ wilil a net maglletic dipole moment. 11 is ohservcd

e".-perimcntally that for many materials itl weak magnetic fields, thc susceptibility is

inversely proportional to teml)Cratllre, 'nlis dependence of susceptibility on

tenJPcrature is knOWIl as Curie., law. According to this law the susceptibility X is

defined as

M C
x""'" '" 1-"8 "'r

where C is the Curie constallt.

3.2 Ferromagnetism

.. (3. 1)

A metal is composed of atoms. The magnetic moment of an atom is associated with

the spin motion of its electrons and their orbital motion around the nucleus The

magnetic orbital quantllill llumber JIll alld the magnetic spin quantum llllillher 111,

dctennine thc quantum state of an atom. For a filled shen of au atom the contribution

from both the orbital and spin motion is zero, i e., Lml '" 0 andL:III. '" 0, TIlis is the

situation for complete diamagnetism where all the atomic s1ldls are filled. On the

otherband in the case of 3d transition elements the ••hells are !lot completely filled and

there arc resultant Lilli "'HI Lm, which are nOll-zero,

TIlis means that they have a' resultant Illaglletic moment. TIlesc materials when

subjected to cxtem"l magnetic field exhibit VCI) larg~ magnetization. TIlis

magnetiL.ation is not reversiblc and persists even after the magnetic field ;s withdrawn.

12



\I/hen cooled helO\~ a cel1ain critical tempelature, th~ magnctic moments of the atoms

aTe ordered to a celtain degree even in the absence of an ext~mal magnetic field.

l'eJTOlllagn~tic matelials are. characterised by the presellcc of spontallcnusly

magnetized rcgions called domains ami the existcnee of internal molecular field B, as

proposed by Weiss (1907). Thc ol;gin of the molecular field was explained by

Heisenberg (1924) and thc existence of domains was e'xplained by Landau and Lif..<iliit7.

At OK 01' at infinite magnetic t,ell! the alignlllelit of the spins is complete and the

magnetization atlains its maximum v~llle, Materials lik~ transition metals Fe, Co, Ni

and some rare-earth metals like Gd and oxides CrU" ErG are examples of

ferromag.nctie materials,

11lC field seen by an atomic ,lipoic is the Sum of the applied field B, and the internal

field 8, i,e.,

B= 8" + HI , ...(3,2)

whereB, = AM and l is known as the Weiss constant

If B is such that gfl"H is small, where g is the Lande 'g'- factoT, PH is the BohT
kilT

magneton and ks is the Do/zmann constant. TIlCnwe can writc

wheTe

where

c- Ng'!,~,J(.J+I)".

OJ

... ,.. ,.,.(3,3)



T,.is the Curie temperature at which the susceptibility tends Loinfinity. ntis means that

M has a finite value when Bo is zero which is an evidence of spont~neous

magnetization

From the qu~nt\lm theOl)' orp~ramaglletislll we e~11V\1'ilethe eqll~tion for sJlont~neous

magneti7~tion as

where

M = II/g!-II/JR, (y) .....(3.4)

........ (3.5)

and RJ(y) is the Brillouin fililCliollde!ined by

8Jrl = (-2J_")eoth[~( '_J_+_'_I "] __ I eOlh(-Y)
2J 2J~ 2J 2J

11utS eq. (3.4) can be written as

M = A'gp JB [Ng!-IHJ (B +AM)]
""NkT'

"

.......... (3.6)

......... (3.7)

where M, (0) = NgpHJ reJ.lre~entsthe maXilllLUllv~l\le of magnetization ~t OK. When

there is no m~gnetie ficld, R,l = [) ~nd we gel

M =M,(O)B{ ;:;~~!1M] = M, (O}S, (y)

14
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where y is given by eq (3.5), ill CNseof ferromaglletie materiab, as

......... {3.9)

In case of no magnetic field, Eo = 0 and hel1ce

........ (3.10)

Sincc M sat;,fies both eq.(3,8) and eq.(3.10}, thc two Ai versns y curves arc plotted

in Fig, 3.1. Eq (3.1 0) is a straight linc between M and y and for various temperatures

i.e, T < 1;.T < 1"" T = 1; and T> I", is shO\vn in Fig. 3 I. Eq,{J.8) represents a curve

which imersects the straight line for T < T, Ntpoint P. 11lis gives a l1{m-vanishing \'Nluc

of tv! evcn if the extemal field E, = O. 'I1lis spontaneous magnetization helow thc

Cunc temperature is ShO\\l1 in Fig 3.2 where the magnetization decreases from a

satnrated valuc M=M,(O) at T=O to zcro at T=I",. At T=I", the >lraight line

givcn hy eq.(3.10) is the tangent to the ~urve eq.(3.8) at the origin. TIllIS thcre is Illl

spontaneous magnctiLation for T ~ ':.

". ,



T > Te

ToT e

T < T c

Fig. 3.1 Graphical solution of equations (3 .8) aud (J, 10)
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Fig.3.2 Spontaneous magnetization below the Curie temperature
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3.2.1 The molecular field model of ferromagnetism

Most knolW ferromag.netic substances 3re metallic. This fact introduces immediatc1y a

difficulty which is not reany peculiar to magnetism The problem is the more general

one of how to describc the states of motion of the c1ectrons in a metal. ',IIhen atoms

COlll-hineto fonn a metal, their electrons hecome influenced by the neighhouring atoms,

TIle most tightly bound electrons ue hardly affected and remain localised on separate

nnclei The outcrmost electrons, on the otherhand, are as close to one nuc1eus as to the

next, and they tend 10 move extensively throngh the latticc of positive ions, giving the

mctal its most eharacteri,tic property of high electrical conductivity. The magnetic

electrons in the fCITomagnetic ram emth metal; arc in 4/ states and, being screened by

the 5s and 5p electrons, probably remain tightly bound and localised on parent nuclei.

Tn iron, cobalt and nickel, and ill their alloys, the e1cctrons rcsponsible for

ferrmnagnetism are those which are derived [i'om the 3d states of /Tee ions and arc

unscreened /Tom neighbOlliing atoms in a soli<.lsalllple, TIley probably exist thcrefore

in states which are itinerant, or at least intermediatc between being locallsed nn parent

nuclei and being fi-ee1yitinerant. that is they movc through the lattice but their ITIulions

are highly correlated as a result of the Coulomb repulsions hetween them. Such a

situation is extremely diflicult to analyw theoretically, Molecular field models have

bcen developed for the tWll limiting cases, TI'e original Weiss model is applicable tll

ele~'trous which are localised within thc positivc ions fonning the lattice, \~hile the

coJlective-electwn model due mainly to Stoner, deals with almost ike itineraut

electrons.

"



3.2.2 The localised electron model

Free atollls of iron, nickel and cobalt !lave 3d shells which 'eontain fewer than the

maximum 3d complement often electrons. They possess, therefore, resnltant magnetic

moments. Similarly, the incompletely populated 4/ shelJs of rare earth atoms give rise

to ~esultant moments, The Weiss lUodel is based UJlonthe hypothesis that, when such

atolll5 condense to fOITnmetanic solids., the 3d or 4d electrons retam their localised

character, so that ions at the crystal lanice sites constitute the elementary dipoles

which are ordered by exchange forces between them.

The ferromagnetic elements like Iron, Cobalt and Nickel and also their anoys are

readily magnetised under the influence or an extemally applied magnetic field The

degree of spolllaneous magnetisation obtaining at a p311icular tempcrature is to be

determined as a balance hetween the ordering influence of the molecular field .'Iud the

disordering effect of thenna) agitation. TIle molecular field representation of the

exchange forces makes it possible to investigate the spontaneous magnetisation as a

development of statistical theory of paramognetism, So there is a re)atinn between the

intensity ofmaguetisation A1 ofa paramagnetic sample and the applied Held H which

induce, it. It is

AI =0 A1 B (/l,,,H)
., , kT .. ,(3.11)

Ms is the saturation magnetisati(}l] which would be attained ill an infinite field with all

the dipoles of moment Pm aligned, k is Boltzmann's constant, T the absolme

temperature and SJ(1-::1) is the Brillouin Iillletion of the variable 1;:1 i,e"

2J+I 2J+I I 1B,(x) =0 --cot!l--. -_. -coth-,
2) 2.J 2J 2J

19
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\Vhere J is the allgular Jl101l1elllllillquantum number of lhe ions, in lenns of whicb

I-Im :; gJ.iiB \Vhen, J:; f as it does for lhc spin dipole momellt of a single

uncompensated electron, the 13,il1ollintimctiOll reduces to

BJ ( J'mH):; lanh( 1-1,,,iJ)
,lkT lkT ..... (3.13)

1lle exchange forces arc int,oduced through the h)iJJothesis that the field acting on

each ionic dipolc is

... (3,14)

Where H" is the applied field and r Ai is the molecular field, being pl'Oponlonal to

the rnagnetisallon Ai, "lith r the molecular ficld conMant. Jt has hecn stressed that

other realiSilble applied field. Ncglecting H" therefore, we obtain /Torneq,{3.11)

the molccular Jield in a ferromagnelic body is normally very muc11greater lhan any

__..(3.15)

The lllagllet;&111011here is now the spontaneous magnetisation due to the molecular

field, and for this we have used the symbol Ai,,,,m' Equating eq.(3.15) states how

M'I"',depends on temperature, hill Ai'I<m appears both sides ofthc eq,(3. 15). It is not

possible to rearrange the lerms to display M",,","s a simple finl<.,tionof T. Instead the

variation may be derived graphically by plotting both sides of eq(3.15) against
Jim;1lJ,,,,", dfi d. ,. ,.".. fi ,

kT ,an JJl lIIg t Ie POllJtsat w lie I t 'e curves IlIterseet. Thus in Fig. 3,3 or t Ie

right hand side of eq.(3.15), we have the Rri110nill tillictioll and for the left hand
.d M"~,,I b d fi. f.l-lmf114,,,,,,Sl e,- las een rawn as a unCllon () ~~~~

M" kT
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I.e, ..,.... ,(3.16)

resulting in a straight line of slope proportional to T. The simultaneous solutions are

indicated by the points of coincidence of the two curves at 0 and X. TIle point 0,

corresponding to zero spontaneous magneti!>ation, would he an unstable equilihrium

and the value of M"~,,at the cros;-over point X is the one which would obtain. The

variation of

straight line

temperature is revealed when the change in slope of the

is considered. As remarked the slope is proportional to

temperat1ll'e, and therefore M" ••, at VCI)' low temperatures approaches the value A4,.,

and decreases a&the temperatul'e rises. \Vhen 'the temperature is such that the slope of

the line is just equal to the initial slope of the curve for 8" the only point of

intersection is at the origin, and at this aud highel temperatures the theory indicates

that there will he zero spontaneous magnetisation. This critical temperature at which

M,,,,,,, falls to zero is the Curie temperature J; and its value in telTIlSof the various

molecular field parameter; follows from the slope ,,/"the Brillouin filllction at the origin
J +1whieh is --.
3)

, Equating this to the slope ortbe line we obtain

...... (3.17)

where N is the number of dipoles per uilit volullle. Equating (3, 15) may therefore be

written as

,.,.".,(3.18)
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Fig. J.J Graphical representation of the spolltaneous magnetization of ferromagnetic
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For a given choice of J the va,iatioll of M,p"" with~ depends only on the form of a
lvi, T.

Brillouin function and not IIpon Ji"" y or N, that is the variation is independent of

those parameters which woul,l vary from one material to another. TIll;'dependence of

the reduced magnet;satiotl M,,~" upon the reduced temperature ~ is thus a law of
M.. 7I • •

corresponding states which, ac<:ording to the Weiss theory, should be obeyed by all

ferromagnetic clements, "I11ephysical prucesses implied by the theory above are, of

course, that, as the temperature increases above zero, progressively more dipoles

become temporarily excited into disaligned states by the thelmal collisions, OJ'

fluctuating interactions, betweenlleighhouring atoms Ililtil, at T", T"

3.3 AntiferromagnetislIl

Heisenberg theory of ferromagnetism is bascd on the assumption that the exchange

integral is positive, When the exchange integral is negative, favouring an anti-parallel

orientation of neighhouring spins, we have au antifelTomagnctic substance. In an

antiferromagnet the spins arc ordcred in an anti-parallel arrangement '.vith zero nct

moment at tempemtlll'cs below the orde,ing or Neel temperature, Such systems were

first investigated theoretically hy Necl [361 and Bitter [37]; the theory was later

extended by Vall Vleck [38], and his lonnlllation is usually regarded as thc basic

theory of antiferromagnetislll Expelimentally, antifenomagnetism was first discovered

as a property ofMnO by Uizettc, Squire, and Tsai in 1938 [391

Consider a crystal containing two t)1les of atoms A and B di,1ributed over two

interlocking lattices. Furthennore, let the interaction between the atoms be such that

the A spins leud to line up "uti-parallel to the B ;l,ins. At low temperatures this
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interaction is very effective and in an extemal Held the resulting maguetization will be

small. As the temperatUle is raised, the effieiellcy or the interaction becomes less

pronotUleed and the susceptibility increases, I'iually a critical temperature l~,(the Neel

temperature) will be reached above which the spins are "free" and above the

tellJperature the antifen'Olnagnetic material becomes paramagnet, i.e"X decreases with

further ;nerease in T.

An ant;ferromagnet is a special ca'se offerrimagnet for which both sublatt;ccs A and B

Itave equal ~.turation magllcli.l.l;ons. 'l1ltlS C, ""Cm and the Ned temperature in the

mean Held approximation is given by

where C, and Co are Curie constant., for the A and B sites and C refers to • single

sublattice. TIle susceptibility in the paramagnctie regioll T> 7'.,.can be vvritten as

2CT - 2pC' 2C
X = r'_(jiG')' = T +pC,'

The experimental results at T> 7'."arc of the ronn

2C
;'(=--.

r+B

........ (3.19)
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Chapter 4

Magnetic Anisotropy

4.1 Theories based on localized electron model

Akulov (1936) i~ the pIOneer to derive the first theoretical expreSSIon for the

temperattlre dependence of magnetic aniwtropy con,tant K, t1siug a simple classical

argumeut aud assuming a system of independent ~pins, Akulov as~'umed that each spin

has a fj'ee energy of the form K, ~ (a,' u,' + u,' a,' +a; a,'), ""'here the direction
,cosllles u, refer to a particular S[1ill, A simple statistical calculation give~ the

relatiouship

K,(T) ",[M(T)]"
K,(O) M(O)

, between K, and the spontaneous magnetization ,\1.

