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LATTICE DEFECTS IN SPINELS
I : ‘ L

, P
Omer Oscar Van der Biest

Inorganic Materials Research Division, Lawrence Befkeley Laboratory and
Department of Materials Science and Engineering, College of Engineering;
University of California, Berkeley, Calfironia
ABSTRACT |

A theoretical and experimental study has béeﬁ made of some lattice
defects in the.spinel structure. Analyses have béen-done on LiFeSOS
single crystals using transmission electron microscopy.‘

"From geometric and energetic arguments it has been shown that for
a 1/4(110) cation fault, the plane perpendicular to fhe displacement °
vector wiil have fhe lowest surface energy in a sfbichiometric spinel.
The influence of non~stoichiometry on the orientati@n of the fault plane
is discussed.’

Extended stacking faults have been found in fl;x grown lithium
ferrite spinel single crystals, using high voltage electron microscopy.
As predicted, the faults lie on {110} planes, and have a displacement
vector of.l/4(llo) which is always perpendicular to .the fault plane.

The faults form three-fold junctions but can also be ﬁérminated by a
dislocation with Bufgers vector b = 1/4¢110).

At 750°C an order—dis?rder reaction takes place in 1ithiuﬁ1ferrite;
The spacegroup symmetry is lowered from Fd3m (spinel structﬁre) to |

P4132 or P4332. The ordered structure can exist in two enantiomorphous

forms.

| L |
Simple electron microscopy techniques are described which ‘allow
. i B

one to detect the presence of two enantiomorphous forms of a structure

1 |

|
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Withinzuiappafént singie_crystél.r Eﬁe.firsf ﬁethod Eoﬂsists of a
.characterizafion §fkfhé interface between ﬁhe twO'enéntiomorphs. In

the second‘méthod.advantage is taken of violations:in Friedel's law

~ which éan occur in non—centfosymmetrical‘crys#als..'Methods which Can

be used fo'determihe the absoluté configuration éf the structure in a
part of the crystal are discussed. _Thesevtechniques,ﬁave been illustrated

by an analysis of the domain structure in ofdered.LiFe Consistent

: 5%
results were obtained with both methods. The firsf'ﬁethod yiélds a
more compiete‘description of the domain structure.

| Ordered lithium—férrite pontains boundaries 6f three differeht types
¢h) ordinary‘antifphasé boundaries, occurring withinlone enantiomofph,
ﬁharacterizedvby a displacement vector R = l/2(ilO$;f(2) inversion
boundaries characterized by an inversion operation,.(S)vboundaries
deséribed by an inversion and a translation. The:contrast to be expected
vfrom each of these has been calcﬁlated. Each of these boﬁndaries can
be unambiguously.identified_by contrast experimen£s~in the microscope.
It has also been found that cation stackingffaults céﬁ serve as a
boundary between right and left-handed structures;:'Iﬁ_the ordered

structure cation stacking faults can change character from {110} 1/4¢110)

type to {110} 1/4(112) type.

‘:.-‘ N
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1. INTRODUCTION

In today's technologf, the performance of a prbduct is often limited
by the properties of the materials used. The realizaﬁion of a new
design is ofﬁen held up or made impossible by thé lack of the required
materials. There is a continuous need for new aﬁ& better materials. 1In
industry, there is always the pressure to find cheaper substitutes.
Modern engineering designs often require materialé with a combination
of properties which are not available in a singlé-material. Ideally,
one would have the ability to design a material Qith a pérticular
applicatiqn in mind, whereas now one has to adapt the design to existing
materials. |

Whatever "ma;erials designﬁ there has been, it has often been
based on empiricallrules acquired through experience and which have
to be suppiemented by an extensive and expensive testing program. It
is the goal of the modern materials scientist to be able to design a
material from first principles, that is from the apprapriate‘theoretical
model. In the area of alloy design and especiall? in steels, one is
coming close to this goal. 1In ceramic materials, however, one still
has a very long way to go. One reason for this is that the microstructure
of existing ceramic materiéls has not been charactefized in as much
detail and witﬁ the same resolution as metallic méferials.' Specifigally,
much ié still to be learned about the mechanisms of phase transformations
in these cefamic.materials; in particular, about the crysgallographic

| .

aspects, the early stages of a transformation and the role of crystal

(
i

defects.
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Lina and'planar defecta have Béen shown to ba“very.impdftant in our
understanding of phase transfornations andvmechanical properties in metals.
Accordingly, tnesé cr&stalline_defecta have reqaiyad considerable
attention in the sciennific literature. By comparison,"research on
crystalline defects in ceramic compounds‘and minerals is in iﬁs infancy.
Although the\impbrtance of these defects in the study of mechanical
properties‘l and magnetic properties2 has been demdnatrated,.the bulk of
published work has been done on sinple ionic Struatnnas, e.g-; MgO
and on layar'structufes.4 Recently, pubiications hané appearéd'
dealing with transition metal carbides.5

The elecfron microscope is'the main experimental tool_available
for the study of crystalline defects; Recent advances in thinning
techniques and the increased penetration power aVailable through high
voltage microsCones has made'virtually eVery mate;ial:accessable, and:
as a result, there is now an incpease in researchlin ceramiCS and minerals.

Even if one limits oneself to_ceramic'materials, which find
practical use, one finds a great diversity of crystal structures.
Dislocation reactions and planar defects which have been found in one
crystal structure can generally not be expected £6 occur in other
structures as their occurrence depends in large'partinn the details
of the structure. Hence, these have to be examined theoretically
and experiméntally in each structure.

In this work, a study is made of defects in the spinel structure.

A great many compounds of practical significance take this structure.
For instance, there are the refractory oxides'MgA1204'and (MgFe)(AlCr)ZOA.

The ferrites MFeZOA’ where M can be one of many metallic cations, are

«
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important because of their ferrimagnetic properties. A theoretical study

is made here of the catioﬂ stacking faults in the general spinel
. | o
structure. The predictions are compared with the experimental observations

on lithium ferrite (Li ). This compound also exhibits an order-

0.55¢2.5%
disorder reaction.6 The resulting domain structure can be predicted
from structural considerations and has been verified.experimentallyﬁ
LiO.SFe2.504 can be considered the prototype of a series of lithium
containing spinels which form the same superstructure at. lower

temperatures: . e.g.; there are LiM0 5Ti1 504, with M = Mg, Mn, Co, Zn, Cd;

1 . . —- . . . _ - 7
LMy, My 50y with M = Mg, Zn; LiMGe, O, with M = Ni, Co, Zn~ and
6 o

L1A1508.
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. ."2_.'- THE STRUCTURE AND PRQPERTIES OF LITHIUM FERRITE
- Lithium ferriteis a férriﬁagnétic material with;édme.interesting'

technological'broéerties'which,héve been compiled;by_Von Aulock’.8 In
polycrystalliﬁe'fofm andbwith ptdper précessing a“fecténgﬁlar hysteresis’
loop can be obfainéd.g_l4 fhis makes iithiumferrigéa mageriél'useful:
for switching devices. Moreover, it has‘a Curie temperéture around
6309c;8 whiéh is much higher than any othefvcommonly:used_ferrite.
This means that arouﬁd-room tempefafure its ﬁagnetic-propertiés are
.vless sensiﬁive to temperature vafiations.f Soﬁe of the properties which
stand in the way of a widespread use of lithiuﬁxferrité for microwave
applications are its low dc résistivity and its highbdielectric loss.
These'proéerties havé been related to lithium and okygen loss dﬁring
process:i.ng.ls_l7

’ Lithiﬁﬁ.ferrite (LiO.SFe25504) has an inverse spinel structure
(genéral formula AB204) with Fe3+ on'tetrahgdrally coordinated sites
(A-sites) and a 3:1 mixture of'Fe3+ and Li+ on the octahedral sites
(B—sites): Below 750°C-Fe3+ and Li+ on the octahedrai sites order.
The ordefgd'strﬁcture will be described in detail in:Section 5.2.

Some‘important:properties of the material show a ﬁarked dependence

on the degree of order._ Folen18 and Schnitzler, et al.19 showed that
the magneto-crystalline anisotropy constants for the ordered and &is—
érdered state are widely different especially at low ;émpefatures.
Denton and-Spencer20 determiﬁed the ferrimagnetic féspnance linewidth
as a function of tempefature for different states of’érder in the crystal.

