
CHAPTER - IV

STUDIES ON SUSCEPTIBILITY AND MAGNETISATION



87

Studies on Susceptibility and Magnetisation

4.1) Introduction Ferrites are ferrimagnetic materials that exhibit

ferri to paramagnetic transition above Curie temperature. Different 

methods to measure the Curie temperature exist in literature ’ • However 

the resistivity and suceptibility studies also indicate this transition tempe­

rature satisfactorily. The magnetic behaviour of the material (ferrimagne­

tic to paramagnetic) and information on the Single Domain (SD) to Super

Paramagnetic (SP) transition are also revealed by the a. c. magnetic
(3)susceptibility studies .

Of late, susceptibility studies have been carried out on a large
scale. R.G. Ku^arn^4’^’^ et.al. have reported a. c. susceptibility studies

on Co-Ca ferrites, Cu-Cd ferrites and spinel system Ge^Uj^FejO^.
(5)R.S. Chaugule et.al. have reported a. c. magnetic susceptibility and 

hysteresis studies on Laj_xYx MnjSi^ intermetallic compounds and found 

Multi Domain (MD)^ Single Domain (SD) and Super Paramagnetic (SP) states 

present in the material.

We have carried out a. c. magnetic susceptibility studies at 

various temperatures on the system Mgi_x+tZnx^rtire2-2t^)4’ T*ie resu,ts 

are discussed in detail.

Hysteresis studies of ferrites furnish valuable data on the 

permeability /a. , the saturation magnetisation Ms, the coercive force 

He and the remanance ratio Mr/Ms. The applicability of the ferrites 

is due to the important data of hysteresis. The permeability values of 

ferrites change over wide range; therefore ferrites are suitable for various 

frequency ranges.
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Ferrites with low values of He are called as soft ferrites

and they are used in the manufacture of high frequency inductances,

cores of transformers, motors and generators.' These applications demand

high permeability, low coercive force and small hysteresis losses of ferrites*
*

Ferrites with high values of He are called as hard ferrites

and they are used as permanent magnets for various kinds of electric 

motors, loudspeakers, telephones, TV and other applications which also 

need high remanance. In 1949( Neel showed that the coercive force He 

is related with the crystal anisotropy, the saturation magnetisation ^ the
internal stresses and the porosity^.

The squareness ratio determines the utility of the ferrites

in the magnetic memory and switching devices. Hysteresis properties 

are highly dependent on chemical composition, crystal structure, porosity 

and grain size distribution, heat treatment, matching history and so on. 

The preparation of ferrites with good squareness of loop characteristics 

demands most stringent conditions of atmosphere.

Maxwell described the experimental techniques for measurement 

of magnetic properties of ferrites. The saturation magnetisation is impor­

tant basic parameter and its measurement can be made by Ballistic method; 

the vibration coil magnetometer, the vibrating sample magnetometer, 

various force methods and microwave method.

The saturation moments of several mixed ferrites MxZnj_xFe20^ 

Id is divalent ion like Cu,MgfCo,Ni,Mn,Zn etc.) have been studied by 
Gorter^ ^ Pautheuet^^ ^ Smit and Wijn^*^ and others^ The

decrease in magnetic moments is attributed to formation of paramagnetic
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clusters, non-collinear spin cluster and site presence by the
cations^0,8^ Sawant S.R., Patil R.N. have reported that non-colllnear

magnetic structure is responsible for the magnetic behaviour of Cu substi-
(311tuted NixZnj_xFe20^ as suggested by Yafet & Kittel .

We have carried out studies on field variation of the magnetisa­

tion for the system ^g|_X4t^nx^rt*re2-2t®4* resu*ts ^ave &een exPlal~ 

ned on the basis of Y-K theory.

4.2) Experimental Measurement of Xac~T

The variation of ac susceptibility with temperature was studied 

at Tata Institute of Fundamental Research (TIFR). The variation was

recorded on "The Susceptibility and Hysteresis Apparatus Model RMSH-1II"

which is very versatile and highly sensitive instrument for measurement 

of magnetic susceptibility of all kinds of specimens in an alternating

field.

Susceptibility Measurement Principle

A specimen kept in the centre of a balanced double coil which 

itself is at the centre of a Helmholtz coil system producing an alternating 

magnetic field behaves like an alternating dipole and induces a differential 

emf in the double coil. The current to the Helmholtz coil Is supplied 

by an oscillator and a high quality power amplifier.

