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ABSTI.ACT 

the structure and microstructure of Y-re 2o3 parti

cles used in magnetic recording media have been analyzed 

by convergent beam electron diffraction and conventional 

transmission electron microscopy. 

Convergent beam electron diffraction results show 

that Y-Fe 2o3 particles have a primitive lattice with an 

m3m po1nt group and a cubic ~uperstructure with lattice 

parameter approximately equal to three times the lattice 

parameter of the magnetite structure. this superlattice 

is a result of cation vacancy ordering. An order-disorder 

transition of the structure is observed in the electron 

microscope and is believed to be caused by electron 

radlation-enhanced diffusion. 
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rranamiasion electron microscopy results show that 

these particles are tingle crystals. and hence the theory 

that polycrystallinity is the cause of the discrepancy in 

coercivity between the experimental and theoretical values 

cannot be true. Tbe results also show that the long asia 

directions of the particles are along low order directions 

(e.g. <100>. <110>. <111> ~.) w itb a bout 30% a long <110> 

which are the easy directions of the material. 

.. 
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I. Introduction 

jagnetic recording ia the moat widely ~•ed method 

ot stor1ng information today. mainly due to the fact that 

large amounts of information can be stored cheaply and 

reliably on an erasable and rewritable medium. Kagnet1c 

recording takes three forms to store information: magnetic 

tapes. floppy disks~ and hard disks. but in general the 

magnetic materials used are the same. 

Fig. 1 shows the scanning electron microscope (SEM) 

images of commercial audio tapes of different grade. 

These acicular particles are made of Y-Pe 2o3 which was the 

earliest material used for magnetic tapes and today it is 

still the most widely used magnetic material for disks and 

tapes. Y-Pe 2o3 is commonly prepared via the conversion of 

aPeOOH or YFeOOH to Fe 3o4
1• 2 • by heating and reduction. 

which has a cubic inverse spinel structure. converts to 

Y-Fe 2o3 by removing 8/3 Fe ions per unit cell. 

Because of its appli~ation as magnetic recording 

media. the structure and mic~ostructure of Y-Fe 2o3 

materials have been s~udied by many investigators. 

However. due to (1) the fact thae the structure contains 

large amounts of cation vacancies so that it is sensitive 

to the environment. (2) the small particle sizes. and 
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(3) the .ifficulty in growing single crystals for X-ray 

determination. unambiguous result for the structure and 

microatructure have not yet been obtained. 

In thia atudy, ~-re 2o 3 acicular part1cles were 

examined by transmission electron microscopy (TEM) and 

convergent beam electron diffraction (CBED) to allow 

examination of individual particles ·and to determine their 

cryatal structure and microstructure directly. Several 

nev results concerning the structure and microstructure of 

~-re 2o 3 have been obtained. Some non-magnetic properties, 

which were evident in observations of commercial tapes, 

are also discussed. 

I 
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II. Background Studies 

(A) Magnetic Properties 

the desirable magnetic properties of a magnetic 

recordina media are (1) A hiah saturation magnetization 

and a high remanent-to-saturation magnetization ratio(i.e. 

squareness. S = Mr/Ms where Mr and Ms are rem~nent and 

saturation magnetization. respectively). (2) A coercivity 

which is high enough to withltand the demagnetization due 

to the recording and reproducing losses but low enough to 

allow relatively easy recording and erasure. 

(1) Magnetization 

Y-Fe 2o3 is commonly obtained from re 3o4 by oxida

tion. Magnetite(Fe 304) is a ferrimagnetic material which. 

like ferromagnetic&, exhibit a substantial spontaneous 

magnetization at room temperature and the phenomenon of 

magnetic saturation and hysteresis. Magnetite has an 

inverse spinel structure. Fig. 2 shows the spinel struc

ture3, in which the large oxygen ions are packed in a 

face-centered cubic arrangement and the smaller iron ions 

occupy the apace between them. In the case of magnetite 

there are 16 out of 32 octahedral or B sites and 8 out of 

64 tetrahedral or A sites occupied by the iron ions, and 

the structure can be represented by 

Fe 3 + ( Fe 2 + Fe 3 + ) 04 

where the brackets indicate B sites. 
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Upon oxidation to 'Y-Fe203 the oxygen lattice of 