Another important property which shows a very strong dependency on the

degree of order is the dc electrical reéistivity.  According to Kato

=
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the room temperature resistivity of disordered polycrystalline lithium-~

ferrite ihcreasesiupon ordering by a factor of aboﬁt 5x10 . Kato21

studied ﬁhe order-disorder reaction using electriéél‘resistivity

measurements, dilatometry and differential thermal aﬁalysis. According

to his resulté the transition temperature did not vafy very much (£1°C)

with deviations from stoichiometry to the lithium rich and iron rich

side. The question can be raised here if the speciméns used were truly

homogeneous even though no second phases were detected by X—ray

diffraction. A small thermal effect was found arbﬁhdvthe transition

temperature but this observation could not be confirmed by Stricklér

and Roy.24 Kato22 also determined the long range order parameter as.

a function of temperature. A curve was obtained which came close to the

one calculated by Gugenheim23 for Cu3Au. The order diéorder transition

is éccompanied by a slight change in lattice paramefér (aé ~ 8.33A gt

room tempefature and Aa/a ~ 25.10—5 at the transition temperaturezsj.
Above the critical temperature for long range>order, a state of

short-range order replaces the superstructure. Brumnel and de Bergevin26

measured the X-ray diffuse scattering due to short range order on quenched

powder samples (temperatures 797°C and 893°C). A théory of X—ray diffuse

5O8 was proposed by Yamada and'Yoshimori.27 The sites
| ,
on which the ordering takes place can be divided up into tetrahedra, which
? .
in the ordered structure contain three iron and one lithium jon. It was

scattering in LiFe

proposed that in the short range ordered state the tetrahedra are still
occupied by three iron and one lithium. Isodiffusion lines around

reciprocal lattice points &ere calculated. After avéraging these for a

powder sample, good agreement was obtained with the experimental results.
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~

The phyéi¢ai picture emerging from this work is thaf thé structure goes
from iong fange order to short range order by rénddmisation of the iron
and lithium ions on the tetrahedra.

Some electrbn microscobic obserfations-op LiFeO2 by Alipress 8 are
also of interest'here. " Small precipitates Of.Lio}sFe2.504 we;e found
in-ﬁhis material. Sohe'of these precipitates in”thévqrderedvstate
exﬁibited'internal boundaries along a crystallograﬁhic plane, which
were interbrefedvas'anti—phaSe bouﬁdaries. An electron meﬁallographic
study of thgﬁorder disorder transition on bulk material has not yet

appeared in the literature.

2
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- 3. EXPERIMENTAL

Flux grown s?ngle crystals of LiFeSO8 were obtained from Airtron
Litton Industries. Chemical analysis by flame photometry indicated that
the crystals were slightly lithium deficient with.én Fe/Li ratio of
5.43. 1In diffraction patterns, the as received crystals displayed
all the superlattice reflections which were repofted by Schieber.
A Buerger'éprecession camera was used to check the'spécegroup symmetry
of the structures involved. |

Speciméns for electron microscopy were prepafed by two techniques,
chemical polishing and ion bombardment. Chemical polishing was done
by dipping a thin slice of the material in hot ortho*phosporic acid
(250-300°C) and allowing it to dissolve until the.specimen became -
transparant at the edges. The success of the method was found to depend
oﬁjthe orientationvof the slice. Slices parallel with (111) often
showed a high density of etch pits in the microscope. Etching‘along

internal boundaries e.g., stacking faults or anti—phése boundaries was

" also a problem. Another disadvantage of this technique was that the

sample had to be held at a rather high temperatuﬁe.fér about 15 min.
This could change the microstructure e.g., the staté'of‘order in our
case. Apart from the etching along goundaries therféils éroducéd by
this method were quite satisfactory. Foils were also obtained using

an ion bombardment technique30 starting from standard thin sections
' |

(about 30p thick).

Both methods of preparation cause the appearahce_of characteristic
artefacts in the foil. The surface of chemically polished foils is

especially prone to radiation damage in the microscope. The dislocation
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loops, whiéh_fofm:as a result, have been Qbsérved aﬁd'analysed by

De Jonghé aha Thomas;31_ Foils, prepared by ion bombardment,busually
exhibit some surface irregularity, which is‘disturbing only when

the crystal is in a strongiy diffractiné.conditién: A theofy to. explain
this surfacg topography has been put forward recentiy by Barber et al.32
FOils‘ﬁrepargd by thislmethod did not exhibit‘the:feiatively large dis-
1oéétion 1§ops which- are pmeiﬁént in cHemically.poliéhed foils. ' By
prepafing foils from the same specimeﬁvusing'the.two'methodsbof
preparatiéh, and comparing theﬁ, the artefacts inffoduced by either
méthod could readily bé distinguished from features, representative

of the material. Thin areas damaged in the electfon_microscope could
also.be,removed by ion bombardment after which the spécimen was

ready fof examination again. All observations weré"made using a
Hitachi 650KV microscope equipped with a double axis high angle tilt
étage allowiﬁé a tilt of *30° in either diréction. This attachment
allowed the study of a particular defecﬁ under widely:different
diffracting conditions and helpéd considerably in thé-identification

of the defects. Tilting into required_orientations,Wés greatly
facilitated by using the Kikuchi maps for silicon;33 ﬁhich resemble
closely thdsé.for the spinel structure, allowing fo; differences in

structure factor.
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4. CATION STACKING FAULTS IN LITHIUM FERRITE SPINEL

. 4.1. Introduction

A study of cation st;cking faults inxthe no?mai»spinel MgA1204 has
been made by Lewis34 on crystals:grown by the Vernéuil method. He found
growth faults on {100} planes with a displacement vector R = 1/4(110)
always at a 45° angle to the fault plane. Planar défects were also
found which did not lie on a single crystallographié plane. Glide
dislocationé.were found to be dissociated into tWo_paftials on {110} planes
with a shear fault in between. Lewis described in detail the configuration
of the ions'ground the fault plane. His method of analysis will be
extended here. Baker and lWhelan35 found stackingffaults in Fe304, formed
by decomposition of aFe203 in the electron microscdpe; These stacking
faults were lying on {110} planes and they were capabie of forming
triple junctipns. In the spinel CoFeZO4 on the othé? hand, De Jonghe
did not find any extended faults. However, he did find evidence for a
slight dissociation éf_disiocations.

4.2. Results

4.2.1. Electron Microscopy--Disordered State

Stacking faults were found in ordered crystalé? in the as-received
condition. They were also;found in ﬁartially ordered and disor&ered
crystals, whicﬁ were anneahed above the critical teﬁperaturé for ordering
and quenched. Iﬁ this s;ction, the stacking faulfsvwill be described

with reference to the disordered structure only.

Stacking faults were sometimes abundantly present'near the surface

of a crystal”(Fig. 1) but occasionally they were also found in foils

taken from the interior. In Fig. 1 some faults are seen edge on
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with théir_trace perpendicular to the operating refiection which is
parallel with»[Oil]. This shows that the fault piane is of the {110}
type. Tréée analysis of other faults in the pho;Qgrabh'giSo show that
they lie on {110} planes. This analysis was repeaﬁédly coﬁfirmed in
other foils.  Two ekamples were found wheré'the‘fauitvplane was-not {110},
" in omne éaée'it was (112) and,in.another (123). Thése‘were.fhe only two
eXceptions:foﬁnd. Notice also that the faults ofﬁen form three-fold
junctions. | |

The faﬁl#s can be idéntifiéd by the symmetr§‘broperties‘§f the
fringes (fér a review see Ref. 37). | o

The contrast at these faults show a fringes; as fhey are symmetrical
in bright‘field.’ In fact, for spinel reflections;iahd these are the
only ones tb be discussed in this section, the féults have all
the propérties of w faults, which wefebdérived by Van Landuyt, et al.38
Characteristi@ally at parallel overlapping féultS'frihges disappear
e;g., at A in Fig. iband at intersecting and 6verlapping faults fringes
remain continuéus and parallel with the projectedvlinéiof intersection
e.g., at B in'Fig; 1.

Figure 2 shows three faults meeting along a lipe_under différent’
diffracting conditions. This set of diffraction expéfiments allows one
to derive.uniquely the displacement vectér; A fault.is'invisible whén
é'i is an integer, where é is the operéting refleétion:and R is the
displaceﬁenﬁ vector characterizing the fauit.' H0we§ér; one can always
‘add a lattiée vector to the displacement vector Qifhéut altering the
physical configuratipn around the fault. Ihe integer is thus in fact

not uniquely determined. When we find three reflections for which the

fault is out of contrast we can write three equations: -
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g.'R = n, i(1, 2, 3) (1)

where n, must be zero or an integer.

In order to keep the'integefs on the right hand side completely
arbitrary; it is necessary to restrict the éi used'inithese equations
to the lowest order'é along a systematic row for.wﬁich a faﬁlt goes
out of contrast. Otherwise, one restricts the valués of the integers

e.g., if éi'ﬁ = n, then (2§i)'§ = 2n, and the integer on the right hand

i

side can only be even.

At high voltages, it is not always simple to determine along é
systematic row of reflections the lowest order reflection for wﬁich '
the faultigoes out of contrast. BéCause of dynamicél-interaction between

lower and higher order reflections one may observe a fault, although: the

phase angle a = 2ﬂ§-R is zero for the reflection which is used to form

the dark field image.

In order for the Eq. (1) to have a solutién, it is necessary that
the three vectors éi are linearly independent. One can furthermore
predict’;he following properties of the solutions’of,Eq. (1), where
the n, are now arbitrary integers: (i) Every lattice vector will be a

solution of these equations. This solution is of course a trivial
. - i _ ;
one. (dii) If R is a solution of the system then -R is also a solution,
| : . i

and these two solutions arée not necessarily equivalent unless the
difference between the two vectors (viz, Zﬁ) is also a lattice vector.

(iii) A linear combination!of two solutions is also a solution.

