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CRYSTAL STRUCTURE Alﬁ MICROSTRUCTURE
OF Y-Fe,03 PARTICLES
Euei;uin Ho
Materials and Molecular Research Division
Lawrence Ber::iey Laboratory

Department of Materials Science and MineralEngineering
University of California, Berkeley, California 94720

ABSTRACT

The structure and microstructure of Y-Fe,04 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,04 particles have»;iérimitive lattice with an
m3m point group and a cubictggpefstructure 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

radiation-enhanced diffusion.
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Transmission electron microscopy results show that
these particles are single crystals, and hence the theory
that polycrystallinity is the cause of the discrepancy in
coercivity between the experimental and theoretical values
cannot be true. The results alsovshov that the long axis
directions of the particles are along low order directions
(e.g. <100>, <110>, <111> etg.) with about 302 along <110>

which are the easy directions of the material.
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I. Introduction

Magnetic recording is the most widely used method
of storing information todly. mainly due to the fact that
large amounts of information can be stored cheaply and
reliably on an erasable and rewritable medium. Magnetic
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 electrom microscope (SEM) .
imag;s of commercial audio tapes of different grade.
These aciéular particles are made of Y-Fey 03 which was the
earliest material used for magnetic tapes and today it is_
still the most widely used magnetic material for disks and
tapes. 7Y-Fey04q is commonly prepared via the coanversion of
aFe0OOH or YFeOOH to Fe3041’2. by heating and reduction,
followed by oxidation of the Feq0, to Y-Fe,03. Fe30,,

which has a cubic inverse spinel structure, converts to

Y-Fe,0, by removing 8/3 Fe ions per unit cell.
2¥3

Because of its application as magnetic recording
media, the structure and microstructure of Y-Fe,03

materials have been studied by many investigators.

~However, due to (1) the fact that the structure contains

large amounts of cation vacancies 8o that it 1is semsitive

to the environment, (2) the small particle sizes, and
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(3) the 3ifficulty in growing single crystals for X-ray
determination, unambiguous result for the structure and

microstructure have not yet been obtained.

In this study, 7-Fe 04 acicular part;cles vere
examined by transmission electron microscopy (TEM) and
convergent beam ele;tron diffraction (CBED) to allow
examination of individual particles ‘and to determine their
crystal structure and microstructure directly. Several
nev results concerning the strucﬁu;e and microstructure of
Y-Fe,04 have been obtained. Some non-magnetic properties,
which were evident in observations of commercial tapes,

are also discussed.



II1. Background Studies

(A) Magnptic Properties

The desirable magnetic properties of a magnetic
‘recording medis are (1) A high saturation magnetization
and a high remanent-to-saturation magnetization ratiof(i.e.
squareness, 8 = Hr/Ma vhere Hr and M, are remanent and
saturation magnetization, respectively). (2) A coercivity
vhich is high enough to withstand the demagnetization due
to the recording and reproducing losses but low enough to

allow relatively easy recording and erasure.

(1) Magnetization

Y-Fey043 is commonly obtained from Fe30, by oxida-
tion. Magnetite(Fe30,) is a ferrimagnetic material which,
like ferromagnetics, exhibit &8 substantial spontaneous
magnetization At room temperature and the phenromenon of
magnetic saturationm and hyatereﬁis. 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 space 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 irom ions, and
the structure can be represented by

Fe3+ ( Fe2+ Fe3+ ) 0,

where the brackets indicate B sites.
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Tpon oxidation to Y-Fe,04 the oxygen lattice of
.Hagnetite remains practically unchanged. But due to the
charge neutrality, 8/3 Fe ions per unit cell are removed
resulting in a defec:ivé‘struc:ure. The structure of
Y-Fey03 can be magneciéally'expressed by
redty (2e'y3 /3 38/3) 032
vhere X represents catioguvacanciés. The net magnetic
moment is the result of the imbalance between these two
oppositely oriented iron sites. Thus, the magnetic moment
can be célculatéd as 2.5 Bohr'magnetons per molecule which
has been shown to be in good agreement with the expervi-

mental values®.