The signal induced in the double coil, which is proportional

to the rate of change of magnetic moment of the specimen is amplified, 

rectified and read out on a Digital Voltmeter (DVM). The meter reading 

can be calibrated in terms of magnetic moment. Knowing the magnetic 

field and volume of the specimen the susceptibility can be calculated.
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The sample was enclosed in a glass jacket in which the thermocouple 

was placed to sense the temperature. Field was kept constant. For Zrj 

and Zr2 Plat-Plat Rhodium thermo couple was used and field current 

of 49 mA was maintained. For Zr3 and Zr4 Copper-constantan thermo­

couple was used and the same field current of 49 mA was kept constant. 

The Helmholtz coil is provided with water circulation in order to 

maintain temperature (radiation losses). The readings were started at 

room temperature which was 23°c at that time. The glass jacket conta­

ining the sample was removed slightly out of the heating arrangement 

intermittently to record the Background effect. Actual magnetic moment 

was calculated by taking into consideration the Background effect. The 

magnetic moments were observed for different temperatures.

4.3) Measurement on magnetisation

The measurement of Ms, Mr and Me were carried out on the 

screen of oscilloscope illuminated adequately. Standard Ni-sample having 

saturation magnetisation 53.34 emu/gm was used for the calibration of 

the screen when the current through the coil of magnet was 100 mA. 

Hysteresis loop was obtained on the CRO screen with the help of controls 

provided. The signal from the balancing coil after integration is propor­

tional to the magnetic moment of the specimen fed to vertical plates 

of the oscilloscope after suitable amplification. A signal proportional 

to magnetic field is fed to the horizontal plates of CRO. Thus oscilloscope 

displays magnetic moment Vs field i.e. the hysteresis loop of the sample. 

Without disturbing controls of high field loop tracer and CRO^the samples

of MSl-x+tZnxZrtFe2- •2t®4 were introduced into core of the magnet and 

hysteresis loop was observed for each sample for measurement of Mr, 

Ms and He. The high field loop tracer operates on 230 Volts, 50 HzA.C.
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4.4) Results and Discussion

XIn fig. 4.1 temperature variation of ac susceptibility _Iis shown
Xrt

for the series M8i_x+tZnxZrtIFre2-2t04 where 1 ~ 0,05 and x = °*» *2, 

.4, .6, .8, and 1. The following observations have been made from these 

studies.

(i) For Mg j QgZrQ Q^Fej the normalised ac susceptibility

increases with the increase of temperature, reaches maximum 
o

at 573K and then decreases with further increase of temperature.

Xac~T behaviour in the case of pure MgFe20^ has been studied 
(32)previously . There is no peak or cusp observed in this

behaviour.
I

(ii) When Zn is added to the system, the peaking behaviour Is

completely suppressed and does not vary significantly

with temperature and as the Curie temperature of the sample 

is approached Xa_ drops and becomes zero at Tc - the Curie 

temperature of the sample.

(til) The Curie temperature of the sample decreases on addition

of Zn in the system. The sample Zng g Mgg ^g Zr gg Fej gO^ 

tends to exhibit tvo Tc behaviour. Single Tc in the case

of sample indicates that impurity phases detectable by X-ray 

diffraction studies are not present in the sample. The table 

4.1 gives Tc values determined from experiment and observed 

from susceptibility studies.



•92

Fi
g.

 4.1
 A.C. 

su
sc

ep
tib

ili
ty

 as
 a 

fu
nc

tio
n o

f te
m

pe
ra

tu
re

Xt Xr
t



93

Table 4.1

Sample ________Curie Temperature_______
From expt From Susceptibility

Zr,

©nX 423°c 440°c

Zr2 x = 0.2 335°c 325°c

Zr3 x = 0.4 200°c 225°c

Zr4 x = 0.6 68°c . 150°c

Thus it is scdn that the Curie temperatures in all cases are

comparable except for the sample Zr4 with x = 0.6.

In fig.4.2and fig.4.3 variations of Ms and nB with the content

of Zn are shown. The trend in both the cases is identical. The ng values

first increase with increasing content of Zn up to x = 0.4. The increase

of Zn content in excess of 40 to 50% appears to decrease ng value.
(32)The nB value of MgFe204 (ng = 0.93) is greater when compared with

that of os^r 05^el 90^4 ^ nB = Thus Zr ^as an effect °* 

reducing the magnetisation.

In fig.4.4 field variation of Ms (emu/gm) is shown. All the 

samples exhibit similar trend. The magnetisation increases with the 

increase of field initially and after a field of about 800 gauss all the

samples saturate.
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Fig. 4.2
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Fig. 4.4
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The values of Mr/Ms and He decrease on addition of zinc

in the system. These observations are made on oscilloscope. However 

due to want of exact information of demagnetising field exact values 

of He have not been reported. Only trend is recorded.