Magnetite remains practically unchanged. But due to the 

charge neutrality. 8/3 Fe ions per unit cell are removed 

resulting in a defective structure. The structure of 

'Y-Fe203 can be magnetically expressed by 

3+ ( 3+ .· ·) 
Fe 8 Fe 13 1/3 x8/3. 0 32 

where X represents cation vacancies. The net magnetic 

moment is the result of the imbalance between these two 

oppositely oriented iron sites. Thus. the magnetic moment 

can be calculated as 2.i Bohr magnetons per molecule which 

has been shown to be in good agreement with the experi

ment& 1 va luea 4 • 

While saturation magnetization is an intrinsic 

property~ remanent magnetization is an extrinsic property. 

It depends on the particle alignment as well as on their 

shape and size 5• Therefore. processing factors which 

affect particle alignment, shape and size distribution 

~. are also important in determining the performance of 

magnetic materials. 

(2) Coercivity 

The coercivity of fine particles is primarily d~e 

to the shape anisotropy and/or crystal anisotropy. In any 

crystal. an energy is required to force the magnetization 

vector Ms to point in a non-easy direction. This crystal 

anisotropy energy E can be expressed by 4 
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• • • 

w h e r e a 1 • a 2 • ~ a r e t h e c o s in e s o f a n.g 1 e s a • b • c t h a t M s 

makes with the crystal axes and K1 is the dominant factor 

concerning the change in the energy E when the Ms vector 

rotates from one direction to another. 

In the case of 'Y-Fe 2o3 • because of its small K1 

anisotropy constant value 6 cystal anisotropy is relatively 

unimportant. It has be~n reported7 that crystal aniso-

tropy accounts for approximately 1/3 the observed room 

temperature coercivity. Since the easy axis of the mate

rial has been determined 6 to be <110>. crystal anisotropy 

may be increased by having the long axes of the particles 

along <110> directions. 

Assuming a prolate spheroid shaped material. shape 

anisotropy can be expressed 8 by 

where Na and Nc are demagnetizing coefficients along the a 

and c axes of a prolate spheroid respectively. 

Assuming very long particles with Nc = o. Na = 271' and 

Ms = 400 emu/cm 3 • the coercivity of Y-Fe 2o 3 particles 1s 

calculated to be approximately equal to 2500 oe 9 • which is 

much larger than the experimental value (about 300 Oe). 

This discrepancy between the experimental and the 

theoretical values has been discussed by many investiga

tors10•11. Today. among the proposed models. it is 
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believed that chain-of-sphere model. in which the magne

tizatioi on alternate spheres rotates in opposite direc

tions. describes the reversal behavior of Y-re 2o3 parti

cles most satisfactorily. Hen~e. the microstructure of 

the particles has been interpreted to be polycrystalline. 

and composed of magnetically interacting crystallites 

along the long axis. It has been assumed that each 

crystallite is a single domain and that the spins in each 

one reverse coherently. The magnetostatic coupling 

between two crystallites causes the pair to have a uni

axial anisotropy with an easy axis along the long axis of 

the particle. 
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(B) Pre•ious Results 

(1) Structure and vacancy distribution 

This topic was first studied by Higg 12 and Verweyl3 

independently using X-ray diffraction powder data. They 

pointed out that Y-Fe 2o3 had the same inverse spinel 

structure as magnetite. but with cation vacancies which 

distribute uniformly in the cation sites and the resulting 

space group remains Fd3m. From the measurement of the 

saturation magnetization. Nee1 14 pointed out that cation 

vacancies are distributed only over the 16d cation sites. 

Ferguson and Haas 15 studied the vacancy distribu-

tion by ,eutron diffraction and their work supported the 

model of preferential distribution of vacancies in the 

octahedral sites only. Van Oosterhout and Rooijmans 16 and 

other investigators (Braun 17 • Haul and Schoon 18 • and 

Chaudron 19 ) found many non-magnetite extra lines in the 

X-ray powder pattern. They attributed these lines to the 

formation of a superstructure, due to ordering of c~tion 

vacancies. 