While saturation magnetiiation is an intrinsic
property, remanent magnetization is an extrimsic property.
It depends on the particle alignment as well as on their
shape and sizes. Therefore, processing factors which
affecf particle alignment, shape and size distribution

etc. are also important in determining the performance of

magnetic materials.

(2) Coercivity

The coercivity of fine particles is primarily due
to the shape anisotropy and/or crystal anisotropy. In any
crystal, an energy is required to force the magnetization
vector M. to point in a non-easy direction. This crystal

anisotropy energy E can be expressed by4
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E = KO + Kl'(d12022+0122052+a320112) + Kz‘(a12a22a32) + e
vhere Q;,07:04 are the cosines of aﬁ.gles as by c that Ms
makes with the crystal axes and K; is the dominant factor

concerning the change in the energy E when the M, vector

rotates from one directionm to another.

In the case of 7“Fe203. because of its small Ky

6 cystal anisotropy is relatively

anisotropy constant value
unimportant. It has been reported7 that crystal amniso-
tropy accounts for approximately 1/3 the observed room
temperature coercivity. Since the easy axis of-the mate-
rial has been determined® to be <110>, crystal anisotropy

may be increased by having the long axes of the particles

along <110> directions.

Assuming a prolaﬁe spheroid shaped material, shape
anisotropy can be expressed8 by
B = (N_-N_) M,
where N, and N, are demagnetizing coefficients along the a

and ¢ axes of a prolate spheroid respectively.

Assuming very long particles with Nc==0. N, = 2T and
Mg = 400 emu/cm3. the coercivity of Y-Fe,05 particles is
9. which 1is

calculated to be approximately equal to 2500 Oe

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

This discrepahcy between the experimental and the

theoretical values has been discussed by many investiga-

10,11

tors 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-Fe,0,5 parti-
cles mostvsatisfactorily. Hence, 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 fhe long axis of

the particle.



(B) Previous Results

(1) Structure and vacancy distribution

12 13

This topic was first studied by Hagg and Verwey
independently using X-ray diffraction powder data. They
pointed out that Y-Fe 03 had the same inverse spinel

structure as magnetite, but with catiom vacancies which
distribute uﬁiformly in the cation sites and the resulting
space group remains Fd3m. From the measurement of the

114

saturation magnetization, Nee pointed out that cation

vacancies are distributed only over the 16d cation sites.

15 gtudied the vacancy distribu-

Ferguson and Haas
tion by neutromn diffraction and their work supported the
model of preferential distribution of vacancies in the
octahedral sites only. Van Oosterhout and Rooijmans16 énd

other investigators (Braunl?, Haul and Schoonl®, and
Chaudronlg) 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 cation

vacancies.

The structure ﬁas interpreted as tetragonal with
c/a = 3 and space group P4; by Van Oosterhout and
Rooijmansl6. It was reported to be similar to the ordered
phase in lithium ferrite with space group P4;32 (or P4332)

17 20

by Braun®'. Ueda and Hase concluded from their X-ray
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and neutyon diffraction data that the vacancies can occupy
only foyr of the 16d sites. In contrast to the above

reported results, Takei and Chib¢6

prepared epitaxial
single crystal films of Y-Fe,04 which showed no such
ordered array of vacancies. Recently, from their X-ray
and electron diffraction resélta of a polyhedral crystal,
Boudeulle st. al.?! concludedvthdt the vacancy ordering
depends on the preparative conditions and suggested that
the vacancyxaiatribqtion either results in noncubic symme-

try or leads to a cubic superstructure with a threefold

unit cell.