The demagnetised state of ferro or ferrimagnetic body is nor­

mally assumed to be due to subdivision into Weiss domains with Bloch 

wall separating them. Grains which have domain walls in them are called 

M.D. -multi domain. Tne thickness of the wall ranges from few hundred 

angstroms to few thousand angstroms for various materials.

Domain wall thickness : Brailsford has given a simple formula 

to calculate domain wall thickness in a bulk material as

x
3kTc "1 2

4.1

where

a - distance between nearest dipoles

Js - Saturation intensity

K - Boltzmann constant

Kj - anisotropy constant of the material

Tc - Curie temperature

Hg - magneton number per formula unit 

Ab - Bohr magneton

According to the formula, tw mainly increases with increasing 

exchange interaction and reducing anisotropy.

Magnetic grains which are few hundred angstrom across or 

larger cannot contain domain walls on energy consideration and these
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are called S.D.- single domain for which magnetisation direction is fixed 

in spaoe.On increasing the temperature the thermal energy may become 

comparable to the effective magnetic anisotropy energy, when the 

magnetisation direction fluctuates between the easy axes of the grains. 

In such a case the grain is said to be exhibiting SP - Super Paramagnetic 

state and for the volume “v* of the grain, the temperature called blocking 

temperature Tb which is less than Tc is related to He, the coercivity, 

by the following relation

V Ms He = 2K Tb ••• 4-2

where

K is Eoltzm&nn constant and

Msis the saturation intensity of the magnetisation.

This equation suggests that the magnetic states of SD and 

SP particles are interchangable by temperature. A magnetic polycrystalline 

material may consist of SD, MD and SP states and any one of them 

can be made to predominate by method of preparation.

Ferromagnetics and ferrimagnetics exhibit magnetic hysteresis 

and shapes of the loops furnish important information about the material. 

It is well known that ferrites with high He and Mr are called hard ferrites? 

-these materials are difficult to magnetise easily, while the ferrites with 

low values of He and Mr are called soft ferrites-these materials can 

be easily magnetised. He, Mr/Ms and hysteresis loss parameters computed 

from hysteresis loop on CRO fix the application area of the material. 

The shape of the hysteresis loop depends on the state of grains in the 

material. From theoretical considerations it is presumed that materials
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MD SP 5D

Schematic hysteresis loops tor samples containing multidomain (MD), 
superparamagnetic (SP) and single-domain (SD) grains. Dotted line 
shapes in (a) and (b) are theoretically assumed and the full-line 
loops are the ones usually obtained experimentally. In (c) the loop 
marked UA is for grains with dominant uniaxial anisotropy and that 
designated CA is for predominant magnetocrystalline anisotropy.

> Fig. 4.5

Low- field ( 10 Oe) hysteresis loops, termed Rayleigh loops.

Fig. 4.6
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containing large magnetic grains (tens cf micrcr.s), called M.D., as well 

as very small grains (about hundreds cf angstroms), called SP, do not 

show any hysteresis at all and cnly single domain whose size may be 

few hundred angstroms exhibit the loops as shown in fig. 4.5.

For optimum SD states two types of loops are possible. 

For randomr.ly oriented grains with domain uniaxical anistropy (U.A.) 

i.e. with one pair cf easy axis; the remanent intensity will be 1/2 Ms 

and for grains with more than one pair of easy axis which will be the 

case, when magneto crystalline anisotropy (C.A.) dominates, ivir/Ms » 

0.8 or more and the hysteresis Iccp will be squarish Fig.4.5(c).

Seme materials also exhibit Rayleigh loops. The hysteresis 

loop in the fields much less than ccereive field He cf a material is called 

Rayleigh Iccp. The formula applicable to such loops is as fellows

^44 ^ JA! -+ .... 4.3
where

is normal permeability for the field H and |f* = «4.4

This relation is used for extrapolating/^- H curve to zero

field to determine initial permeability Ail, In the case of domain theory

the initial permeability is the measure cf the ease with which the domain

boundry can be meved. A theory of physical basis cf Rayleigh loops

based on ensemble cf domain having statistical distribution of coercive

forces caused ir. turn by variation in internal strains has been proposed
(33)by Preisach, Neel and Kcr.dcrcsky . Shapes cf Rayleigh loops are 

presented in Fig. 4.6.
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It is known that if the samples contain SD grains, Mr and 

He are large. Stoner and Wohlforth showed that if samples contain rando­

mly oriented SD particles having uniaxial anisotropy Mr = l/2Ms. According 

to Bean, samples with SD or M.D. particles do not show any hysteresis. 

