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ABSTRACT 

Gareth Thomas 
Chairman of Committee 

Grain boundaries in MnZn-ferrites have been characterized and lheir 

effects on lhe magnetic and electrical properties have been investigaled. In 

addition, controlled atmosphere annealing has been performed on high per-

meability ferrite to improve the eleclrical resistivity of the bulk materials. 

The add ilion of a small amount of CaO into MnZn-ferrile malerials is 

observed to lead to' the formation of secondary phases along the grain boun

daries. These grain boundary phases which consist of a thin layer of CaO/MnZn-

ferrite intermediate compound, exist as liquid phases at sintering temperature 

and as amorphous phases when cooled to room lemperature. 

Partial dissolution of Ca ions into the matrix results in a higher magnetic 

anisotropy energy in the regions near grain boundaries and the amorphous grain 

boundary phases act as non-magnetic barriers; both of them retard magnetic 

domain wall motion. The grain boundary phases, on the olher hand, also act as 

insulating layers for electrical conduction. The space charge polarization of the 

materials, however, renders the blocking effect totally invalid in the high 
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frequency regime. It is concluded from these observations that the Ca addition 

in these malerials does nol produce beneficial effects on the electrical 

properties but only leads to a detrimental influence on the m~gnetic properties. 

Other microslructural features such as secondary phases and stacking 

faults will also affect, besides grain boundaries, the domain wall dynamics. 

They not only retard the domain wall motion but can also act as nucleation sites 

for domains of reverse magnetization. 

The controlled atmosphere annealing improves drastically the apparent 

resistivity of the sintered MnZn-ferrites through the reduction of ferrous ions 

content. The magnetic permeability is, unfortunately, degraded as a result of 

annealing. This is ascribed to tt-e inhomogeneity of the oxidation in the 

polycrystalline specimens. Therefore, a stringent control of the oxygen partial 

pressure at an earlier stage of proceSSing ralher than post fabrication annealing 

is called for, in order to raise the intrinsic electrical resistivity of the bulk 

malerials by reducing ferrous ion concentration but not to affect the magnetic 

permeability detrimentally. 

.. \i 

... 
I' 



- iii -

j"Ci-, T able 'Of Contents 

ABSTRACT 1 
If"' .. . , 

INTROOUCTION 3 
~ 

IL GRAIN BOUI'DARY PHASES 5 

II.A Ca-Segregation at Grain Boundaries 5 

ILA.1 Introduction 5 

ILA.2 Experimental 5 

!LA.3 Results and 0 iscussion 5 

(a) Reaction of·CaO and MnZn-F'errite 5 

(b) Composition and nature of grain boundary 8 

phases 

(c) Behavior of grain boundary phases at high 9 

temperature 

ILAA Conclusion 11 

ILB The Effect of the Grain Boundary Phase on Magnetic. 12 

and Electrical Properties 

II.B.1 Introduction 12 

ILB.2 Experimental 12 

t·1.~ ILB.3 Results 

(a) Magnetic and electrical properties of the 14 
~ , .. -

two typical materials 

(b) Effect of the grain boundary phase on 15 

magnetic properties 

(c) Effect of the grain boundary phase on 17 



- iv -

electr.ical properties 
rl 

II.B.4 Discussion 19 

II.B.5 Conclusion 20 r ~ 

Ill. INTERACTION CF MAGNETIC DOMAIN WALLS WITH 21 "" 
MICROSTRUCTURE 

111.1 Introduction 21 

IIL2 Experimental 22 

JIL3 Results and Interpretation 25 

(a) Effect of grain boundaries 25 

(b) Effect of grain boundary segregates 25 

(c) Effect of pores and cracks 26 

(d) Effect of second phases 26 

(e) Effect of stacking faults 27 

IIL4 Discussion 27 

111.5 Conclusions 29 

IV. CONTROLLED ATMOSPHERE ANNEALING 31 

IV.l Introduction 31 

IV.2 Experimental 32 

IV.3 Results and Discussion J4 

Effect of annealing on ferrous (Fe2+) ion content 
... II 

(a) 
," 

34 

(b) Effect of annealing on electrical resistivity 36 ' v 

(c) Effect of annealing on magnetic properties 38 

IV.4 Conclusion 40 

V. CONCLLDING REMARKS 42 



- v -

APPEf'IOIX 44 

.Q, A.l Magnetic Measurement 44 

A.2 Electrical Measurement 46 
'.~. 

A.2.l Equivalent Circuit 46 
,.. 

A.2.2 Characteristic Parameters 50 

A.2.3 Discussion 53 

A.3 Apparatus 54 

AA Data Analysis and Typical Results 55 

ACKNOWLEDGEMENTS 58 

REFERENCES 59 

FIGURE CAPTIONS 74 

I,,' 0' 



'" ,-, 

- 1 -

ABSTRACT 

Grain boundaries in MnZn-ferrites have' been characterized and their 

effects on the magnetic and electrical properties have been investigated. In 

addition, controlled atmosphere annealing has been performed on high per

meability ferrite to improve the electrical resistivity of the bulk materials. 

The addition of a small amount of CaO into MnZn-ferrite materials is 

observed to lead to the formation of secondary phases along the grain boun

daries. These grain boundary phases which consist of a thin layer of CaO/MnZn

ferrite intermediate compound, exist as liquid phases at sintering temperature 

and as amorphous phases when cooled to room temperature. 

Partial dissolution ofCa ions into the matrix results in a higher magnetic 

anisotropy energy in the regions near grain boundaries and the amorphous grain 

boundary phases act as non-magnetic barriers; both of them retard magnetic 

domain wall motion. The grain boundary phases, on the other hand, also act as 

insulating layers for electrical conduction. The space charge polarization of the 

materials, however, renders the blocking effect totally invalid in the high 

frequency regime. It is concluded from these observations that the Ca addition 

in these materials does not produce beneficial effects on the electrical 

properties but only leads to a detrimental influence on the magnetic properties. 

Other microstructural features such 88 secondary phases and stacking 

faults will also affect, besides grain boundaries, the domain wall dynamics. 

They not only retard the domain wall motion but can also act as nucleation sites 

for domains of reverse magnetization. 

The controlled atmosphere annealing improves drastically the apparent 

resistivity of the sinlered MnZ~ferrites through the reduction of ferrous ion 

content. The magnetic permeability is, unfortunately, degraded as a result of 
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annealing. This is ascribed to the inhomogeneity of the oxidation in the 

polycrystalline specimens •. Therefore, a stringent control of the oxygen partial 

pressure at an earlier stage of processing rather than post fabrication annealing 

is called for, in order to raise the intrinsic electrical resistivity of the bulk ;. }I 

materials by reducing ferrous ion concentration but not to affect the magnetic 

permeability detrimentally. 
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INTRCDUCTION 

MnZn-ferrites are mainly used in telecommunication and entertainment 

electronics1-10• Their technical importance stems from high initial per mea-

bility and low magnetic and electrical losses; linear temperature dependence 

and stable time dependence of these properties have also been recognized 

recently as important factors. 

In addition to being composition dependent, MnZn-ferrites are extremely 

microstructure dependent and hence processing sensitive. In the past, all 

efforts to improve the magnetic properties have emphasized the control of 

composition,. impurities (additives), grain size and porosity. While large 

improvements in magnetic properties have been achieved by adjusting chemical 

·t· d t· .. th . t 11-38 1· 1 h composl Ions an op Imlzmg . e processing parame ers , Ilt e progress as 

been made toward understanding the influence of the grain boundaries until 

recently 18,39-47 • 

In general, the presence of secondary phases at grain boundaries in 

polycrystalline ceramics has great influence on their mechanical and electronic 

properties 48-50. In the case of high temperature structural ceramics, such as 

Si3N4, the amorphous boundary phase is responsible for low temperature 

creep51. In the case of electronic materials, such as PZT, ZnO varistors and 

soft ferrites, the presence of a thin grain boundary layer drastically affects the 

electrical and magnetic propertiesI8,39-47. The formation of a second phase at 

grain boundaries in ceramic materiaJa is very common, and a complete 

characterization of these second phases can be. done only by modern techniques, 

such as transmission electron microscopy (TEM), analytical electron microscopy 

(AEM) and auger electron spectroscopy (AES). 



- 4 -

In MnZn-ferrite, CaO has been added to increase the resistivity of the 

material through the formation of an insulating layer along grain 

boundaries 43,44. The exact nature of these grain boundary phases and the 

influences of these phases on magnetic behavior have, however, not been 

thoroughly investigated. In this study, the physical and chemical characteristics 

of the grain boundary phases in commercial MnZn-ferritE!s are examined using 

the above-mentioned techniques. For the ,purpose of exploring the role of grain 

boundary phases in determining the magnetic and electrical properties, Lorentz 

microscopy in TEM was used to study the interaction of magnetic domain walls 

with grain boundaries and the complex-impedance technique was used to 

examine the electrical behavior of grain boundaries. 

Finally, controlled atmosphere annealing was performed on low res is-

tivity ferrite in order to increase the intrinsic electrical resistivity of the bulk 

materials without degrading the magnetic properties, since the formation of an 

insulating layer by CaO addition is known to be detrimental to magnetic 

t
. 18 proper les • 
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IL GRAIN BOUN:>ARY PHASES 

ILA. Ca-Segregation at Grain Boundaries 

II.A.I. Introduction 

MnZn-ferrite is a soft ferrite with high initial permeability (lli). A small 

amount of CaD is added in commercial (Mn,Zn)Fe20 4 to increase the electrical 

resistivity through the formation of an insulating layer along the grain 

boundaries43 ,44. There are two different views on the formation of this high 

resistivity layer: (i) an insulating amorphous phase containing CaD forms at the 

sintering temperature43 and (ii) a high resistivity layer forms during cooling of 

the sample from high temperature, du~ing which grain boundary oxidation 

occurs asa result of Ca segregation'9,45. A recent study on CaD doped MnZn-

ferrite has given support to the f·irst model of formation of an amorphous phase: 

the existence of an amorphous intergranular phase has been observed18• The 

equilibrium phase diagram of the Calcium-Magnetite system shows the 

existence of an intermediate phase with the composition CaO.Fe20, and a 

eutectic temperature at about 122(ft52,53. 

In this investigation, the existence of an intermediate phase between 

CaD and MnZn-ferrite is investigated and the mechanism of formation of the 

CaD rich grain boundary layer is explored. In-situ heating in a scanning elec

tron microscope (SEM) and a high voltage transmission electron microscope 

(HVEM) is used to examine the formation of the liquid phase ·at high tempera

ture. Auger electron spectroscopy (AES) of fractures surfaces is used to 

determine the chemical composition of the intergranular phase. 

ILA.2. Experimental 

Sintered MnZn-ferrite samples with a nominal composition of 
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MnO:ZnO:Fe20 3 :: 26.9:19.8:53.3 (mole%) and with major impurity of CaO 

(254Jppm) were used for studying the CaO/MnZn-ferrite reaction and the grain 

boundary characteristics. A 1mm x 4mm x 4mm slice of the sintered specimen 

was coaled with 99.99% pure CaO powder in a platinum crucible and was heated 

in the hot stage of a JSM-UJ scanning electron microscope (SEM) in high 

vacuum to a temperature of 1J20ct. The room temperature microstructure of 

the reacted surface was examined and the· chemical composition was 

determined using an AMR-1000 SEM with a KEVEX x-ray analyzer. 