(2) Microstructure

As discussed in aecﬁidé IT (A), there are two
features in the microstructuré that are important concern-
ing the magnetic properties: (1) The long axis directionm
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,05 acicular particles.
Osmond22 reported that the pgrticles vere composedvof
small crystallites which had their needle axis along <l1l1>
direﬁtions. Campbellz3 concluded the long axis to be any
lov order direction. Hurt ef. 11.24 found that méat of
the particles were polycrystalline and the needle axis was

<110> in single crystals.
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Gustard and Vriendzs,reported that 402 by volume of their
particlas had <110> direction in the long axis. From the
argument of the topotactic transformations and the direct
determination using selected area electron diffraction,

26 reported that the long axis directions

are along <110> directions only. Recently, Bate27 con-

Van Oosterhout

cluded that this confusion concerning the orientation of
the long axis arose because of different preparation

conditions.
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II1. Experimental Procedures

(A) Specimen Preparation
In this studys twvo commercial Y-Fe,04 samples from

28

different sources were obtained.

(a) Audio tape sample

The plastic substrate of the audio tape was first
removed in an acetomne solution. Samples were prepared by
ion milling the magnetic coating, after being mounted om a
electron microscope grids until thin enoﬁgh for transmié-
sion electron microscopy observation. Iom milling had to .
be done in a 1iqui§ nitrogen cold stage using a 4 to 5 kV
accelerated Ar ion beam, impinging on the specimen at 10
degrees to the specimen surfaée. to avoid radiation

damage. -

(b) vader'particle sample

Carbon-film coated grids Gere first prepared by
depoe@ﬁing carboﬁ on a mica substrate via carbon evapora-
tion.ﬁnd then, after separation from the substrate, the
c;rbon film was attached tovtheAelectron microscope grid.
éamples were prepared by dispersing particles in alcohol
solution and subseﬁuently deposited on the grids. For
samples prepared in this ways, ion milling was not

required.
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(B) TEM and CBED
In structural and microstructural studies, both
Y-Fe,03 samples were observed by transmission electron
microscopy (TEM) and cqnvetgent beam electron diffraction
(CBED) techniques. The particles examined were about 0.2
to 0.45pm in length an¢ th an axial ratio of about 5.
Both TEM and CBED were ée;fOtmed in a Philips EM 400 at
100 kV.e A liquid nitrogen cold stage was‘uaed to acquire
sharp CBED patterns and to avoid rapid contamination of

the particles under the convergent beam.

CBED was empioyed mainly for structural studies and
the convergent probe size was about 400 & in diameter so
that the direct observation of individual particles could
be donme which greatly reduce the difficulty in isolating
particles. From a CBED zone axis pattern such as Fig. 3,
which is a <1l11> zone axis pattern, crystal symmetry
infofmation can be obtained bj observing the high order
Laue zone (HOLZ) symmetry and by observing the internal

structure of the zero order discs.

Point group determination29

requires precise exami-
nation of the diffraction pattern symmetry and reference
to the'tgbles published by Buxton et. 31;30.

Space group determination can be achieved by observing the
presence ofvthe so-called line of dynamic absence which
occurs in kinematically forbidden reflections ahd is

related to the presence of a screw axis or glide planes31.
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The long axis directionm 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 6ptical image rota-
tions into account. Table 1 shows the rotation calibra-
tion data used in tﬁis experiment which was obtained using

a MoO3'single crystal.

The crystalline nature of the Y-Fe,045 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 differemt spots along the
particle and:observing the orientation relationship
between different areas of the particle., If tie orienmta-
tion of these diffraction patterns are the same, the
particle is single crystal. (3) Utilize dark-field
imaging technique. ff‘thé whole particle is bright under
‘éark-field imaging conditions, the particle is single

‘i_éijstal;
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1V. Experimental Results

(A) Structural Studies
Table 2 is a summary of previous structural

6412-21 1t jg not surprising that these results

studies
are not consistent because the techniques employed can
only provide average data about the material. In fact,
similar X-raj traces were obtained in most of the previous
-worksl6'21. vHowever. since they were based on different
‘assumptions they were interpreted differently. Among the
results, it is generally believed that Y-Fe,05 has a

tetragonal structure of c¢c/a = 3, where a = 8.33%, due to

the fractional nature of iron cation vacancies.