..,...(4.1)

TIle Dumber 10 arises nom the ~trnctural combination of the direction cosines in the

uSllal expression for the ani~otropy enel'gy; a. combination dictated solely by the

symmell'y of the crystal. TIle power law holds well fol' many insnlators and rue-earth

metal~, for which the localized electron m"del is particularly applicable, Dut agreement

with the experimental data lor lIiekel and iron is nOi satisfactory; for example, in uickel

the temperatme variation of K, exhibits a depelldence of thc 50th power of the

magneti7atiou (Carr 1958).

In a further classical treatmcnt of magnetic anisotropy Zener (1954), generalised the

10th power law to au '::'(11+1) law a~suming a system of illdependent spins. Zener
2

showed that, if ani~otl'0JlYenergy Eo i~writtcil in terms of spherical harmonics,



E ~ "k (T)Y"'{ )aL,."a
"

then

Hellce the k.(r) are linear cOlllbinalion~ of the K,(r), and in particubr

nle two assumptions basic 10 Zeller derivation are:

_ (4.2)

_.(4.3)

......... ,(4.4)

(i) the existence of regions of short-range order spins arOlUldeach atolll, inside which

the anisotropy constants are temperatUie independent. Thus the only effect of rising

the temperature is to introduce small perturbations in the direction of the local

magnetization.

(ii) the distribution of spin, \\1thin each region is random so that the local anisotropy

energy may be averaged over all directions.

-nle basi, for a (]USIlIUllltheol)' of magnetic anisotropy was laid by Van Vlcck (1937)

in a paper of anisotropy in metals using the localized elecl,roll model. Van Vleck's

approach is hased on anisolropic contributioll 10 the.exchange energy, which appears

when the Spill'Olbit intcractioll is considcrcd as a pel1urbation. TIle second ordcr leon

is of the same form as a classical dipole-dipole interaction energy, and thc foul1h order

teno appears as quadmpole-qlladrupole interaction. TIlese two terms provide two

models for magnetic anisolropy. TI'e pseudo-dipolar model applied 10 cubic crystal

prediCls that anisotl'Opy will vanish if all the dipoles arc parallel; 4uantlllO mechanically

this does Tlllioccur, even al OK. n'e pseudo-quadrupolar modelrcquires that the spin

quantum lIumher be greater than l, which is unlikely in nickeL Van Vlcek used a
2



Weiss lllolecular field to portray the exchange interactions. The lesults of his

calculations on each of the two models arc as follows:

(a),l)illOlar model:

K, is ofthc order of 10' J / III', lIegative for fc.c. and posilive for h,c,c, cl)'stals, This

is !the agreement with the expelimental data for nickel and iron, TIle temperature

variation of KL should he accolding to the square of magnetization,

(h)Quadrupolar model:

K, for nickel is of dIe correct order of magnilude, but the sign is indetenninale. TI'e

temperatIlle (Iependenee is a, a 5th or 6th ]lower ofmaguetization. From dimensional

consideratioo K2 should be ahout 10') 10 10-' times as great as K
"
For nickel the

experimental value of K, is found to he of the same order as K,.

The use of a molecular field by Van Vleck assumed no correlation between

neighbouring spins Keifer (1955) replaced the mole~lllar field hy a cluster theory,

which restored the spin correlation. With this modificatIon, Van Vleck's theory gives

the temperatme dependencc of K, as the 10th power of the magnetization at very low

temperatures, changing 10 61h power at temperatures where the spin correlations are

disrupted.

More improved calculations thau Van Vleck's, using ~pin wave theory (Keifer, 1955;

Tumv and Milsek, 1959) give the samc ~(II+I) powcr dependence for the
2

temperatme valiation of anisotropy, In these cases the anisotropy energy must he

v.Titten in tenns of spheri~al harlllonics, and so the anisotropy constants appearing in

the theory are linear combinations of the usnal constants,

"1be use of a molecular field thcory can, in fact, give a tenth powcr law for the

temperature variation of K,,: as was sllO"'" by Carr (1958). By cxpressing the

anisotropy cnergy in te11nsofCoulomh energy only, CalT (1957) concluded one of the

principle mechanisllls of ani~otropy to he dillerent fro.1llthose ~ismssed by Van Vleck.

Carr obtained the anisotropy constants in terms of electric multipole moments and
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crystalline pOlential constants. nle electric multipule moments arise fi'om the spin-orbit

coupling inducing an orbital moment. Interaction between Ihe orbital mOlllent and the

lanice crystalline potential provides a coupling Ihe spin and the cbarge distribution,

Anbotropy results from dislortion of the charge distribution which may occur in a

sulpeiently inhomogeneous eryslalline potential. Can's thenry gives reasonable values

of K, and K" and it appears that in nickel and cobalt the dominant part of K, comes

from the interaction of the chmgc distribution with the crystalline field.

4.2 Pair mouel of magnetic anisotropy

nle physical mechanisms responsible for magnetic anisotropy are dipole-dipole, crystal

field or single ion, and anisotropic cxchange interactions. Staltillg from this approaches

different calculations have bccil perfonned to determine the magnitude, sign and

temperature dependence of anisotropy constants.

Magnetic anisotropy describes the circumstance that the energy of a system changes

\vith a rotation of magnctization TIle relation between the change in energy of a

sy~lem ",ith the change in energy of atomic pairs is called the pair model of anisotropy.

Van Vleck {1937) first devcloped this theory. nle most important interaction between

the atomic magnetic moments is the exchallge interaction. This energy is only

dependent on the angle bet\\-een the neighbouring atomic moments, independently of

their orientation relative to thcir bond direction. In a view to e"plain magnetic

anisotmpy we may assume thai the pair energy is dependent on the direction of the

magnetic moment, r/>as measured from the hond direction. Tngencral we express the

pail' energy by e"vandillg it in Legendre )lolyuomiab;
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.... ,..(4.5)

11le 'first tenn is independent of i/J; hence the exchange energy is to he inellidell in this

terms. 11le second term is called the dipole-dipole intcraetion tenn.

I[ tfle pair energy were due exclu~i\'ely to magnetic dipolar iuteractlon, it should follow

that

f=- 3,'0,1'
4n"fU'

........ ,.(4.6)

TIle actual of I can be evalliated !i'om the uniaxial crystal anisotropy. In most cases

the estiJTl.'ltedvalue is 10' to 10' times larger than that given by eq.(4.6). 11'e origin of

this strong interaction is believed to be the combined cffect of spin-orbit interaction

and exchange or Coulomb interaction hetween the neighhouriog orhits. 11'at is if there

are small amounts of mbital magnetic moment l'emaining unquenched by thc crystalline

field, a pall of the orbit \\oill rotatc with a rotation of the spin magnetic moment

because of a magnetic interaction between the two, and the rot~tion ofthe orbit will, in

tum, change the overlap of the wave nmctions between the two atoms, gi\~ng rise to a

change in thc elcctrostatic or exchange energy. 'Il,is type of interaction is tem'ed as the

anisotropic exchange. It shouid be noted here that the dipolar tenn of eq, (4.5) does not

contribute to tlie interaction energy Eo since the spins are perfe~"tlyparallel. The dipole

terms between the atomic pairs with different bond dircctions cancel Ol1t as long as

their distribution maintains ellhie symmetry It: however, the crystal has a lower

symmetry thell the cubic c')'stal, as in a hexagonal crystal, the dipole-dipole interaction

gives rise to magnetic anisotl'opy.

Vau Vleck pointed out that the dipoie-dipole interaction docs not give rise to cubic

auisotropy since (he perfect parallelism of the spin system is di,turbed by the dipolar

interaction itself TIllis

interaction gives rise to

if !<0 and all the 'spins ~re parallel, the dipole-dipole

a large pair energy for ,p = I'. In such case, a more ,t~ble
2
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configuration of the spill pair will be an anti purallel aligllment. Some of the SpillSwin

therefore lake the unti parallel dircction in an equilibrium Slatc.

Acc!-,rding to Van Vlcek's calculation, the cubic anisotlOpy constants for all fc c.

system due to dipole-dipole interaction are

9NI'K =-- _
l 8S..\1/f m

.......... (4.7)

where S is the total spin quantum numbcr, M the atomic maguctic momcnt, and Hm

the molccular field. In the classical picture, X, shollill vanish by letting S -j. m.

Now, since NMlI m "" In' Jim' aud NI '" 10' J I Ill', the ordcr ofrnagnitllde of K, due

to dipuk-dipole interaction is

Vii)' (10')'
K, '" ---" --,- ""10' Jim'

NAIll., 10 . ..__..... (4.8)

TIlis is sufficient to explai" the magnitude ofthc observed anisotropy cnergy.

Judging from the origin of anisotropy, it would be practical to suppose that the

anisotropy constant decreascs ",-itll increasing temperatUfC and disappcars at the Curie

point. Actually this does happen, and the temperature is more drastk than that of

spontaneous magnetizatioll. Zener trcated this problem in a simple way and explained

the temperaturc dependence fairly \vell. Ile assumed that the pair cnergy is given by

cq (4.5) evcn fill' the thennally pCJ1urbed spin system, sincc the neighbouring spins

maintain an approximately parallel alignment "pto the ClIrie point, where, because Ill'

the exchange interaction, parallel spins e1ust<:rsprcvail in the spin sys1em.

Carr followed this method to calculate the crystal anisotropy constant fur iron, nickel

and cobalt.

Let (a"o"o,) denote the. direction cosmcs of the average magnetization, and

(P,,ff,,flJ are the direction cllsines of the local magnetization. Since we assume local
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paralielislll in the spin system, the anisotropy energy should be given lly the average of

the local anisotropy energies, so that

.()_{)I'"' /" ")Eo T - K, 0 113, I', +j, 13, +13]/3, .... _.(4.9)

where K, (0) is the anisotropy con,tant at r '"O'K aud ( ) ll~notes the average over

aU possible onelltations of local magnetization. Using the polar co-ordinate (e, 0),

where e is the angle hetween the local spin and the average magnetization, and if' the
azimuthal angle arowld the maglleti7ation direction TI1\IS,

i[( ,'")llfi.'fi,' +p,'p,' +PCP.'I]"iO)datl
E.(T}",K,(O), 0 K _

JIIIe)dO,
........ (4.10)

where IIiO)dB is the lllllnber of SpillS ,~hich point in the solid angle between 0 and

(e+dO).

Since

u

-'- J(/31'f3,' +I','p,' +/3,'/3,') ",.!.[ 1- ~(cosO) J + 1'(cosB)( a,' a,' + a,' a,' + a,' a,') ..
21r 0 5

....... (4.11)

where p, (cosO) is the fourth order Legendre polynomial. TIms e'l.( 4. I 0) becomes

where

EJr) '" K,(O)(p'(cos 61))( a,' a,' + a,' a,' + a,' a,')
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"J r,(cosO)n(e)dB
(r,(cos8))= 0 _<

I n(O)dO

"

'Thi!scan be e"l'ressed in a polynomial series in

a AfH,.

where Hm is the molecubr field.

( I) 10 45 105p'(co~8=1--+---+.
aa'a'

On Ihe other hand

so lbat

Comparing cq.( 4.15) aud \4_ 17) we get

[KJ Ti] ~ [M( TI]"
K,(O) A4{O)

.... _.(4.13)

... (4.14)

, ,(4.15)

___... _.(4,16)

., .... (4 17)

,..... ,,(4.18}

Relation (4,18) holds good for the temperature dependence of K, of iron. Carr also

explained Ihe temperature dependence of K, for nickel and cobalt hy taking into

consideration the effect ofthennal expansion of the crystal lattice But, in contrast to



Zener's themy, Van Vleck oumincd a milch more gentle temperature dependence of

magnetic auisotropy. Keifer investigatcd this point and showed that the Zener's theory

is valid at least at low temperature, while Van Vleck's theo!)' is valid at high

temperature

4.3 Single-ion model of magnetic anisotropy:

"lhe orbital state of magnetic iUllSplays an impol1ant role in determining magnetic

anisotropy, In order to discuss thc phenolilellou, we must first learn how the orbital

state of a magnetic ion is influenced by a given erysmlline ficl~ and how the resnllant

orbital states gives rise to magnetic anisotropy, '111isphenomenon is described by the

single-ion model of magnetic anisotropy. This model has heen successful in

interpreting the magnetic anisoll'opy of various anti-fenomagnetic and ferromagnetic

crystals.