The grain boundary composition was determined by Auger electron 

spectroscopy46,54-63 (AES). ·A slice of the specimen was fractured in situ in a 

Physical Electronics-590 Scanning Auger Electron Microscope. The chemical 

composition of the fractured surface was determined from the Auger electron 

spectra. The Ca distribution of the fractured surface was examined by 

mapping the Ca Auger electron signal, and the corresponding fractured 

microstructure was imaged with the secondary electron signal. To study the 

behavior of Ca diffusion at high temperature, a specimen was fractured at 

1300ct, after it was kept at 130o«'C for 0.5 hours (in 2400ppm P02), and then 

quenched to room temperature. The Ca distribution and the corresponding 

fractured microstructure of this specimen were also examined by AES. The 

behavior of the grain boundary phase at sintering temperature was studied by _ '\ 

in-situ heating in a high voltage electron microscope (HVEM). A 2.Jmm 

electron transparent thin foil was prepared from the bulk material by the ion 

milling technique and was heated in the hot stage of the Osaka University 2MeV 

HVEM to a temperature of 140o«'C. Similar foils were used to examine the 

characleristics of the grain boundary phase using a Siemens 102 high resolution 

TEM6J-67• 
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ILA.J. Results and 0 iscussion 

(a) Reaction of CaO and MnZn-ferrite.A·SEM hot stage experiment was 

done on a MnZn-ferrite specimen coated with CaO powder. At the starl of the 

experiment, two different areas were observed. Region A showed an exposed 

MnZn-ferrite surface with small islands of CaO. In region B no substrate could 

be seen due to .the thickness of the continuous CaO layer. 

Reactions between the CaO powder and the ferrite matrix occurred only 

above I2Sact. A liquid phase was first seen at about I 32(f'c.It wetted the 

ferrite substrate and, as shown in Fig. ILIa, coexisted with solid phases in the 

same region. When the sample was cooled slightly from I320ct, a secondary 

phase nucleated (Fig. ILIb), which could be remelted by heating with condensed 

electron beams (Fig. I1.Ic). When the sample was further cooled to room 

temperature, a two phase microstructure, characteristic of the solidification of 

a eutectic liquid was obtained as shown in Fig. 11.2. The chemical composition 

of the two phases, as analyzed using x-ray microprobe, is listed in Table L In 

the region A (Fig. 2.a), the matrix contained a negligible amount of Ca and the 

elongated precipitates are rich in Ca. On the other hand, in the region B (Fig. 

I1.2b), the reverse was the case, namely, the matrix was rich in Ca and the 

round precipitates contained a much smaller amount of Ca. 

Owing to the short lime at high temperature and the fast quenching rate, 

the phases observed are not necessarily the equilibrium ones. The results of this 

experiment, however, indicate definitely the presence of a liquid phase and an 

intermediate phase in the CaO-(Mn,Zn)Fe204 system. 

No intermediate phases have been reported in commercial MnZn-ferrile 

where CaO concentrations are of the· order of JOOOppm. Further work musl be 

done to determine whether these phases and liquid phases are present in 
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commercial material. For this purpose, two experiments were performed: (n 

grain boundary composition determination by Auger electron spectroscopy and 

(ii) in-situ heating of a thin foil in a high voltage electron microscope (HVEM). 

(b) Composition and nalure of grain boundary phases. The AES spectra 

from a room temperature in-situ fractured specimen of commercial MnZn 

ferrite are shown in Fig. ILl. The corresponding regions from which the spectra 

were taken are indicated in the accompanying fracture micrograph which wa~ 

obtained from the secondary electron Signal of the same specimen. The Ca 
o 

signal was observed only when the electron probe, 500A in diameter, was placed 

at an inlergranular fracture surface (region B). No Ca peak was observed when 

the electron probe was placed at a transgranular fracture surface (region A). 

This Ca signal completely disappeared after the fractured surface was in-situ 

sputtered by Argon ions for only six minutes. Since the escape depth of the 

Auger electrons is less than 20A and the sputtering rate is about lOA I min. 54~O , 
o 

the thickness of the Ca containing phase is estimated to be about 60A. These 

observations indicate that a Ca-containing phase forms only in a very thin layer 

along grain boundaries. 

Besides the Ca signal indicated in Fig. lI.lb, the spectrum from the 

intergranular fracture surface also shows Fe and Mn signals. This indicates that 

the grain boundary phase does not contain CaO alone as proposed by other 

authors39,4l-45. Although the chemical composition is very difficult to 

determine quantitatively, it can be concluded that the grain boundary phase is 

an intermediate compound of CaO and MnZn ferrite. This is in agreement with 

the results of the SEM hot stage experiment discussed earlier. The high resolu

tion dark field micrograph67 in Fig. 11.4 shows that this grain boundary phase 
o 

exists as a 50A thick amorphous layer. The existence of a grain boundary phase 
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in an amorphous state has been shown in other systems. It occurs due to the 

difficulties of crystallization of thin liquid layers of liquid trapped between 

grains68 ,69. 

To establish if Ca segregales at the grain boundary region during cooling 

from the sintering temperature, an experiment was performed in which 

specimens were fraclured at high temper~tures or at room temperature and 

subsequently studied by AES. In both cases, Ca distribution is similar, viz. Ca 

exists only at the intergranuJar fracture surfaces and no Ca is detected at 

transgranular fracture surfaces. In other words, Ca stays at the grain 

boundaries, as is shown in the Ca map and the fracture micrograph of a 

fractured specimen in Fig. IL5. 

If Ca dissolves into the matrix at high temperature and resegregates 

upon cooling, it should be distribuled uniformly over the fracture surface of a 

specimen which was fractured at IJOat and then cooled. On the olherhand, if 

the amorphous phase only melts at high temperatures, but stays at the grain 

boundaries, the Ca distribution will b'e the same no matter whether it is frac-

tured at high temperature or at room lemperature. From the above argument 

and the experimental data, it is concluded that Ca stays at the grain boundary 

at the sintering temperature. 

(c) Behavior of grain boundary phases at high temperature. In the hot 

stage experiments in the 2MeV electron microscope, for lemperatures below 

1300OC, there is no noticeable reaction--neither sublimation of the bulk 

malerial nor migration of the grain ·boundaries is observed. However, when the 

temperature reaches IJOat, the sublimation of the material at the thin edge of 

the specimen is observed. The sublimation continues at higher temperatures. 

Besides the acceleration of the sublimation rate, the following three observa-
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tiona are made when the specimen is heated from 130(fc to 1400't. (0 The 

image of the grain boundary changes from a sharp line (or fringes) to a diffuse 

line when the temperature reaches 140(fc (Fig. 11.6). The existence of a 

disordered phase at the grain boundary at 1400't is inferred from this 

observation. (ii) The positions of the three grain junctions are shifted due to 

grain boundary migration. The migration is more prominent in the junctions in 

which the angle between the grain boundaries originally deviated considerably 

from 12ct' (e.g. junctions a, b and c in Fig. IL6b). {iii} The sublimation of the 

material at three grain junctions begins when the specimen temperature reaches 

1400't, and the sublimation continues at that temperature (junction d in Fig. 

IL6). The sublimation also occurs at the grain boundaries. In view of the above 

observations, it is suspected that the grain boundary region first melts and then 

evaporates. 

The tendency of the grain boundaries to make equal angles with each 

other implies that the grain boundary surface energy is isotropic at high 

temperature. This idea also supports the existence of either a non-crystalline 

phase or a liquid phase at the grain boundaries, as the solid-liquid interfacial 

energy is known to be less anisotropic than the solid-solid interfacial energy 70 • 

In summary, both the sublimation at grain boundaries and the grain boundary 

migration can be correlated to the existence of a non-crystalline phase at grain 

boundaries at high temperature, which is implied from the diffuse image of the 

grain boundaries and is in agreement with the liquid phase observed in the SEM 

hot stage experiment. 

In thiming the specimen for use in the HVEM, some small holes inside 

grains were observed. One such hole is shown in Fig. 11.6. As the temperature 

increased, the size of the hole increased, apparently due to sublimation of the 

". 
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thin area around the hole. When the specimen was held at 140o<t, no further 

changes were observed. Furthermore, most of the grain boundary migration 

occurred when the temperature was rising. The shape and size of the grains 

hardly changed while the specimen was held at 1400CC. These observations 

suggest that a rapid rise in the temperature aids in mass transport, which 

accounts for the formation of the internal pores in type B material (Fig. IL7). 

This malerial was processed by a r,apid rise of the sintering temperature. The 

grain boundary mobility was enhanced during the temperature rising period such 

that the grain boundaries were detached from the pores and abnormal grain 

71 74 growth occurre.d - • The pores were thus trapped inside the grains. 

II.A.4. Conclusion 

The formation of a Ca-rich liquid phase at 1250CC - 132o<t in the CaO

(Mn,Z n)Fe20 4 system is confirmed from in-situ SEM observations. In the case 

of commercial MnZn-ferrite containing small quantities of CaO, the existence 

of a liquid phase at the grain boundaries at high temperature is confirmed from 

in-situ HVEM observations. The AES chemical analysis of fractured surfaces of 

MnZn-ferrite show that Ca is present only in the grain boundary regions, as a 

thin layer of CaO/MnZn-ferrite intermediate compound in an amorphous form. 

The Ca rnJst be present in the liquid phase at the sintering temperature and 

does not dissolve and resegregate during the heating cycle. 
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II.B. The Effect of !!:!!.,.Grain Boundary Phase on Magnetic and Electrical Properties 

ILB.I. Introduction 

The presence of a thin grain boundary layer will significantly affect the 

electrical and magnetic properties of electronic ceramic materials, such as 

PZT, ZnO varistors and soft ferrites50• An addition of a small amount of Ca in 

MnZn-ferrite increases the electrical resistivity, as well as the coercivity of the 

material, but lowers the initial permeabilityl8. All these effects can be 

ascribed to the segregation of Ca at grain boundaries. The physical and 

che mical nature of the grain boundary phase resulting from the addition of Ca 

can be characterized by modem analysis techniques such as TEM, SEM and AES 

and have already been described in detail. However, a complete understanding 

of the mechanisms by which this phase affects the magnetic and electrical 

properties of (Mn,Zn)F e20 4 has not been achieved. 

In the present investigation, Lorentz microscopy in TEM 75-80 and 

convergent beam electron diffraction81-85 (CBED) were used to examine the 

interaction of magnetic domain wall motion with the grain boundary phase. The 

complex impedance technique was used to separate the electrical behavior of 

the grain boundary phase from that of the bulk malerial. Mechanisms of 

interaction are proposed to explain the effect of the grain boundary phase on 

the magnetic and electrical properties of MnZn-ferrite. 

ILB.2 Experimental 

Two typical commercial MnZn-ferrite . samples were used to study the 

effect of the grain boundary phase on magnetic and electrical properties; the 

low loss material (type A) contained a CaO additive for reducing the magnetic 

loss, whereas the high permeability material (type B) contained no additives 
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aside from inherent impurities. The microstructures of the two types of 

specimens were examined by SEM, after sectioning, polishing and etching in a 

25%t-F and 75% HCI solution. 

The magnetic and electrical properties were calculated from the 

measured impedance of the specimens. The details of the apparatus and data 

analyzing procedures for lhese measurements are described in Appendix A. 

Briefly, a toroidal geometry was used for magnetic measurem~nt; toroids of 

4. 76mm (3/16") ID., 9.52mm(3/S") 0.0., and 1.5mm thick were cut with an 

ultrasonic cutler from bulk material and wound with copper coils. The initial 

permeability (11') and magnetic loss (11") .of the specimens (toroids) were 

calculated from the self-inductance of the coils, which, in tum, were derived 

from their measured impedance. A rectangular geometry was used for 

electrical measurements; rectangular bars of dimensions 2.67mm x 5.5mm x 

10.53mm were cut with a diamond saw from bulk material. The apparent 

resistivity (pp> and dielectric constant (£ ) of the specimens (rectangular bars) p . 

were derived directly from their impedance. The impedance of the coils wound 

on the toroidal specimens and that of the rectangular bars were measured by an 

HP gain-phase meter. 

To study the effect of grain boundary phases on magnetic properties, the 

interaction of the magnetic domain walls with the Ca-segregated grain 

boundaries was examined by Lorentz microscopy in a Philips EM301 electron 

microscope. The theory of Lorentz microscopy can be found 75-S0 elsewhere 

and the principle of operation will be described in detail in the next chapter 

(Ch. 3). Only the result of the observations on domain wall/Ca-segregated grain 

boundary interaction and its significance will be discussed in this section. The 

localized strain in the regions near the grain boundaries caused by the CaO-
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addition was examined by convergent beam electron diffraclion (CBED}BI-B5 

using a Philips EM400 eleqtron microscope. 