X;ray data obtained in the present research were
~similar to those referencedvin the Table 2. As shown in
‘Fig. 4, several non-magnetite extra 1iﬁes such as 110,
210, 211 gtc. 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 etc. are present. For
cohvenience. Fig. 5 1is indexed in terms of a Fe;0, unit

cell.

Figs. 6 and 7 are primary CBED zone axis patterns

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

both Y-Fe,05 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. 8, the
HOLZ symmetry is more easily resolved wheﬁrsmaller

condenser lens apertures are used (e.g. 50pm),

From Fig. 8, it can be seen that thg <100>, <110>

- and <111> zone axis patterns show the 4mm, 2mm and 3m
symmetries, respectively. 'Ffom Table 3 which is published
by Buxton eat. 31.30 the observéé whole pattern symmetries
can be related to possible diffraction groups. For exam-
ple, 4mm symmetry can be either the 4mm or the_#mmlR
diffraction group and 2mm symmetfy éan be any of the three
possible difffaction groups. From the relation between
the diffraction groups #nd the crystal point groups, as
shown in Table 4, the point group.caﬁ be unambiguously
determined to be m3m which means théx(vacancies are or-
dered in such a way that the unit“c;ii remains cubic.

This crystal symmetry also rulestdﬁ; all,bf the space

12,13,16,17, o

groups proposed by previous inveéﬁié#t@rs
to the small particle size, no stfﬁctﬁre is visible in the
zero order reflections and the space group of the material
can not be determined, However.ifrom'the knowlédge that

Y-Fey05 has a primitive lattice and m3m point group, there

are only four possible space gfoups: Pm3m, Pm3n, Pn3m and

Pn3n.
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As shown in Fig. 932

» the spacing between layers,
Hys in the reciprocal lattice can be calculated from the

CBED pattern as

H=EK-KJ1- (r/L)2
where K is the ‘reciprocal of the incident electron wave-
lengths R is the radius of a high order Laue ring,

and L is the camera length.

By using the above equation, the 7“Fe203‘gnit>ce11
is consistently derived from all three primary zone éxis
patterns to be cubic with lattice parameter approximately
equal to three times that of the magnetite crystal lattice
parameter. Fig. 10 is a series of CBED <110> paﬁterns
taken from the same area of a particle during prolonged
exposure. Under the convergent electron beam, the ordered
structure with lattice parameter 254 is observed to gra-
dually chénge to a disordered structure with lattice para-
.meter 8.33&r This_result suggests disordering has
occurred. so that vacancies are no longer uniformly distri-
buted in each unit cell. Fig. 1l show§ similar order-
disorder transitions observed.in a crystal having <100>
z;ne axis. This transition has also been observed in
crystals having <l11> zone axis. The resultant disordered
structure continues fo have the m3m point group symmetry,

as shown in Fig. 12.
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7 (B) Microstructural Studies

Table 5 contains a summary of previous microstruc-

tural studies22-27

on the 7-Fejy03. It is evident that
there exist many discrepancies. However, it should be
borne in mind that Y-Fey04 can be prepared by several

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 direétibns of the particles,
in commercial particles used today. Since even the small~-
est intermediate aperture ( 0.5pm) is :elatively large, it
almost always covers more than one particle. Hence, the
simple SAD experiments is not suitable. Using other

_;mgthods described in section.III(B). in Fig. 13 micrograph
i ﬁ;waa obtained from spot A and similar patterns as in

»  microgtaph ¢ were obtained from spéts By, C and D. It cah
  be seen that the long a#is of the particle is along <l11l>,
1aAlao. since the orientation of these patterns has not
'chhanged. it is clear that the particle is a single crys-~
tal. In Fig. 14, using the same method, the particle in
micrograph a is a singlecrystal'butnow'theaxis 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 ié also confirmed by dark-field
imagings in which an entire particle is in bright

contrast, as shown in Fig. 16.
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In aboutvao observations such as these and those

using microdiffraction technique as shown in Fig. 17, it
was found that about 302 of the particles had the long
axis along <110> and 402 with their long axes inclined

less than 30° to <110>.