In tree atomic slales, e\'ery 3d electronic state has the same energy; in nther words

their energy levels are degenerate. ,"\fltcn the atom is placed in a cubic field, the orhital

states of 3d electrons are ;1'lit intn two groups. One is the triply degenerate dh" orhits

the special distributions of which are e'-l" essed hy xy, ,J-';: or M. TIle other is the

doubly degenerate dr orbits whose distributions are expressed by 2:' _ Xl _ yl aud

x' - y', Fig. 4, I explains that the dc orbits,extend to <110> directions, while tlte

dr orbits extend ~Iong the co-ordinate axes, In octahedral sites, the surrounding

anions are lound on the three eo-ordinate axi" so the dr orbits, which extend tow~rds

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

rep"lsion between anions ~lld d orbits, For tetrahedral sites dr orbits are more stahle

than dE: orbits (Fig, 4,2).
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Let us consider the case ofthe d cleetrons occupying the 3d energy levels, First let us

as!.ume thm the magnetic ion has only olle 3d electron. 'nlis electrOll will naturally

occupy lite lowest energy level. Now as the three dl: levels have the same energy, the

lowesl orbital state is triply degenerate (triplet), Such an orbital degeneracy plays an

irnn",tant role in detenlJining the magnetic anisotHlpy. If there are additional 3d

electrons, they should OCCliPYexclusively the plus spin lcvels, becausc the exchange

interaclion between these 3d electmns is much larger than the energy separation

between the dy and ds levels, In the case of (3d)', the three electrons occupy the

three d,: levels, so that the ground state is non-degenerate (singlet). For (3d4), three

electrons occupy the three dt: levels and remaining olle oecnpies one of the two d{

levels, thus the state is doubly degenerate (doublet), In the case or (3d)', all electrnns

ocellpy plus spin Icvels, so that the gl'Oulid state is singlet. When there are more than

five electrons, the first five fill up the pins "Pin levels while the remaining ele<.;trons

occupy tile minliS >Vinlevels in the SlImeway as filTthe plus spin levels,

As lor the Fe" inn, the sixth e1edron should occupy the lowest singlet state, so that

the growld Slate is nOIHtC!.~enerale. On the mhC11lall(l, the Co" ion has seven

electrons, so t!tal th" 1;,,1one should occupy the doubtet [n snch a case lhe orbit has

the freedom to change its statc ill the I'lalic which i, 1I()Il11aito the trigonal ~xis, so that

il has an angular momentum parallel io Ihe trigonal axis. Now since the augular

momentum is fixed in direction, it lends to align the spin magnetic moment parallel to

the trigonal axis through the spiu"orbit interaction. TIICenergy of this intcraetion can

be expressed as -ALSleos~, where }. is the spin-orbit parameter, Land S arc the

orbital and ,pin-~ngular momenlum and e is the angle between the magnetization and

the trigonal ~xis, This model was Iirst proposcd by SlnnC7ewski, who explained the

magnetic anncaling e!Tect in Co felTile by this model. He also explained lhe

temperature dependence of Ihe .allisotlopy constant of cobalt-substituted magnetite. Tn

the normal, or non-magnetically annealed stat~, Co'. ions should be distributed cqually

among the four kinds of oetahedr~l sites each of which h~s its ,trigonal axis parallel to

3S
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olle of the /i'llr < 111> directions, so that the cuhic anisotropy can be ohtained by

averaging the anisotropy energy -}LSlcose,1 ovcr four directions of trigonal axes,

If the grOlmd orbital state is lion-degenerate, we ealiliot expect any orhital angular

rnomentllill so long as the atom stays ill the ground state; ill other words, the orbital

a1lgular momentum is quenched by the clystaUine field In such a case we cannot

expect an anisotropy as ia'ge as that of the Co'. ion in an octahedral site, 'nlere are,

however, various sources which result in a fairly small magnetic anisotropy, which is

nevertheless sufficiently large to account for the observed values. Yosida and Tachiki

calculated the various tYJlesof aniso!l'0py aud applied their results to the Mn, Fe and

Ni ferrites, which contain M,,", Fe'+, Fe" and Nr'. ions. Firstly they fOIUldthat the

magnetic dipole-dipole interaCtion is too weak to account for the observed magnitude

of anisotropy. 'Ille main source of anisotropy is thought to be the distortion of the 3d

shell from spherical symmctry In a distorted 3d shell the inter-atomic dipole-dipole

interaction between the spin magnetic moments may depend on the direction of

magnetization; this is similar to the dependence of tlie magneto static energy on the

direction of magnetization in a finc elongated single domain partiele, and gives rise to

the anisotropy energy.

TIle anisotropy is also induced tillough spin-orbit interaction, TIlat is, SOmeamount of

OTbital angular momentulll can be induced by 8pin-orbit intel'3elion hy exciting

additional orbital state~. In a distolted 3d shell this excitation is dependent on the

direction ofmagneti7-ation, giving rise to anisotropy. Yosida and Taehiki showed that

the anisotropy due to these mechanisms should vanish for S =.!.., t, and ~, where S IS
2 2

the total spin angular momentum, and the anisotropy of this tYJle cannot be expected

for Ni" and Co'. ions. Accordingly, the main source of the auisotropy of Mil, Fe

an<lN, M" ferrites is eOTISideredto he the J.-1n", Fe", and Fe" ions, Since NIl< Ion

has no effect on the magnetic anisotmlly in NT ferrite, the difference in anisotropy

energy between Fe and N, ferrites must be explaille([ by the anisotropy due to Pe"



lOllS_Yosi,la and Tachiki also calculated the teillperahire depenilence of the anisotropy

C01H;[alllfor MI! fen'ites and litted the theol)' with expcrimcnt.

4.4 Physical origin of magnetoerystalline anisotropy

Phenomenologically magnetic anisotropy of a ferromagnctic single crystal is usually

expressed in tem]s of fi-ee energy E", whieh is assumed to be a filllc1ion of the

direction cosines Q" ", and QJ of the magnetization vector M with respect to

crystallographic axes. Considering cubic symmetry and the fact that the total

Hamiltonian of a given system is invariant uuder the time reversal transformation in the

absence of an extel'llal magnetic field, we call write

...(4.19)

for a cubic crystal.

I'or a crystal of uniaxial anisotropy tbe corresponding equation is

___.(4_20)

Where f{! is the angle between the axis of easy magnetization and the direction of

magnetization vector.

Crystal anisotropy originates mainly from the spin-orbit conpling. fly conpling is meant

a kind of interaction which keeps the moments eithcr parallel or anti parallel to each

other. Crystal anisotropy may be regarded as a force which tends to bind the

magneti7alion to directions of a celtain form ill the crystal. .l1ll1swc could speak of the
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exchange interaction between t,~o neighbouring spins parallel or anti parallel to one

another. But the associated e"change energy is isotropic and il depends only on lhe

angle between the adjacent spins, hut not on the direction of the spin axis relative to

the crystal lattice. The spin-spin coupling therefore cannot contribute to the cry;tal

a~sotropy. The orbit-lattice coupling is also strong. TIlis follows from the fact that

orbital magnetic moments are 'almost entirely quenched. This means, in effect, that the

orientations of the orbits are fixed very strongly to the lattice, because even large fields

cannot change them.

There is also a coupling between the spins and the orbital motion of the electrons when

the orbital angular momentulll remains partially unquenched. When all extcmal field

tries to reorient the spin of an electron, the orbit of that c1eetron also tends to be

reotiented, Dut the orbit is strongly coupled to the lattice and therefore resists the

attempt to rotate the spin axis. TI'e energy required to rotate the spin system of a

domain away n-om the easy direction, which we call the anisotropy energy, is just the

energy requited to overcome the spin-orbit coupling. This coupling is relatively weak

because fields of a few hUlldred gauss arc usually strong enough to rotate the spIus.

Inasmuch as the lattice is really constituted by a number of atomic nuclei arrangcd in

space, ea~h with its sUlTounding cloud of orbital e!eL1:rons,we can also speak of a spin

lattice ~ollplillg and conclude th~t it too is weak., "nIl' strength of anisotropy in any

particular crystal is measured by the magnitude of the anisotropy constants K" K"

etc. althOllgh there is no dnuhr that crystal anisotropy is due to spill-orbit coupling, the

details are t1ifferent, and it not possihle to calculate the value of the anisotropy

constants n-om the first p,;ncip!es.

As the theory of ferromagnetism in nickel ~nd other 3d metals is still not understood

fully, the migin of magnetic anisoll'opy in these materials rcmain, to a con&illerable

extent, phenomeuolngkal. Brief review of theories fnllow that the attempts to explain

thc temperature dependence of magnctic anisotropy have completely dominated the

minds of the theoreti~ian;. However the problem of producing a theory of the

temperature dependence of magnetic anisotropy in 3d mela Is is enonnolls.
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TIle anisotropy cnergy depends on the dileetion ofJllagneti7ation relativc to the crystal

lattice, TInls their magnetic moments must be eouplcd to the crystal in somc manuer.

ln the iron-group ferromagnetic materials the magnetic moments, due to spin moments

of the 3d electrons are coupled indirectly to the lattice via spin-orbit and orbit lallice

cOllpliogs, TIle extent of the influence of lattice symmetl)' on a maguetic ion will

depend s!Tongly on its electronic s1nlctllre,

In rare-earth metals and eompoun(ls, on the otherhand, the magnetic momcnts consist

of both spin and orbital contributions because of the strong spin-orbit coupling The

magnetic anisotropy thereforc arises from a direct orbitai-lattiee coupling.

The 3d electrons responsible frll the l1laglletic 1ll0lllelllSin iron group ionic elystals are

welliocali7ed about each lattice site, so that it is possible to treat the disturbing effects

of surroundings as small perturbations on a Ii'ee-ion state, TIm. the magnetic

anisotropy can he calculated on the basis of Van Vleck's theory.

In 3d metals and alloys, the orbital moments arc quenched by a mechanism which

differs somewhat from that in insulators; this is due to electron !Tansfer or hO]lping.

Nevel1heless magnetic anisotropy is caused by orbital moments induced by spin-orbit

coupling, and the mechanism for anisotropy must he essentially the same as in

iusulaturs For this reason, theolies hased on localized electron model (Van Vlcck,

1937; Zener, 1954 and othels) pl'Ovide a (Illalitative understanding of magnetic

anisotropy.

n'e observed temperallJre vallation of the anisotropy constants of metals such as

nickel is velY rapid, 011the other hand, the magnctostrictive energy the origin of which

is the sl'in,orbit coupling shows a \'ery much slower variation "'ltb temperature. Thus

according to Zener (1954), the dccrease ill the anisotropy constant with increasing

tempelature cannot be due to a weakening of the spin-orbit coupling.

"J1,e3d shells of 3d trallsition metals and alloys arc the most e>qlOsed except for the

48 eonditioll electrons, TI'e energy levels of these electrons, responsible for

ferromagnetism, is perturbed due to overlapping of thc 3d shells of neighhouring

atoms. TIlis perturbation gives rise to a sp,ead in the energy levels of 3d electrons to
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form an ellergy band. The descriptioll of magnetic anisotropy and magnctostnction

cannot therefore be obtained in the strict sense On the basis of localized electron model

whidt has relatively llIore success for insulators and rare-earth metals. On the other

hand, the description of these phenomena in the band theory of ferromagnetism in

terrps of the elTects of cry~talljne field and spin-orbit interaction as attempted by

Fletcher and Katayama becomes inexact due to difficulty of treating different electron

spin correlatiolt filltctiolts con'eetly.

4.5 The temperature dependence of ma~netocrystalline anisotropy

TIle temperature dependence of magnetocrystaUine anisotropy is establislied by

theoretical arguments ",ith increasing generality (Calleu and Callen J(66) to follow tlte

" "general -(/I + I) power law, i.e.,
2

"K(T) = [M(T)]i'"+IJ
....... (421)

,1.'(0) M(O}

Where K(O) is the anisotropy constants at 0°K and K(T) is thc anisotropy constant

at T" K. Af(O) is the magnetization at 0" K and A1(T) is the magnetization at T" K.

"TIle -(II + I) power bw of tlte temperature dependence of the magnetocry!>talline
2

anisotropy at low temperature is derived in general fashion by Callen and Callen

(1966). TI'e problem of temperature dependence of anisotropy energy takes its

beginning from the famous teut], power law, formulated for the first time by Akulav.

Callcn and Callen have reviewed the origin oCthe tenth power law.
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The magnetocrystallinc allisoll'0py is Jefined in tenus of the dependence offiee energy

011the direetioll of magnetization. For a cubic ferromagnet the free energy is usually

e"panded in a power series in the dircction cosines a" a" ((j of the magnetization

direction relative to the crystallographic axis, S)11l1uetrydictates that this power series

tak,es the foml

F = K,(T) +K,( T}[a; a; + a:a; +a;a;J + K,(T)a; aia; '. ' .. ,.,.(4,22)

Akulov showed by a simplc classical argument that

K,( 1') ::= 1-10&110= [1- &IIJ'" -= [",(1')]'"
K,(O)

,.".(4,23)

whcre ",(1') is the reduced magnetization [= M(Ti) and where 5/1/(1')=1- m(1'~
/vl(O)

The Akulov result applies only at tempcratures sufficiently low that i,"«1. The

AkuhlV derivation i~ based on the assllmption of independent classical spins, each of

which has an energy of the form of eq (4.22) Thc ]lower 10 in eq, (4.23) arises not

from a particular model but rmhcr from the particular structural combination of the

direction cosines in eq. (4,22). This combination is completely dictmed by the

symillctry of the crystal TIms the Akulov derivation, did identif)! the source of the

10th power law, Al"lilov compared the theoretical result with the data of Honda et aL

on iron, and concluded that the law was quitc accurately obeyed IIpto l' '" 0,651',.

In 1955 Keffer recognizell that the paradox posed by the disagreement of Akulov's

theorem and Van Vleck's molecular field ealculations arose from the violence that

molecular field theOlY does to spin correlations. lie thereforc recalculated the

anisotl'Opy of pselldo-quadrupolar origin, substituting a cluster them) for molecular

field theory. TIlis cluster theory has been incidentally introduced by Van Vleck in 1937.

TIlis concept was later fully expioite(1 Oguchi. Keffer then found that the pseudo-

qnadrupolar interaction would give a 10th pO\~er law at low temperatures, changing
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rapidly to Van Vleck's 6th power dependencc as increa~ing temperatnre di~rul'ts the

'Pin ~o1Telations. Keffer also rederived the Zener !!'(1l+1) gcneralisation, using the
2

classical single-ion mechanism and molecular field theory. At this point it was clear

that single ion tenns in the Hamiltonian were completely consistent '.'>iththe~(11 + 1)

,
po\ver law, and Keffer's dustcr calculation was generally accepted as establishing the

theorem for pseudo-quadrupolar interactions.

Peculiarly in thc v~ry paper in which Kcffcr established the :'(11+1) law for the single
2

ion and pscudo-quadl1lpolar tenns and identificd the critical role of spin correlations.

lie also hrieny remarked that a spin-wave analysis of the dipolar terms would probably

give a power even lov,'er than two. Kasuya then cnried out just such a spin-wavc

calculation for the pseudo-dipolar telll1S and found a 16th power. Charap and Weiss

fOUlldan error of a factor of 2 in Kasuya's calculation and concluded that the 8th

power was correct, Finally Keffer and Oguchi addcd ccrtain temlS omitted by Charap

and Weiss, rcgained the 10th power iaw in all cases.