To study the effect of grain boundary phases on electrical properties, 

the characteristic parameters of the materials, namely bulk resistance, grain .., 

boundary resistance and grain boundary capacitance, were derived from the 

measured impedances of the materials, using the complex impedance technique. 

The measured resistance (Rx) of the specimen is plotted against the reactance 

(Xx) over a wide range of frequencies. The characteristic parameters are 

obtained from the interceptions of the complex impedance dispersion by extra-

polating the plot towards very low or very high frequencies. The details of the 

complex impedance technique and the modelling of the materials are described 

in Appendix A. Again, only the results of analysis on the materials will be 

discussed in this section. 

ILB.' Results 

(a) Magnetic and electrical properties of the two typical materials. The 

initial permeability (11'), magnetic loss (11") and loss tangent (tan ) of the two 

typical materials, plotted against operating frequencies, are shown in Fig. II.B. 

The initial permeability (11') remains at a constant level up to a certain 

frequency regime and then drops off quickly (Fig. II.8a) due to magnetic 

resonance 7,8,86. This is also indicated by the rapid increase in the magnetic 

loss (11") at the corresponding frequency (solid lines in Fig. II Bb). The loss 

observed at the low frequency regime (dashed lines in Fig. II Bb) arises from the 

electrical conducting loss due to the residual resistance of the copper coils and 

has nothing to do with the magnetic losses. 
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The initial permeability (\1') of type B material is higher than that of type 

A material for the low frequency regime but drops off much more quickly at 

high frequencies (Fig. II 8a). The loss tangent (tan 0) which describes the ratio 

of the dissipated energy to the stored energy, is also much higher ,than for type 

A material in the high frequency regime (Fig. II 8c). The onset of magnetic 

resonance, or the frequency of maximum magnetic loss, indicated by arrows in 

Fig. II 8b, is lower in the case of the higher permeability material (type B 

material in this case). This is generally true and can be explained in terms of 

the resonance of rotation magnetization under action of the anisotropic field87• 

The apparent resistivity (pp) of the two materials, plotted against the 

operating frequencies (Fig. II 9a), behaves in a similar manner to that of the 

initial permeability (lL'), i.e. it remains at the same level for a certain range of 

operating frequencies and drops off in the high frequency regime. The type A 

material shows much higher apparent resistivity(P ) than the type B material. p 

This is ascribed to the formation of the insulating layer along grain boundaries 

as a result of CaO addition to this material43• The effect of the CaO addition 

on increasing the electrical resistivity in the type A material is, however, not as 

significant in the high frequency regime. This implies that the space Charge 

polarization becomes more important in this regime; the high resistance 

provided by the grain boundary layers will be short circuited at extremely high 

operating frequencies. This will be discussed in detail in Section 3c. 

(b) Effect of the grain boundary phase on magnetic properties. The 

initial permeability ell'). of a magnetic material is believed to arise from the 

reversible displacement of magnetic domain walls within the materia15-9• 

Microstructural defects, such as grain boundaries in the polycrystalline 

materials, interact with domain wall motion and are expected to play a 
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significant role in determining the magnetic behavior of the materials. Among 

many types of defects in the materials, grain boundary segregation causes the 

most substantial interaction with the domain wall and the most detrimental 

effect on the magnetic properties. 

The interaction of grain boundary segregation with domain walls in the 

Ca-containing material (Type A) was examined by Lorentz microscopy in TEM 

and is shown in Fig. II 10. In this figure, the domain configurations are shown in 

sequence of increasing applied magnetic field. For each applied field a pair of 

Lorentz images (underfocused and overfocused) is shown. In the accompanying 

schematic drawings, the magnetic domain walls are shown as solidI dashed lines 

and grain boundaries, as dotted lines. As the magnetic fi~ld increased, the 

domains Band C grew, while the domain A, which was partly bounded by grain 

boundaries, did not change at all. In other words, the domain wall was not able 

to move toward the grain boundary under a moderate applied magnetic field. 

Only after the magnetic field was raised appreciably did the domain A change 

its magnetization vector causing the domain wall to abruptly jump to the grain 

boundary. This domain wall was still not able to move across the grain boundary 

even when the magnetic field was further increased. 

While the Ca-segregated grain boundaries stopped domain wall motion 

before domains reached the grain boundaries, it has been observed that the 

domain wall can move toward the clean grain boundaries and microcracks 

continuously (cf. Ch. 3). The region near segregated grain boundaries is, there

fore, suspected of being locally strained. This was found to be true18 and was 

confirmed by convergent beam electron diffraction (CBED). In this technique 

. 81-85. the paths of electrons converge on the specImen ,In contrast to 

conventional electron diffraction where the paths of the electrons are paral-
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lel(78-80). The CBEO pattern consists of discs, each of which corresponds to a 

Bragg spot in conventional diffraction. The sharp lines in the central disc, 

termed HOLZ lines for higher order Laue zones, and the intensity distribution in 

the surrounding discs are sensitive to crystal structure and lattice parameter 

changes. 

The CBEO patterns of (Mn,Zn)FeZ0 4, which is a spinel structure, for an 
o 

[001] zone axis orientation, are shown in Fig. II.11. When the 2000A diameter 

electron probe is placed in the interior of the grain, both the HOLZ lines and 

intensity distribution show 4mm symmetry. This is expected for the Fd3m 

symmetry of the spinel structure. However, when the probe is placed in the 

region near a grain boundary the CBEO pattern no longer exhibits such a high 

degree of symmetry. The HOLZ lines indicate a symmetry of 2mm while the 

intensity distribution indicates only mirror plane symmetry. The lowering of 

the structure symmetry in the region near the grain boundary thus confirms the 

presence of strain which is ascribed to the dissolution of a small number of Ca 

ions, which are much larger than the other cations, into the matrix. 

(c) Effect of the grain boundary phase on electrical properties. The 

conducting mechanism in spinel ferrite is attributed to the hopping of electrons 

between ferrous (Fe2+) and ferric (Fe3+) ions. The abundance of Fe2+ and Fe3+ 

ions in (Mn,Zn)Fe20 4 results in an unusually high intrinsic conductivity as 

compared with many ceramics88,89. However, the insulating layers along grain 

boundaries, due to CaO addition, block the transport of electrons between 

grains such that the apparent resistivity of the material is increased. 

Owing to the tremendous difference in the electrical conductivity 

between the bulk material and the grain boundary phase, motion of electrons 

occurs readily through grains but is interrupted when it reaches the interfaces. 
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The grain boundaries behave as a high dielectric constant material and large 

polarization occurs as a result of the build-up of charges. Electrically, the 

actual system can be represented by the equivalent series circuit illustrated in 

Fig. II.l2. The bulk grains and grain boundaries are represented by lumped 

circuits consisting of parallel resistance-capacitance combinations. 

In low operating frequencies the high grain boundary resistance 

significantly contributes to the overall resistance of the specimen. Thus the 

material containing CaO additives exhibits high apparent electrical reSistivity 

in this regime. However, when the operating frequency increases, the 

polarization occurring at grain boundaries will lower the effective impedance of 

the grain boundary and may short circuit the grain boundary resistance in the 

extremely high frequency regime. The insulating effect of this grain boundary 

phase is thus totally overcome and the apparent resistance of the specimens 

appears to be the same as that of bulk materials (Fig. n 9a). 

The separation of the electrical behavior of the grain boundary phase 

from that of the bulk in polycrystalline materials can be aChieved by using the 

complex impedance technique (cf. Appendix A). As shown in Fig. II. 9b, the 

resistance (R) of the specimens is plotted against reactance (X), over a wide 

range of frequencies, for both types of material. The interception at the high 

frequency end (L.H.S.) represents the bulk resistance and that at the low . ~. 

frequency end (R.H.S.) represents the sum of bulk and grain boundary resis-

tances. The characteristic parameters for the two typical materials obtained 

by using this analysis technique are listed in Table II. 

In general, the grain boundary resistivity is much higher than the bulk 

resistivity, even in the undoped material. This is ascribed to the fact that the 

grain boundary is disordered and the hopping of electrons is suppressed. The 

'" 
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dramatic increase in the resistivity of the grain boundaries when CaO is added 

is clearly shown, while the bulk resistivity does not change nor is the dielectric 

constant of the grain boundary phase affected. 

ILB.4 DIscussion 

The addition of a small amount of CaO to MnZn-ferrite is known to form 

a secondary phase which is an intermediate compound of CaO and 

(Mn,Zn)F'e20 4; this secondary phase exists in an amorphous form. The 

c~pability of stopping magnetic domain wall motion in Ca-doped (Mn,Zn)F'e20 4 

is ascribed to this amorphous phase; it acts as a non-magnetic barrier to the 

domain wall moti~n. In addition, the regions near the grain boundaries possess 

higher magnetic anisotropic energy such that the magnetization vectors can 

change directions only under large applied magnetic fields. This increase in 

. magnetic anisotropic energy is a result of the lowering of the crystal symmetry 

due to localized strain from· the partial dissolution of large Ca ions in the 

matrix. 

The detrimental effect of CaO addition on the magnetic permeability is 

ascribed to the modification of grain boundary structure and its interaction with 

magnetic domain wall motion. The magnetic permeability is thought to be 

determined by the reversible movement of the domain walls rather than "by 

domain rotation. Any microstructural feature which might hinder the domain 

wall motion will affect the magnetic permeability. Accordingly, an in-situ 

examination of the domain wall/microstructure interaction is essential in order 

to understand the magnetic behavior of the materials. This is made possible by 

Lorentz microscopy in TEM. More examples of the domain walll microstructure 

interactions and the significance of the observations will be shown in the next 

chapter. 
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The formation of an insulating second phase along grain boundaries due 

lo CaO addilion increases' the grain boundary resistivity drastically, while lhe 

intrinsic resislivity of the bulk malerial is not changed appreciably. The 

apparent electrical resistivity drops off rapidly in the high frequency regime 

caused by the capac itance (space charge polarization) effect of the grain 

boundary phase. Therefore, in order lo improve the electrical behavior of the 

material, lhe intrinsic resistivity of the bulk material must be increased. In 

other words, the amount of ferrous ions, which is presumed lo be responsible for 

the low resistivily of the bulk male rial, must be minimized. To achieve this, 

poly crystalline specimens were annealed in a controlled atmosphere. The details 

of the experiment and results will be described in Chapter 4. 

ILB.5 Conclusion 

The addition of small amounts of CaO is known to lead to the formation 

of an amorphous phase along grain boundaries. This secondary phase acts as a 

non-magnetic barrier to the magnetic domain wall motion. The partial dissolu

tion of Ca ions into the matrix results in higher magnetic anisotropic energy, 

thus retarding the magnetic domain wall motion. On the other hand, the grain 

boundary phase acts as an electrical insulating layer. The blockage of electron 

transport is, however, ineffective in the high frequency regime due to space 

charge polarization in the material. Therefore, lhe Ca-addition in lhis malerial 

is not really beneficial to the electrical properties but only results in a 

detrimental effecl to the magnetic properties. 

•. 

.. 
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ilL INTERACTION OF MAGNETIC DOMAIN WALLS 

WITH MICROSTRUCTURE 

I1Ll Introduction 

The magnetic properties of ferromagnetic and ferrimagnetic materials 

depend upon the chemical composition, crystal structures and also the 

microstructures of the materials. The recognition of the effect of 

microstructure on some of the magnetic properties has led to the development 

of various processing techniques and thermomagnetic treatment so as to 

optimize the microstructural variables for the desired combination of 

propertiesll- 38• Actual studies of the effects of grain boundaries, grain sizes, 

pores, second phases etc., on coercivity, perme~bi1ity, maximum energy product 

and other properties have also received considerable attention. 