(C) Non-magnetic Properties

Beside§ magnetic properties, several nomn-magnetic
properties also play importan; roles in determining the-
performance. In SEM observatiqns on commercial tapes,
conclusions may be drawn as to:the morphology and tape

performance by reference to Fig. 1. For.exaﬁple:

(1) Improve particle alignment

Iﬁ gll tape samples, particles are aligned along
the longitudinal direction of.the tape so as 'to improve
.the-coercivity. But between tapes (SA and'DLEapes are
jsﬁfposéd to give the best and worst.perforﬁgnce among the
fﬁfee. respectively.) it was obvious that SA tapes have

ithe.bést alignment and D tape has the gooréét{

 (iifkeduce particle size

| | Small particle size ﬁan reduce Eodulﬁtipn noise and
sufface roughness and thereby increase sigﬁal to noise
.ratio. AD tape apparenﬁly has a smaller.particle size
than D tape. Since SA tape is madé of cobalt-absorbed

particles, it can not be compared with other two tapes.
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(3) Highef packing density
.Higher packing density mean#ﬁi 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 7Y-Fe,04 ha§ a
cubic superstructure unit cell of lattice parameter appro-
ximatelj three times that of the magnetite lattice parame-
tef. Thuss each unitvcell 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 ifon vacancy disordering has
occurred under the electron beam;. The resultant cubic
unit cell with 1attice parameter.approximately equal to
that of magnetite indicates that irom vacancies are no
longer evenly distributed in each ﬁnit cell. This local
uneven iron vadancy distribution will induce local fluc-
tuation in m#gnetization which may in turn be the cause of
noise., Therefore, the disordered strupturg is undesi-

rable.

The origin of.the order-diébfdé;'transition has
been examined. The same pattern aé;Eig, 11(f) is obtained
after re-examining the same area aiésﬂiﬁ alliquid nitrogen
cold stage several days later. This rgﬁult confirms that
the order-disorder transition is_ﬁoﬁ due to local specimen
heating by the electron beam. Fﬁrthermore. at 100 kv,
knock-on displacement damage is not likely to take place

133

in an ionic materia . HBowever, electrons may transfer,
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by ionization damage, sufficient momentum to enhance
cation diffusion, especially in a high defect demsity
material such as Y-Fey03. In such cases‘the activation
energy required for cation diffusion is low éo 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 microstrucﬁural study showed that
Y-Fe,03 particles were single crystals which proved that
pfevious interpretations of the low coercivity value, in
terms of polycrystalline particles, cannot be correct. An
?'alternative condi£i§n that satisfies the fanning chain-of-
sphere reversal qué.may'be responsible for the low coer-
civity value. Thh:,is these particles may consist of

several single domain regions and the domain walls are

somewhat pinned (by the holes, for example).

In order to examine this, domain wall observations
using Lorentz microscopy techniqﬁe534’35 have been tried
on the Philips EM 30l. However, because of the small
particle size and the magnification limitation, becaﬁse
the objective lens must be turned off, the experiment was

not successful.
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Domain wall observation on thése tiny particles requires a
modified electron microscope ﬁhich 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 amisotropy was not fully
exploiteds The coercivity of the pa;;icles may be
increased by having the long axes ﬁlong <110> directions.
From topotactic transformation argumen:826 (i.e. the
transformation of 6ne 80lid crystalline phase to another
bj 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
stfucture relationship to_eachAother). the long axis
direction‘seemé could be deduced 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,03 has a high defect density..the cation diffusion
may also be enhanced by thermal energy. The extent of
thermai effects can be revealed by heating experiments at
temperatures below chg transition ﬁemperature of Y-Fe,04

to a-Fe203o
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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 ctystal 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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Vﬁ§£; Conclusion

o Because of the difficulties in obtaining informa-
tion directly from individual particles, there are many
discrepancies in the literature regarding the structure
and microstructure of Y-Fe,03 particles. In this study,
vhereby individual particles have been examined by elec-
tron microscopy and microdiffraction, the following con-

clqsions have been made:

(1) Y-Fe,04 particles prepared for commercial audio
tapes have a primitive cubic lattice and m3m point group,
 therefore the space group of thematerial can only be one

.fgf four possible space groups.