Little hysteresis effect that arises is due to defects and stresses in MD 

particles and interaction effects in SP particles. Normally for MD state 

one observes very small values of He and Mr. If He and Mr decrease 

gradually as the temperature is increased upto Tc, this behaviour is obser­

ved in SP - SD mixed particles.

The - T curve for SD particles is characterised by broad 

hump below Tc or sharp cusp near Tc depending upon the temperature 

Tb at which SD becomes SP. The appearence of a sharp cusp in Xac_T 

variation is also a feature of spinglass system. Temperature at which 

cusp appears is called freezing temperature and is associated with the 

co-operative freezing of magnetic moments in random directions. A prere­

quisite for the spin "glass type of freezing to occur is the presence of 

random competition between ferromagnetic and antiferromagnetic 

interactions.

It is also observed that for M.D. particles X-T is invariant 

and drops sharply near Tc.

There are, in general, three types of peaks observed in the 

X-T variation cf ferro cr ferrimagnetics,

(i) Hcpkinsor.'s peak is one cccuring just before the Tc of any

magnetic material in M.D. state.
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(ii) S.D. peak which could be obtained only if the sample under 

investigation has a substantial proportion of S.D. particles and it occurs 

at the Tb cf the particles and

(iii) Isotropic peak which could be seen clearly for magnetic mate­

rial ir. M.D. state and only if the material has a temperature at which 

magneto-crystalline anisotropy is zero.

Applying above concepts it can be concluded that the sample 

with X = 0 contains SD particles below Tb = 300°C while above 300°C 

SD - SP transition occurs. The X = 0 at Tc = 440°C . This fact 

is also supported by the large values of Mr/Ms and He for this sample. 

With addition cf Zn the X„_ - T does not show peak below Tc and cusp 

after Tc. X„„ is not variable but drops near Tc suggesting that the
cC

addition cf Zn favours MD types of particles in rest of the samples.

Pure iN-igFejO^ is reported tc have shewn presence of M.D. 

particles. However, with the addition of Zr there is a peak in X -T
c«C

variation below Tc. Thus small traces cf Zr tend to favour SD types

of particles in MgFegO^. Also addition of Zr lowers rig. It is suggested

by D.C. Khan et. at. that when Zr or Ti is added in small percentages

to Ni-Zn ferrites, they occupy A-sites.

♦4 +2In cur case Zr going tc A-site just replace Mg ions from

A-site to B-site. These Mg+ ions going to B-site force Fe ions to
(34)A-site resulting in reduction cf 'n^'. MgFe2C^ being partially inverted

some Mg+^ ions occupy A site also. A number of workers have postulated

+2 . +4 .movement of ions to nen-preferred sites; e.g. Zn ions to B, Sn tens
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to A^^. Cn the basis of existing predictions^^ the preferred sites 

for Ti, Sr., Nb and Ni are B and that for Zn is A.

From hysteresis pattern at room temperature cf 

twig i x+t^nx^rt^e2-2t^4 s>stem* n»agnetis£tion values have been calculated. 

The experimental values cf magnetic moment were obtained using the

formula(37)

Molecular Wt. x Ms
4.5

55S5 x ds

where ds is density cf the sample.

Saturation magnetisation f>s in emu per gram was calculated 

(as follows) by using the formula

Ms = (1-P ) <fs ds. .... 4.6

where P is porosity.

We have used the following formula for the calculation of 

Y-K angles.

nQ = (6 + x) Coso(Yk -5 ( 1 - x) ... 4.7

It is seen that °Cyk increases on addition of Zn.

The addition cf Zn tends tc increase r.g. The substitution
+2of Zn favours Y-K types of spins in the system. For ferrites of the

type Mj^Z^FejG^ ( M » Cu, Co, Ni, Mg, Mn etc) the formation of
(24)Y-K angles is proved by many workers . In cur system assuming that

+4
all Zr ions are on A-site and because Zr content is very small the
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Y-K angles can be evaluated front the formula

CosO^yk
nB ♦ 5 ( 1 - x ) 

6 ♦ x

4.8

where x is content cf Zn.

The condition of Y-K angles to occur in the Zinc containing
[oo\

system has been investigated by Satyamurthy et. al' ' in molecular field 

approximation using ncn-ccllinear three sublattice model. Using this model 

the molecular fields acting on various ions in the ^nx^rt^e2-2t^4

ferrites can be evaluated.

It is seen that as Zn*^ is added to the system angles

appear and increase v/ith increasing ,Zn+^ content. When Zn+^ replaces 
+260% of Nig ions O^yjr angles tend to 90° . When the spin arrangement 

cf B-site collapses leading to vanishing of A-B interactions; c^y^ angles 

appear at X = 0 and t = 0.05. This explains variation of rig with x.
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