'In 1959 Turov aml Mitsek dcduced the !!'(II+l) powcr dcpeudeuce frOm the spin-2 .
wave approach of Kasllya. In 1966 Canen and Callen showell that this law can be

generalised to higher anisotropy constants of arhitrary c')'st al s}TIlmetry. to a qual1lUm

mechanical treatment, to two ion as well as one ion mechanism and to arbitrary

temperatures.

11,e theory predicts that for cubic Cl)'stah; the anisotropy constants are related to

magnetization as,

And fill'hexagonal crystal

K~(T) [M(T)]'
K~(O) - M(O)

K~(T) = [M(T)]"
, K;(O) 114(0)
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,,'
[
M(T)]"
114(0)

........ (4.25)

\\'hen these coefficients are expressed in tenus of alliso\rnpy constants K" K,
•

which are generally measured in the analysis of the torque cutve, the expressions

(4,22) and (4.23) become

For cubic crystal

K (T) = [K (O)+~ K (0)][ /lI(n]!O _ 2..K (0)[M(T)]"
I '11' M(O) II' M(O)

K (T)=K (oJ.I\1(Tl]"
, 2 1.M(O)

For hexagonal crystals

_..... (4.26)

_ (4,27)

K (T)o [K (O)+.!K,(O)+.!K (o}I M(T)]' -['K (0)+ 144 K (O)][MU'l]'" +.!K (O{M(Tl]"
, I 7. 7 l M(a) 7' 77 J M(O) 3 l M(O)

... ,.. ,.( 4.2il)

K (T)o [K (O)+~K (o)][MdJ]'. -~K (O)[M(T)]"
, , 11 ~ M(O) II' M(a)

K (T)= K (O)[M{T)]"
l 1 114(0)

K (T)=K (oJ M(T)]"
I "1114(0)

... (4.29)

___._.(4.30)

.. ,... (4 31)

However, neither nflhe expressiolls (4.24) or (4.25) 15 found to be in good agreement

with the observed behaviour of the iroll group elements. For iron (~uhic) Kj(T) varies
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. 1 I. 1 I' M(T) 1.1 . . k 1 1 ."" 1as appro,,"nate y as I Ie SIX!1 powel' 0 , IV11Sl 1Il me e tie vanallOll IS mue I
M(O)

[M(T)]" [M(T)]'"fastel'than -- and uearly follows - at lower temperature .
.M(O) M(O)

From all tbe model discussed so far, it is evident that the ferromagnetic anisotropy is

c3'tsed by an anisotropic leam in the exchange energy. '1110 anisotropic exchange is

caused by The spill-orbit coupling which relates the spin to the dependence of

interatomic cllelgy on the orientation of the orbital wave fimClions. The origins of

magnetic anisotropy, mainly with refcrence to insula/ol's, are Ttwiewcd by Yosida

(1968), Kanamoli (1963) and Canen and Callen (1961».

"TIle -(,,+1) power law for the temperature dependence of anisotropy constants, io
2

particular the 10th power law for K" obtains in all the theories that can trcat the

tempcrature variation ofthc alli,otropy eo~rgy. It may be derivcd quite generally, both

quantum mechanically and <:Ia,.sically (Van Vleck, 1956). In either case thc law is valid

at low temperatures ollly, because e1assically it is assumed that the spin deviations are

small, and quantulll mechailically only the ground alld the first cxcited states are

occupied.

On the otherhand, it has bcen found by mallYworkers th~t ~ highly satisfactory fit to

experimental d"t~ is given by the empirical relationship of f1ryuchatov alld Kirensky

(1937),

K;(7') ~
-- = cxp( -a7 )
K,(O)

........ {4.32)

which is rrequeutly used to determine K,(0) by extrapolation. TIlis holds for nickel up

to toom temperature. A thenno(I}11~mic arglllllclll has been given in favollr of this

rel~tionship by Stato and Tono (1956).

The mathcmatical expression of the hehaviollf of the anisotropy constants at low

tcmlleratllres, derived theorctieally, is
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I. e.

where

K.(O)-K,,(l') =~(,,+1 [M(O)- M(T)]
K,,(O) 2 J M(O)

K,,(T) = l-~(,,+ 1)<'i\.1(T)
K,.(O) 2

6Nl(T)= M(O)- M( T)
M(O)

........ (4.33)

..... (4.34)

Since lhe anisotropy is as,umed to vanish at the Curie temperature the linear

expression of eq.(4.28) cannot be exact. Hence it represents tlte first two terms of a

binomial expression,

At temperatures sufficiemly far /i'om the CUI.ietemper~lUre

K(T) [" .]" -ex]! --(II+I)bM(O)
K,,(O) 2

....... (4.35)

........ (4.36)

lfthe temper~ture v~ri~tion of the spontaneous magnetiwlion is t~ken to be

........ (4.37)

then

........ (4.38)

"where B=-(1l+1)A
2

From spin wave theor)' m=2 at low temperatures and eq.(4.J7) hRSbeen confirmed
2

A10 a high accuracy (Pugh Argyle, 1962) for nickel. The derived constHnt of-, is of

r'
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order <\ x J 0-", It mliSl be admillcd that the temperature depelilleuce of K;,!2:-! for Ni
K I (0)

doe, not follow the c>.pressioll (4.32) wilh m = 1.. nor the inilial slope of" gl~ph of
2

IOg[K:,(T)] in ilglccmcnl with the plcdictcd value of ~(II+l)Ar~However it has
K,(O) 2 c

beel! the commOll experience of lUauy experimentalists lhat eq.(437) does fit

c:<penmCll\almagncti7atioll data with III= 2 over a l~rgc temperatufe range. J Inwcver

Il(Hle of the (hen, ics of "";sot ropy can c:<l'l~ill the change in sign of K, of nickel thai is

lim",] experimentally to ocelli about 200°C, A change in sign of KLwould appalcmly

suggest " change in sign of the nmg.llclizatioll which is incorrect. It is p()~sihle ,I'

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

4.6 MaKnetocrystalline anisotropy of Nickel

I" lIickcllhc dircc1iOIlof easy 1ll"glletization is of the form [Ill], the hody <1iagollalof

the unit cell. It mcans lhat saturation call he achieved \\ith 4"ite low field in the [III]

dilcclioll. But a f"irly high lield is needed to saturatc nickel in a 1110.1 directiwL ror

lhis onent"tion of the field, thc domain struclure challges. TIle only W"y in which the

lllagncli7,ation can incrc3sc further is by rotation of the Ms vector of e"cll domain until

it is Jl3rallel with the 8pplied field. Domain rotation OCCllJSonly in f3irly high fields,

bccau~e the field is then "cting "gainst the force of cl}'>tal aniso1Jopy, which is usuallv

(iti,ly ~lrong. So a high ficld is rcquilcd to saturate nickel ill lhe 110.0.1 direction which

is c3JJcd thc hard direclioll. Because the applied field must do work against thc

ani,otlOpy lorcc to !lim the magncliz,1lioll vec!or away from an easy diJect;on, lhere

must he energy storell in nickel in v"hich Ms points in a noncasy direction, 'His is



caned the maglletocrysmlline ani,otropy encrgy ofllicke1. 11lCtemperature dependellce

of magnetoeryslallille anisotropy of lIickel is also all illteresting propel1 y According to

Zener the effect oftell1peratllle "PO" magnelocrystalline anisotropy arises solely hom

the introduction oflocal deviations ill the directioll ofmagnetizatioll, This deviatioll ill

an ~Iemelltary region is tlie resultant of veJY large lI11mberof indepelldent deviations

4.7 nifferent measurement techniques of maJ!;lIeticanisotropy

4.7.1 Ferromagnetic resonance method

11lcre are several ways to measure the magnetocrystanine anisotropy of a magnetic

matenal, Olle of the ways is the fenomagnetic rcsollance.' When all altematillg

magnetic field of high frequeucy is applied to a Inagnctic substance, certain resonance

errects are obscrved at particular values of the frequency and magnitude of the field.

The effect is one or the two kinds: 0ne involves the magnetic moment of the electron

which anses due to the spin oftbe e1e~'tronarowld the nuclens. The electron moment

interacts with the applied e\temal a.c maglletic field and precesses when the resonance

betwecn the electron spill frcqueney and the frcquency of the applied exte11lal field

'occurs. The other method is 10 measnre the magnetocry!>taUineanisotropy

The first effect which is usually dlle only to cIectroll 'l,in can be ohselved in ferro-,

amiferro", and ferrimagnetic sllb,tanees, where the spins are coupled by exchange

forccs. Here resonancc mcasurements can revcal thc crystal allisotropy constant K
J
•

When the constant field H is directed parallel to the easy axis of a crystal, two forces

act to tum tbe spins toward the ea~y axis: the applied extemal magnetic field H, and

the crystal anisotropy, which can be regardcd as an anisotropy field H•. "Ibe resonance

condition thcn becomes



, and fi K i~related to A, hy

Ji,=2KL•

• M,

,.. ,., ..(4.39)

,.,.....(4.40)

If resonance measnrements are made parallel to several crystal directions in a cuhic

crystal, the value ofhoth K, and K, may be found,

The resonance frequency depends on the elTeclive internal magnetic field which exerts

a torque on the precessing spin syslem. Magnelic anisotropy contributes a torque on a

spin system if the spins point in other than the easy or hard directions, thns affecting

the resonance frequeucy, TIle equation "f11l()tinn of the magnetization vector is given

by

(~)( ~) = AI x H +torquc duc to anisotropy energy

By calclilating the frequency of the' small oscillation of M around the equilibrium

position nne can express the resonance frequency in terms of B and anisotropy

constant. y is the gyro-mngnetic ratio.

'l1lis method enables mcasurements of the anisotropy to be made on very sman single

crystal specimens. It also offers information about the magnitude of the local

anisotropy, as distinct ITomthe hulk anisotropy determined by olher methods.

,4.7.2 Magnetic torque method

Since fenomagnetic crystals have easy and hard directions of magnetization, the

energy associated with the lllagnetizatioll depends on the direction. In order to obtain

the anisotropy energy in tellns of direction of maguetisation, we make use of the
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cryMal S}'mlllctlY- TI'e cnergy variation with 'espcct to samplc orientation 15

represented by a torque exel1ed On the sample '.vhen an anisotropic single crystal is

~llspcndcd in a unifolln magnelic field, a IOfllue acts on it tending to align an easy

direction of magnetizalion along the field directioll. TI,e torquc exel1ed per unit

vo4Jme of the spccimen is

........(441)

where rP is the angle of rotalion "fthe casy direction of magnelization, from ",hich the

anisotropy cOllstants may he evaluatcd. n.is method has the advalllage that

contribulions to thc torque /Tom sources othcr than the magnctic anisotropy Can

generally bc dislinguished in thc torque curves.

4.7.3 l\Iagnetiz;ltion method

Another method of measuring the maguetic anisotropy is the measurcmcnts of

DllIgnetisation along the differcnt crystallographic dircctions , and calculating lhe area

uuder the M versus H curves. TI,c arca under the M vcrsus H curves is a mcasure of

the anisotropy encrgy. TI,is cncrgy differs from onc crystallographic dircetion to thc

other.

11,c shape of the magnetization curvc for a magnetic field applicd ill a particular

crystallographic dircetion depel1d~ on thc values of thc auisoll'opy constants. 'J1le

theoretical expressions for the magnetization in tenns of the magnetic field and the

anisotropy energy can bc calculated, and comparison with expcrimental values enablcs

the anisotropy eonstant~ to bc determined.
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When a ferromagnelic matcrial is magneliLed in an applied magnctic field H, the free

energy Eo storcd in tllc systcm is represented by

M,
Ea = J ff.dH

o
,..,....(4,42)

whcrc Ms is tlle samration magnetiLation. The quantity JH.dAi reprcscnts the area
bOlllldcd by the magnetization cu.:ve for the direction concemed, by the axis for M

and by the line M = Ai s' Phenomenologically, lllagnetocrystallinc anisotropy of a

fcrromagnctic single crystal is usually expressed in tenns of a fTee energy E. which is

assumed to he a function of direction cosincs a"a, and a, of the magnetization

vector M \vith respect to thc crystallographic axes. Considering cubic symmetry and

the fact that thc total f lamiltoniilll of a given system i~ invariant under the time rcvcrsal

transformation in thc abscnce of an cxtelllalmagnetic field, Eo can be expressed as

...... (4.43)

whcre a 's are the direction cosilles of the magneti7.ation vector \\lith respect 10 the

crystallographic axes and K, and K, are tlle first and tlle sceond anisotropy constants

respectively.
If the cnergy for the threc crystallographic directions are

E respectively, then
a[100]

E ,E
a[lll] a[lIO]

and

K K
E _ E =_1 +--.1.
a[lll] a[IOO] 3 27

.. (4.44)

since a,=a,=u,= JJ for [Ill] direction, and u,=a,=O,a,=l for [100]

direction,

•



Similarly,

__K,
E -E
a[IIO) apOO] 4

. ! I
smce a, = a, = ,;;-,a, = 0 for [110) direction.

,2 .

K~4[E -E J
1 afilOJ a[IOO]

,.... ,..(4.45)

.....(4.46)



Chapter 5

EXI)erimental

5.1 The torque measurement

Maglletocrystalline anisotropy and its temperature dependence which are the lillIlll

aspects of this thesis is detelmined by Torque Magnetometer, 111e procedure of

measunng torques in the rangc 10-10 Nm to 5.10-.1Nm is described here. Torque

compcnsation is achieved by fecdback from a photodetector into a PID regulator

system wbich generates a current through a compensatioll coil located in the field of

[lermanent magnets, Stability cllteria for the regular system are discussed. TIle

apparatus permits contiuuous 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 call be made in the temperature range 4.2K to 800K

The iIlherent property of a magllelic matenal in a static magnetic field is to align itself

in ordcr to minimise its ellergy, TIle energy vanation with respect to sample onentation

is represented by a torque exerted on the sample. The torque L exertell along an axis

perpendicular to the magnetic field is related to the lotal anisotropy energy Eo and is

given by

L=_dE,
dO

........ (5.1)

where 0 is the angle between a fixed direction in the sample and the direction of the

magnetic field. 'I1ms it is evident that by measuring the torque fTom a sample in a

magnetic field we can gain infonnatioll about the magnetic auisotropy energy of a

materiaL For ferromagnetic substances the anisotropy constants can be deduced from
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Fourier analysis of the torque data as a funelion of the angle e hetween the magnetic

field and a direction fixed in the crystal.