The structure was interpreted as tetragonal with 

c/a = 3 and space group P4 1 by Van Oosterhout and 

Rooijmans 16 • It was reported to be similar to the ordered 

phase in lithium ferrite with space group P4 1 32 (or P4 3 32) 

by Braun 17 • Ueda and Hase 20 concluded f~om their X-ray 
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and neuC~on diffraction data ~hat the vacancies can occupy 

only fo~r of the 16d sites. In contrast to the above 

reported results. Takei and Chiba 6 prepared epitaxial 

sinal• crystal filas of Y-re 2o3 which showed ia'o such 

ordered array of vacancies. Kecently. from their X-ray 

and electron diffraction results of a polyhedral crystal. 

Boudeulle ~. &.l. 21 concluded that the vacancy ordering 

depends on th• preparative conditions and suggested that 

the vacancy di•tribution either results in noncubic symme

try or leads to a cubic superatructure with a threefold 

unit· cell. 

··.·.·.·. 

(2) Microstructure 

As discussed in secti~n II (A), there are two 

features in the microstructure that are important concern-

ing the magnetic properties: (1) The long axis direction 

of the particles. is it parallel to the easy direction? 

(2) Are the particles single crystals or polycrystalline? 

Discrepancies also exist in the literature concern-

ing these two features in the Y-Fe 2o3 acicular particles. 

Osmond 22 reported that the particl•s were composed of 

small crystallites which had their needle axis along <111> 

directions. Campbe11 23 concluded the long axis to be any 

lov order direction. Hurt ~. &1. 24 found that most of 

the particles were po1ycrystalline and the needle axis was 

<110> in single crystals. 
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Gustard and Vriend 25 .reported that 40% by volume of their 

particles had <110> direction in the long axia. From the 

argument of the topotactic transformations and the direct 

determination using selected area electron diffraction, 

Van Oosterhout 26 reported that the long axis directions 

are along <110> directions only. aecently, Bate 27 con

cluded that this confusion concerning the orientation of 

the long axis arose because of different preparation 

conditions. 
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III. Experimental Procedures 

(A) Specimen Preparation 

In this study. tvo commercial Y-Fe203 samples from 

different sources 28 were obtained. 

(a) Audio tape sample 

The plastic substrate of the audio tape was first 

removed in an acetone solution. Samples were prepared by 

ion milling the magnetic coating. after being ~ounted on a 

electron microscope grid. until thin enough for transmis-

sion electron microscopy observation. Ion milling had to 

be done in a liquid nitrogen cold stage using a 4 to 5 kV 

accel~rated Ar ion beam. impinging on the specimen at 10 

degrees to the specimen surface. to avoid radiation 

damage. 

(b) ~owder particle sample 

Carbon-film coated grids were first prepared by 

deposi~ing carbon on a mica substrate via carbon evapora

tion and then. after separation from the substrate. the 

carbon film was attached to the electron microscope grid. 

~amples were prepared by dispersing particles in alcohol 

solution and subsequently deposited on the grids. For 

samples prepared in this way. ion milling was not 

required. 
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(B) TEM and CBED 

In structural and microstructural studies. both 

Y-Fe 2o3 samples were observed by transmission electron 

microscopy (TEM) and conv~rgent beam electron diffraction 

(CBED) techniques. The particles examined were about 0.2 

to 0.45~-~ in length and had an axial ratio of about 5. 

Both TEM and CBED were performed in a Philips EM 400 at 

100 kV. A liquid nitrogen cold stage was used to acquire 

sharp CBED patterns and to avoid rapid contamination of 

the particles under the convergent beam. 

CBED was employed mainly for structural studies and 

the convergent probe size was about 400 1 in diameter so 

that the direct observation of individual particles could 

be done which greatly reduce the difficulty in isolating 

particles. From a CBED zone axis pattern such as Fig. 3. 

which is a <111> zone axis pattern. crystal symmetry 

information can be obtained by observing the high order 

Laue zone (HOLZ) symmetry and by observing the internal 

structure of the zero order discs. 