Development of various experimental techniques such as the Bitter 

technique, and the Kerr effect, have made it possible to directly examine the 

effect of microstructures on the domain wall configuration90• The 

development of Lorentz microscopy (in Transmission Electron Microscopy) has 

enabled magnetic domain walls to be imaged at higher resolution and also has 

made it possible to study the interaction of the microstructure with magnetic 

domains. In the latter technique, a magnetic field can be applied in-situ, so 

that the dynamics of domain wall motion and its interaction with the 

microstructures can be examined direclly. Since the domain wall motion is 

related to many of the magnetic properties, such dynamic studies are of 

interest to understand the magnetic behavior C?f materials. In this chapter, the 

results of a study of the interaction of magnetic domain walls with grain 

boundaries, stacking faults, second phase precipitates, grain boundary 

segregates, pores and internal microcracks in some spinel ferrites are described. 
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The motion of domain wall is studied in-situ and the possible influence of such 

molion on the properties is discussed. 

IIL2. Experimental 

Sinlered (MnZn)Fe20 4 with and without CaO impurities and a flux-grown 

single crystal of LiFe50 a were used for the present study. The detailed compo

sition and processing history of (Mn,Zn)Fe20 4 can be found elsewhere1S• The 

single crystal LiFeSOS was heat treated in air for 1 hr. to obtain a two phase 

material92• Thin electron transparent specimens, suitable for transmission 

electron microscopy, were prepared from the bulk material by ion thinning 

technique. The Lorentz microscopy (LM) was done using a Philips EM301 

microscope, operating at lOOkV. Using the four lens system of the EM301, 

operated under LM rmde, the microstructural image can be focused with the 

diffraction lens and the Lorentz image can be observed by defocusing the same 

lens. 

A weak magnetic field can be applied to the specimen by exciting the 

objective lens of the microscope with a very low current. When the specimen is 

not tilted, the domain configuration will not be affected by the applied mag

netic field which is perpendicular to the plane of the untilted specimen, since 

the magnetization vectors (M) of the specimen are confined to the plane of the 

specimen due to the shape anisotropy90,91. However, when the specimen is 

tilted slightly, the component of the applied magnetic field in parallel with the 

plane of specimen (~I) will result in rotation of magnetization vectors and 

change the domain configuration. The strength of the parallel magnetic field 

(6
11

) can be controlled by appropriate tilting of the specimen and the direction 

of the magnetic field (6
11

) can be changed by simply rotating the specimen, 

." 
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using a tilt-rotation holder. 

The technique used for the in-situ observation of magnetic domain wall 

motion is a defocused method known as Fresnel Lorentz Microscopy. The de

tailed theory and principle of operation can be found elsewhere'5-80. The 

simplified principle is shown in Fig. nLl. In the middle of the ftgure is a dia

gram of a thin section of a magnetic material. The domain walls are labelled as 

p-p and n-n, whUe the domains with their magnetization vector pOinting 

outward are labelled 5 and those with their magnetization pointing inward are 

labelled N. The electron beam, upon passing through the specimen, will be 

subjected to a magnetic force perpendicular to the direction of incidence and 

the direction ofmagnelization of the domain. In other words, the electrons will 

be deflected toward or away from the domain wall resulting in a region which is 

either deficient or excessive in electrons directly under the domain walls. 

When the microscope is focused onto the specimen, there will not be any 

new observable feature aside from the inherent defect structure of the 

material. However, when the microscope is overfocused (Fig. "LIc), a bright 

fringe will be observed for electron excessive regions (c-c) and a dark fringe 

will be observed for electron deficient regions (a-a,b-b). The positions of these 

bright and dark fringes correspond to the exact positions of the domain walls 

but the ir width has nothing to do with that of domain walls. When the micro

scope is underfocused (Fig. fiLla), the sense of the electron deficient and ex-

cessive regions is reversed, as can be seen from the ray diagram. This reversal 

results in opposite contrast for the over- ~nd under focused condition. This 

complementary contrast of fringes in the two defocused conditions is especially 

important for in-situ observation of magnetic domain wall molion, since it 

provides a method for confirming that the observed fringes are magnetic do-
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main walls rather than bend contours, grain boundaries, stacking faults or other 

kinds of planar defects. .. 



,'" 

.... 

- 25 -

IIL3. Resul ts and Interpretation 

Under the application of a magnetic field, some of the domains will grow 

and some will shrink as a result of the rotation of magnetization vectors in the 

domains. The domain wall motion ald their interaction with microstructural 

features can thus be examined. In the following figures, which show an applied 

magnetic field from top to bottom of each figure (except in the cases which are 

labeled by a negative number). A pair of domain configurations were shown for 

each stage of magnetization; the domain walls which appear as bright fringes in 

the over-focused situation, labeled 0, are plotted as a solid line in the 

corresponding sketch, while those which appear as bright fringes in the 

underfocused condition, labeled U, are plotted as dashed lines. Defects such as 

grain boundaries and stacking faults are plotted as dotted lines. 

(a) Effect of grain boundaries. The interaction of a domain wall with a 

grain boundary depends, among other things, on the angle between the domain 

wall and grain boundary. As shown in Fig. III.2, when the moving wall is parallel 

to the grain boundary, the boundary acts as a piming site for the wall (wall 1 -

1, 2 - 2 and 3 - 3). On the other hand, if the wall makes an angle with the 

grain boundary, the motion of the wall is only retarded, there being the least 

retardation for walls normal to the grain boundary. When the grain boundary is 

inclined to the specimen surface, the effect is similar (wall 1 - 1 in Fig. nI.3), 

since the domain wall is normal to the specimen surface which results from the 

fact that the magnetization vectors are confined to the plane of specimen due 

to shape anisotropy. 

(b) Effect of grain boundary. segregates. In the case of materials 

containing an intergranular phase, as the domain wall approaches the boundary, 
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its motion is retarded and the wall stops at a distance from the boundary (walll 

- 1 in Fig. UIA stages l' and 2). As the applied field is increased, the wall 

suddenly "jumps" as a result of magnetization reversal by rotation in the region 

between the grain boundary and the impeded wall (wall 1 - 1 in Fig. m.4, stage 

J). Domains are also .... cleated at these grain boundaries and at junctions 

containing the second phase (domain C in Fig. m.4, stage 2). When the applied 

magnetic field is reduced, the domain wall motion is not reversed. For 

example, domain wall 1 - 1 (Fig. 111.4, stage 4) does not retreat; instead, it 

splits and nucleates a new closure domain E and domain wall 4 - 4 cannot move 

at all until a new domain is nucleated. 

(c) Effect of pores and cracks. Pores and cracks are regions where the 

material has a small enclosed free surface. As shown in Fig. m.s, pores act as 

piming sites for domain walls in (MnZn)Fe20 4• Similarly, a crack can stop a 

moving domain wall (Fig. UL6). It is observed that, unlike the case of grain 

boundaries, a domain wall moves continuously towards the crack until it is 

finally pinned. Since small pores can be found in many ceramics, not only at the 

grain boundaries, but also inside the grains, the effective distance between the 

domain wall barriers will be reduced. 

(d) Effect of second phases. The size and nature of the second phase 

determine the effect it may have on the motion of domain walls. The nonmag

netic LiFe02 precipitates in LiFeSOa (d,e,g, Fig. IL7) can act as barriers to 

domain wall motion (wall 1 - 1 ) or as sites for nucleation of reverse domains 

(domain B in stage 1 and C in stage J). It is observed that if the precipitate is 

too small « JOOnm), it acts only 88 a barrier to the wall motion. However, if 

the precipitate is too large, the semicoherent interface acts 88 a site for 

nucleating the reverse domain in addition to piming the domain walls. The 

.. 
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effectiveness on enhancing the coercivity in both cases will not be as good as in 

the case where only coherent precipitates are present. 

(e) Effect of stacking faults. The most common stacking faults found in 

spinel ferrites are {llD 1 cation faults 93 and several of these faults can be seen 

in Fig. nLS. The Lorentz image of the corresponding area shows that the 

magnetic domain walls are pimed to the faults and each faulted region has a 

domain attached to it. This occurs as a result of modification of the cation 

arrangement by the faults such that the superexchange interaction is 

enhanced94• Also it can be seen that as a magnetic field is applied, new 

domains such as (a) are created at the stacking· fault and the domain wall away 

from the fault (wall Z - Z ) sweeps through the unfaulted region easily. The wall 

close to the stacking fault (wall 3 - 3 ) is not able to move across the fault. In 

some unfaulted regions the magnetization can only be reversed as a whole 

(domain b). 

IIL4. 0 iscussion 

The typical microstructure of a ceramic ferrite contains grain 

boundaries, cracks, pores,etc.. It has been recognized that grain boundaries act 

as barriers to domain wall motion. The retarding behavior of grain boundaries 

depends upon whether the boundaries have any segregates or not. In the case of 

(Mn,Zn)FeZ0 4 containing CaO additives, it has been shown that the Ca rich 

intergranular phase strains the spinel lattice in the vicinity of the boundary. 

This, in turn, leads to a higher anisotropic energy, or a stronger coupling 

between the magnetic moment and the lattice, such that the magnetization 

vector rotates only when a sufficiently large field is applied. Such a material 

inevitably will have a higher coercivity and lower permeability compared to 



- 28 -

materials with no, intergranular phase or strain centers near the grain 

boundaries. 

The formation of reverse domains at pores and second phases are due to 

the demagnetizing field at these inhomogeneities5• When the preCipitate or 

pore is large, the demagnetizing field will be large enough to magnetize the 

region of the material near the inhomogeneities in a direction reverse to the 

surrounding magnetic domain. The reversal of the magnetization vector of this 

domain, under the action of an applied magnetic field, is facilitated by the 

presence of reverse domains near inhomogeneities. Thus materials containing 

these large precipitates are expected to have lower coercivity compared to 

those materials which contain coherent precipitates only. 

The formation of a nonmagnetic second phase can be used in some 

ceramic systems to enhance the coercivity or mOdify the shape of the hysteresis 

loop. However, the size and distribution of the preCipitates must be precisely 

controlled since they determine the effect the precipitates may have on 

magnetic domain wall motion. This can be achieved by manipulating the compo

sition of materials and thermal processing. Moreover, the existence of pores 

and microcracks mJst be taken into account when designing the processing 

schemes of ceramic ferrites, since these features act as barriers to domain wall 

motion. For instance, if either pores or microcracks are present within the 

grains and not only at the grain boundaries, the distance over which a wall can 

travel without any obstacle is shortened and the effective grain size is reduced. 

Finally, it mJst be emphasized that the above observations are only 

qualitative. In order to make quantitative studies of domain wall motion vs. 

applied magnetic field, a specially designed stage with proper field compensa

tion is needed. In addition, the domain wall/microstructural feature inter-

.. I 
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actions which actually happen in bulk materials will not be exactly the same as 

that seen in thin foils. As the thickness of the specimen is diminished from the 

bulk materials, the magneto-static energy becomes more important than the 

anisotropic energy such that the magnetization vectors are confined to the 

plane of the foil. In other words, the preferred directions on which the 

magnetization vectors tend to lie are not the same as the easy axes of the bulk 

materials. The response of the domain walls to the applied magnetic field is, 

therefore, expected to be different. Meanwhile, the effect of pores and second 

phases on retarding the domain wall motion in the bulk materials will not be as 

large as that observed in thin foils. The size of these defects is often small 

compared to the dimensions of the domain wall in bulk materials, while they are 

of comparable size in the case of thin foils. It is thus very important to bear 

these in mind when attempting to correlate the observed domain 

walll microstructural feature interaction, in the thin foil, with the magnetic 

behavior of bulk materials. 

IIL5. Conclusions 

The interaction of magnetic domain walls with various microstructural 

features has been examined by Lorentz microscopy in TEM. All the microstruc

tural defects, such as grain boundaries, pores, cracks, second phase preCipitates 

and stacking faults, are observed to affect the dynamic behavior of domain 

walls. They act not only as barriers for domain wall motion, but also as nuclea

tion sites for domains in reverse magnetization. 