, i : ‘
For the stacking faulF marked A in Fig. 2 we can write the

; |
following equations: ‘
' i
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(R = [uvw] and p,q,r are zero‘of;integerS)

u-3v+w=p _ ’ o : |

u+v-3w=gqg .
u-v-w=r

The solution of these equations yields:

w|

; -p-q+2r -2p-q+r -q-r  _-
- 2 g 4 > 4

Pt

For p=1, q = and r = 0 this yiélds:

- 3 1| - 1, = 1, .=
2,2, 2] oo » ot « oy

-1
I

The first two vectors at the right hand side are lattice vectors

(the lattice is‘fcc). Thus the smallest displaceﬁent vector describing
the fault is R is 1/4[011] which is éerpendicular to the %ault plane.
‘This type of analysis has been repeated many times and for all faults the
displacement yector was found to be‘the 1/4(110? tfpebwith.the dis-
placement yeCtor'perpendicular to tﬁe fault plané.f

Figure;Z'alldws the verification to be made for the Burgers vector
of the disloqétion confining fault A. A screw dislocation is out of
contrast when g-b = 0. The dislocation is out of contrast for g = 1ii_
.and‘é = 022.: Hence, b isfparallel With the direction given by the cross .
product of these two vectors i.e., the [Oil] direc;ibn.. In general, a
dislocation ¢onfines a region of a crystal thcﬁ is displaced with
respect to the rest of the cfystal. From the anal&Sis'of thé stacking

fault we have shown that the diSplacemént is 1/4[011] + a lattice

vector. From the é!g analysis this can be reduced now to
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1/4[011] +.%[Oil]. The Burgers vector of the dislocation will be the

shortest one of -these, hence b = *1/4[011].
4.2.2. Crystallographic Study of Cation Faults in Spinel

In this section an analysis will be made of.thefconfiguration of
the ions around the fault plane for different orieﬁtations of the plane
with respect to the displacement vector.

All‘possible orientations of a 1/4(110? displaéement vector with
respect to the {100}, {110} and {111} pianes have been investigated.
These are the most important fault planes predicted or found in spinels.
Throughout the discussion, the spinel structure Will be idealized so
that the anions form a perfect cubic closed packed lattice. The
analysis will be done for a generai spinel structure ABZOA‘ Assuming
ideal stoichiometry in a normal spinel the average charges of the

‘ : 2+ _3+ . X
cations are A- , B . In an inverse spinel the average charges are

+ 5+ ' :
A3 , B2 3 . In a mixed spinel intermediate values of these charges

will be found depending on the cation distribution. -

A model of a fault can be constructed as folloﬁsi starting out
from a perfect crystal one choses the location of the fault plane. It
is better to chose this location between ionic layers so that it is

clear which ion belongs to which part of the crystal. TIf the d;s—

placement vector does not lie in the plane of the fault a ,slice of
_ ) . i '
material with thickness n-R (E: unit vector normal to the fault plane)
i ) |

has to belremoved before the two parts can be joined by displacing

one with respe&t to the other over the vector R. The resulting
! L

ionic configuration for a number of faults is depicted in‘Figs. 3 through

i !

7. ‘ '



-14-

A fifst quéstion.Which;Will be‘relevant to éhe_Subsequent development
is: does a paftiqﬁlaf fault leéve an ih£tia1ly'sfdichipmetric crystal
stoichiometfic? The answer will‘Be'yes when no materiél has to be
removed to create the fault i.e., Ren = 0, or when_;he slice of
material remOved-contains fﬁe_species making_up thé Crystal in stoichio-
metric proporgions. ,Thisvprpblem has been inves;igéted for each orientation
of,thé_fault p1ane énd the results are summarized:in'golumnvl:of Table 1I.

It can be:séen thét all various possible fault Vecfofs'in relation to
the féult'pléhes have been considered. 1In order-ﬁo.defiye these results
vit is necessary to étudy the stacking of the ion#'ih'different directions
in particulaf the compositioh‘in each 1a§er»of ions:has to be determined.

In ¢100) directions the centérswof the ions 1iné‘up in planes parallel
with {iOO} pianes and spaced a distance a§/8 apartfi‘The arrangement of
the cations in these planes is,ghown in Figs 3 thraﬁgh 6. Choosing in each
plane an identical two dimensional unit celi (see Fig; 4), one can

 determine the coﬁp§sition in each plane. Thevsequéqce~is 3204/A/B204/A. ..
In order to create a.{100} 1/4<110)vtype stacking fault itvié necessary
to remove two éf these planes. Hence, the slice_qf-méterial to be
removed is stoichiometric. |
A projection of the structure on {110} is sﬁéwﬂ'in Fig. 7. The

composition 6f successive planes is:-
ABO, /BO,/ABO,/BO,/ . . .

The planes are spaced a distance ao¢578 apart.  When a {110} 1/4(110)
fault is created two of these layers have to be removed. The composition

of the compoSité layer is ABZOA' Hence, creation oflthis fault leaves a



stoichiometric crystal stoichiometric.

A {110} 1/4(%01) fault has a shear compoﬁen; and this requires
removal of only one of the {110} planes. Removal of an ABO2 layer
leaves the crystal cation deficient and with an éxéesé of B com;ared to
A. Moreover, whether fhe spinel is normal or inverée, the faul% will
acquire a ﬁet negative charge. Unless some ions can.take a diffefent
valence, this type of fault will not be formed. Removal of-a‘BO2
layer leaves the crystal anion deficient, with an excess of A compared
with B, but it leaves the fault positively chargéd.

A similar analysis has been performed for faults:of the {lil} 1/4(110)
type. The stacking on {111} planes hés been described in detail by
Hornstra.39 He used an.extended abc notation to present the position
of each ion. The result is given in Table II together with the composition
of an identical two dimensional unit cell in eachfplane. The distance

between the planes is ao/§/24 and some of these planes may be empty.

The cations occur in two layers. One contains thé'octahedral ions
in the so called kagomé arrangement.40 The two neighboring planes
of the kagomé plane are empty. The other layer is mixed layer

containing both tetrahedral and octahedral iomns and is sppgad out

over three planes. In order to create a 111 1/4 110 fault;

|

four of these planes have to be removed. The composition of the complete
I ! ) | .

slice of material depends ?n the exact position of the fault plane. If

a plane of 0ngenyions forms the boundary then either a complete kagomé

t
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layer (quprition'B304)_or.a mixed layer (qomposiﬁion AZBOA) is to

be removed. If a B304 layéf:is:remoVed thenvtﬁe fault will be

négativé if the spinel is invefse and will be positive if the spinel is
normal. Hence, for a specific distribution of tﬁé:cétiéns it is possible
that this n6n¥stoicﬁioﬁe£fic:faulﬁ is neutral. Tﬁe case of remov;i of :
a mixed léyer'is analogouS. If”the:fauit'plané B;eéks'up a mixed léyer
then the éoﬁposition'of reméyed materiaivwill be.AB30 or‘ABO4.- In both
caées; however, the fault'created would be eiéctrically cﬁarged, 7

It is ngted ﬁere thatveach non—étoichiometrig”fault has its complement.
The position of the fault plane is the same fér boéh.and so is the
displacementlyectbr. It will not be possible to dé;éfmine by conventional
electron microscopy techniques what kind of faults Qne deals with. One
needs some'other information e;g., the electro-neutrélity condition, or
the exact local chemical composition of»the crystgl.'

Faults have always been modeled here as_intriﬁsic faults (removal
of materiai).-'ln the present case, with a 1/4(1l0}fdisplacemeht vector
one arrives at identical ionic configurations if the faults are modeled
as extrinsic ones.

A 1/4(110) vector is -a lattice vector of the_oxygeﬁ sublattice.
Hence, only the stacking qf cations will be affected and the faults cén
be called "cation stacking faults". It also follows that a 1/44110?
vector will.cbnnect interstitial sites with the sa;e_céordination in the
oxygen fcc sublattice. Hence, a 1/4(110? vecﬁorucénn5t change the
coordinationiof the cation from octahedral to tetrahedral or vice versa.

Moreover,; in the case of the octahedral interstices, sites connected by

a 1/4¢110% vector are also nearest neighbor sites;v In the perfect

L
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spinel structure, some of these adjacent octahedral interstices are
already qccﬁpied, so that at a 1/4(1102 type fault these ions cannot
be brougﬂt closer togethef. Only the distance between ad octahedral
cation and a tetrahedral cation or between two tetréhedral cations can

. |
be affectgd. As was pointed out by Lewis34 one can describe tﬂese
cation féulfs aslanti—phase boundaries, between anti-phase domains within
which the partial filling of interstices with cations has stated at
different points.

It will be shown now that a {110} 1/4(110) fault is the fault with
the lowest energy in an overall stoichiometric cryétal. There are two
major contributions to the surface free energy of a stackingvfault in
these ionic structures. (i) There can be a change in the distance‘
between first, second, third, etc . . . nearest neighbors. (ii) There
can be a change in the number of first, second, third etc . . . nearest
neighbors.