Point group determination 29 requires precise exami

nation of the diffraction pattern symmetry and reference 

to the tables published by Buxton ll· u.30 • 

Space group determination can be achieved by observing the 

presence of the so-called line of dynamic absence which 

occurs in kinematically forbidden reflections and is 

related to the presence of a screw axis or glide planes 31 • 
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The long axis direction of the particle can be 

obtained simply by comparing the bright-field electron 

microscope image of the particle to the selected area 

diffraction (SAD) pattern. taking all optical image rota

tions into account. Table 1 shows the rotation calibra

tion data used in this experiment which was obtained using 

a Moo 3 single crystal. 1 

The crystalline nature of the i'-Fe 2o 3 particle can 

be examined by several methods: (1) By taking an SAD from 

one particle and examining if the pattern is single cry

stal or not. (2) By probing at different spots along the 

particle and observing the orientation relationship 

between different areas of the particle. If t~\e orienta

tion of these diffraction patterns are the same. the 

particle is single crystal. (3) Utilize dark-field 

im a g in g t e c h n i que. I f the who 1 e part i c 1 e is bright u n de r 

dark-field imaging conditions. the particle is single 

cry s t a 1. 
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IV. Experimental Results 

(A) Structural Studies 

Table 2 is a summary of previous structural 

studies 6 • 12 - 21 • It is not surprising that these results 

are not consistent because the techniques employed can 

only provide average data about the material. In fact, 

similar X-ray traces were obtained in most of the previous 

works 16 - 21 • However, since they were based on different 

~ssumptions they were interpreted differently. Among the 

results. it is generally believed that 'Y-Fe 2o3 has a 

tetragonal structure of c/a = 3, where a = 8.331, due to 

the fractional nature of iron cation vacancies~ 

X-ray data obtained in the present research were 

similar to those referenced in the Table 2. As shown in 

·Fig. 4, several non-magnetite extra lines such as 110, 

210, 211 ~. were found. These extra lines indicate that 

a reduction in symmetry from a face-centered cubic lattice 

to a primitive cubic lattice has occurred. This finding 

is also supported by electron microdiffraction results. as 

shown in Fig. 5, in which reflections forbidden by the fcc 

structure such as 100, 110, 210 ~· are present. For 

convenience, Fig. 5 is indexed in terms of a Fe 3 o4 unit 

c e 11. 

Figs. 6 and 7 are primary CBED zone axis patterns 

of the same spec1mens as used for X-ray analysis. 
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In contrast to the previous confusion on its structure. 

both Y-Fe 2o3 samples clearly showed the same crystal sym-

metry. Since the internal structure of the discs cannot 

be seen. the crystal symmetry must be determined from 

analysis of the HOLZ symmetry. As shown in Fig. a. the 

HOLZ symmetry is more easily resolved when. smaller 

condenser lens apertures are used (e.g. SO!Jm). 

From Fig. a. it can be seen that the <100>. <110> 

and <111> zone axis patterns show the 4mm. 2mm and 3m 

symmetries. resp~ctively. From Table 3 which is published 

by Buxton .e.t,. &l,. 30 the observed whole pattern symmetries 

can be related to possible diffraction groups. For exam-

ple. 4mm symmetry can be either the 4mm or the 4mm1R 

diffraction group and 2mm symmetry can be any of the three 

possible diffraction groups. From th~ relation between 

the diffraction groups and the crystal point groups. as 

shown in Table 4. the point group can be .unambiguously 

determined to be m3m which means that. vacanc1es are or-

dered in such a way that the unit c~il remains cubic. 

This crystal symmetry also rules .out all .of the space 

groups proposed by previous investigators 12 • 1 3• 16 • 17 • Due 

to the small particle size. no struc~ure is visible in the 

zero order reflections and the space group of the material 

can not be determined. However. f~om the knowledge that 

Y- Fe 2 0 3 h a s a p r im i t i v e 1 a t t i c e an d m 3m p o in t g r o up • t h e r e 

are only four possible space groups: Pm3m. Pm3n. Pn3m and 

Pn3n. 
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As shown in Fig. 9 32 • the spacing between layers. 

R. in the reciprocal lattice can be calculated from the 

CBED pattern as 

R = lC - lC j 1 - (a/ L) 2 

where K is the reciprocal of the inci~ent electron wave-

length. a is the radius of a high order Laue ring. 

and L is the camera length. 