The retarding behavior depends upon the nature of the defects and is as

cribed either to the formation of nonmagnetic phases or to an increase in the 

anisotropy energy. The nucleation of domains in reverse magnetization, on the 
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other hand, is attributed to the presence of a demagnetization field at the 

inhomogeneities. The influence of the existence of these microstructural 

defects on the magnetic properties of the materials has been discussed, based 

upon the observed domain wall/microstructure interactions. 
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IV. CONTROLLED ATMOSPHERE ANNEALING 

IV.l. Introduction 

The outstanding characteristic of ferrites, as compared with 

magnetically sofl alloys such as silicon iron and permalloy, is that they combine 

extremely high electrical resistivity with reasonably good magnetic properties. 

These materials can thus be used at high frequencies with virtually no eddy 

current loss, a factor which renders the metal cores completely useless. The 

eddy current induced by the high frequency alternating magnetic field not only 

reduces the effective magnetic flux imposed upon the magnetic specimen but 

also produces a direct power loss in the form of electrical heal. Increasing the 

electrical resistivity is necessary to minimize the eddy current losses of the 

ferrite materials. A small amount of CaO has been added in MnZn-ferrite to 

raise the eleclrical resistivity through the formation of an insulating layer along 

the grain boundariesl8• While the electrical resistivity of the specimens is 

improved drastically at low operating frequencies as a result of CaO addition, 

the space charge polarization effect renders the insulating layer completely 

useless at high operating frequencies (cf. Chapter ILB). Therefore, for high 

frequency performance, it is necessary to increase the electrical resisti vit y of 

lhe bulk material, rather lhan that of grain boundary layers. 

The basic electron conduction mechanisms in ferriles have been sludied 

b 't' t 95-97 d ' d b Kl' I 98 y many mvesiga ors an reViewe y mger ~!... • Among the 

various models proposed, such as the standard band theory model, a small

polaron mechanism, and the thermally activated hopping model, lhE. latter 

model has the merit of Simplicity and has been well applied to explain 

qualitatively the electrical behavior of MnZn-ferrites. The extra electron on a 

ferrous (Fe2+) ion requires litUe energy to move to an adjacent ferric (Fe3+) ion 
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sitting in a similar interstitital site. Under the influence of the electric field, 

these extra electrons, hopping from one iron ion to the next, constitute the 

electrical conduction. The ferrous ions are thus acting as donors in this 

semiconducting material. The minimization of the divalent iron content in 

MnZn-ferrite is, therefore, a more radical approach to increase the intrinsic 

resistivity of the bulk materials. Furthermore, it eliminates side effects such 

as the localized strain induced by CaO additions. 

The equilibrium Fe2+ content in MnZn-ferrite is known to be sensitive to 

99-104 the oxygen partial pressure of the environment at high temperatures • 

Control of the amount of divalent iron in polycrystalline material can thereby 

be achieved by annealing the specimens in an atmosphere with controlled P02 

level. Specimens having low resistivity (high divalent iron content) were 

annealed in a controlled atmosphere to reduce the Fe2+ content. The results of 

the heat treatment, the effect of annealing upon electrical and magnetic 

properties, and the significance of these observations are discussed in this 

chapter. 

IV.2. Experimental 

Commercial high magnetic permeability material (type B MnZn-ferrite) 

was used to study the effect of controlled atmosphere annealing on the elec-

trical and magnetic properties, since this type of material possesses low elec-

trical resistivity. The shape and dimensions of the sample have been described 

previously (cf. chapter ILB). 

Since the oxidation state of the iron ions is very sensitive to lhe oxygen 

partial pressure of the atmosphere at annealing temperature, the heat 

treatment must proceed in a strictly controlled environment. A furnace 

.f 
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system, in which both the temperature and oxygen partial pressure can be 

precisely controlled, was thereby constructed for this purpose. The 

temperature of the platinum tube furnace was monitored by Eurotherm model 

211 temperature programmer/controller and was measured by Pt-PtlO%Rh 

thermocouples. The P02 level of the annealing atmosphere was varied by 

carefully adjusting the flow rate of the inlet nitrogen and oxygen (or air) gas. 

The flow rates were controlled/monitored by a Tycon model FC-260 gas 

controller. A Westinghouse Model 209 oxygen analyzer was used to measure the 

exact oxygen partial pressure of the gas mixture after it reacted with the 

specimens in the furnace. 

The annealing conditions were determined from the thermodynamic data 

d Od b th ° ° 102-104 The f h f erlve y 0 er mvestlgators • temperature 0 t e urnace was 

increased slowly to 1l00<t, and retained at this annealing temperature for eight 

hours to ensure the completeness of oxidation-reduction reaction and then 

specimens were cooled at a rate of 200<t/hr. The annealing atmosphere was 

maintained at the same level during the heating cycle. The P02 levels used in 

annealing are indicated in the corresponding figures to be discussed shortly. 

The ferrous ion content of the specimens was determined by titra-

t o 105-107 The °d ° f F 2+ d ° to to °d d b dO I ° lon • OXl atlon 0 e urmg ltra lon was aVOl e y lSSO vmg 

the sample in an inert atmosphere in a sealed tube. Concentrated Hel (2ml) acid 

contained in an ampoule was deoxygenated by bubbling nitrogen through it just 

before, and after the sample was inserted. The sample-containing ampoule was 

sealed immediately and subsequently immerse.d in 100ac water to dissolve the 

sample; 2-10 hrs is necessary for MnZn-ferrite materials. The solution 

containing the dissolved sample was mixed with a 30m! deoxygenated matrix 

solution consisting of 1M H2S04 and O.SM t-P04• The mixture was then titrated 
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with O.004871M ceric sulfate acid, the end point being determined by a barium 

diphenylamine indicator. A standard solution, which was made by dissolving 

Fe(NH4)2S04.6H20 in o.SM HzS04' was titrated in each run to calibrate the 

so lutions used. 

The electrical and magnetic properties of the specimens were calculated 

from the measured impedance, aa described in Chapter ILB and appendix. 

IV.3. Results and 0 iscussion 

. (a) Effect of annealing on ferrous (Fe2+) ion content. As shown in Fig. 

IV.l, the ferrous ion content of the specimens changes as a result of annealing. 

It decreases when a high oxygen partial pressure (P02) is used for annealing; a 

low oxygen partial pressure results in increased ferrous ion concentration. The 

F e2+ concentration of an unannealed specimen, labelled 5 in the figure, is 

included for comparison. The oxidation of ferrous ions is more sensitive to the 

P02 level in the low Fe2+ region than in the high Fe2+ region. Only a small 

change in the degree of oxidation results from a large change of the P02 level 

in the high F'e2+ region, while a large change in the degree of oxidation is 

produced by the same change of the P02 level in the low Fe2+ region. The con

trol of divalent iron content at a low level is more difficult; stringent control of 

the P02 level during annealing is necessary in this region. 

A model for oxidation-reduction equilibria in MnZn-ferrite has been 

proposed by Marineau !!:. al.104• In the model, equilibrium equations between 

ions, defects and oxygen partial pressure are suggested, taking into account the 

site preference of different cations. The model fits their data very weU102• An 

F'e2+ /P02 response curve corresponding to 1100't annealing temperature 

obtained by the same authors103 using thermogravimetric measurement is 
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shown as a dashed line in Fig. IV.l. The trends in the change of ferrous ion 

content with P02 levels in their study~re similar to those reported above. 

Discrepancies arise mainly from the difference in specimen composition and 

morphology. The specimens used in this study contain smaller amounts of MnO 

and are polycrystalline. The presence of multivalent Mn ions affects the oxida

tion-reduction behavior of iron ions lOS and the reaction in polycrystalline 

materials is much slower than in powder due to the slow diffusion through the 

sintered specimens. 

The annealing temperature can also affect the degree of oxidation of the 

heat treated specimens. For constant oxygen partial pressure, the ferrous ion 

content is higher for a specimen annealed at higher temperature (light dashed 

line in Fig. IV.l). It also has been observed that there exists a phase boundary 

corresponding to each annealing temperature, indicated as shaded lines in Fig. 

IV.l. The secondary phases such as Fe20) (hematite) or Mn20) might 

precipitate if the P02 level of the annealing atmosphere is higher than that of 

the phase boundary. When the annealing temperature increases, the critical 

P02 level also . increases and the critical divalent ion content decreases, as 

indicated by the arrows in Fig. IV.l. 

The consequence of this behavior is that the divalent iron content of the 

specimen will decrease when it is cooled from high temperature with oxygen 

partial pressure kept at a constant level. In the extreme case where the Fe2+ 

content of the specimen is too low, the phase boundary will be encountered 

during cooling and either precipitation will occur or the high temperature 

structure will remain as a metastable phase at room temperature. Both en

hanced oxidation and precipitation of the secondary phase will have detrimental 

effects on the magnetic properties of the material; both are likely to occur 
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preferentially along grain boundaries in polycrystalline specimens. This will be 

discussed shortly. 

(b) Effects of annealing on electrical resistivity. The apparent resistivi

ties (Pp) of the annealed type B specimens are plotted versus operating 

frequencies (the dispersions) and are shown in Fig. 1V.2 as solid lines with the 

annealing P02 level indicated. The dispersion curves of unannealed type A and 

type B materials are also included for the convenience of comparison and are 

plotted as dotted and dash-dotted lines respectively. In general, a higher 

apparent resistivity (Pp) was obtained for the specimen annealed in a higher 

P02 level. The resistivity has been raised as much as two orders of magnitude 

for the specimen annealed in 7000 ppm oxygen partial pressure. It is even 

higher than the resistivity of low loss MnZn-ferrite (type A). On the other hand, 

the resistivity is lowered when the specimen is annealed in a P02 level lower 

than 300ppm. 

The increase in apparent resistivity as a result of annealing is attributed 

to the oxidation of ferrous (Fe2+) ions to ferric (Fe3+) ions, while the decrease 

in apparent resistivity is ascribed to the reverse reaction, i.e. reduction of 

ferric ions to ferrous ions. The variation of apparent resistivity with divalent 

iron content is shown in Fig. IV.' for low and moderately high operating 

frequencies (freq. < 1KHz = 1 MHz). The data labelled Sa and Sb are the 

resistivities of type A and type B untreated materials respectively. The 

accompanying question marks (1) indicate that the data are included only for 

comparing the resistivity of the material, whi~e the amount of Fe2
+ contained 

in the specimen is not the same as the corresponding value represented by the 

data point. The behavior by which the apparent reSistivity of the specimen 

increases as the amount of divalent iron decreases, is in agreement with the 



- 37 -

hopping model of electrical conduction in MnZn-ferrite98• The ferrous ions can 

be considered as donors containing an extra electron, which will jump to the 

adjacent ferric ions easily and constitute the electrical conduction. The 

oxidation of divalent iron by annealing reduces the donor concentration in the 

material such that the electrical resistivity increases. 

The apparent resistivity drops off in the high frequency regime (rig. 

IV.2) and is more prominent for high resistivity material. This behavior is 

similar to that of type A material (cf. Chapter II.B) and is an indication that the 

annealed type B material consists of low resistivity bulk materials separated by 

high resistivity layers, presumably the grain boundary phase. The space charge 

polarization occurs at high operating frequencies and short circuits the high 

resistivity layers causing the apparent reSistivity to drop off rapidly. The elec

trical behavior of the presumed grain boundary layers can be separated from the 

bulk materials by the complex-impedance technique, described in detail in the 

appendix. 

Analysis of the impedance data of the specimens using the above-men

tioned technique shows that both the bulk and grain boundary resistances of the 

annealed specimens increase as the re2+ concentration decreases (rig. IV.4). 

The improvement of the electrical behavior due to annealing is much more 

prominent in the grain boundary phases than in the bulk materials. The marked 

difference of annealing effect is even more clearly demonstrated when the 

specific resistance (resistivity) of the two phases are plotted against divalent 

iron content, as shown in rig. IV.S. The grain boundary resistivity is seen to be 

at least three orders of magnitude higher than the bulk resistivity, and it 

increases much more rapidly as the ferrous ion content of the specimen 

decreases. The fact that the grain boundary phases contain less divalent iron 
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than the bulk materials as a result of annealing is strongly implied. The 

. preferential oxidation along grain boundaries during annealing can thus be 

concluded. 