The latter contribution will be largely ignoréd here. A detailed
analysis of the change in number of nearest neighbors for every fault
plane would be quite complicated. This analysis WOuid amount to an
actual calculation of the energy of each type of fault. This is outside
the scope of this work. Instead, attention will be focused on the |

‘ . .
relative energies of each fault type and it will be sufficient to

study how the intércation distances are changed for each orientation of

the fault plane. |As was pointed out above, the coordination of the

cations with respect to the anions remains unchanged. Only the change
e

in coordination of the catliions relative to each other needs to be studied.

|

It is useful here to consiaer the spinel structure as a stacking of
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coordination polyhedra with cations in th§ pentefs and oxygen ions at.
the corners;: In thevperfect.spinei strﬁcturé; thévbctaheéra“share
edges with four ofhér‘ocfahédra aﬁd share cofﬁers:witﬁ six tetrahedra.
The tetrahedra do not touch each other. Whenever‘thgserpolyhedfa share
eleﬁents with a higher dimensionality than in the pérfect structure, then
the distance between_thecafionsat the center of the pblyhedra will be
smaller. In spinels, these catidns are highly charged. The strong
repulsion'betwéen cations is expected to ﬁake up tﬁe.ﬁajor pért of
the surface free enérgy of the fault. The shorﬁe;.theiintercation
distance, the higher the surface free energy of thé fault will be. The
actual ionic configuration depends on the relativevdfiéntation of R
and the fau1t'p1ane;- This has been studied with the help of projections
of the structure and a threé dimensional model.#* The‘results-have been
~ summarized in Table I, columns 2 to 5; |

From a model of a {100} 1/4(110) fault (Fig. 3) it can be deduced
that across thé fault plane tetrahedra will share cofﬁers and octahedra
will share faces with‘tetrahedra. The latter point'&as missed by Lewis,34
who described a model for a shear fault on {100}, pointing out correctly
that tetrahedra would share edges across the fault plane. ' However, there
is another possible ionic configurationvwhen one cﬁbqégs another (110)

direction as the shear direction (see Fig. 4) or another position of the

L)

*The following part of the analysis can be more easily understood with the
help of a three dimensional model of the spinel structure. These models
are available commercially e.g., by LAPINE, 6011 South Knox Avenue,
Chicago, Illinois 60629. ' ’
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fault plane. Such a configuration is also one with high energy, as
octahedré and tetFahedra share faces across the féﬁlt‘plane. Figure 5
depicts a shear fLult on {&10}. Again across the fault piane octahedra
and tetrahedra share faces. This reduces the distance between octahedra
and tetrahedra from 0.414ao in the perfect structure to 0.217ao in the
faulted structure i.e., a 49% reduction. '

In Figs. 6 and 7 a model of a {110} 1/4¢110) fault is represented.
The octahedra and tetrahedra retain their distanée.‘.Thé distance»between
tetrahedral ions has been reduced from 0.434ao to 0;354a0. This is only
a rgduction of 187 and 0.354ao is exactly the shortest distance between
octahedral ions in the spinel structure.

Faulﬁs of the {111} 1/4(110) type were discuéégdkby Hornstra39 who
also pointéd_out that octahedra and tetrahedra havé.a'face in common
at the fault plane. For fault planes were thebstoiéhiometry is not con-
servéd the ionic configuration will also depend on fhe particular species
one has removed to create a fault. For the faults of tYpe {110} l/4<101)‘
and {111} 1/4110), fault planes can be found with 1owfenergy from the
. point of view of cation separation. However, in an 6yerall stoichioﬁetric
crystal an equal surface area of the complementary. fault plane has to
exist. The latter has then a very high energy. Moreover,!some of these
faults have to. be excluded if they would leave the fault plane electrically
charged. | |

It can be seen from Table I that a {110} 1/4¢110) fault will have
the lowest energy in a stoiﬁhiometric crystal. Forvthis pafticular

orientation of the 'fault plane only the distance between the tetrahedral

ions is changed. But this distance does not become smaller than the

|
l
E
|
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smallest intercation distance in the spinel structure.

4.3. Summary of Facts

It hééibeen found experimentally that lithium ferrite cohtains
faults on {110} planes. From contrast expériﬁents:it'was shbwn that
the.diSplaCement vector charactefizing these faults is 1/4¢110)
ﬁith this vector always pérpendiqular to thé féultvﬁlane.' From tﬁe
prope:ties:of the.spinel strgctufe it follows that these faults affect
only the cations. From geometric and ehergetié argumeﬁts it has been
shown that in a spoichiométric séinél a {110}.1/4(110) fault has the
loweét surface free energy. The stoichiometry of tﬁé crystal is not
affected by the introduction of such a fault.

4.4. Discussion

The frequent occurence of three-fold junctions in Fig. 1 can now
easily be expiained, if we allow only faults with the a displacement vector
perpendicular to the plane. It is clear that such a fault cannot simply
change ﬁlanes. This would necessarily involve a diéiécation (Fig. 7a).
An example 6f this can be seen at C in Fig. 1, whe;éfohe of the faults
is.edge—oh. However, when three faults meet along a line (necessarily
a (111) direction) there is no needvtobintroduce a dislocation, as a
Burgers ciréuit around the line would yield a zero displacement (Fig. 7b).
Cation faults forming three-féld junctions were also observed in magnetite
by Baker and Whelan.35 These faults are pfesumably_qflthe same type
as the ones found here. In contrast a (100)-1/4[110] fault, found in

MgAlzo can.eaSily change to the (010) plane without the need for a

4

dislocation.

-
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A central assumption in our analysis of cation faults in spinels

has been that the Frystal is stoichiometric. Once this restriction is
I b .
removed one cannot analyse‘the faults anymore using as a model a rigid

structure of point atoms. Hence, one cannot predict from simple
geometric arguments what the fault plane with the lbwest energy will

be. It is conceivable that point defects which necessarily have to be
introduceq in a non—stoichibmetric crystal, will preferentially be

found at the fault plane. Fbr example, in the case of a {100} 1/4(110)
fault (Fig. 3) vacancies on tetrahedral sites could preferentially occupy
those tetrahedral sites which are simultaneously close to an octahedral
site and a tetrahedral site. This would lower dréstically the free
energy of the fault. The observations on MgA1204.wéré done indeed on

a crystal with excess Al3+, which is expected to infroduce excess Vacancies
on tetrahedral sites.

In the case of LiFeSO‘, a characterization of the.point déféct
 structure is hampered by the fact that: (i) no reliable method of
analysis for lithium content exists; (ii) one needsttﬁe‘exact oxygen
content of the sample, because iron can occur as e£thér divalent or
trivalent:ions. In the present case, although chemical analysis indicated
a lithium deficiency in the crystal, this does not necessarily prove that
the grystals contain a large concentration of extrinsic vacancies, as a
lithium-deficient crystal can be derived from the stoichiometfic one
by the substitﬁtioh of 2Fe2+ for (Fe3+ + Li+).

Other féctors which may lead to a variation ih‘the observed fault

plane are the composition of the spinel and the thermal history. For

. o . v 3
instance, in flux grown CoFe,0, no extended cation faults were observed.
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In MgA1204 crystals, faulfs were obse?véd which did not lie on single
crystallographiq planes..34 'The latter were grown bylﬁhe Verneuil process,
a method §f cpysta1 growth whicﬁ'involvésré étéep tempera£ure.grédient.s
In'éontraét the lithium ferriﬁe'érystalé usedlin ﬁhis work werevgrown-

‘under near equilibrium conditions.
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5. DOMAINS IN ORDERED LITHIUM FERRITE-ENANTIOMORPHISM

- 5.1. Introduction
| i -

i

When a structure belongs to a spacegroup which does not contain a

symmetry operation of the second sort, that is an operation which

does not invoive an inversion or a reflection, tﬁen it can éxiét in
either a right-handed or a’left—handed form. Inhsbme cases, these two
forms have different spacégroups; that is, either one of an enantiomorphous
pair of space groups. With ordinary X-ray diffraction techniques

it is impossible to distinguish between these two eﬁgntiomorphous forms.
It is necésséry to include anomalous scattering in the calculations and
often vefy aééurate inténsity measurements are necessary. The use of
anomaloqs scattering of X—réys to determine the absolute configuration of
a structure has been reviewed by R:;tmaseshan.l'1 Recenk'contributions to
this field include the use of the shape of X;ray intensity spectra

and applications of the Kossel effect.43 | .

These X-ray methods have their limitations. 'The structure should
contain at least two different species, one of which should be an
anomalous scatterer. The latter condition cannot always be fulfilled
with commonly available X-ray wavelengths, for instance, if a stfucﬁhre
contains only light element's. Iwasaki44 has shown thét.there m#y be

some, so far imaginary, non-centrosymmetric structures, for which
. |
!

Friedel's law holds even with anomalous dispersion. In addition, one
. i ‘
would have to be sure that both forms of the structure do not coexist
|
on a very fine scale viz smaller than the diameter of an X-ray beam,

within an apparent single crystal. This will depend on whether or not it

is possible to have a low energy interface between the two structures,
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when'ché.érystai axeé.in both remain parallel.