By using the above equation. the 'Y-Fe 2o3 unit cell 

is consistently derived from all three primary zone axis 

patterns to be cubic with lattice parameter approximately 

equa 1 to three times that of the magnetite crysta 1 lattice 

parameter. Fig. 10 is a series of CBED <110> patterns 

taken from the same area of a particle during prolonged 

exposure. Under the convergent electron beam. the ordered 

structure with lattice parameter 251 is observed to gra-

dually change to a disordered structure with lattice para~ 

meter 8.331. This result suggests disordering has 

occurr•d so that vacancies are no longer uniformly distri-

buted in ea~h unit cell. Fig. 11 shows similar order-

disorder transitions observed in a crystal having <100> 

zone axis. This transition h~s also been observed in 

crystals having <111> zone axis. The resultant disordered 

structure continues to have the m3m point group symmetry. 

as shown in Fig. 12. 

•.· .. I • 
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(B) Microstructural Studies 

Table 5 contains a summary of previous microstruc

tural studiesll-lJ on the Y-Fe203. It is evident that 

there exist many discrepancies. However. it should be 

b o r n e in m in d t h a t 'Y- Fe 2 0 3 can be p r epa r e d by s e v era l 

methods which might lead to different results. 

In this part of the study. the main interest was to 

examine the microstructural features. namely the crystal

line nature and the long axis directions of the particles. 

in commercial particles used today. Since even the small

est intermediate aperture ( o.s .. m) is relatively large. it 

almost always covers more than one particle. Hence. the 

simple SAD experiments is not suitable. Using other 

methods described in section III(B). in Fig. 13 micrograph 

b was obtained from spot A and similar patterns as in 

micrograph c were obtained from spots B. C and D. It can 

be seen that the long axis of the particle is along <111>. 

Also. since the orientation of these patterns has not 

changed. it is clear that the particle is a single crys-

t a 1. In Fig. 14. using the same method. the particle in 

micrograph a is a single crystal but now the axis is 

observed to be <100>. Similarly. in Fig. 15. the particle 

in a tape sample also shows the single crystal nature but 

with the long axis along <110>. This single crystal 

nature of the particles is also confirmed by dark-field 

imaging. in which an entire particle is in bright 

contrast. as shown in Fig. 16. 



.. 
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In about 40 observations such as these and those 

using microdiffraction technique as shown in Fig. 17, it 

was found that about 30% of the particles had the long 

axis along <110> and 40% with their long axes inclined 

less than 30° to <110>. 

(C) Non-magnetic Properties 

Besides magnetic properties, several non-magnetic 

properties also play important rol~s in determining the 

performance. In SEM observations on commercial tapes, 

conclusions may be drawn as to the morphology and tape 

performance by reference to Fig. 1. For example: 

(1) Improve particle alignment 

In all tape samples, particles are aligned along 

the longitudinal direction of the tape so as "to improve 

the coercivity. But between tapes (SA and D t~pes are 

supposed to give the best and worst performance among the 

three, respectively.) it was obvious that SA tap.es have 

the best alignment and D tape has the ~oor~st. 

(2}. Reduce partie le size 

Small particle size can reduce kodulation noise and 

surface roughness and thereby increase signal to noise 

ratio. AD tape apparently has a smaller particle size 

than D tape. Since SA tape is made of cobalt-absorbed 

particles, it can not be .compared with other two tapes. 
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(3) Higher packing density 

Higher packing density means a higher amount of 

particles switched· by the signal. thereby producing higher 

output. Qualitatively. it can be seen from the micrograph 

that SA tapes have. the highest packing density. followed 

by the AD tape and D tape. 
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v. Discussion 

The CBED results have revealed that Y-Fe 2o3 has a 

cubic superstructure unit cell of lattice parameter appro

ximately three times that of the magnetite lattice parame

ter. Thus, each unit cell is converted from 27 magnetite 

unit cells, with 8/3 x 27 = 72 iron vacancies distributed 

in ordered configuration in the superstructure unit cell. 

The observed transition from ordered structure to 

disordered structure suggests iron vacancy disordering has 

occurred under the electron beam~ The resultant cubic 

unit cell with lattice parameter approximately equal to 

that of magnetite indicates that iron vacancies aTe no 

longer evenly distributed in each unit cell. This local 

uneven iron vacancy distribution will induce local fluc

tuation in magnetization which may in turn be the cause of 

no1se. Therefore. the disordered structure is undesi

rable. 