Akulov (1929) showed that Eo can be expressed in tenns of a series expansion of the

direction cosines of M, (saturation magnetization) relative to the crystal axes. In a

cuhic crystal, let M, makes angles a, b, C with the crystal axes and let a I, 0:2. 0:3 he

the cosines oflhese angles, then the anisotropy energy may he wrillen as.

E K K ( " ,J ,) K ( , , 'j"= 0+ ,ala,+a,a,+a, + , ala,a, ... ,..(5.2)

where K", K" K, are respectively the zero, first and second order anisotropy

constants. The first tenn, which is simply K 0' is indcpendent of angle and is usually

ignored, because nonnaHy we are intcrested only on the changc in energy E. \~hen the

M, vector rotates frOIDone direclion to another. When K, is zcro, the direction of

easy magnetization is determined by the sign of K,. If K, is positive, tbcn

Ewo <E11O < F.1" and then [100J is the dircetion of easy magnetization. If KL is

negative then, F:Jjj < ELlO < E"o and thus the [1111 crystallographic direction is thc

direction of easy trulgnetization. For Hickel K 1 is negative.

For a spe<.,irnencut in a (100) plane for a single crystal of cuhic ;tructure, if a strong

field Il,: is applied at an angle Ii LOthe fixed direction of the sample thcn tI'e crystal

may he magnelized to sarnration ""ith the saluration vector Ms. The resultant field H

in thc specimen is lhen the vector difference of H" and the demagnetiang field

N"M
E
, The anisotropy energy when Ms is at an angle 0 to the field direction

direction in a (l00) plane can he written as

Eo = K, + :\ (1-cos40)

The torque Oil the specimen per unit volume is

L=- dF:.
d'
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111erefore,

For cubi~ cry~tallhe torque expressions v.ith (110) and (Ill) planes are:

I == _(!!.J.. + K, Jsin 2B- (3K1 + Kl Jsin 40+ 31<:,sin 6(;1
-XH'I 4 64 8 16 64

(5.3)

(5.4)

(5.5)

Taking the measurements Oil a (100) crystal the constant K1 may lhus be obtained

indepeodently from the torque CUivefrom the experimental amplitude ofl1le sine wave,



Pblltll~rnpb of tbe Torque Mpgnelome!er
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5.2 Design ami working principle oftlle Torque I\'fagnetorneter

TIle .Torque Magnetometer which was initially stndied and de&igned by Djom,

Westerstrandh, Uno. Gafvert and Lei!: Lundgren of the Department of Solid Slate

Phy~ics of the University of Uppsala in Sweden in 1976 [40] was redesigned and

constructed at Uppsala. TIle'torqne magnetometer of the Department of Physics at

BUHT was provided by the intemational Science I'rograms (iSP) througll a research

collaboration is nsed for Ihe measurement of magnetic torque. A simple form of

magnetic torque compensation is achieved by suspending the sample from a fibre with

knOWlltorsional eonstalll in to a,magnetic field of known magnitude. When a magnetic

field is applied On the sample, Ihe sample aligns its direction of easy magnetisation with

the magnetic field. When the sample is TOtaledaway from the easy direction the sample

resists this efiort due to the magneto crystalline anisotropy and thus exerts a torque.

The torque fiom the crystal will twist the fihre on which ihe sample is suspended. TIle

rotation of the sample is followed by the rotation of a mirror connected to the fihre , A

laser beam is shIned on the mirror which then illuminates a couple of photodiode, A

small rotation of the mirror will gl\'e rise to an unbalanced photocurrenl. This

photoenrt'ell! is red in to the (PID) regubtnr which is kept in the reverse biased mode

generates a compensation current and sends to the compensating coil suspended in the

permanell! magnetic field or the torque head. Fig. 5.1 explains this phenomenon. Thus

,by measuring the compensation current through the coil we call measure the

magnetocr)'stalline anisotropy of the sample. The torque from the sample is

proportional to the compen'lating current through the coil. TIms we measure the

current needed for the crystal to keep its orientation.

The principal drawing of the Torque magnetometer with an automatic compensation

system is sho'Ml in Fig. 5.L TIle sample is rigidly connected to a mirror and the

compensation coil TIle whole assembly is freely suspende(1 in a thin quartz fibre and

the coil is located ill a field produced by a pair of permanent magnets. Now if a laser

beam is shined on the mill'or, tbe image of the beam will move as soon a&some torque . ~
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acts on the crystal and thus tums the mirror, 111e principle is to let a photo-detector

detect the movemcnt of the reflected heam via an aml'lilier generating a current

through the compensation coil whieh inhibits the motion of the suspension.

TIle simplest type of electronic compensation system with a photo-sensitive feedback

have, been designed (Westerstrandh et al.). 111e simplest way is to let tile currell!

through the compensation coil be directly proportional to the signal from the detector,

Such a feedback system is often lefen'ed to as a prnportional (P) regulator, If a tOHlue

aets on the crystal the turning of the mirror gives rise to a deflection of the beam

shining 011the detector. The deflection f!'Olllthe centre of the detector can be made

small by increasing the amplifier gain, Nevertheless the contribution from the rigidity of

the suspension may seriou ,ly alfeet measurements of small torques. Neither the gain of

the leedback could be increased 100 much since the systcm will then become unstable.

To improve the stability we have used the oil damping, TIle viscosity of the oil damps

oscillations so that we ean increase the amplifier gain. To enhallce the e!e<.'tl'Onlc

damping a dilferentiating amplifier has been used in paranel with the proportional

amplilier and hence improve the stability of the system. 11lis type of compensation

system can be characterised as a jlroponiollsl differentiating regulator (PO). Since the

large deflection of the su'pended system is a problem, the introduction of a

differentiating unit allows a very high gain and a small angular deflecti<m.

5.3 Measurement of magllctie anisotrop)' by Torque Magnetometer

For measurement of magnetic anisotropy by torque magnctometer, at first the sample

the foml of a circular disc is prepared. The circular disc is then fixed on a sample

holdcr for magnctic torque measnrelllenl. TIle sample holder is hung on a quarts fibre
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•
fixed with the upper p~rt of the torque magnetometer, A small m~gnetic field is applied

on the sample to measure the response of the sample. The ,ignal Ii-om the s.:Jrnpleis

recorued through an electronic compensating system, The noise from the electronic

system is eliminated by regulating the proportional gain (Pl, integrating time constant

(I), and the differentiating time constant (0). Once the single is stabilized, the magnetic

field is increased in a siers of one kilo gauss up 10 maximum of 4 kilo gallSS. The

,magnetic field is rotated in steps of ]0" for a complete 360" rotation, For every ID.

rotation orthe magnetic field, the magnetic torque is recorded. Thus the torque datu is

recorded for 36 Hngular positions of the magnetic field. TIlcse 36 points arc entered ill

a compuler for Fourier analysis. The Fourier eoeffieiellts A" A, and A, are calculated.

The rOUlier eoefficiellts arc ploued agaill&tthe reciprocal of the applied magnetic field

(i.e" ~). TIle extrapolated values of the coefficicnts for ~ = 0 are takcn as the values

at thc saluration field. TIIC signals are found to obey a sin 40 curve, TIllis only A,

coefficients are found dominating.

5,4 Sample preparation

Pure Ni single cry,tal was procured ii'om the National Bureau of Standard (N,B.S),

'1bc crystal i, cut in the (100) crystallographic plane. TIms the plane containcd only

[1001 and the [IIOJ clystallographic dircction,. The (100) crystallographic plane is

confirmed by orienting the sample using (he Laue photographic technique, Since

evaluation of K, is the purposc.ofthis work, the samplc plane is chosen to be (100)

crystallographic plane to avoid any contribution ii'om the second anisotropy constant

K,. The sample is fOWld to ha\'e the mass m=4S.6x 10.' kg and volumc

y=-S.llxlO--'J m'.
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5.5 The sample suspension

The sample is mounted at the end of a thin qUaitz rod. Qua,tz is a suitable material for'

this purpose as it is diamagnetic. Hndbas a low thermal conductivity. 'Ille upper end of

the 'quartz rod is attaehcd to a brass rod to wh.ieh the min'OTand tbe compensating

coils ne fixed. TIle whole assembly is suspended in a qUaitz fi~)re.TI'e quartz fibre is

very suitable for this purpose because ofhs large tensile strength and smalliorsional

eonstalll. Typical value of the torsional constant is 5 - 20 X ]0-7 Nm I rad. TIle

elasticity in the longitudinal direction is very low, which prevents low frequency

oscillation along the axis of suspension 11Ie compensation coils bave 10 layers of ]00

tums of 0.06 mm copper wire. To minimise influence Ii'om the stiffiless of the copper

wire, the leads to the coils have been spimlled. Below the coil there is besides the

mirror, an alTangement for oil damping, which damps the self oscillations,

5.6 Calibration of the Torque Magnetometer

For the calibration of the Torque magnetometer a thin nickel single crystal disc is used.

lhe disc is of mass 45 mg. and is oriented in such a way that the (100) crystallographic

plane lies on the plane of the disc. The sample is gllled to a sample holder and is

suspended from a tbin quart" fibre counected to a brass spindle. 'Ihe sample is then

placed in between the poles of an electromaguet. A 3.0 kilo gauss magnetic field which

is strong enough to saturate the nickel specimen is applied along the plane of the disc

and measurements of tOTllUeis taken at every 10" angular rotation for a complete 360"

rotation of the magnetic field. A total of 36 data points are obtained for a complete

rotation of the magnetic field. 'l1,e whole process of measurements is repeated for an
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applied magnetic field of 3,5 kilo gauss and 4.0 kilo gauss. The measured data are

entered in a computer for Fourier analysis llle Fourier coefficients are then equated

with. the standard equation for torque curve. TI,US !Tom the knO\VI1mass of the disc

and the knO\VI1valuc of the auisotropy constant for nickel at room temperature, the

calipration constant of the torque magnetometer is del ennlue{1.

5.7 The High Temperature Oven

TIle most important featurc in thc construclion of the oven is that thc ioner stainless

stcel tube extends throughout the oven and the thermOCOuple unit is introduccd fj'om

thc bottom end with the thennocouple junction placcd immediately below the sample.

The heater is wound directly on the inncr tubc, The heater consists of a MgO insulatcd

Chromel-Constantall thennocou[lle with a stainless steel cover (0.0, lmm, length 1.3

m, manufactured by OMEGA Corp_ 11,is thenllocouple is flcxible, and 10 obtain a finn

contact between the heater and the inncr sample tube, the thermocouple is first wound

on a tube with a somcwhal smaller diameter and the resulting spiral is aftclWards

squecLed On In Ihe sample tube. Thc thermal contact between the healer and the

sample tube is improvcd by adding some silver paint. The luwer ends of thc hcatcr

wires are electrically cOlmeetcd by means of silver pain!. Copper wires, connecting an

extell1al power supply, arc soft soldered On the upper ends of the heater wires. TI,C

silver paint is dried out at ordinal)' atmosphere by passing somc ClIn-em through the

heater, '11madvantages to use this Chromel-Constantan thennocouple as a hcatcr for

this oven are that it is readily.avaihhle, non-mab'Tletic, insulatcd, easily formed and

gives a bifilar winding and closc thcrmal contact with the sample tube TIle heater has a

rc,istance of75 Q at room tcmpcrature,
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Five radiation shields, consisting of 50 lUll stainlcss sleel foils are located outside the

heater. TI'ese are tied dilectly On to the heater using reinforced glass fibre threads. 'n,e

outer. tube is at tlie boltom eod cOllnected to the inner tube via a phosphor-bronze

bellow in order to allow for the difference in length of thc two tubes at higher

temperatures. O-ring couplings are used throughout to enable easy disassembling of

the oven in case of any fault,

Doth the oven alld the thennocouple are adjustable in height with rcspect to thc

sample. This gives a possibility to find a position of the sample 'n, the warmest region

of the oven Ivb.ichgives a minimum temperature gladiellt betwecn the sample and the

I I.. 11 . d. M fl. It leTrnOCOUPe Junction, ,e tempelalUre gra lcnt T _ T. over 10 mm 0 ength Ul t ,e

"
warmest palt "fthe ovcn b approximately ().I% and indepClldent of the temperaturc.

The special eharaeteristin of the Oven arc:

(i) the.oven can be heatcd from room temperatmc to I043K in less than 15 minutes

with a temperature difference between tliennocouple and sample of Icss (han IK at the

final temperature,

(ii) at a constant heating or cooling ratc of 5K !mimue a temperature difference orthe

order of IK is established.

(iii) Due to small !hennal mass of the oven, it cools ITOm1150 K to 600 K in about

30 minutes which enables a last interchange, ofsamplcs,
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5.8 Evaluation of the torque curve by Fourier analysis

TIle measured values of the m~gl1etie torque are fed in to ~n IBM 486 personal

COlllputer for Fourier analysis. Thc Fourier coefficients arc evaluated usmg a

pn?gmmme writtell in MS Basic langu~ge designed specially for the analysis of

magnetic torque data. "llle iU]lut d~ta are the torque in volt (t). and the corresponding

angle (9). 'Ille analysis also gives the ofEet anglc of the magnetic ficld, which may be

adjusted by rotating the magnet through the offset angle to locate the zcro torqoe

position. 'Ille evaluated Fourier cocfficients are the values "t the sahlration field, ~nd

are used to calculate the a"isotropy encrgy of the sample. TIlis anisotropy energy is the

energy difference between the easy direction of m~gnetisation of the sample "nd the

hard direction of magnetization. Using the mass of the sample and the calibration

constant of the torque magnctometer, the "uisotropy constants is evaluated,

5.9 Magnetization process of Nickel

Magnetization is defined as the magnetic moment per lUlit volumc. TIlere are variou>

ways of measuring magnetiz"tion of a substance, In present thesis magneti7.ation is

measured at room temperature hy using a Vibrating Sample Magnetometer

(VSM)f41J.
TIle measurement of magnetization is uMI~ny I'erfillmed by mcasUll1lg magnctie

moment of a specimen and deviding this quantity by the volilme or mass of the

specimcn. 11le techniques for the measurement of 'magnetic' moment by the direct

methods C"IIconvcuiently bc classificd into two categories:



(I) TIle measuremelll force exerted on rhe magnetic 1TI01Tleutof the 'l'ecimen by an

inhomogeneous field and

(2) The measurement of the emf ilidllCed by the suitable coil sy,lem by changing

relatiVe posilion ofthe mag.uctic moment With respect to the coil system or hy varying

theptagnelic moment.