The dielectric constant of the grain boundary phases, as analyzed by the 

complex impedance technique, does not change appreciably with the specimens 

and is in the range of 15 EO to 40 EO' where EO is the dielectric constant of free 

space. The bulk resistance is observed to be comparable with the overall grain 

boundary resistance·· for all the specimens (rig. IV.4), although the exact 

resistivity of the bulk materials is much lower than that of grain boundary 

phases (rig. IV.6). These observations are consistent with the assumptions made 

in modelling the electrical response of the polycrystalline MnZn-ferrite (cf. 

appendix). That is, the grain boundary phases are thin layers of high resistivity 

materials while the bulk materials are low resistivity materials. 

(c) Effect of annealing on magnetic properties. The high magnetic 

permeability (\.I.') and low magnetic loss (\.I.") are the two most important mag

netic properties desired for MnZn-ferrite. While the eddy current loss is 

improved due to the increase in resistivity, the magnetic permeability of the 

material is, unfortunately, lowered 88 a result of controlled atmosphere 

annealing (rig. IV 6a). The tand, which describes the ratios of dissipated 

energy to stored energy, and the magnetic loss (\.I.") are, however, improved by 

annealing (rig. IV.6b,c). 

In the figures showing the dispersion of magnetic properties, the curves 

are plotted as solid lines, with the P02 level indicated, for annealed samples 

and are plotted as dotted and dash-dotted lines for unannealed type A and type 

B specimens respectively. The magnetic permeability (\.I.'), loss (11") and tan 15 

are all decreased 88 a result of annealing; the amount of change is larger for 
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specimens heat treated at higher oxygen partial pressures. In other words, all 

the magnetic responses are suppressed when the ferrous ion concentration in the 

specimens is reduced. The dependence of these magnetic properties on the 

divalent iron content is shown in Fig. IV.7. The magnetic permeabililies (1,1') are 

plotted as solid lines for two operating frequencies (1 KHz and 100 KHz); the 

maximum magnetic loss (ll" max) is plotted as a dash-dotted line; and the tan 0 

is shown as a dotted line for 6 Meg.Hz operating frequency. 

It is interesting to nolice that for the specimen annealed in 4800ppm 

oxygen partial pressure, all the resultant magnetic properties are the same as 

__ those of the unannealed type A material, within the error of measurement. The 

effect of annealing on the grain boundary structure/composition is thus 

suggested to be similar to that of CaO addition. The degree of modification of 

the grain boundary characteristics and properties can, however, be controlled by 

using the appropriate P02 level of the annealing atmosphere. 

While the dependence of electrical resistivity on ferrous ion content can 

be well explained by the electron hopping mechanism, the dependence of 

magnetic permeability on the divalent iron content is totally unclear and a 

mechanism which can predict this behavior is not well_established109-116. 

Although there are reports concerning the variation of permeability with Fe2+ 

concentrationl17-121, the observations are still far from conclusive. The 

investigation on this aspect and exploration of the basic mechanisms are neces

sary. The degradation of the permeability as a result of annealing observed in 

this study can, however, be explained by preferential oxidation of ferrous ions 

at regions near grain boundaries. 

In polycrystalline materials, the diffusion of ionic species along grain 

boundaries is known to be much faster than the diffusion in the bulk mater-
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ials122-125. The grain boundary regions are, therefore, expected to be oxidized 

more readily when sintered MnZn-ferrile specimens are annealed in a controlled 

atmosphere. Since the formation of cationic vacancies is inevitable when 

oxidation takes place in the spinel lattice, as more anions are bound to ferric 

ions than to ferrous ions, a dilation of lattice parameter (ao> in the oxidized 

regions isexpected126• Localized strain will be induced when there are regions 

which are oxidized preferentially to their adjacent regions. The magnetic aniso-

tropy energy in those regions will thus be increased and domain wall mobility 

lowered. 

The preferential oxidation of grain boundary phases is enhanced when the 

oxygen partial pressure is kept at a constant level during cooling. The 

equilibriu";' Fe2+ concentration is decreasing with the temperature and diffusion 

is fast enough to reach equilibrium only in the grain boundary region. This will 

le~d toa higher magnetic anisotropy energy in the regions near the grain 

boundaries. Although the separate measurement of divalent iron content in the 

bulk material and grain boundary phase is practically impossible by current 

techniques, the fact that the grain boundary phase contains fewer ferrous ions is 

strongly implied by the overwhelmingly high resistivity of the grain boundary 

phase. The decrease in permeability due to annealing can, therefore, be ascribed 

to the local strain in the regions near the grain boundaries induced by 

preferential oxidation. 

IV.4. Conc Ius ion 

Controlled atmosphere annealing is capable of improving the apparent 

resistivity (pp> of the MnZn-ferrile sintered material through the reduction of 

the ferrous ion content. The annealing effect is more pronounced on grain 
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boundary phases than on bulk materials. The magnetic permeabilil y (ll') is, 

however, degraded due to annealing and is ascribed to the preferential oxidation 

along grain boundaries in poly crystalline specimens. 

The electrical resistivity of the materials could be improved without 

seriously deteriorating the magnetic permeability if the inhomogeneity in 

. oxidation could be eliminated. In other words, a stringent control of the oxygen 

partial pressure at an earlier stage of processing rather than post fabrication 

annealing is called for, in order to raise the intrinsic electrical resistivity of the 

bulk materi~s by reducing F'e2+ concentration and not affect the magnetic 

permeabilit y detrimentally. 
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v. CONCLLDING REMARKS 

The grain boundaries and the regions near them have been shown to 

influence the magnetic and electrical properties of MnZn-ferrites by virtue of 

the ir physical and chemical nature. They affect the properties through (0 

providing a region where impurities may segregate or liquid phase may form (cf. 

Chapter Ua), (ii) acting as high resistivity and non-magnetic layers, (iii) 

increasing the magnetic anisotropy energy in the nearby regions (cf. Chapler 

lib), and (iv) providing an easy path for oxygen diffusion and producing the 

oxidation of Fe2+ to Fe3+ near grain boundaries (cf. Chapter IV). 

In addition to the understanding of grain boundary effects, there are 

other factors which must be known in order to be able to tailor the materials to 

lhe desired properties. Zinc-depletion, both at the surfaces of the specimens 

d he . b· dl19,127-129 T . an at t gram oundarles, has been reporte • he correlallOn 

between Zn-depletion and permeability degradation is, however, still unex

plained and the observations reported are not consistent. Furthermore, more 

needs be known about the exact role of powdercharacleristics, additives and 

binders on influencing the microstructure and hence the properties of the 

materials130-136. The divalent ion content has been observed to affect the 

magnetic propertiesl17-121. The observations are still far from conclusive and 

the basic mechanisms of interaction are not well understood. Further 

exploration of these factors is necessary. 

The understanding of microstructure/properties interaction is still far 

from complete. Nevertheless, some conclusions can be made from the observa-

tions in this study, i.e. in order to achieve the goal of making high permeability 

and low loss MnZn ferrite material, the elimination of grain boundary segrega

tion and intemal pores, and the optimization of ferrous (Fe2
+) ion content are 
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necessary. Grain boundary segregation and pores have been observed lo hinder 

magnetic domain wall motion and hence decrease the permeability, while the 

divalent iron concenlration has been found to affect the eleclrical resistivity. 

The use of high purity raw malerial to prevenl the segregation at grain 

boundaries and the modification of the production processing scheme to avoid 

the formation of intemal pores are essential to improve magnetic permeability. 

These conclusions arise from the fact that CaO addition in type A malerial was 

observed to result in grain boundary segregation; rapid rising of sinlering 

temperature in processing type B male rial was found to lead to the formation of 

inlemal pores. 

Moreover, the optimum ferrous ion concentration should be controlled in 

order lo raise the electrical resistivity but not seriously deteriorate the 

magnetic properties. The optimum Fe2+ concenlration can be obtained, withoul 

inducing any inhomogeneity, by stringent control of oxygen partial pressure of 

the environment, at early stages of processing. The Fe2+ conlent/P0
2 

leve~ 

equilibria, however, must be established for the specific material under study, 

" "t " "t" "t" 102-104 Th f l" I "d t" d d smce 1 IS composl Ion sensl lve • e pre eren 1a OXI a Ion an secon 

phase precipitation at grain boundaries must be prevented by programming the 

cooling condilions carefully; the divalent ion concentration varies sensitively 

with temperature and environmental P02 level, and diffusion along the grain 

boundaries is rapid • 

In summary, the optimum magnetic and electrical properties of the 

MnZn-ferrite can be obtained by using high purity malerial and careful control 

of processing parameters such that both the microstructure and chemical 

composition, including Fe2+ content, can be optimized. 
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APPEl'OIX: Complex Impedance (Admittance) Technique for 

Magnetic and Electrical Measurement 

A.I. Magnetic Measurement 

Initial permeability (l1i)' which is the most important magnetic property 

desired in MnZn-ferrite, is believed to arise as a result of reversible displace-

ments of magnetic domain walls within the materials. Rotation of spins within 

a domain, referred to as domain rotations, contribute litUe due to the magneto

crystalline anisotropyl09-117. In a sinusoidally varying magnetic field, a phase 

angle <5 arises between the magnetic field (H) and the magnetic induction (8) 

due to energy losses associated with magnetic resonance and relaxation 

phenomena. Such losses, resulting physically from the reorientation of the of 

the magnetic moments, can be described phenomenologically by a complex 

permeabilit y: 

* 11. = 11' - j'J,.L" 
1 

(A1.l) 

The real part 11' describes the stored energy and the imaginary part 11" describes 

the energy diSSipated apart from hysteresis loss and eddy-current loss. The 

dissipated energy can be described by a loss factor, tano: 

_ u" tan c5 c... 
- 11' 

(Al.2a) 

or by a normalized loss factor 
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(Al. 2b) 

Both stored energy 11' and dissipated energy 11' are found to be frequency depen

dent. In certain high frequency regions permeability drops off and magnetic 

losses increase because of magnetic resonance. 

The complex permeability (11*) can be derive~ from the complex 

impedance of a coil wound on the magnetic materials; a toroidal geometry is 

usually used to avoid demagnetization effects. The self-inductance of the coil, 

on the insertion of the magnetic core with complex permeability lJ.*, will be 

lJ.*Lo. The complex impedance (Z) of this coil is then expressed as 

Z = R + jX 

The permeability 11" is related to the reactive part by 

x H' -... -~ , 
a 

and the magnetic loss 11" to the resistive part by 

lJ." = --fi., w = 2m , 
w'-o 

(A 1 .3) 

(Al.4a) 

(Al.4b) 

where f is the measuring frequency. Lo is the inductance of a toroid with a 

nonmagnetic core and is derived geometricallyl" (Fig. Al) 

d 
Lo = 0.2972 N

2
h log f 

1 
(microhenrys) 
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where N is the "unber of the turns of the coil; h, d and d. are the thickness, a 1 

outside diameter and inside diameter (in mm) of the toroid, respectively. 

A.2. Electrical Measurement 

A.2.1. Equivalent Circuit. 

Measurements of frequency-dependent complex impedance of the speci

men permit one to separate the electrical behavior of the grain boundary phase 

from that of the bulk material in poly crystalline ceramic specimens under ideal 

conditions. Interpretation of the results is based on being able to represent the 

sample by an equivalent circuit. Complex impedance techniques have been 

successfully applied to the characterization of polycrystalline solid electro

lytes89 ,138-143. The modelling of this sample, however, must be modified. The 

various physical processes which enter into the conduction mechanisms in the 

poly crystalline MnZn-ferrite must all be considered. 

In general, ,a single phase ceramic materials can be mathematically 

described as dielectric materials with complex dielectric constants137 ,138. The 

imaginary part of the dielectric constant is associated with dielectric losses 

which sum over all dissipative effects. The material response can also be 

mathematically formulated on the basis of complex conductivity. These 

approaches are similar in that they describe the material by an equivalent 

circuit consisting of a parallel combination of a resistance and capacitance (Fig. 

A2). In other words, the response of a single phase material can be represented 

by a dielectric constant £ and a dielectric conducti vit y a (or resisti vit y p). 