In this section it will be shown that if bo;ﬁ enantiomorphous forms
do occur_iﬁ'the form of very small doméiné,.the preéence of the fight.and
1eft—handed forms can ge confirmed uéing contrast.exPerimen;s in the
electron_microscope. ‘Two différént methodé havé béen.used, ﬁhe firét
kmethod cénsisis of an analysis of thé interface betweeq thevtwo structures.
This interfacé can be described by a set of geomé;ficai operationé which
converts tﬁe structﬁre on one side into -the structuré!on the other side
of the intérfaqe. Using simple contrast expérimeﬁts.it can bé ascertained
whether or-noé the operations characterizing the intefface contain an
inversion operation. A similar method of analysis was used by MacLaren
and Phakey45 in a study of Brazil twinning in quartz5>_The second method
which can be_used to confirm the results of_the fifst; takes advantage
of a‘violétioﬁ,Of Friedel's law in electron diffréctidn. Exceptions to
Friedel'S'law in electron diffraction'were first 6bserVed by Thiessen
and Moliere46 and later by Miyake and Uyeda.47 A tﬁéoretical discussion
of Friedel's law in n-beam dynamical thebry was given bj Fuji;ndto,4
Cowley and Mobdie49 and récently byﬁSerneels, Snykefs,”Delavignette;

Gevérs and Amelinckk,so who specifically considerédfﬁbe é6ntrast between
domains relétéd by an inversién operation in hon—centrosymmetrical crystals.

5.2. Structural Information °

When disordered lithium ferrite orders, its spacégroup symmetry is

. lowered from Fd3m to P4132 or its enantiomorph P4332; The atomic
coordinates for the ions used in this work were given By Braun6 using the
equiﬁalent positions for P4332 (No. 212 Internatioﬁalziables'for X~-ray

cryétallography, 1965): 4 1i at (b); 12 Fe at (d) with x = 3/8;
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8 Fe at (c¢) with x = 0; 24 Oxygen at (c) with x = 1/8, y = —1/8,.
z =1/8, 8 Oxygen‘at (c)’with X = 3/8. Small corrections for these
coordinatés were ﬁeglected i.e., we assumed that the disordered structure
is an ideal spinel éﬁructure. The complete set of coordinates of the
octahedral sites is given in Table III. A project;on-of these sites
on the (100) plane is given in Fig. 9. o
Consideriﬁg now one spacegroup only, it can be seen from Fig. 9 that
the set of octahedral sites can be divided into four subsets, one of
which contains only lithium ions and the other three:only iron iomns.
When ordering sets in, the lithium ions can occupy any of these four
subsets. - After ordering, the single crystal is frggﬁeﬁted into domains
in a way similgr to ordered metallic phases (e.g., see MarcinkowskiSl).
vWithin each domain, the lithium ions will occupy only one subset and at
the boundary between domains they will be out of phasé. These boundaries
can be described by the vector which translates the lithium ions from
one subset to another. A 1/2(110) type vector is a lattiég vectorvof
the disordéféd'structure, hence, a translation of thé ordered structpre
over this.ﬁector does not affect the oxygen ions df”irbn ions in
tetrahedrélbsites, but it does transfer the Li ions‘from one subset to
another. 1This holds for either one of the spacégroups. |
So, there are actually eight different subsets out of the 16

octahedral sites which the Li ions can occupy, and it is possible to
have a boundary between any pair of these. The eight arrangements are
enumerated in Table IV. The arrangements 1L and 1R have been taken

rather arbitrarily as ''basic" arrangements for P4332 and P4132 respectively.

These two arrangements can be brought into coincidence with one another
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by an inversioﬁ throqgh the point (5/8,5/8,5/8), hence, the boundary
.between these two afrangements wili.be_called anligVersion bbundary.
On the oﬁher hand, a boundary BetweenvlL and 2R WOu}d not only involve
an'inversioﬁ'thropgh (5/&5/8,5/8)‘but also a'translation over a vector
1/2[110]. B

This.description of.thelboundaries is not unique. 1In pfinéiplé,
each boundary involving an inversion can be described as a phré invérsion
'boundary by propér choice of the inversion boint}i.Hete'the.inversion
point is considered to be fixed. In the context qf'this papef "inversion"
meaﬁs inﬁéréioﬁ through the.point (5/8,5/8,5/8). Thé boundaries could
also be deééribed by means of a reflection operatibﬁ,‘fbr insﬁance-with
respect to»fﬁé (116) planes, which may or ﬁay not be accompanied bf a
translation.

One could have a total of 28 boundaries betweén'the eight:possible
arrangements. However, only éeven bouﬁdaries, diétinct in the geometrical
operations chéracterizing them; can occur. These bd;ﬁdarieS’are-indicated
Schematically in Fig.blo. There are three trahslatibn_boundaries, one
inversion boundary and three boundaries described by éﬁ inQersion and a
translation. All 28 boundaries are enumerated and classified in Table V.

5.3. Contrast in the Electron Microscope

5.3.1. Contrast.at Domain Boundaries

It is useful to consider here the two beém dyp;mital theory of
contrast atva stacking fault in crystals (e.g., see ﬁhelan‘and Hirsh53
and Hirsch,'Howie; Nicholson, Pashley and Whelaﬁ525. The équations

for the faulted crystal can be derived from those of fhe perfect crystal

simply by modifying the Fourier coefficient of the:érystal poténtial
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in the bottom part of the crystal by a phase factor exp(ia), i.e.,
b t
vV = V_ exp(ia ‘ 1
g = Vg exe(ia) (1)

where b indicates the bottom of the crystal and t indicates the top
(facing the electron beam). o = -2Tg-R, where R is the displacement

of the bottom relative to the top and é is the reciprocal lattice vector
corresponding to the reflection excited. It is understood here that the
potential of the top of the crystal Vt(;) and the pétential of the bottom
Vb(;) havevboth been referred to the same origin. Equation (1) implies

that:
b t ' .
F  =F exp(ia : . (2)
g g p(ia) _

This equation yields another‘interpretation for the phase angle a: o is
the difference between the phase angles in the strucfure-factor éxpressions
for the top and bottom of the crystal, calculated'witﬁ respect to a
common origin. | -

In the case of a boundary between a left-~handed and a right-handed
crystal, we can write quite generally the following expressioh for the

structure factor:
2 2 2 r r T,
F~ = |F exp(ia’) F = |F e ia
. | gl plic) F_ | gl xp ( g.)

In particular, for the moduli of the structure factor it follows

regardless of choice origin:

7|

r
= |F
g Igl
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Hence, it_fbllows that: -

L r ‘2 ‘r‘ :
F = F ex i (o -0
g g.¢XP(;( g _g))
or
L r : : S S
F = F exp(ia _ : o o (3
¢ g 2xp ( v) B (3)
with
) r » B . i
a=a. -o : (4

Considering'ndw a boundary between’thé two enantidmo}phs with the right-
handed structure at the top of the crystal facing the electron gun and

the left—handéd'strGCture at .the bottom, Eqb‘(3)vi¢§lies that
2 r ' o ' :
VT =V exp(ia) ‘ : - (5)
g g o ,

Hence, the rélatiqnship between the crysﬁalpofedtiél\iﬁ the two parts of
the crystal on.eitﬁer side of this boundary is théléaﬁe as in the case
of a staCking fault; The results of the two'beém diﬁémica1 theory of
contrast at a stacking fault apply equally Qell tatﬁisboundary; A
boundary between two enantiomorphs will be iméged“aé o fringes where o
is how equal‘to the differénce in the phase angle of thé structure
factor expression calculated with réspect.to the same origin. This
phase diffetence is independent of the actual choiéévpf.origin...

In the dynamical theory of cdntfast the assump;ién.is usually made
that the crystal is.centrosymmetric so'gﬁatvone gan‘wfite Vg‘=__V_g .
(or Fg = F-g>€- In a two beam case thisbassumptioﬁnié not really

necessary as one is free to chose the origin so that for a particular

R o t*

beam F; =F = Fg which means that in the examplé'above a; = 0. It is
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clear that this approach to the contrast problem at an inversion boundary

will not be valid in the case of a many-beam situation, because it is
i .

[
then not possible to chose an origin so that the condition Vg =V is

simultaneously fulfilled for all the beams involvgd.:

Using a simple structure factor pfogram, the §a1ues gf 0. were cal-
culated fbr'éach of the seven boundaries which occur in ordered LiFe508.
The atomic céordinates for the iron and 1ithium ions on the octahedral
sites given in Table IV were used. The results are shown in Table VI.

In the case of translation boundaries the value of a is also equal to
-2mg*R. Wherever a = 0 or 27, a domain boundary will be out of contrast.
For reflections of the type 110, 211, 103, 123, o takés the value 0, .

For reflections of the type 102, 302 o takes the value O, 7 for tramslation
boundaries but only *m/2 for inversion boundaries;’ For all spinel

reflections o = 0 and the boundaries should be out of contrast.