The VSM is a highly sen,itive and versatile equipment for measnring the magnetic

moment, maguetization and magnetic susceptibility. TIle VSM was invented by Van

Osterhout [42] and simultaneously and independently by S, 110ner [43.441 TIle basic

principle of VSM developed by Foner is based on the flax change ill a coil when the

sample is vibrated near it. TIle sample, usnally a small disc is cemented to the end of a

rod, the other end of which is fixed to a loud speaker cone (as sho\\ll in Fig. 5.3) or 10

some other kind of mechanical vibrator,

Current through the loud speakcr vibrates the rod and the sample at ahout 80 cycle/sec

and ,vith an amplifier of about 0.1 mm in a direction at right angle to the magnetic

field. TIle oscillating magnetic field of the sample induces an alternating emf in the

detection coils. The vibrating rod also can'ies a reference specimen in the form of a

small pennanellt magnet near its lippeI' end indllees another emfin two reference coils.

TIle voltages limn the two sets 1)1'coil are cOIl'pared and the di!l'erence is pl'Oponional

to the magnetic moment of the sample, TI'e VSM llsed in the present work to take the

magnetization measurement is of Foner type. TIle Magnetic Materials Division, Atomic

Energy Center, Dhaka designed and constructed this Foner tYl)eVSM in 1986.
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5.10 The worlong principle of the Vihrating Sample Magnetometer

(VSM)

A schem.atic diagram of the VSM induding the various mechanical and electronic parts

is fllflwn in Fig. 5.4 to illustrate the hasic working principle of the unit. 111e signal

generator SG feeds a sinewave signal of 80 Hz frequency to the audio amplifier AA

which in hIm drives the speaker SP TI'e output of lhe signal g,~nel'ator is also

cOlllleeted to TeferenCe channel input of the lock-in.amplifier LA, The drive-rod

assembly R lightly coupled to lhe vibrating papeTcone of the speaker ~ibrates in a

vertical dil'eetion aloug its length. The amplitude of ~ibTation truly be varied by

changing tbe gain of the audio amplifiel' A pellllanent magnel P of cylindrical s1lape is

fitted to the drive-rod at its lower end \\-ith the help of a sample holder H. Two

cylindrical sample coils SC with their axes kept vertically are placed on the opposite

sides ofthe sample and along thc line joining the centres oflhe poletips (N,S.) of the

electromagnet. TIley are cnnnected in series opposition and the net output signal is

connecled to the lock-in-amplifier through a shielded cable, ntis pail' of coils is

referred to as the sample coil system. Another pair of coaxial coils RC also connected

to each other in serics op]lMilion is placed symmetrically around the permanent

maguet P. 'J1lis coil pair is the reference COlIsyslem,

As the dri\'e-Tod assembly is vibrated with a particular frequency and amplitude, the

sample S induces a signal of the same frequency in the sample coil system This signal

is proportional to the dipole moment of the sample. As the ficld in the pole-gap is

gradually increased by increasing the cUlTent through the electromagnet, the sample

becomes magnetized more 'and more and induces a laTger signal in the sample coil

syslem till it reaches saturation magneti7,lHion.

This signa! dil'ectly goes to one of the inputs oftlle lock-in-amplifier. Similarly, auother

signal of the same frequency is induced inlhe reJ;,rence coilsystcm due to vibration of

the permanent magnet P. Since moment of the magnet is fixed, lhe signal is also of

fixed amplitude for a particular frequency and vibration amplitude. This signal is the
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reference signal and it is first fed to a unity gain phase-shifler unil The phase-shifler

capable of continuously cl'"lIgi"g Ihe phasc from 0" to 360", is used 10 briug the

refereuee signal in phase ",,1ththe sample signaL

From the phase-shifter the reference signal passes On to the decade ratio transfOlmer

RTt of constant input impedance. TI'e output of this transfomler thell goes to the other

input of the loek-in-amplifier. The output to input ratio of the' decade transformer can

be accurately varied fi'om 10-' to I, By tullliug.various knobs of the decade

transfollner the amplitude of its OUlpllt is made equal to that ofthe sample signal. TI,e

lock-in-amplifier is operated ill the differential input mode and is used as a null

detector: When the sample signal ,and output signal of the decade transformer arc of

eqnal amplitude and in the same phase, the'd,e. meter oftl,c lock-in-amplifier gives a

null-reading. The whole electronic system t!ten c\lTTectly measures the ratio of the

sample signal to the reference signal. Since sample S and the permanent magnet Pare

vibrated \\1th the samc drive-rod assemhly,'the sample-signal and reference-signal have

direlt phase and amplitude relationship, As a result the ratio of the sample signal to the

reference signal is proportional to the magnetic moment of thc sample TI,e

measurement is insensitive to small changes in the amplitude and fre1lueucy of vibration

and the gain of the amplifier. 'l1,e accuracy of the equipment depends mainly on the

accuracy of the ratio transfunner and the gain of the amplifier.

5.1] Description of mechanical design of the VSM

The various mechanical parts of the magnetometer are described ill detail in the

Fig.5,5. The base 1I of the VSM is a circular brass plate of 8 mm thickness and 250

mm diameter, A brass tube T of25 mm outer diameter and 0.5 mm thieknes..~runs

normally through the base such that the axis of the tube and the centre of plate
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coincide. 'llie base tube are joined together by sofi solder. The tube extends 60 mm

upward aud 24 mm downwnd Ii-om the base. 'J1lere is a vacuum port on the lower

part. of the tube 120 mm below the base The lower end o[the tube T is joined to a

brass extension tube L by a threaded coupling and an O'nng seaL Another thin tube K

made of gennan silver and of 8 mm inner diameter mns through the extension tube L

from the coupling point C to about 50 mm below the sample position. Above the base

there is a h"llnw brass cylinder M of 180 mm length and 130 mm inner diameter and

having 40 mm wide collars at its hoth ends. The lower collar seats on an O'ring seal

which is situated in a circular groove in the base plate On the upper collar, there rests

an aluminium top N with an O'ring seal The brass cylinder M has a side port VP. nlis

is again a hrass tube of 41 mm diameter aild 43 mm length, nle port has a collar at

the end away from the cylinder. A perspex vacuulll fced-thl'Ough is fitted at its end

with {)'nng seal This port is connected to the cylinder by soft solder.

Electncal connections from tht; audio amplifier to the spealer and frnm the reference

coil system to the phase-shifler are taken via the perspex feed-through. By conne,,1ing

the vaeuulll p0l1 of the tulle T to a vacuum pump the sample environment can be

changed. 'Ille speaker sr is fitted 25 mm above the tube T with the help nf nur brass

Mands. The lower ends of stands arc screwed to the base plate while tbe rim of the

speaker is screwed on the top "nhe stands, nle speaker has a circular hole of 10 mm

diameter along the axis ofi/. An aluminium disc having female threads in it is fitted to

the paperconc with amldite. nle ~luminium connector having male threads 011it and

attached 10 !lIe dnve rod assemhly fits in the aluminium dise and thus the drive rod

assembly is coupled to the speaker, The drive rod asscmbly consists of detachahle parts

which joined logcther by means of aluminium threaded connectors, Each part is a thin

Pyrex glass tubing of 4 mm diameter 11Ie upper part has a small permanent magnet P

situated 100 mm below the aluminium eonllector attached to it. At Ihe lower end of

the drive rod asscmbly a perspex s.ample holder ha"ing quIte thin wall c~n be Htted

tightly ,,,ith sample in it, A few perspex spacers are also attached to the drivcr-rod

throughout its length, 'lllc spaecrs guide the vihration of the sample only in the vertical
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direclion ~nd stops sidewise "ibr~tion or motion TI,e total length of the drive-rod

assembly is 920 mm,

ne,hase pl~te ofthe VSM reSlSon three levelling screws ~bove a brass frame which in

tum rests on an il'OUllugle hridge, 'J1Jebridge rigidly fitted to the sidewall of the room,

The brass thme is provided with a1Tangements with the help of which it can be moved

in two perpendicolar directions in the horiLOntal plane, The levelliug screws are used

lO make lhe drive-rod vetiical and 10 put the sample at the centre of the pole-gap

between llie sample coils, The sample elln also be moved up and down by the levelling

screws.

5.12 Calibration orthe V8M

'J1lere are usuaUy two methods of calibmtion of a VSM.

(I) by using a standard sample mId

(2) by using II coil of small size whose momenl can be calculated for d,c, current

through il.

The maguetometer is calibrated using a standard spherical SlImple of nickel having

99.9% purity. 111e sample was made spherical ",ith thc help of a s~mple shaping

device. 11 was then annealed in helium atmosphere at about 900°C. 111e sample's

saturation magnetic momenl ha~ been calculated using Ihe available data. '111eratio-

transformer reading is obtained by in situ measurements and thus the value of lhe

calibration constant K is obtained.

11Ie ~ccllracy of this calibration, however, depends on the reliability of the standard

nickel sample, the accuracy of the ratio tral1SfOmlel and the gain of the amplifier, The
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5.13 Measurement of magnetization of Nickel by VSM

TIle basic principlc of a VSM is to measurc thc magnetizatiou aud compare this

measured signal with a Slalldard referencc sample. WIlen a magnetic samplc is vibrated

in a magnetic field an induced electromolive force (e.m.f) is generated In a coil placcd

near to the vibrating sample based on thc principle that a change in the magnetic nux

gives rise to an indnced e.m,( and vice versa. ~his induced e,m.fis fed in to a Lock-in-

'Amplifier. Another e.m.f of known magnitude is gencratcd by another sample of

. known mass and knO\Vllmagnctic moment which is vibratcd by common memher, The

two signals are compared by a Lock-in-Amplifier and their phase and sensitivity are
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adjusted. Once thc signals are in phase, the Lock-in-Amplifier gives a zero output. The

measured signal is the signal from the sample under investigation.

The measurement of magnetization of Ni single crystal was pcnonned usmg a

vibrating saIllJllemagnetometer as shown in l'ig. 5,5, Sample in the form of thin disc of

diameter 5 mm was preparcd from the disc shaped sample. lbe specimen was glued to

the >ample holder of the VSM, Measurements of magnetization was taken at room

lemperarure for different values of the magnetic field in the range 0, 1 kdo gauss to

4.0 kilo gauss. The magnetic field was simnltaneously measured with thc help of a

Digital Ganss-Meter,

5.14 Evaluation of magnetic moment data of Nickel

Before gluing thc Ni specimen under investigation with thc saIllJlle holder, the

calibration constant of the VSM was measured using a 99.99% pure nickel poly

crystalline specimen. The calibration constant was found 7.45 emu. TI,en this sample

was rcmovcd and the single ~'rystal ofNi was mountcd. Initially with the increase of

the magnetic field the magnetization increased. At one stage the magnetization attained

a constant value. This value is considercd as thc saturation magnetization.
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Chapter 6

Results and Discussion

As a soft magnetic material Nickel could easily be saturated by applying a magnetic

field of 4 kilu gauss strength. lbus aUof our measurements are assumed to have been

done at saturated field TIle Ni disc i, oriented in the (100) crystallographic plane and

thus we obtained the sin4e curves in all the torque measurClllCJlts, After performing

Fourier analysis of these curves the K, values al'c ealcubted. The measure<l torque

curves are found to be field independent above the saturation field. The order of

harmonics higher than 419 are ignored as these had very little or no affect on the

calcu1Jltion of the first anisotropy constants. Hamlonic analysis of the experimental

torque curves takiug different positions as the origin lillY yield the coefficients of the

higher order harmonics, Plotting the coefficients of lbe higher order harmonics again;t

the positions of the origin one can have a curve which may give an information about

the beginning of the higher order eoefficieng. It is also possible to minimise efrOrS that

are inherent in computing the harmonic coeffieietlls with a finite number of terms

taking different combination of points on the curve in eaeb lime.

Fig. 1 shows the magnetic torque curves of Nickel at different applied magnetic fields

al the room temperature (298 K). 1l1e sample is gradually brought to saturation by

applying the magnetic fields of increasing magnitude. The saturation field is estimated

to be arouod 4 kilo gauss. TIlis is done by plotting the values of K, against _1 md
H

extrapolaling the curve to _I = O. The values of K, at this point is taken to be the
H

values at the saturation field. The sign of Kj is found to be negative. TI'e sign of K,

and its decrease iII magnitude with temperarure indicates a greater temperature

dependence of K,. Fig. 2 shows the magnetic torque curve at the saturation field. A
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total of 36 data points are taken at an interval of 10 degrees for a cOlHplete 360"

angular rotation of the (100) crystallographic plaue Since there arc fcw higher order

hamaonics in a Ni torquc curve, it is possible to obtain an accurate value of K, by

calculating lIptO Sin4B tenns Fig, 3 shows the magnetic torque curves of Nickcl at

diJli,rent temperatures at the saturation field. Although there is no change in the

periodicity of the torque curves, the torque magnitude is found to decrease with

temperature, This indicates that the sample is approaching the ferromagnetic Curie

temperature (T,), where the magnetic anisntropy is praetically zero and the sample

enters in to the paramagnetic phase. TIlis fact agrees qualitatively with the Zener's

theory of maguetic anisotropy. Fig, 4 shows the torque curves of Nickel arOlmd and

ahove the Curie temperature TIle upper curve shows that there 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, aud 3 show the sin4B torque

curves which are responses maiuly for the (100) crystallographic plane, while the lower

curve of Fig. 4 shows a combination of sin 28 and sIn 48 curves which is a response

for the (110) crystallographic plane. TIlerefnre we predIct that a rotation of the easy

axis has occured near the Cmie temperature. Fig 5 shnws the temperature dependencc

of the first anisotropy constant K, of NickeL The values of K, decreased quite sllarply

at the lower temperature region but takes a monotonic fashion at higher temperature

region as the sample approaches the, Curie temperature, The temperature dependence

of magnetocrystalline anisotropy arises because of the deviation of the local spin axis

from the average magnetiz:ltion direction, TIlis happens because with increasing

temperature the spin axis deviate from the direction at ahsolute zero due to thermal

agitation. 11lC whole effect is renect~d in the lagender polinomial of the 4th order.