(2) The material has a cubic superstructure with a
}thtéefold increase in lattice parameter as a result of

.. cation vacancy ordering.

(3) An order-disorder transition occurs by electron
,itradiationAduring observation. This tramsition is pro-

bably due to enhanced diffusion by ionization damage.

(4) Morphological studies showed that these parti-
cles are single crystals; thereby denying comncepts that
such irom 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 30X along <110>.
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captions

1. SEM images of commercial magnetic tapes, (a) D tape
(b) AD tape and (c) SA tape, showing different
particle alignment, packing demsity and particle
size. |

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].)

3. CBED <1ll11> zone axis pattern of Y-Fe,04 particle
showing a 3m symmetry.

74. X-ray diffraction trace§ of 7Y-Fe,04 showing
several non-magnetie extra lines.

5. Microdiffraction patterns of Y-Fe,03 from (a)
<100> and (b) <110> zone axis. Forbidden
reflections for the fcc structure such as 100;
110, 210 etc.'gfé allowed indicating the
lattice 1is 3 §rimitive cubic.

6. CBED zone axis patterns from tape samples
showing a cubic threefold superstructure, (a)
<100>, (b) <110> and (c) <l11> pattern.

7. CBED zone a#iqupatterns from powder samples
also showing a cubic threefold superstructure,
(a) <100>, (b) <110> and (c) <111> pattern.

8. CBED patterns showing m3m point groué symmetry,

(a) <100>, (b) <110> and (c) <111> pattern.



Figure 9.

Figure 10.

Figure 11.

Figure 12.

Figure 13.

Figure 14,

Figure 15.

30
Schematic illustration of electrom diffraction
illustrating the formation of higher order Laue
zones.
<110> CBED patterns showing'g transition from
an ordered structure (a) to a disordered struc-
ture (f). The time lapse (a)-(f) is apé;oxi-
mately 40 minutes. |
<100> CBED patterns showing a tramsitiomn from
an ordered structure (a) to a disordered struc-
ture (£). The time lapse (a)-(f) is
approximately 25 minutes.
Zone axis patterns of disordered structure
showing the structure continues to have the m3m
point groups, following structure disordering.
(a) Bright field image, (b) and (c¢) are <110>
patterns from A, B, C and D spots in (a) showing
the particle is a singleICtystal and the long
axis is along <111> directions.
(a) Bright field image, (b), (c) and (d) are
<100> patterns from different aréas aloﬁg the
particleshoving itis\asinglecrystal and the
long axis is along <100> directions.
(a) Bright field image.b(b) and (c) are <110>
patterns ffoi spot? A and B, respectiQely.
The particle is a single crystal and the long

axis is along <110> directions.
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Figure 16. (a) Bright field images, (b) corresponding dark
field image showing the particle is a single
crystal.
Figure 17. (a) Bright field image, (b) <111> pattern and
(¢) <112> pattern showing the long axis is along

<110> directions.:
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Table. 1 Philips EMAOO TEM/STEM Analytical Microscope Rotation Calibratiom

CAD

Q . iz .
M AGl—2 2 | 22 28 37 48 60 80 I05 I35 170 220 280
[ 2748 6 8 105135 7 --
Q
Q|

zio

CAM. LENGTH : 1000 mm

1/5. I/J.S

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 97.1
200 120.2
280 142.9
450 4.3
600 3.8
750 1.1
1000 -
1400 .
1800 .