5.3.2. Contrast Between Domains

In a second method, by which the presence of #wo;énantiomorphous
structures can be verified, one takes advantage of thé‘violations in
Friedel's law which take place in electron diffraction in certain multiple
beam situations. What is meant by a violation of friedel's law is that
+g and -g do not have the éame intensity even when the excitation errors
are the same. At an inversioﬁ boundary, when +g i§ﬂoperating in one part

. |
of the crystal, -g is operating in the inverted paft, with exactly the same
excitation. When Friedel's law is Qiolated then the domains should show
up with différent intensity. This situation is studied by Serneels,

et al.50 and they concluded the following: (i) A multi-beam condition

is necessary to observe any contrast at all. (ii) Friedel's law holds
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for the direct beam lh a general multiple beam situation. It does not

hold in geheral in dark field; (iii) The. d1fference in 1nten51ty

: depends strongly on the thlckness of the crystal (1v) If the only
'reflectlons excited belong to a zone axis along which the crystal dls-

- plays a center of symmetry in projection, no contrast should be

observed in dark field.

5.4. Results

5.4.1. Trahslation and Inversion Domains

From systematic extinctions in the precession photographs it was
confirmed that the spacegroup of the disordered structure is Fd3m. The
precession photographs of the ordered compound showed the presence of
systematic extinctions required for the spacegroups P4132 and P4332.
The nonésystematic extinctions in these photographs:could be accounted
for by the atomic positions given by_Braun.6

Figure 11 shows a series of transmission electron micrographs taken
under a variety of diffraction conditions. Figure 11a/Was taken under
conditions approaching a two heam case as the 654-and.022 reflections
are not allowed. Figures 11b, llc.and 11d were taken with a systematic
row of reflections operating wlth the indicated reflection on the Ewald
sphere. Although the presence of the systematic beams will alter the
detail of the contrast at the boundary, it will not affect the v1sib111ty
criteria derived for two beam conditions. The visihility or invisibility
of the boun&aries marked by a lower case letter in Fig. lla has been
tabulated in Table VII; Comparison of these results.mith the calculations
given in Table VI allows one to identify each of thelhounoaries with one

of the seven types of boundaries possible. This identification is made

v
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A
in the last column of Table VII.

| |
by labelling each domain as follows: because at présent, these electron

The internal consistency of the method of analysis can be checked

microscopic methods do not yet allow the determinatibn of the ébsolute
configuratioﬁ, it was assumed that the domain whiéh'runs vertically
through the micrograph has a left-handed P4332 arrangement. It was also
assumed that it was the "basic" 1L arrangement. The latter assumption

is equivalent to choosingan origin. Once these assﬁmbtions are made,

the arrangements of all the other domains can be found through the
characteridfifheir boundaries derived in Table VII,'aﬁd the use of

Table V. This was done in Fig. 1la. This labelling of domains provides
.a check, on the identification of the boundaries e.g., if a is a boundary
between 1L and 3R and b is a boundary between 3R aﬁd 4R, then ciearly

the character of ¢ is fixed and ¢ has to behave as a.lL -4R bouﬁdary,
f.e., I+ T, |
(Table VII). ‘Hence, a complete internally consistent pic;ure is obtained

This has indeed been found by contrast experiments

of the relationships between the domains.
An independent check on these results is provided_in'Figs. 1le, 11f

and 1lg. The same area was imaged here under multi-beam conditions
: |

(Fig. 11g), hence, one may expect violations of F;iedel'sslaw at
inversion boundaries. The‘foil was wedge-shaped with thinner parts at
the bottom of the pictures; The fringes in Fig. iié running from right
to left are thickness fringes. These remain continuoﬁs across the
boundaries in the bright field picture. In dark field, héwever, these
fringes change color at some boundaries (e.g., at a and c) but remain

continuous across others (e.g., at j and g). The latter ones may be
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expected to be translgtidn boundaries whereas thé first should be
inversion boundafies.‘ Comparison with Fig. lla shows that these boundaries
afe the sameé ones for which the first method showed that an inversion
waé involvéa. 7

Figure:12 provides another example wheré'theltﬁo_enantiomorphous
structures caﬁ be distinguished by a_difference in background intensity.
This specimen was chemically thinned and éome etéhi#g_had occurred at
the boﬁndaries. The presencé of two strong "accidéhfial" reflections was
sufficient to provide a very strong_cdntraSt befWéén enantiomorphous
domains e.g., at A and B, 'Thére is_no difference in:backgrouhd intensity
aérosS tfanslatién boundaries e.g., at C and D.

The sizé of the domains depends‘on the thermalmhistory of the sample.
. In the as received crystals, the domain size was of tﬁe order of 5u
(Fig. 13). 'In Fig. 11 and Fig. 12 tﬁe sample had beeh annealed at 850°C
and was then slowly cooled in the furnace (approximately 100°C/hr) . The
sample in Fig. 14 had been queﬁched from 950°C in.wéﬁer, then annealed

at 650°C for 100 min and shows a substantially smaIIer domain size.

5.4.2. Stacking Faults in Ordered Lithium‘Ferritejv

In Seétion 4.2 it was shown that the cation féuits can be described
with respeét_to the spinel structure with a displacemént vector 1/4(110)
plus a spinel lattice vector. Upon ordering, thé crystal looses some
of its translational symmetry elements, the lattice reduces‘from face
centered cﬁbic to primitive cubic; énd the fcc trénslatidn vectors of
the type 1/2{110) are no longer lattice vectors. Heﬁce, any combination
of the displaéement-vector,with respect to the fcé-laﬁtice i.e., 1744110}

with a 1/2(110) vector yields a possible displacement vector for cation
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faults in the ordered structure. Some of these variants, however, are
related by a translation vector of the primitive lattice,_so that only
four distinctively differént displacement vectors can be generéted,
e.g.., for a fault oﬁ the (110) piane we find il ='1/4-[1101 i?_ = 1/4[110]
§3 = 1/4[115] §4 = 1/4[112]. All other variantslbne‘may derive by
combining 1/4[110] with any 1/2¢110) will differ frém one of theée_
four onlj-by'a primitive cubic lattice vector. Oﬁe cén distiﬁguish between
the displaéément vector of the 1/4¢110) type and the 1/4(112) type by
contrast e#periments, using.of course, superlattice reflections for this
purpose. The distinction between +R and -R can be made by a determination
of fhe sign of o when a = *7w/2.

An example of a 1/4(112) type fault is givén in Fig. 15. Figure 15a
shows th#t the fault vector cannot pdssibly be perpendicular to the
fault plane as é-ﬁ would then be zero. Figure 15b confirms that the
fault vector is lying in the plane of the fault. However, the analysis
is not always as straight forward as in this example, because iﬁ the
ordered structure an inversion can.occur at tﬁése‘gétion stacking faults,
as will be shown below. It is clear that a translation boundary with
R = 1/2(1105 can always join the cation stacking fault, without the need
for a dislocation at the j%nction. At this junctioﬁ the cétion‘stacking
faulﬁ may change character{from 1/44110) type to 1/4(i12) type.

' .

Figure 16 shows three‘stacking faults on {110} plane§ meeting along
a line. The displacement vector of these faults Qas détermined as
1/4¢110) plus a spinel latticg vector. The boundary 4 joining fault 1

is a translation boundary. The contrast in Fig. 16d can be explained

only if faults 1 and 2 are simultaneously boundaries between the left
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and right-handed structure. vThe displacement vectors of these faults
are: R f 1/4{101], Ry =»1/4[101],‘R2 =_l/4:110]. For g = 102, this 'f
yields for the phase angle: a, = 7/2, alb = -m/2 and a2=—n/2. Hence,

1la
If these faults were simple translation faults, théy:shouldvbe visible
as o fringes»ﬁith o = *1/2. 1f these faults also:iﬂéluded an inversion
operation then a phaée angle of *m/2 would be added (see Table VI). Taking
tbé plus sign yields: A, = aib”= 0 and a, =4Q.' Hence; the b paft
of fault 1 and fault 2 will be invisiblé.‘_This matches the observations.

Additional evidence that stacking faults can.élso serﬁe as the
boundary Between enantiomorphous forms is given-iﬁ‘Fig. 17. Figure 17a
was taken underrthe diffraction conditions shown in'Fig.‘l?b. Figure 17c¢
shows that the fault ABC seen'edgé on in.l7ais_inde¢d.a stacking fault.
Analysis of the boundaries a and b showed that they were pure invérsion
boundaries. The difference in background contrast at A and C iﬁdicates
that an inversién takes place at the stacking faqit. However, there
should not be any difference in background intensity at B. This is
indeed observed.

Figure 18 shows an»interesting interaction'bétween a translation
boundary and a cation étacking fault. The translation Boundary lies
approximately:on the (101) plane and is terminated by a dislocation
with Burgers vector 1/2[101] (Fig. 18a). This dislocation, however, is
diésociatedvinto two partials with a 1/4[101] Burgers vector and a fault
in between with the same displacement vector. The Qserf a higher order
reflection in Fig. 18c reduces the image width of the dislocation, so

that they.aré better resolved.55
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5.5. >Discussion
The domain size in the ordered crystal depends on the heat
1 , .
treatment but is Lsuallylgf the order of 1lu or smaller and hence, well
below the diameter of an X-ray beam. It is clear tﬁat a very fine
intergrowth of the two enantioﬂorphous structures'wduid give rise to a
spurious center of symmetry in diffraction even vhen an X-ray wavelength
is used for which iron is a strong anomélous scatterer. The success
of the electron microscopic method does not depend on‘the pfesence of
a particular atomic species in the compound. The method should also
Be applicable for structures containing only lightweight elements.