In polycrystaUine ceramic materials, the grain boundary phase often 

exhibits different behavior from the bulk material, such that two R-C lumped 

Circuits, one for the grain boundary phase and the other for the bulk material, 
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are necessary to describe the material response. The complicated microstruc-

ture of the polycrystalline material often makes modelling of the material by an 

equivalent circuit practically impossible. Fortunately, the situation is less 

serious in the case of the MnZn-ferrite, in which the bulk conductivity is 

significantly higher than that of the grain boundary phase. Simplification is, 

however, still necessary in order to model this material by an equivalent circuit. 

A poly crystalline MnZn-ferrite is simplified by a cubic microstructure 

shoWn in Fig. A3a, where all grains are assumed to be identical with grain 

boundaries of uniform thickness. The behavior of the top layer will be con

sidered first and the rest added later. The top layer contains cubic grains 

separated by grain boundaries (Fig. A.3.b); each of them can be represented by a 

lumped circuit: r2 and C2 for grains and r l and C l for grain boundaries. The 

response of these layers is equivalent to the parallel combination of these 

lumped circuits. 

For a unit consisting of only one grain and its surrounding grain boundar

ies, indicated by dashed lines in Fig. A.3b, the resultant resistance and 

capacitance is: 
d. 

r' = 1 1 r i = P • ...! 
-+ - IA. r l r2 where 1 

(A2.1 ) A. 
c' = c l + c2 ci = E . ...! 

I i 

i = 1 for grain boundary; 2 for grain, respectively. 

Pi' ~, di and Ai are resistivity, dielectric constant, length and cross-sectional 

area, respectively. 

In this special case, 
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(A2.2) 

Since the bulk material is assumed to be much more conducti ve than the 

grain boundary phase ( ~ » a 1 or p 1 » P2' and the thickness of the grain boun

dary is much smaller than the grain size (x « 1), 

r1 (p, 
d, d2 P, _1_ » 1 r' r2 = A:)/(P2 A) = r2 , 2 P2 2x 

and (A2.3) 

c, A A e: 
(e: _,)/ (e: -1.) ~ 2x « , I -= = c - c2 c2 1 d1 2 d2 2 

Therefore, the contribution of the grain boundary phase to overall resistClflce 

and capacitance in this layer is negligible; any layer having this microstructure 

can be approximated by a layer consisting of bulk material only. Thus, 

polycrystalline materials can be modelled more simply by sections of bulk 

material separated by thin layers of grain boundary phase (Fig. A.3c) and 

represented by a series combination of lumped circuits. 

capacitance of bulk material sections (layer 2) are: 
12 

,rb = P2 A 

The resistance and 

(A2.4a) 

where A is the cross-sectional ar~a of sarT1Jle and ~ the grain size and of grain 

boundary layers (layer 1) are 



- 49 -

rg = p 11 
1 A (A2.4b) 

A c. = £1 11 9 

where ;, is the thickness of the grain boundaries. 

Since the size of the grains (12) is much larger than the thickness of the 

grain boundaries (11), the total resistance contribution from the bulk layers is 

comparable to the total contribution from grain boundary layers. This is true, 

even though the resistivity of the bulk material (P2) is much smaller than that 

of the grain boundary phase (p 1) since they are connected. in series. For the 

same reason, the overall capacitance of the bulk layers is small compared to 

that of the grain boundary. layers, since the dielectric constant. does. not vary 

appreciably with material. (This is true for ceramics in general, but not in the 

case of ferroelectric materials.) Also, the reactance resulting from the bulk 

capacitance (1/wCb), connected in parallel with the bulk resistance, may be 

neglected since it is large compared with the bulk resistance (rb) for moderately 

high operating frequencies (f ~ 10 Meg Hz). This leads to a simple equivalent 

circuit for semiconducting MnZn-ferrite specimens, namely, a series 

combination of bulk materials (R
2
) and the grain boundary lumped circuit, which 

consists of a parallel combination of resistance (R1) and capacitance (C1)(Fig. 

A3c). 

(A2.5) 

where n is the number of grains in the length of specimen. 

The characteristic parameters of the materials, namely, R1, Cl' and R2, 

can be obtained from the complex impedance' plot, which is generated by 
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measuring the complex impedance of the sample over a broad range of 

frequenc ies. 

A.2.2. Characteristic Parameters 

The impedance of the equivalent circuit in rig. A3c can be found by 

standard circuit analysis and will be a complex function of frequency. If the 

apparent resistance (R) is plotted against the apparent. reactance (X) over a 

broad range of frequencies, a semicircle results with its center on the R-axis 

(Fig. A4a). The intercepts on the R axis give the DC resistance and the infinite 

frequency resistance. The former corresponds lo a sum of grain boundary and 

bulk resistance (Rl + R2), since the grain boundary capacitance (Cl ) acts as an 

open circuit at DC. The latter corresponds to the bulk resistance (R2' since the 

grain boundary resistance is short-circuited by the grain boundary capacitance 

at infinite frequency. Both the grain boundary and bulk resistance can thus be 

obtained by extrapolating the R-X plot toward DC and toward high frequency, 

respectively. The grain boundary capacitance can be calculated from the 

formula 211' f oRl Cl = 1, where f 0 is the frequency at which the maximum of 

the R-X plot occurs. 

Complex admittance may also be used to represent sample response. The 

characteristic parameters of the sample can be obtained from the interceptions 

and the maximum of the complex admittance plot, in which the conductance G 

is plotted against the susceptance B (Fig. A4b). The choice· of representation 

depends on the behavior of the specimen. In some cases the determination of 

the characteristic parameters may be facilitated by employing the complex 

admittance representation. However, for a sample with exceptionally high 

grain boundary resistance, such 88 MnZn-ferrite, the complex impedance 
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representation is preferable. Since the intercept on the impedance plot (R1 + 

R2) is very far from the origin, extrapolation from the observed data will 

generally result in smaller uncertainties. 

89 
A more elaborate approach used by Koops for analyzing these 

characleristicparamelers is by filling the complex impedance data with the 

complicated theoretical curve. In this method the apparent reSistivity (p p) and 

the apparent dielectric constant (E p) of the materials are expressed in terms of 

grain boundary lbulk resistivity and dielectric constant: 

for reSistivity 

with 

p = p 

co 

Pp = 

pO = P 

Lp = 

P1P2 (E1 
+ X(2) 2 

. P1E1 
2 = xP2E2 

2 

Xpl +Pz 

2 2 
P1 P2(P1 E1 + XP2E2 ) 1/2 [ ] . 

xP1 + P2 

and for the dielectric constant 

with 

(A2.6a) 
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GO E::1E::2 
E::p = £1 + XE::2 

2 2 
0 = 

xP1 £1 + P2 '£2 
(A2.6b) E::p 

(x 1 + )2 
2 

= 
P1P2(E::1 + XE::2 ) 

't'E:: 
XP1 + P2 

where Pl , ;, are the resistivity and dielectric constant of the grain boundary 

phase 

P2'£2 are the resistivity and dielectric constant of the bulk material 

x is the ratio of the thickness of the grain boundaries to the size of the 

grains 

The apparent resistivity (Pp) and dielectric constant (E:: p) are calculated 

from the measured impedance using the formula 

L 
R = Pp A ; c = (A2.7) 

where L and A are the overall length and the cross-sectional area of the 

specimen, respectively. 
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The complex impedance technique, though not as precise when compared 

with Koops' elaborate approach, is still preferable because of its simplicity. It 

is capable of analyzing the characteristic parameters of the materia. without 

tedious data-fitting processes. Furthermore, it demonstrates more clearly the 

physical significance of the analyzing process. 

A.2.J. 0 iscussion 

The measurement of complex impedance is a useful tool for isolating 

bulk and interfacial phenomena. However, considerable uncertainty still 

remains with respect to the adequacy and uniqueness of the equivalent circuits 

used to interpret the data. The layer model and equivalent circuit shown in Fig. 

A.Jc are evidently an oversimplification of the complicated microstructure. 

Sideways conducting between the grains and a wide distribution of grain sizes 

and boundary thicknesses are inevitable in real materials, although not treated 

in the layer model. Moreover, the dielectric constant € and dielectric· 

conductivity C1 (or dielectric reSistivity p) are strongly frequency-dependent, 

due to the relaxation of the polarization process1J7,lJ8,144,145. Consequently, 

the observed dispersion of complex impedance is generally not a semicircle and 

cannot be interpreted by a simple equivalent circuit. In fact, the appropriate-

ness of the simple network for representing the materials response has been 

questioned by a number of investigators142,14J. More extensive correlation of 

microstructure with impedance measurement as well as theoretical modelling is 

definitely necessary. ~vertheless, owing to the special structure of MnZn

ferrite, viz., a composite of sections of conductive bulk material separated by 

layers of insulating grain boundary phase, the interpretation of the dispersion of 

complex impedance is still possible by extrapolating the plot toward either high 
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or low frequency ranges. The intercepts at the resistance axis physically 

represent the material characteristics, namely, the grain boundary and bulk 
. 

resistance. 

A.J. Apparatus 

Complex impedance was measured using a 2-probe technique1J9,14J. A 

block diagram of the set up is shown in Fig. ASa (courtesy of Buechele). A sine 

wave, generated by an t--Il-JJ12A Function Generator was applied to the 

specimen (ZU) and standard resistors (Z8) connected in a series. The ratio of the 

two voltage impressed on input A and B, in decibels, and the phase angle 

between them, in degrees, were measured using an HP-JS7SA gain-phase meter. 

The voltage drop through the specimen and standard are proportional to the 

corresponding impedance, such that the complex impedance of the specimen is 

given by ... 

Z Z 
VA 

.. 1] = [ .. -
u s VB 

and 
VB 

B/A 
= 1020 ej6 --- {A3.1b} 

VA 

where B/ A is the decible output and 6 the phase angle output of the gain-phase 

meter. 

For magnetic measurements, the impedance of the coil winding on a 

toroidal specimen was measured. To facilitate the measurement, an insulating 

jig was made in the shape of a rectangular bar with conducting copper plates 

mounted at the two ends was made. The wires of the coil were connected to 

the two copper plates and the jig was sandwiched in between the two elect.rodes 
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for impedance measurement (Fig. A5b). For electrical measurements, the 

impedance of the specimen in the shape of a rectangular bar was directly 

measured. The contacting surfaces of the specimen were coated with silver 

paste. The specimen was then sandwiched between the electrodes. The 

electrodes were made of gold 51d spring-loaded to ensure good electrical 

contact. Electrical connections were made as short as possible and coaxial lines 

were used throughout to minimize the effect of stray capacity on the 

measurements at high frequency. 

The standard box, which contains metal film resistors ranging· from 10 n 

to 1 M n, was used to facilitate the choice of standard resistances. The actual 

impedance value of the standards was calibrated at 1 MHz operating frequency 

using an HP-4271B LCR meter and the results are listed in Table Al. The 

139 performance of the apparatus has been tested by Buechele ,who concluded 

. that, in general, extrapolation from high frequency data could be made with 

confidence. 

AA. Data Analysis and Typical Results 

Analysis of data for magnetic and electrical measurements was carried 

out with the aid of an HP-85 personal computer. The apparent impedance 

(admittance) was calculated from the gain-phase meter readouts, using equation 

-
A.3.1a. The standard impedance (Zs) was obtained from the calibrated resis-

tance and capacitance/inductance (Table A.l), using the following equations 

(Fig. A6a): 
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Z = R + J"x 
S s x 

where 

and r 0' Co' 10 are resistance, capacitance and inductance of the standards, 

respectively, 

and c = 30pf is the input capacitance, and input resistance is assumed p 

to be infinite. 