[ = =]

1
3
2400 6
3300 12



Table 2,

Author

Hagglz

Verwey13

Neel14

Ferguson

and Hassls

Haul
Schoon

Chaudronl7

Braunla

Van Oosterhout
and Rooijmans

Ueda and
Hasegawa

Takei_and
Chiba

- Beudeul
Beudeuliy

Published structural studies on yY-Fe_0O

Technigge

X-rau doffractopm

same :as above
saturation
magnetization
measurement
neutron

diffraction

X-ray diffraction

same as above
same as above
same as above
X-ray and neutron
diffraction

X-ray diffraction

X-ray and electron
diffraction

23

Vacancy Distribution

50

Space Group

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 164 sites

no vacancy ordering

either with noncubic
symmetry or with cubic
superstructure with a

threefold unit cell

Fd3m

P41 with c/a=3

P4132
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-y

able 3. CBD Pattemn Symmotrln'
(Where a Dash Appears in Column 7, the Special Symmetries Can Be Deduced from Columns 5 and 6

of This Table (or from Table 1 in Buxton et al 1976).)
Dark Field =G Projection
Dittraction Bright Whole T N — S =~ Diftraction
Group Fieid Pattern General Special General Special Group
1 1 1 1 none 1 none :
18 2 1 2 none 1 none A
2 2 2 1 none 2 none
2n 1 1 1 none 2q none 21
21g 2 2 2 none 21R none
Ma m 1 1 m 1
m m m 1 m 1 mig
mig 2mm m 2 2mm 1
2mgmgq 2mm 2 1 m 2
2mm 2mm 2mm 1 m 2 2mm1
2qammg m m 1 m 2a mm1a
2mmig 2mm 2mm 2 2mm 215
4 4 4 1 none 2 none
4n 4 2 1 none 2 none 41,
41 4 4 2 none 21 none
4mamp “amm 4 1 m 2 —
4mm 4mm 4mm 1 m 2 — amm1
4gmmg 4mm 2mm 1 m 2 - Mmia
dmmig - 4mm amm 2 2mm 21 -
3 3 3 1 none 1 none a1
g 6 2 none 1 one A
3mqp 3m 1 m 1
3m 3m 3m 1 m 1 3mig
3mig 6mm 3m 2 2mm 1 mu,
6 6 6 none 2 none
6a 3 3 : none 23 none 814
61q 6 6 2 none 213 none
BMgmg 6mm 6 1 m 2
6mm - 6mm 6mm 1 m 2 6mm e
BaMmmg 3m m 1 m 24 mma
emmig emm emm 2 2mm REIN

*After Buxton et al 1976. '



Table 4.*
Relation Between the Ditfraction Groups and the Crystal Point Groups

Diftraction Reiation between the diffraction groups and the

Groups : crystal point groups _
6mmig T % '
3mig
6mm X
smqma | . b3
61q o x
31 x
6 X
6gMmmg . X ‘ X
3m 1 X 3
3mg X X
6a x X
3 X
4ommg X
4mm ] X |
4MaMg
aig WIE | ,
4R M !x I T
4 3 i
2mmig X X i
2gmMmg - x x x x !
2mm
zmgmg b4
mig
m X
Mg x x
21
29 ’ x
2 .
'a
1 X X
Point -
Groups

T

x

——

x|x
x|x
x[x

x x| |%
x| x|x
x[x[x[x

T %] 0 %] | XX X X

x|
x R W

i1 X
X X x| . X
IR .

—
X X
@i o
| Hias ]
I
!

m %%

2
2/im

222 IR
mm2 {X
mmm

4/m

| _4mm |X
%m |x
4/immm

!
i

*Atfter Buxton et al (1976)
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Table 5. Published microstructure studies on Y-Fe, O

273
Author Crystalline Nature ‘Long Axis Direction
osmond?® compose of small <111>
crystallites
Campbell23 | ) any low order directions
(e.g. <111>,<211>,<221> etc.)
Hurt et. gl.24 polycrystalline - <110> in single crystals
Gustard <110> (40% by volume)
and Vriend
26
Van Oosterhout _ : <110> only
Bate27 ' depends on preparation conditions

Table 6. Orientation relationship between oxides

QFeO0H heatlngi aFe203 reduction Fe304 Oxidation YFe203
{100} {001} {0001} (1010} {111} [110) {111} 110}
v FeOOH heatlng 7F8203 reduction Fe304 Oxidation YFe2O3

{100} foo1] - {111} [110)
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