Comparing the results of R. R. Dirss [13] on magnetiLation of Ni as a function of

temperature v>.jthour results of anisotropy constants as a fimction of temperalllre we

can say that the anisotropy coustant falls off quite faster than the magnetimtion. Our

results altbough sbows temperature dependence of a;,isotropy' constants do not quite

agree to the theoritical predictions which did not take ioto accoullt thermal expan&ion
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magnetization

of the cry~ta1. Table 1 show~ the value, of anisotropy constant K, ill different

temperatures. I1le magnetic anisotropy practically goes to 7.ero at the ferromagnetic

Curie temperature. According 10 Zener the fin,t anisotropy con.stant and the salumtion

I d K,{T)o[Ms(T)]'" h'" I .'S re ate as -- --- owever, wlS re alion IS
K,(O) .11-(,(0) .

e"JIerimentaHy found to hold good for iron which has the [100] crystallographic

direction 3S the direction of easy magueti7.ation. For Nickel which has the [Ill]

crystallographic direction as the direction of easy magnetization, the above relatinn is

not fOlllld to hold good, -nle fan of anisolJ'Oliywith incrcasing temperature is faster for

nickel than for iron. TI,e tempc,atnre dependence of magnetostriction is also faster for

Ni than for iron and cobalt Fig, 6 shows the Ai vs H curve for Nickel at room

, temperaturc. n,e magnetization curve at lower magnetic field is quite sharp which is

an indicative of t!te high quality of the sample. At H = 1945 gauss it becomes

saturated and there is no risc of magnetization even if the magnetic field is raised

further. Table 2 shows the values of magnetization at room temperature, It is observed

that tbe variation of anisotropy is quite faster near the low temperature region than that

nearer to the Curie tempcmlllre.
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Table 1: Values of anisutrollY constant K, in different temperatures

Temperature (in K) Anisotropy constant K, (in J / III')

298 -452xlO'

316 -3,J8x]O'

351 _2,23xjO'

374 1.63x 10'

404 092xlO'

433 -0,56 x 10'

446 -0.42xIO'
,

454 -0.39x IOJ

463 0.35 x 10\

478 0.24 x 10'

498 0.16xI0\
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Table 2: Magnetization Val"es for Ni .ingle <ryslal at rtlom temperatnre

Field '"tensit", 'in GaU~Deeatran Headi, ••• Magnetic Momenl (in emu / gm)

198 .1836 29.99

319 .2440 39.86

512 .2950 48 19

994 .3300 53.91

1487 ,3348 54.69

1945 .3359 54.87

2430 ,3360 54.89

3043 3360 54.89

79



---+- Field" 1K Gauss

-- Field" 2K Gauss
-""'Field" 3K Gauss;
___ Field" 4K Gaussl

I.'i~. I Magllclic lory 1I~CUIV~~of Nickc1 "I roum lelllperalure (~<jHK)
Applied magnctic field H~ I, 2, 3, 4 kilo gauss



'"••

~
fil

, '"

'"( '"'"

'"'"N

Ie '"~
,

':>
fil-
8

")

(

'"
(~olllanbJOl

"

"~-~ 0

~
~

"C> 00

~ •N
" ~

"- "
~ B•C> ".l: ~

""-,
0,-•
""i,
"",
0

""o~0_

" "0 ~-.~.g
•~ "• •~ •

N

.!:!!'•



.4

6 , - --+--T~298K

"""-1'= 326K

-.l-T~35IK

4 j If'll 1 ••• 1 I~I f~\ I --tl-T~374K
___ T~404K

___ T~433K

--+-1'= 463K

~ 2 j (II \\\ Wf \'1\ rl '1 11/r '\\ I -T=498K--0:>
• 'g'O,~

~ I 110
0

t-< .• 2

.6
Angle (Degree) ,. _._----- -----_. '--'--

Fig.3 Magnetic torque ClIlVO::SofNickd at diffcrellt temperatures
Applied magnetic field 11=4 kilo gauss



0---0 514K
~ I( 6i1K

.180

Angle (Degree)

110 m

Fig.4 Magnetic tm4ue curves of Nickel around CUJie temperature (627K)
Applied magnetic field H~4 kilo gauss

83



o

~ ~ ~ ~
(£W/r) >I~uelsuo8.4:doJ10S!uV'



o
M

f ~
N

~.
"""•0 "N
~

" "-0 ~.. ,
'" Z
0 ,

~ .= 0
0 0- J

,,
0
~

"~.2
0

0 0•- •>
"••"0,
g

~ "0 .~

"•>
<

"0 "00 ~ 0 ~ 0 ~ 0 ~'" ~ 'n .~ ~ M M N

(tWlfllWO) U09llZ!lOull"W



Conclusion

The anisotropy constants of Nickel decrease very rapidly with increasing temperature

at l(lw temperature. -nis nature is changell at higher temperature; however the rate of

fall of anisotrnpy energy is slower in nature than it is at low temperature region, This

work is an attempt to understand this marked temperature dependence of the magnetic

anisotropy of Ni at high temperature. The interpretation of the high temperature

property of magnetic anisotropy is gi"en Onthe basis of e:l.llerimental results.

11Je errors in orientation giving rise to sinlO, sin40, cos21l and cos4tl are iguored as

these did not affect the values of the anisotropy cocficienls, Ho",ever, the torque

arising from the as}'T1lmetricmounting ofthc specimen are not negligihle as they may

disturb thc torquc relations al higher temperatore, For nickel it is obsetved that the

change in the anisotropy constant is much too large in comparison ,,~th the

magnctization. For thc detennillatioll or the coenicients accurately it is found to be

, impot1ant to bc careful about threc factors, namely, the importance of the higher order

terms of {he coefficients, the impOltance of the purity of the specimen under

investigation and the effect of strong temperature dcpendencc. Also it is very

important to know the fine details ofll,e energy band structure in order to express the

significance of the higher order coefficients. For' nickel the first auisOlropy constant K,

decreases much morc rapidly as a function of temperature than that oriron, It is quite

wllikely that this rapid variation could he accounted for hy the motion of tile spins, as it

would seem that the neighbouring spins in nickel are correlated as in the case of iron

This fact aClllaUyleads 10 tlie tenth power law of maglletic anisotropy of nickel with

tIle additional dependence coming abolll bceausc of the coupling constants themselves

arc the function of temperature. TIle tenth power law of the magnetic anisotropy

agrees reason~bly well with the elqleriment if the first anisotroPY constant K, has a

linear dependece on temperature. According to Brenner, some linear dependence of K,
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upon tcmperature should exi,t due to thernlal exp'ansion. TIle change In sign of K
L
at

T .
-.- = 0,6 is a key )lnim toward wldcrstanding the anisotropy of NickelJ,.
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Appendix

Table 3: Data for the measurement oftor ue at room te
Applied magoetic field If 1 kilo gau~s

An e e in de ee Tor ue r in volt
o -0.67
10 3,82
20 6,]8
30 5,92
40 3,80
50 0,J2
60 -2.44
70 -4,19
80 -3,90
90 _0,99
100 4.04
lIO 6.11
120 5.93
130 3.95
140 0.7\
150 -1.95
160 -3.70
170 -3.45
180 -0.58
190 4.03
200 6.70
210 6.40
220 4,00
230 0 85
240 -2.00
250 -4.01
260 -3.90
270 .0,76
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

298K)



Table 4: Data for the measurement of torque at room temperalure (2911K)

2 kilo gauss
Tor ue r in volt

-1.55
3,14

5,81
5.69
3.22
-0,70
-4,10
-5,95
-5,15
-1.62
3,28 ,
6,05
5,90

3.70
0,11

-3.17
5.00

-4,65

-1.52
2.70
5.38
5.27
2.79
-0.73
-4,0]
-5.77
-5.12
-1.78
3,25

5.50
5.38
2.'19
-0.11
-3.28
5.17
-4.54
-1.20

,
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Tahle 5: Dala fur the meaSlIremClIloftorquc at I'oollltcmpcratul'c (29~K)

3 kilo gauss
Torque T ill volt

1.45
3,20
5,85
5,80
330
-O.~9
-4.30
-5.81
-5,20
-1.71
3.00
5.73
5.85
3.50
-0,56
.3,80
5,57
4.83
-1.50
3.20
5,90
5,75
3,30
-0,85
-4,25
-5,99
-5.07
_1.68
3.05
5.84
5,75
3.40
-0.59
-3.86
-5,46
-4.76
-1.40

."
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THble 6: Data for the measurement of lorque at room temperature (298K)
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Table 7: Data lor the IlwaSllremclll'oftorque at 326K

Applied magnelic field H
An Ie () in de ree

o
10
20
30
40
50
60
70
80
90
100
110
120
130
140
1;0
160
170
180
190
200
210
220
230
240
250
260
270
280
290
300
310
320
330
340
350
360



Table 8: Data lo! the measurement oflrlrqlie al 326K

2 kilo gauss

TOil ue r in volt
-0,78
2.30
4.05
4.00
2.10
-0,55
-2.80
-3.92
-3.32
~1 07
2.10
4,15
4,20

2.50
-0,02
-2.12
-3.42
-3,01
-0,84
195
4,10
3.95
2.01
-0.36
-285
-3,78
.3.22
-0.95
1.85
4.12
4.10
2.80
-0,09
-2.09
-3.35
_2.H4

-0.55



Tahle 9: Data for the measuremelll oflorquc at 326K

3 kilo gaus..••

'lor ue r in\'oh
-].09
2.03
3.87
3.85
2.09
-0.99
-3.40
-4.52
-3.80
-1.54
1.95
3.90
3.95
2.35
-0.49
-2.85
-3.98
-3.49
-1.11
2,90
3.95
3.80
1.95
0.85
-3.25
-4.35
-3.67
-1,34
1.85
3.80
3,75
2,10
_0,62
-280
-3.93
-3.30
-1. 1 ]



Tallie 10, Data for the measurcmenl oflolq'lc al 326K

Applicd magnelic field H=4 lilo gauss

An lc () ill de 'ree Tor ue r in voll
o
W
20
30
40
50
60
70
80
90
'00
'W
'20
DO
140
150

"'0
'70
'"0
'90
200

'"220
230
m-------250
200
270
280
290
3()O
310
320
330
340
350
360

-0.56
2.39
4.10
4.12
'252
-0.40
-2.70
-3,82
-3 10
"0.92
2.19
3.94
4.02
2,55
-0. J 7
-2.30
-3,34
-2.83
-0.70
2,26
3.<)3
3.97
2.45

-0,35
-2.63
-3.67
-3.00
-0,89
2.12
3.85
3,93
2,50
-0,15
-2.24
-3.28
-2,66
-0.60



'I ahle I I, Data lor the IllcaSUIcmelll"ftorquc at 351 K

Applied magnctic lield Jj-I kilo gau'8
An Ie 0 in de rcc Tor ue r in voll

o -0,43
10 1.%
20 3 17
30 3.04
40 1.86
50 -0 27
60 -I.H4
71) -2.(,2
~O -2,32
90 -0,72
illO 193
110 3.24
120 3.22
130 2,19
140 0,17
150 -1.34
160 -2,30
170 "2.12
180 -0.52
190 1.95
200 3.18
210 3,05
220 1.87
2]0 -0,20
2~0 -1.77
250 -2.65
260 -2.]5
270 -0 57
280 I.96
290 ].34
]00 3.21
]10 212
320 0,09
3]0 -1.44
]40 -2,31
350 -2.08
360 -0.48



T"hlc 12: ]),,(.1 [01thc lIIc"'lIrclllcnlof(ol<]lIcal 351K

Applied lllagnc(icfield H~2 kilo gauss
A;;:;Te 11 ill (~CC Tor IIC r in vol!

o 0.42
10 1.96
20 3.25
30 3.26
40 2,04
50 -0.26
60 2.04
70 -2.86
80 -2,40
90 -0.74
100 I 85
110 3.26
120 3.34
130 2.29
1<10 0, II

150 -1.49
160 -2.43
170 2.13
180 -0.49
190 1.98
200 3.27
210 3,28
220 2,05
230 -0.21
240 1.96
250 -2,85
260 .2.40
270 -0.65
280 1.90
290 3.30
300 3.35
310 2,24
320 0,08
330 1.56
340 -2.47
350 -2.08
360 -0.46



Table 13' Data forthe measurement of torque at 351K

Applied Ill~gnelic field H
An Ie 0 in de ree

o
10
20
30
40
50
60
70
SO
90
100
liD
120
130
140
150
160
170
180
190
200
210
220
230
240
250
260
270
280
290
300
310
320
330
340
350
360



Table 14: Data for the mcasurellleJl{ of torque at 351K

An'lc 0 ill de Ice
o
10
20

'"40
50
60
70
80
90
100
110
120
l30
140
150
160
170
180
190
200
210
220
230
240
250
260,
270
280
290
300
310
320
330
340
350
360

Torqlle T in volt
-0,35
1.80
3,05
3,10
1.90

-0,20
.2.10
-2.75
-2.17
-0,50
1.72
3,13
3.30
2.19
0,25
-1.35
2.28
-2.16
-0,25
2,00
3,05
3.0 I
1.65
-0 15
-1.95
-2.85
-2.45
-0.60
US
3.01
3.00
1.85
044
-1.45
-2.60
-2.55
0,10