The origin of the order-diaotder transition has 

been examined. The same pattern as- Fig. li(f) is obtained 

after re-exa~ining the same area al~o {ri a liquid nitrogen 

cold stage several days later. This result confirms that 

the order-disorder transition is riot. due to local specimen 

heating by the electron beam. Furthermore. at 100 kV. 

knock-on displacement damage is not likely to take place 

in an ionic materia1 33 • However. electrons may transfer. 
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by ionization damage. sufficient momentum to enhance 

cation diffusion. especially in a high defect density 

material such as Y-Fe 2o3• In such cases the activation 

energy required for cation diffusion is low so that diffu

sion may be enhanced by electrons of energy even less than 

100 kv33 • Thus. the mechanism of this order-disorder 

transition is considered to be due to radiation-enhanced 

diffusion of cations in the electron beam. No attempt has 

been made in this work to measure this quantitatively. 

The result of microstructural study showed that 

Y-Fe 2o3 partic~es were single crystals which proved that 

previous interpretations of the low coercivity value. in 

terms of polycrystalline particles. cannot be correcc. An 

alternative condition that satisfies the fanning chain-of

sphere reversal mod~ may be responsible for the low coer

civity value. Th~t is these particles may consist of 

several single domain regions and the domain walls are 

somewhat pinned (by the boles. for example). 

In order to examine this. domain wall observations 

using Lorentz microscopy tecbniques 34 • 35 have been tried 

on the Philips EM 301. However. because of the small 

particle size and the magnification limitation. because 

the objective lens must be turned off. the experiment was 

not successful. 
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Domain wall observation on these tiny particles requires a 

modified electron microscope which can provide high magni

fication while the specimen area has a low magnetic field. 

Such facilities were not available for this research. 

The long axis directions of the particles were 

found to be along low order crystallographic directions 

which indicates that crystal anisotropy was not fully 

exploited. The coercivity of the particles may be 

increased by having the long axes along <110> directions. 

From topot•ctic transformation arguments 26 (i.e. the 

transformation of one solid crystalline phase to another 

by rearrangement of the atoms so that even if a certain 

fraction of the material is taken into or expelled from 

the system the phases have a definite crystallographic 

structure relationship to each other). the long axis 

direction seems could be dedu~ed from the starting mate

rial. as shown in Table 6. 

Several important aspects of this material require 

further experiments: 

(1) Environmental effects on the structure. Since 

Y-Fe 2o3 has a high defect density. the cation diffusion 

may also be enhanced by thermal energy. The extent of 

thermal effects can be revealed by heating experiments at 

temperatures below the transition temperature of Y-Fe203 

to a-Fe 2o3 • 
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(2) Domain wall observations. Lorentz electron 

microscopy experiments can help in understanding the 

origin of the coercivity and the magnetization reversal 

mechanism which may in turn provide the information needed 

for further improvement of the material. 

(3) To establish the factor(s) that affect the 

morphology controlling the long axis directions of the 

particle. Since the crystal anisotropy accounts for 1/3 of 

the room temperature coercivity. crystals having their 

long axes along <110> directions can increase the coerci

vity by a certain amount. 
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VI:~ Cone: lusion 

Because of the difficulties in obtaining informa~ 

tion directly from individual particles. there are many 

discrepanc:iea in the literature regarding the structure 

and microstructure of Y-Fe 2o3 particles. In this study. 

whereby individual particles have been examined by elec:-

tron microscopy and mic:rodiffrac:tion. the following con-

elusions have been made: 

(1) Y-Fe 2o3 particles prepared for commercial audio 

tapes have a primitive cubic lattice and m3m point group. 

therefore the space group of the material can only be one 

of four possible space groups. 

(2) The material has a cubic: superstructure with a 

~thr~efold increase in lattice parameter as a result of 

cition vacancy ordering. 

(3) An order-disorder transition occurs by electron 

.itradiation during observation. This transition is pro-

bably due to enhanced diffusion by ionization damage. 

(4) Morphological studies showed that these parti-

cles are single crystals; thereby denying concepts that 

such iron oxide particles are polycrystalline. The origin 

of the coercivity requires further examination. 
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(5) The long axis directions of the particles are 

found to be along low order crystallographic directions 

with about 30% along <110>. 

/ 
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Figure captions 

Figure 1. SBM images of commercial magnetic tapes. (a) D tape 

(b) AD tape and (c) SA tape. showing different 

particle alignment. packing density and particle 

size. 