In the multibeam method, the contrast in dark field arises due
to a complex interaction between n beams. However, one cannot show in
general that the difference in intensity between the inverted domains
will be lérge enough to be detectable. This differenée in intensity
will depénd on the details of the structure, the thickness of the sample
and the diffraction conditions. It is shown by Sér#eels et 31.50 that
for very'thick foils thé contrast will be destroYéd by absorption.

The aﬁélysis of an inversion boundary using different g vectors
should be applicable to all crystals in which enantiomorphous domains
occur. The success of this method hinges on the faét that there is a
difference in phase angle of a particulat reflection for the tﬁb
enantiomorphous structures when both are referred to:the game reference
frame. Refléctions for which this phase angle difference is not equal
to zero can always be found.. This method has the additional anantage

!

that it yields a complete description of the interface between the two

structures. Not only can it be established that an inversion operation
' l
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is involved at the boundary but any additional translation can be -
determined as well. 1In general, thése translations are not known a
priori. In}the case Qf.ordered L1Fe508 a prec1se.4¢scr1ptlonrof the

démain structﬁre can be given because.the ofderéd‘stfuctqre is derived
from the relatively simpie spinel structure. This is the réason why
lithium ferrite forms an ideal case to illuétrate the use of these
electron ﬁi;réscopic techniques.

For all practical.purposes it might beAsufficient to establish
the presenée'of the two enantiomorphous forms witﬁih an'apparent single
crysfal. fhé microscopic methods described in this'paper have not yet
been extended to determine the absolute configuration of the structure
in a part of the crystal. In principle, this possibility exists. 1In
the case of the multibeam method, one should be ;ble to predict using
a many—béam dynamical theory for non#centrosymmetrié_crystals, which
form whould show up bright in dark field for a given érYstal thicknessv
and diffraction conditions. In general, an electrohic compﬁter would
have to be used for this. The problem is completely analogous to the
absolute determination of the orientation of a nog;éehtrosymmetrical crystal,
which has reflection symmetry. This problem has béen:solved for hexagonal
CdS by Goodman and Lehmpfuhl?4vﬂu>used a convergen£ $eam technique
and a multiple slice calculation for n-beam diffraction. In the case
of the intérface analysis, it should be possible to predict for an
interface inclined with respect to the beam, which form is at thevtop of
the crysfal facing the electron gun. This can only be done when the
difference in phase angle o is different from w. inlfhe case of

ordered lithium ferrite this is the case for reflec:ions of type 012 or
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203 when o = *m/2. The problem is then reduced to a determination of
the sign of\a andl is analogous to the determination of the character of
| ;

a stacking fault in fcc metals (Hirsch, et al.).sg. A systematic study

of this problem for o = 7/2 has not yet been undertaken.
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6. GENERAL DISCUSSION

From the reSults-pf the’pfeceeding seétion;bthe'folléwing_picture
can be dtawﬁ‘regaréingvthe c;ystalline defeéts in flux grown lithium
férrite ¢fys£als. The éatién faﬁlts were found iﬁ.cfystals wﬁich had
undergoneaifferent heat treatments as well as in érystals in the as
grown condition. It is unlikely that these faults are iﬁ any way
connected with thé heat tréatments. If they were, e.g., if they were
due to thermal stresses during quenching, one wogld‘expect shear faults
confihed'by gliésile dislocations. From the cryéfailogfaphic study it
is clear that they are not the result of cation vééanéy éggregates,
although vécancies can interact with them once they are formed. More
probably, the faults were formed during growth of the crystals from the
melt. The faults can be viewed'as antibhase boundaries resﬁltiﬁg from
an ordering reaction in a disofdered_structure which can be derived
from the sbinellstructure by randomization of thé.BcCupied and vacant
intersﬁitial sites. This structure may be an intermédiate state during .
solidification from the melt. The faults would be the results of .
"growth accidents" during which the filling of iﬁterstices started at
non—equivalent points in the structuré. The fact;that faults were found
more abundantly near the surface of the crystals,iéscdnsistent with this,
as the probability of these growth accidents occurriﬁg‘increases as the
crystal grows. |

Initially, the faults may not have been on single, low-index planes,
but due to the low cooling rate, they could take a 1§w energy configuration,
which was shown to be on the {110} plane with a 1/4(110> displagement

vector perpendicular‘to it. Some faults may have annealed out all together,
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but in areas with a high fault density a domain structure could be
expected as is indeed observed (Fig. 1). : \

As far as the description of the faults is cdncérnéd, a {110}
1/4¢110) and a {110} 1/4(112) fault are completely equivalent as these
displacement vectors differ only by a lattice vecﬁof. In ordered
litﬁium ferrite this is no longer the case. It is élear, hdwever, that
during the ordering reaction the Burgers vector.of the grown-in dis-
location cannot change. Hence, the fundamental éharacter of the faults
cannot be changed. Along the fault plane, howeﬁef? the faults can
change from 1/4 (110) type to 1/4¢112) type throdgh interaction with
1/24110) fype_translation boundaries. The faulté can also become the
boundary between enantiomorphous forms of the ordered structure.

It has been shown that cation stacking faults in ﬁagnetite can
effectively pin magnetic domain walls.2 As lithium ferrite and magnetite
are quite similar both structurally and chemically}"the same phenomenon
can be.expected to occur in lithium ferrite. Hence, the distribution
and density of these defecﬁs will influence the magnetic properties
e.g., the initial permeability and coercive force. .The fault density
can only be controlled during preparation of the compound from the melt,
from the vapor or;by sqlid1state reactions. These faults éan bé
especially important in the production of thin fil@é which a;e usually
prepared under co#ditions.far away from equilibriuml_

It h;s also been shown in ordereé metallic systems that magneticv
domain walls can ge pinned by antiphase boundarieé.2 It can be assumed
that this is also the case in lithium ferrite. Tﬁere is ample evidence

8,18-20 )

in the literature that some important magnétic properties are
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dependent-updn the state of order of the system (See:Sectioﬁ 2). There
are also. indications that a correlation exists between the electrical
conductivity of single crystal samples and the domain size in the
ordered structure.56 This domain size can be cohtrolled by the

proper heat treatment. No attempt has been made here to study the kinetics

of the disorder-order reaction and the domain growth in a quantitative
way. This will form the subject of a forthcoming sf;udy.57 In Ehis

work, the groundwork has been laid for a correct interpretation of the

microstructure in the ordered phase.
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TABﬁEI

* 1) The configuration of the ions dependsbon the exact position of the fault plane and the direction of shear.

2) In case the fault plane breaks up a "mixed" cationilayer.

Composition of Octahedra- Shortest ~ Tetrahedra Shortest
Fault Type Removed Material | Tetrahedra A-B Tetrahedra A-A

Share Distance " Share Distance
Perfect -— corners d113 = ,élﬁao — d111 = .434&0
(100) 1/4[110] A 32 04 faces d111 = .217ao corners dllO = 535430
(100) 1/4[011]1) — faces d111.= .21-7a° — d111 = .434ao
corners di13 =.bl4a ~edges dygp = +250a
(110) 1/4[110] A B2 04 .cornerg d113 = .414a° gorners d110 = .354&0
(110) 1/4{110] — faces dyyy = -217a, -— diy f43ka°
(110) 1/4[101] AB 02 corners d113 = .al4a° - d111 = .434ao
B 02 faces d”_1 = .217a6 . edges d100 = .250ao
(111) 1/4(110] B3 04, corners. d113 = .Aléao edges leO = .ZSOa0

4, B O, - corners dyy3 = .ﬁléad ‘ -— dlll‘?‘t634gq :

A B3 O4 corqets  dl13 = .Alaao’. corners d110 "'35430v
ABO, faces "= -217a - _.corners vdllo = .354a
(111) 1/4{110] -— faces d111 = .217&0 —_— dlll = .434a°
"2 faces 411 f -217a edges d = +250a

-9%- -
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TABLE II
| . o (13)
(111) Stacking of Ions in the Spinel Structure
i o ' . o o
| .
Level ’ Occupied Position ‘Composition

14 a 1,2,3,4 0,
13 : - ——- BBO 4 (kagome)
12 ‘ c 2,3,4 _'B‘3

11 v o L

10 b 1,2,3,4 O4

9 : cl A AZBO4 (m%xed)
8 al B

7 b1 A

6 c 1&2,3,4 0, AB, 0,
5 _— —

4 b 2,3,4 B3

3 —— —_—

2 al,2,3,4 O4 AB O4
1 b1 A

0 ¢l B
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16

0.875

0.875

0.625

Tablé iII.  Coordinates of oétahedral éites.
.No; X . y z
1 0.625 0.625 0.625
2 0.125 10.875 0.375
3 0.375 0.125 ‘0.875 ‘
4 0.875 0.375 0.125
5 0.125 0.375 0.875
6: 0.875 0.125 ~0.375
7 0.375 0.875 0.125
8 0.375 0.625 0.375
9 0.375 0.375 - 0.625
10 0.625 0.375 0.375
11 0.625 0.125 0.125
12 0.125 0.625 0.125
13 0.125 0.125 0.625
14 0.875 0.875 0.625
15 0.625 0875

0.875
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Table IV. Atomic coordinates of the eight ordered arrangements.