Table 15: Data forlhc mcaslIrcmcn\ oflorquc at 374K



T~ble 16: D"l~ fOf tl,'e jne~sUl'clnelit of lor que ~l 374K

o
10
20
>0
40
50
60
70
He
90
100
110
120
130
140
150
160
170
180
190

'00
710
220
230
240
250
260
270
280
290
300
310
320
330
340
350
3fiO

-0.26
1.54
2.44
2.46
L61
-0 13
-1.45
-2,02
-L70
-043
1.47
2.46
2,55
L83
0,25
-0,90
-].60
1.50
-0.22
1.59
2.48
249
1.63
-0,08
-1.34
-1.96
-1.63
-0,42
124
2.56
2,63
1.59
0,23
-0.99
-1.64
-].37
-0.22



Table 17: Data for (lie measurement of torque at 374K

Al'l'lie<l Ollignelic field H
An le (I in deul'cc

o
10
20
3C
40
50
00
70
80
90
100
110
120
130
140
150
160
170

'"0
190
200
210
220
230
240
250
260
270
280
290
300
310
320
330
340
350
360



Table 18' Data for the lIleil~Urel1leHiof torque at 374K

An 'Ie B in (~ec TOI( lie r in volt° -0,04
10 1.55
20 2.60
30 2.65
40 1.65
50 -0,04
60 -1.30
70 -1.85
80 "1.50
90 -0,40
100 1.10
1\0 2,30
120 2,50
130 J.80
140 0.16
150 -0.80
160 -1,40
no I 20
180 -015
190 1.50
200 2.50
210. 2.60
220 1.60
230 .0,60
240 -1.25
250 .1,85
260 -1.50
270 -0.40
280 1,25
290 245
300 2,60
310 1.80
320 0,20
330 .0.95
340 -1.52
350 .1.20
360 .0.14



TabJe 19: nata for the mcasurcmcllt oftorlillC at 404K

I kiJo gauss

Tor lie .,-in volt
-0.18
0.95
1.72
168
0.83
-0 16
-0.95
-1.50
-1.30
-0.35
0,8J

l.85
1.90
1.40
0.25
-0.60
,1.08
-l.OO
-0.22
0.97
1.75
1.70
0,83

-0.15
-0.97
-1,50

-1.35
-0.40
0.88
1.80
1.85
1.35
0,22
-0.65
-1.18
-1.02
0,24



T~ble 20: Dat~ for thc measurcmcnt oftorquc at 404K

Applied magnelic field 11-2 kilo gauss

All Ie 8 in dc ree Tor ue ,in \'011
o
10
20
30
40
50
on
70
80
90
100
110
120
130
140
150
160
170

'"0
19()
200
210
220
230
240
250
260
270
280
290
3CO
310
320
330
340
350
360

-007
076
1.45
1.43
0,79
-0.10
-0.97
1.38
- 1 16
-0,38
0,62
1.34
1.42
I 00
0,24
0.45
-0,82
-0,85
O.1]
0.80
1.42
1.45
0,85
0,05
-087
-1.30
1.05

-0,28
0.78
1.45
1.50
L05
0.28
-0,50
-0,98
-O,l13
-0 12

•



Table 21: Data for the meaSllrement of lor que m 40./K



Tahle 22, nata for the measilrement of torque al 40./K

o
10
20
30
40
50
60
70
80
90
100
110
120
130
140
150
160
170
180
190
200
210
220
230
240
250
260
270
280
290
300
310
320
330
340
350
360

0,16
0.95
1.50
L51
0,93
0.03
-0.80
-1.20
-0.95
-0.25
0.68
1.52
1.1>0
1.12
O,JO
0.28
0.60
-0,53
0.12
0.96
LSI
1.52
0.99
0,12
-0.70
-L06
-0.87
-0.13
0.75
1.39
1.49
l.08
0.36
-O,D
-068
-052
o 14



Table 23. Data I," Ibe meaSlirelllellt of torque m 433K

Applied magnelic lid(1 H~ I l..j]ogauss,

An'le () ill <1e'ree Ton uc r ill volt
o
10
20
30
40
50
00
70
80
90
100
110
120
130
140
150
160
170
180
190
200
210
2'0
230
240
250
260
270
,"0
290
300
310
320
330
340
350
360

0,20
0.45
1.25
1.20
0.40
-0.25
-0.80
-1.15

I , 1°
-0.35
0.40
I. 15
1.20
0.70
0,10
-0,58
-0,86
-0,9 I
"0,33
0.42
0.90
0.86
0.45
0.25
-0.85
-1.18
1.05
-0.40
0.42
0.98
1.05
0,70
0.08
_(l.48
-0.88
-0.79
-0,28



fable 24: D~la fOI thc lllea8uremcill of torque ~t433K

Applicd maguetic field J J
An lc () ill de 'ree

o
10
20
)0
40
50
60
70
80
90
100
110
120
130
140
150
160
170
180
190
200
210
220
230
240
250
260
270
280
290
)00
310
320
330
340
350
360



T~ble 25: Data for lhc mcasuremenl oftorquc at 4J3K

Applied lllagnctic field J-I
An Ie Ii ill degree

"10
20
30
40
50
60
70

""90
100
110
120
130
140
150
160
170

I"'190
200
210
720
230
240
250
260
270
280
290
300
310
320
330
340
350
360

3 kilo gauss
Tor<l"e r 111 volt

-0,06
0.44
0.68
0.70
0.34
-0,09
-0,61
-0,85
-070
-0.26
0,34
0,76
0.86
0.02
0.16
-0.35
_0.00
-0.50
-0.18
040
0,78
0,80
0,43
-0.14
-0,64
-0,88
-087
.0,30
0.32
0,63
0.71
O,4ti
0.00
-0,34
-0,64
-0.56
-0,10



'J able 26: Data for the IlW3Sllremenloflorq\le at 433K

Applied magnetie field H~4 kilo gauss
All 'Ie fi ill de ree Tor ue r in vnll

o
"20
30

'"'"00
70
80
90
>00
110
PO
>30

'"ISO
160
'70
'"0
'90
200
2>0
220
230
240
250
260
270
280
290
300
3>0

320
330
340
350
360

_0.08
0.40
0.75
0.77
0.43

-0,07
-054
-0,77
-0,65
-0.25
027
0.68
0.78
0.54
o >6
-0.32
-0.60
-0.55
-0.06
0.45
0.76
o.n
0.42
-0.21
-0.70
-0.92
-0.81
-0.36
0.19
0,58
0,64
040
-0.01
-0.42
-0.65
-0.54
-0. I I



Table 27: Data for lhe II1C~,lIrCllleJLlOr10fllue a1 .t.t6K

350
360

-0.13
0.45
0.86
0,81
0,39
-0.19
-0,71
-0.978
-0.87
-0.33
0.40
0,88
0.97
0.67
0.15
-0.18
-0.52
-0.47
-0 17
048
088
0,83
0.42
-0 16
-0,70
-0.95
-0.86
0.31
0.43
0,91
0,98
066
-0.38
-0.72
-0.64
-0,16



Tablc 28: Dala fur lh~ Il)CaSllfcmCIlloflor(]uc al ~46K

2 kilo gallss

Tot IIC T ill V011

0.07
0.55
08.
0.89
0,55
-O,OJ
-0,60
-0.81
-0.68
-0.24
0.32
0.71
0,79
0,60
0.19
-0.05
0,33
-028
0.08
0.57
0,89
0,90
0,55
004
0.44
-0.66
0,54

-0,09
0.49
o,in
0,94
0,74
0,32
-0.10
-0,37
-0.32
006



THble29: Data for the nieasurement oftorquc at 446K

Applied magnetic field II
An Ie e in dc ree

o
10
20

'"40
50
60
70
80
00
100
110
120
130
140
150
160

'"0
180
190
200
210
220
230
240
250
260
270
280
290
300
310
320
330
l40
350
360



Table 30: Data for the measurement of torque at 446K



Table 31: Data for the ",e~511renientoftol'que at 454K

I kilo gauss
Tor ue T in volt

.0,03
047
0.78
0.72
0,31
-0.21
-0.66
-0,87
-0.77
-0.27
0.42
0.86
0,93
0.67
0.19
-0.31
-0.55
-0.52
-0, 11
0.47
0,83
0.77
0.36
-0,17
-0,65
-0.87
-0.77
-0.29
0.38
0,86
092
0.64
0.18
0,30
-0 61
-0.55
-0. 11



Table 32: Data for the measurement oftoJ'ljue at 454K

Applied Illagnetie field H
Au Ie (j ill de ree

o
10
20
30
40
50
60
70
80
90
100
110
120
DO
140
150
I fiO
170
180
190
200
210
220
230
290
250
260
270
280
290
300
310
320
330
340
350
360



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

Applied magnetic field B-3 kilo gauss
An Ie e in de Tee Tor lie r in volt

o
10
20
30
40
50
60
70
80
90
100

110

120
130
140
150
160
170
180
190
200
210
220
230
240
250
260
270
280
290
300
310
320
330
340
350
360

0,04
041
0,66
0,66
0,37
-0.06
-0.48
-0.67
-0,58
-0,26
0.19
0.51
0.59
0.45
0.22
-007
-0,27
-0.26
0,02
0.40
0.66
0,65

0.36
-0.06
0.46
-0.64
-0.54
_0.19
0.27
0.59
0.66
0.5]
.0,19
-0.14
-0.34
-0.28
0.02

,



Table 34: Data for lbe measurement oftorque at 454K



Table 35: Data ror the mea~mremellt of torque at 463K

o
10
20
30
40
50
60
70
80
90
100
110
120
130
140
150
160
170
180
190
200
2)0
220
230
240
250
260
270
280
290
300
310
120
330
340
350
360

0.25
0.28
0.55
0,45
'0.05
-0,40
-0.80
-0.95
0,98
-0.70
-0.05
0.45
0.65
0.40
-0.04
-0.45
-071
-0.72
0.41
0.15
0.60
0,50
0.09
-0.39
-0.70
-0,90
-0.96
-0.70
-0.07
0.50
0.70
0.42
0.00
-0.41
-0.70
-0,71
-0.40



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

An Ie e in de ree
o
10
20
30
40
50
60
70
80
90
100
110
120
130

. 140
150 '
100
170
180
190
200
210
220
230
240
250
260
270
280
290
300
310
320
330
HO
350
360

Tor ue f in volt
-0.21
0.16
0.44
0.41
0,10
-032
-0,63
-0,83
-0.85
-0.60
-0.15.,
0.34
0.50
0.39
0,06
-0,27
-0.50
-0.57
-0.35
0,08
0.43
0.45
0.14
-0,27
-0,61
-0,82
-0,84
-0.67
-0.23
0,27
0,45
0,36
0.05
-0,27
-052
-0,59
"0.40



Tahle 37: Data for the measurement of torque at 463K

Applied maguetic field H~3 kilo gauss

All Ie fJ ill de fee Tor ue T in volt
o 0.30
10 0.05
20 0,33
30 0.37
40 0.12
50 -0,20
60 0.41
70 0,62
80 -0.70
90 -0,62
100 -0.40
110 0.07
120. 0.34
130 0.35
140 '0.13
150 -0.17
160 -0,37
170 -0.50
180 -0.41
190 -0.09
200 0,25
210 0,39
220 0.19
230 -0,10
240 -0,37
250 -0 60
260 _0,75
270 -0,73
280 -0.56
290 -0.]7
300 0.27
310 035
320 -0.09
330 -0.32
340 -0.46
350 0.45
360 -0.25



Tahle38: Data for themeaSUreme!ltof torque al463K

Applied magnetic field H=4 kilo gauss
An Ie 8 in de ree Torque r in vnll

o -0.14
10 0,17
2(1 0,31
30 0,16
40 -0.09
50 -(122
60 -0.44
70 -0.56
~o _0.60
<)0 -0.64
100 -0.68
110 -0.72
120 -0.74
130 -0,68
140 -0.42
150 020
160 0,09
170 0,22
]80 .0,35
190 -0.40
200 0.34
210 .0,12
220 0.27
230 0,31
240 0.05
250 .0,20
260 -0.30
270 -0.51
280 .0.65
290 -0.75
300 -0.77
310 -0,67
320 .0.41
330 0.00
340 0,20
350 0,09
360 .0.14



Table 39: Data for tile mea~urement of lor que at 478~

Applied magnetic field H
An Ie e ill de ree'

o
10
20
30
40
50

'"70
80
90
100
110
120
130
140
150
160
170
180
190
200
210
220
230
240
250
260 '
270
280
290
300
310
320
330
340
350
360



TallIe 40; Data for the meaSIlfClllmll oftorquc i1t478K



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

Applied magnetic field H
Au Ie (1 ill (Ie ree

o
10
20
30
40
50
60
70
80
90
100
110
120
130
140
150
160
170
180
190
200
210
220
230 '
2<0
2"50
260
270
280
290
300
310
320
330
340
350
360



Table 42: Data for, the mea,uremelll of lor que at 478K



Table 43: Oata for tlIc measurement of torque at 498K

Applied magnetic field H
An Ie B in de rei:

o
10.
10
30
40
50
60
70
80
90
100
1 10
110
DO
140
150
160
170
180
190
200
110
220
230
240
250
260
270
280
290
300
310
320
330
340
350
360

I kiln gauss

Tor ue r in voll
077
0,55

025
, -0.04
-0.16
-0.01
0.37
0.67
0.78
0.64
0,25

-0.08
0.33
-0.40
0.22
0.20
0.61
0.78
0.76
0.54
0,25

"0.02
. -0.15
_0.02
0.31
0.66
0.78
0.63
0.27
-0.09
-0.33
-0.40
-0.20
0,20

0,60
0.77
0,75



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



Table 45 Data li,T the measuremclll "ftorque at 498

Applied magnetic field H
An Ic e ill de Tee

o
10
20
30
40
50
60
70
80
90
100
110
120
130
140
150
160
170
180
100
200
210
220
230
240
250
260
270
280
290
300
310
320
330
340
350.
360

•



Table 46 Data for the measurement oftol'que at 498K

Applied magnetic field II
An Ie e in de ree

o
10
20
30
40
SO
60
70
80
90
100
110
120.
130
140
150
160
170
180
190
200
210
220
no
240
250
260
270

'"0290
300
310
320
no
340
350
360



.,
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