The magnetic permeability 11', energy dissipation 'Il' land loss factor tan cS 

were calculaled from the impedance of the coil wound on the toroidal specimen 

using Eqs. Al.4. The apparent electrical resistivity Pp and dielectric conslant, 

Ep' were calculated from the impedance of the bar specimen using the formula 

(Fig. A6b); 
A = [ 

(R 2 + X 2) 
x x 

Rx 

L Xx 
= - A (R 2 + X 2) 

w x x 

(A4.2) 
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where A, L are the cross-section and length of the bar specimen and Gx, Hx, 

Rx, and Xx are the apparent conductance, susceptance, resistance and 

reactance respectively (Fig. A6b). 

The dispersions of magnetic and electrical properties of two typical 

materials, labelled A for low loss and 8 for high permeability MnZn-ferrites, are 

shown in Figs. A7 and ABa. The significance of these plots was discussed in 

detail in Chapter 28. The permeability decreases and the magnetic loss 

increases because of magnetic resonance, whereas the overall resistivity 
, 

decreases because of the grain boundary capacitance effect. The complex 

impedance dispersions (R - X) of the two materials are shown in Fig. ABb. The 

characteristic parameters are listed. The inserts show that the complex 

admittance dispersion (G - 8) is not suitable for analyzing the characteristic 

parameters in these materials. 
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Figure Captions 

Fig.ILl. (a) The eutectic liquid (dark background) coexists with a solid inter

mediate phase (white particles, P), (b) A secondary phase, s, is 

nucleated from the supersaturated liquid at the solid-liquid interface. 

(c) remelting of the secondary phase by electron beam heating. 

Fig •• IL2 Room temperature microstructure of the same specimen as in Fig. 

ILl. (a) Thin CaO coating region; the Ca rich precipitates (P) are 

distributed in the Ca deficient matrix. (b) Thick CaO coating region; 

round Ca deficient precipitates (q) are distributed in the Ca rich 

matrix. 

Fig.ILJ. Ca-map and corresponding fracture micrograph of in-situ fractured 

MnZn-ferrite. (a) Auger electron spectrum of a transgranular 

fractured surface (A). (b) Auger electron spectrum of intergranular 

fractured surface (B). 

Fig.IL4. Bright field (B.F.) and diffuse scattering dark field (OF) images of 

MnZn-ferrite showing an a~rph~us phase at the grain boundary. 

Fig.II.5. Auger electron spectrum of a freshly fractured MnZn-ferrite surface 

(AES); Ca map of high temperature fractured specimen and the 

corresponding fracture micrograph corresponding to the Ca-map. 

Fig.II.6. HVEM images of the specimen heated to l30act: and l40act:, respec

tively. (0 the grain boundary images become diffuse at higher 

temperature, (ii) grain boundary migration occurs at 3-grain junctions 

a,b,c. (iii) preferential sublimation occurs at grain junction d. 

., 
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Fig.II.7. Microstructure of (a) type A and (b) type a MnZn-ferrite. The grain 

size of t ypeA material is smaller and the grain boundaries can be 

etched readily. The internal pores are observed in type a material. 

only. 

Fig.II.B. Frequency dispersion of (a) initial permeability (l.L'), (b) magnetic loss 

(l.L") and (c) loss tangent (tan 0 ) for both low loss (Type A and high 11. 
. 1 

(Type a) MnZn-ferrite. 

Fig.II.9. (a)Frequency dispersion of resistivity 

plots for type A and a MnZn-ferrite. 

and (b)complex impedance 

Fig.II.IO. Interaction of magnetic domain wall motion with segregated grain 

boundaries in type A material. A pair of Lorentz images is shown in 

the accompanying sketch. Domains a and C grew when the applied 

field increased and domain A was not able to shrink (stages 1 and 2). 

Only at a higher applied field does the domain wall surrounding A 

jump to the grain boundary (dotted lines). 

Fig.II.II. [001] zone axis cam pattern of type A material with an electron 

probe placed (a) at the interior of a grain and (b) at a region near 

grain boundary. (a) shows 4-fold symmetry and (b) shows only 2-fold 

symmetry. 

Fig.II.12. (a) Typical microstructure of a polycrystalline material; (b) a rectan

gular bar cut out from the material and (c) schematic of lumped 

circuits corresponding to each phase. 
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rig.IILI. Principle of Lorentz Microscopy: (a) underfocused Lorentz image, (b) 

rays diagram shows electron excessive (E) and deficient (O) regions 

right beneath the do main walls and (c) overfocused Lorentz image of 

the same area as (a). 

rig.III.2. Interaction of the domain wall with pure grain boundaries (dotted 

line): Domain walls parallel to grain boundaries are stopped 

completely at grain boundary ( 1 - 1, 2 - 2 and) - ) ), while the 

domain wall perpendicular to the grain boundary can move up and 

down. 

rig.UI.). Interaction of the domain wall with an inclined grain boundary (dotted 

line). The domain wall ( 1 - 1 ) is perpendicular to the foil, While the 

grain boundary is inclined to the foil surface, such that the domain 

wall can move across the grain boundary. 

rig.IIL4. Interaction with a segregated grain boundary (dotted lines): The 

domain waU- ( 1 - 1) is stopped ata--distance from--the grain 

boundary (stages 1 and 2) and jumps to the grain boundary as the 

applied field increases further (stage 3). It splits and nucleates a new 

closure domain E as the applied field decreases (stage 4). The grain 

boundary also acts as a nucleation site for domain C (stage 2). 

rig.IILS. Interaction of a pore: The domain wall (1 - 1) moves toward the 

left when the applied field is increased, and it moves toward the right 

when the applied field is decreased. The lower end of the domain wall 

is pimed by pore (P). 
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rig.III.6. Interaction with a crack: Domain walls move toward the crack (C) 

continuously and are stopped by the crack. 

rig.IlL 7. Interaction with, the second phases: The domain wall (1 - 1 ) , 

moving to the right, is stopped by the precipitates (d, e and g). 

Nucleation of the domains with reverse magnetization occurs at 

precipitates (domain B nucleated at stage 2 and domain C nucleated 

at st,age 3). 

rig.IlL8. Interaction with the stacking faults: Domain walls are pinned to the 

faults (dotted lines). Nucleation of domain (a) occurred at stage 2. 
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Fig. IV.!. Oxidation/reduction of ferrous (Fe2+) io~s in type B MnZn-ferrite 

caused by controlled atmosphere annealing. The divalent iron content 

decreases as either the P02 level of annealing atmosphere increases 

or the annealing temperature decreases for same P02 level. 

Precipitation might occur _ when the P02 level exceeds the phase 

boundary limit. 

Fig.IV.2. Dispersions (frequency dependence) of apparent electrical resistivity 

for annealed and un annealed MnZn-ferrite specimens. A higher 

resistivity is obtained for a specimen annealed in a higherP02 level. 

The resistivities drop off in the high operating frequency regime due 

to the grain boundary capacitance effect. 

Fig. IV.J. Fe2
+ dependence of apparent electrical resistivity of the same 

materials as in Fig. IV.2. The resistivities are higher for specimens 

containing smaller amounts of ferrous (Fe2+) ions. The annealing 

atmospheres are indicated in Fig. IV .2. 

Fig.IV.4. Fe2+ dependence of grain boundary and bulk resistances. They are 

comparable in magnitude and increase as the amount of divalent iron 

decreases. The change of grain boundary resistance is more 

pronounced as a result of annealing. 

Fig.IV.5. Fe2+ dependence of grain boundary and bulk resistivity. The grain 

boundary resistivity is overwhelmingly higher than the bulk reSistivity 

and it increases more rapidly. 

Fig.IV.6. Dispersions of (a) magnetic permeability 11', (b) loss 11", and (c) tan IS 

for annealed and unannealed MnZn-ferrite. The magnetic properties 

decrease as the annealing P02 level is increased. 
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2+ Fig.IV.7. Fe dependence of magnetic permeability (at 1KHz and 100KHz), 

maximum magnetic loss and tan <5 (at °6MHz) of the same specimens 

as fig. IV.6. The magnetic properties decrease with the ferrous 

(Fe2+) ions content • 
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Fig. A.l. Self-inductance (Lo) of the coil wound on the toroid. 

Fig. A.2. Mathematical models of a dielectric material. It can be described in 

* terms of a complex dielectric constant ( eJ or complex conductivity 

* ( a ). 

Fig. A.J. Modelling of polycrystalline materials (a) cubic grain microstructure, 

(b) top layer and equivalent circuits and (c) simplified layer model and 

equivalent circuits. 

Fig. A.4. (a) Complex impedance and (b) complex admittance dispersions' 

corresponding to the equivalent circuit of layer model in Fig. A.Jc. 

Fig. A.5. (a). Block diagram of apparatus for complex impedance measurement 

and (b) specimen jig for magnetic measurement, which is done 

through measuring the impedance of a coil wound on the magnetic 

specimen. 

Fig. A.6. Formula for calculating (a) input impedance and (b) the apparent 

resistivity and dielectric constant. 

Fig. A.7. Typical frequency dispersions of (a) . permeability (b) magnetic loss 

and (c) tan o. 

Fig. A.S. (a) Typical frequency dispersions of apparent resistivity and (b) com-

plex impedance/admittance dispersions. 
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TABLE I. CHEMICAL COMPOSITION OF REACTED 

MnZn-FERRITE (cf. Fig.II.2) 

Ca Mn Fe 

Region A matrix 0.48 20.08 79.44 

ppt. 52.22 10.57 37.21 

Region B matrix 82.73 4.91 12 •. 35 

ppt. 7.95 29.39 62.67 

Zn 

-

-

.-

-

Note: these composition should be used to indicate 

relative amount only. 
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TABLE II. CHARACTERISTIC PARAMETERS OF MnZn-FERRITE 

Materi a 1 s Type A Type B 

Bulk Resistance (n) 55.5 19.7 

G.B. Resistance (n) 4,000.0 100.3 

G.B. Capacitance( pf) 630.0 1 ,590.0 

x lxl0-3 0.33xl0-3 

. 
bulk resistivity(nm) 0.078 0.028 

g.b. res;st;vity(nm) 16,560.0 420.0 

dielectric const.(Eo) 50.8 43.6 

x=g.b.thickness/grain size; -12 Eo=8.85xlO farad/m 

Specimen Dimensions: 2.67mmx5.5mmxl0.53mm 

Type A-: low- loss MnZn-ferrite-

Type B high ~i MnZn-ferrite 
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Table A.I Calibrated Standard Resistance 

Nominal 
1M lOOK 10K IK 100 50 Resistance 21 10 

Coli b. Ro (.ct.) 0.85M I03K 9.87K 0.998K 99.5 50.3 21.1 10.2 

Co (pf) 8.24 8.54 9.04 8.89 - - - -

Lo <fLH) - - - - 0;22 0.268 0.283 0.284 

X B L8211·6845 
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Table A.I Ca Ii brated Standard Resi s fance 

Nominal 
1M lOOK 10K Resistance IK 100 50 21 10 

Calib. Rota.) 0.85M I03K 9.87K 0.998K 99.5 50.3 21.1 10.2 

Co (pO 8.24 8.54 9.04 8.89 - - - -

Lo (,uH) - - - - 0.22 0.268 0.283 0.284 

X B L8211·6845 
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Fig.ILl 

Figure 1 a) The eutectic liquid (dark) coexists with solid 
intermediate phase (white particles). b) A secondary 
phase is nucleated from the super saturated liquid 
at the solid-liquid interface. c) remelting of the 
secondary phase by electron beam heating. 
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Figure 2 Room temperature microstructure of the same 
speci ,lle'1 as in figure l :a) thin CaO mating region, 
the C3 r i ch precipitates are distributed in the Ca 
deficient matrix. b) thick CaO coating region, the 
round sha~ed Ca defic ient precipitates 3re distributed 
in the Ca rich matr ix. 
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A 

B 

- -Zu= Rx+jXx; Zs= Rs+jXs 

Rx = Rs(cx cos 8-1 ) + ><sa. sin 8 

Xx = Xs(06cos8-J)- Rsc:xsin 8 

G - Rx x - R2+ X2 
x x 
Xx 

-Hx= 2 2 
Rx+Xx 

Toroid and Coil 

Electrod e 

-C:::nL_(Spring Loaded) 

XBLB2U-6841 



- 124 -

(a) Standard Impedance 
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