Figure 2. Spinel structure. The magnetic moment of these 

cations in octahedral sites (CN=6) and those in 

tetrahedral sites (CN=4) have opposing alignments. 

(After Van Vlack [3].) 

Eigure 3. CBED <111> zone axis pattern of Y-Fe 2o3 particle 

showing a 3m symmetry. 

Figure 4. X-ray diffraction traces of Y-Fe 2o3 showing 

several non-magnetL:e extra lines. 

Figure 5. M ic rod iff ract ion patterns of Y- Fe 2o 3 from (a) 

<100> and (b) <110> zone axis. Forbidden 

reflections for the fcc structure such as 100~ 

110. 210 etc. -~e allowed indicating the 

lattice is a primitive cubic. 

Figure 6. CBED zone axis patterns from tape samples 

showing a cubic threefold superstructure. (a) 

< 1 0 0 > • ( b ) < 11 0 > an d ( c ) < 111 > p a t t e rn • 

Figure 7. CBED zone axis patterns from powder samples 

al~o showing a cubic threefold superstructure. 

(a ) < 1 0 0 > • ( b) < 110 > and ( c ) < 111 > pat t ern • 

Figure 8. CBED patterns showing m3m point group symmetry. 

(a) < 1 0 0 > • ( b) < 11 0 > and (c) < 111 > pat t ern. 
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Figure 9. Schematic illustration of electron diffraction 

illustrating the formation of higher order Laue 

zoneS • 
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Figure 16. (a) Bright field image. (b) corresponding dark 

field image showing the particle ia a single 

cryatal. 

Figure 17. (a) Bright field image. (b) <111> pattern and 

(c) <112> pattern showing the long axis ia along 

<110> directions. · 
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Table. 1 lhilipa IIMOO TBII/Bnll Aaalytical Kicroacope IDtatioa Calibratioa 

CAM. LENGTH : 1000 mm 

To use the above graph for camera lengths other than 1000 mm, simply 
add the required number of counter-clockwise degrees as read from the table 
below to the rotation angle read from the graph. 

Additional 
Counter-clockwise 

Camera Length Angle 

120 
200 
280 
450 
600 
750 

1000 
1400 
1800 
2400 
3300 

97 .1 
120.2 
142.9 

4.3 
3.8 
1.1 

1.0 
3.0 
6.3 

12.1 



Table 2. Published structural studies on Y-Fe 2o3 

Author 

12 Hagg 

13 Verwey 

Nee114 

Ferguson
15 and Hass 

Haul ~g 
Schoon 

17 Chaudron 

18 Braun 

Technique 

x-rau doffractopm 

same as above 

saturation 
magnetization 
measurement 

neutron 
diffraction 

x-ray diffraction 

same as above 

same as above 

Van Oosterhoui9 same as above 
and Rooijmans 

Ueda and
20 Hasegawa 

Takei6and 
Chiba 

Beudeul~I 
et. al. 

X-ray and neutro-n 
diffraction 

x-ray diffraction 

x-ray and electron 
diffraction 

vacancy Distribution 

distribute uniformly 
in the cation sites 

same as above 

only over the 
octahedral sites 

only in the 
octahedral sites 

vacancy ordering 
result in a 
primitive lattice 

same as above 

same as above 

same as above 

occupy only four 
of the 16d sites 

no vacancy ordering 

either with noncubic 
symmetry or with cubic 
superstructure with a 
threefold unit cell 

50 

Space Group 

Fd3m 

P4
1 

with c/a=3 

P4
1

32 
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T ..... 3. CID httern SymmetriM* 
(WheN 1 DMh Appelrlln Column 7, the Speclel Symmetrtee Cln le Deduced from Column• 5 end e 
of Thla Tillie (Or from Tillie 1 In Iuxton et 11 1171).) 