—

7

Symbol Arrangement » :Atomic"C65rdinates*
o RO ‘ oni1, 2, 3 yxx
2L | P4,32 +—21-[110]+ Li: 7, 10, 13, 16

AL P4,32 + 2[101] Li: 6, 9, 12, 15
W P4,32 + [011] Lit 5, 8, 11, 14
1R : w32 . Lii 1, 5,6, 7
2R a3 +—§—’[110] Li: 4, 8, 13, 15
33 P4, 32 +%[101] Li: 3, 10, 12, 14
4R P4,32 + 2[o11] © Li: 4, 9, 11, 16

*The octahedral sites not occupied by lithium are ‘occupied by
the iron ions. Only the position of the lithium ions are given.
The position of the oxygen ions and tetrahedral ioms are the
same for all the ordered arrangements. :

%*These numbers refer to the numbers of the octahedral sites as -
given in Table III. :

TP4332 +-%[110] means that this arrangement is defived from the

"bagic" P4332 arrangement by giving the Li ions a displacement

over a vector %{110].
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Table V. Classification of Boundaries.*

Tl T2 T3 I I+Tl I+T2 I+T3

LL~-2L 1L-3L 1L~4L 1L-1R  1L-2R 1L-3R 1L-4R
3L~-4L 2L-4L 2L~3L 2L-2R 2L-1R  2L-4R  2L-3R
1R—2R‘ 1R-3R  1R-4R  3L-3R  3L-4R  3L-1R = 3L-2R

3R-4R  3R-4R  2R-3R  4L-4R  4L-4R  4L-2R  4L-1R

* _ ‘
Symbols used in this table are explained in Table IV
and ia Fig. 10. '
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Values of the phase angle «a.

- Table VI.

¥
I+T2 I T3

'I+Tl

110
110
101

0

w

101
011

m

011
112

0
0
0

112
112

112
211
211
211
211
121

T

™

o O E
E kE O
O O k
E E O
E-kE Ok
o o o
E B E
ted o~ 1
N NN
b= i

/2
-1/2
-T/2
/2
/2
—n/2

-1/2
m/2
w2
w/2

~7/2

-m/2

-m/2
m/2

-w/2

-7/2

/2
-m/2

0
0
m

™

120
120
210

w/2
-m/2
~1r/2

w/2
m/2
/2
m/2
- -m/2

i 0

210
021
031
012
012
102

/2
/2
/2
-w/2
/2
m/2
-m/2
m/2

0

/2.
-m/2

v

0

m/2
/2
-7/2
~7/2

m
0
C

i

/2
~m/2

w/2
/2
-1m/2

i Ul

102

/2
-n/2

201

w/2

0

201




esa-

Table VII. Analysis of Fig. 11.-

Boundary* g=i10 g=011 g=101 !Type

‘a Ne** NC ct 141,
b NC C [ T, '
c NC ¢ KC  I+T,
d C - NC C T31

e NC C NC 4T,
£ C NC NG T+T)
8 NC C .

h NC NC 4T,
i c NC T,

3 _ T A

k o NG NG I+T
% NC c NG I#T,

*
The boundaries are labelled in Fig. lla.

*%
NC: boundary not in contrast.

.}.

C: boundary in contrast.
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FIGURE CAPTIONS

Typical arrangement of cation stacking faults in lithium ferrite.
Notice at A, the disappearance of fringes at overlapping faults.
At B three faults meet along a line. One fault is seen edge on.
In the region where the other two overlap, fringes run parallel
with the line of intersection. This arrangemeﬁt.of faults
corresponds with the one in Fig. 8b. At C theré is an arrangement
correéponding with Fig. 8a (one fault seen edge-on).
Three faults meeting at a junction of fully ordered lithium
ferrite. Only spinel reflections have been used in these photo-

graphs. These diffraction experiments allow one to determine the

‘displacement vector of these faults and the Burgers vector of the

dislocation confining fault A.

Projectioﬁ of an ideal spinel structure on the-(OOl) plane.
Oxygen ions have been omitted. A fault on (100) was introduced;
into the structure, with the displacement vector at 45° to the.
fault plane. For some ions the coordination pquhédra are shown.
Octahedra and tetrahedra project as squares. Iﬁ the perfect
structure, octahedra and tetrahedra share corhers; wh%}e écross
the féulffplaﬂe they share faces (hatched areai. Across the
fault plane tetrahedra share corners, whereas in the perféct
strucfure they do not touch. |

Only threg layers of ions are shown here. The shear necesséfy
for a {001} 1/4(110) type fault are shown. The piane of th; fault

is parallel with the plane of the paper, and is located between

the layer at 0 and the layer at 1. Coordination tetrahedra



Fig.

Fig. 6.

Fig.

Fig.
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7.

8.
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prbject,as the smaller squares, octahedra as:ﬁhévlarge one.
After'sheaf in the [iiO] direction, tetrahedra share an edge
(indicaﬁed by’—.—.—)vat C. After sheat in thg [lib].direction
a tetrahedron shafeéba face (hatched) with the‘octahedron af A
and also with the octaﬁedron,at B (not shown).

Same type of projection as‘in Fig; 3. A fault on (110) was
introduced with the disﬁlacement vector in the_ﬁlane of the
fault. Across the fault plane octahedra and tétrahedra sharé
faces.

Same typefof projection as in Figf 3. A fault'6h>(110) was
introduced with the displacemeﬁt vector orthogonal to. the fault
plane. Notice that octahedra and tetrahedra are not displaced
relative to one another. Tetrahedra, however,ishare corners
across the fault plane.

Projection of an ideal spinel structure on the (110) piane.

A two dimensional unit cell is shown, whiéh can be used to
determine the composition in successive (110) planes. A (110)
1/4[110] fault has been introduced. Across the fault plane
tetrahedral ions have an oxygen ion in common'as'a nearest
neighbor. | .

Two possible modes by which a {110} 1/4¢110) fauit can change
fault planes. (a) By leaving a dislocation at the junction.
(b) When the three faults meet at a junction a dislocation is

not necessary.

2
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Fig. 9. Projection of the octahedral sites on the (100) plane for the
two enantiombrphs. !The unit cell indicated is the conventional

one for the P4,32 spacegroup. It is indicated how the

3
octahedral sites are aligned in (011) directions with one Li
ion followed by three Fe ions.

Fig. 10. Schematic representation of the seven different bouvndaries in

ordered LiFe_O The labels of the ordered arrangements are

578"
explained in Table II.
Fig. 11. An identicél area of an ordered crystal photographed under five
different diffraction éonditions. The operating ref1ections in
(a), (b), (c) and (d) are indicated by vectdrs; The
diffraction pattern corresponding to (e) and (f)'is shown in

(g) (BF: bright field; DF: dark field with reflection used

indicated). The specimen was annealed at 850°C and furnace cooled.

Fig. 12. Bright field (a) and two dark fields (b,c) sho&ing that a few
fairly strong reflections off the operating row are sufficient
to produce strong differences in contrast betweén enantiomorphic
domain (e.g., at.A and B). Across translation goundaries there
is no difference in background intensity (e.g., at C and D).

The specimen was annealed at 850°C and furnace cooled.

Fig. 13. Domains in a crystal in the asreceived cqndition. The domain
size is of the order of 5u.

Fig. 14. This.specimen was annealed at 950°C for 30 min, water quenched,
thenahnealed at 650°C for 100 min. The domain size is of the

order of 0.2u.
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Fig. 16.

Fig. 17.

Fig, 18.
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Fault A in this micrograph is an example of a 1/4(112) type
fault in ordered lithium ferrite. The.fauit plane is (011)

and R = +1/4[211]. A i1/4[011] displéceméht.vector woﬁld have
been out éf,coﬁtrasf in‘(a) (g;R = 0) and in contrast in (b)
whi@h.is coﬁtrafy to the observations.

Three stacking faults forming a triple junction in ordered
lithium ferrite. The same area was photographed under four
diffefent diffraction cbnditions, characteti;éd_by the g vectors
in the figures.

Figﬁreiiﬁiwas taken under tﬁe conditions‘shown in Fig. 17b.
Figurél]c:was taken undef the diffraction conditions indicated .
in the figure.

Contrast conditions are shown for a translation fault (a),

a (101) fault (b) and 1/4[101] partials (c). Weak m conﬁrast
occurs in (b) due to tﬁe influence of the superiattice reflections
in the systematic set. (c)'shows the advantage of ﬁsing high
resolution images in né (n = 6) in which the two partials

are well resolved.
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LEGAL NOTICE

This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the United
States Atomic Energy Commission, nor any of their employees, nor
any of their contractors, subcontractors, or their employees, makes
any warranty, express or implied, or assumes any legal liability or
responsibility for the accuracy, completeness or usefulness of any
information, apparatus, product or process disclosed, or represents
that its use would not infringe privately owned rights.
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