Dark Field :G ProJection 
Diffraction Bright Whole DiffractiOn 

Group Fielcl Pattern General Spec1al General Special Group 

1 none none} 
1R 2 

.., none none 1R 
' 

2 2 2 none 2 none~ 
2R 1 1 1 none 2R none 21R 
21R 2 2 2 none 21R none 

mR m 1 m mR ! m m m 1 m m m1R 
m1R 2mm m 2 2mm m1R 
2mRmR 2mm 2 m 2 

} 2mm 2mm 2mm m 2 
~mmR m m 1 m 2R 

2mm1R 

2mm1R 2mm 2mm 2 2mm 21R 
4 4 4 none 2 none~ 4q 4 2 1 none 2 none 41R 
41R 4 4 2 none 21q none 

4mRmR 4mm 4 m 2 

} 4mm 4mm 4mm 1 m 2 
4RmmR 4mm 2mm 1 m 2 

4mm1R 

4mm1R . 4mm 4mm 2 2mm 21R 
3 3 3 1 none none } 
31R 6 3 2 none none 31~:~ 

3mR 3m 3 m 
mR } 3m 3m 3m 1 m 
~1~:~ 

3m1~:~ 
3m1R 6mm 3m 2 2mm 

6 6 6 none 2 none} 
6R 3 3 none 2, none 61~ 
61R 6 6 2 none 21, ;1one 

6mRmR 6mm 6 m 2 

} 6mm 6mm 6mm m 2 
6~:~mmR 3m 3m 1 m 2~ 

6mm~" 

6mm1R 6mm 6mm 2 2mm ; ~ _., 

'After Buxton et al 1976. 

u 

f' 
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Table 4. • 
Relation letwMn the Dlffr.ctlon Groupe end the Cryatal Point Groupe 

Diffraction Flelatton between the diflractton groups and the 
Groups crystal point groups 

6mm1" X 
3m1" X 
6mm X i 
6m"m" 'X 
61R I X I 
31R X I 
6 ' I X 
6AmmA X X 
3m X X 
3m_e X X 

6" X ' X 
3 X l ' IX 
4mmt" 1 X I ! iX 
4RmmR IX ' XI 
4mm i i ,x I ! 
4mRmR X I I I X ; 

411'1 X ~ I I 
4R I ;X I I I I I ! I 
4 X I I 

I I I I I I 

2mmtR X X I I iX IX ! •X 
2~'~mm~'~ X X 'X X X I iX !X X I X 
2mm X I I XI I I 
2mRmR :X i :X X I ·X I ~X IX 
m11'1 1X I i : I !X )( ; I ' : : )( )( ! XI 
m X 'X I XX i)( ' .x I XX ' XI 
mA X i ·XX i)( Xi !)( )( )( I i)( I X I :x XIX :XI" 'X X ' 
211'1 'X i I I i I XI ; I I ! ' I 

2A X X I ')( 
' X : ;X 1XI :X ,)( I ' ;)( 'X : 'X 

2 ~ I I ; i .)( ! ' ' ! ! : ' ; 

1R X ; I ' ! i l ; 
I 1)( I 

I l j ' 
l , X X X XX .X X XjXIXi Xi XIX I XI Xi •XIXIXI ')( X XI 

Potnt -~N,E e NIN E, .... ~~ 1 -'Niere 1 e:.,..,:u,.,"' ::::;: -.:l!l<c.;: ~';:'~';: .,..,j.,..,,NI;::'EI NE I CIN I ""-·-. ·-N-·--N·:::•,..,-· 
Groups N N E ~ 1 .... E·"',E· , - ""11<"1 • .2> :o =~ = ;- :...~.'21 

El E I I I ...-1'"". :::j . l . ~. = i • '"'j 
I ' ' i ~~' ! ' ! ' ' 3 : I ' : 

• A.tter Buxton et a1 11976) 

,. 



Table s. Published microstructure studies on Y-Fe2o3 

Author 

22 
Osmond 

Crystalline Nature 

compose of small 
crystallites 

Lonq AXis Direction 

. <111> 

53 

23 
Campbell any low order directions 

(e.q. <111>,<211>,<221> etc.) 

l 
24 

Hurt et. a • 

Gustard 25 and Vriend 

26 Van Oosterhout 

polycrystalline. <110> in single crystals 

<110> (40% by volume) 

<110> only 

27 Bate depends on preparation conditions 

Table 6. Orientation relationship between oxides 

OIFeOOH heating)' 01Fe 2o
3 

reduction) Fe
3
o4 

Oxidation) 'YFe2o
3 

{100} [001] { 0001} [1010] {111} [110] {111} [110] 

'YFeOOH heating) 'YFe2o3 
reduction) Fe

3
o4 

Oxidation) 'YFe 2o3 
{100} [001] {111} [110] 
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