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An X-ray diffraction study of eight members from the spfnel-sér\

MgA12~xCrXO4 with 0 € x € 2 is presented o " Experimental results from

these samples showed the 1ine profiles to be broadened to an extent

L ) . . . .
which depended upon the chromium concentration, the maximum broadening
occurring in the specimen in which x = 0.5, coinciding with the anomslous
optical behaviocur of chromium doped spinels reported
Refinement of the crystal siruciure according to Fd3m symmetry

indicates negligible change in oxygen position parameier u which was

O

found to be 0.387 + 0,001 in ezch case. However the Debyenﬁal;er
temperature factor B appeared te increase uniformly with increasing

chromium concentrztion. This was atiributed +o displacemenis ©

ions from their cenventi

the structure parameters of VgC 4, besed on ¥4 3m symmetry has been
. R~ . . "
performed in which O displacements together with very small displace-
N 34 . . . . .
ments of Cr were made to give a structure consistent with local

N

C3 symmetry. The temperature factor was then found to be comparable with
v
that previously estimated from infra-red measurements.

Lattice parameters have been determined by the centroid method

whilst line breadths were investigated by both inte gral breadth and

variance methods. It is established that diffraction line broadening
exhibited by the compounds of mixed composition arises from some effect

other than particle size or strain, the most probable source being

thought to be a form of anti-phase domain structure.




. . o On o
Experiments on specimens quenched from 900 C and 1100°C sugg

est

oadening in MgAl, O, arises from stacking

24
faults similar to those observed in face centred cubic metals.

that the small amount of line br
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CHAPTER 1

THE SPINEL STRUCTURD AND FACTORS INFLUENCING ITS MODIRICA fO.

“

1.1 The spinel structure.

Spinel is @ collective name given to a range of compounds which
have a crystal structure related to that of the mineral spinel, MgAlgode
The first attem mpts to describe the structure were made by Bragg (1915)
and Kishikawa (1915) who independently proposed an atonic afrangément
based on g cubic close packing of the relatively large oxygen ions with
the metal ions occupying interstitial sites in this close packed structure,
According to this scheme, each unit cell contained 8 molecular
units organised so that the Mg ions occupied 8 of the 64 available
interstitial holes with four~feld co~ordination, since called the
tetrahedral or A sites, while the Al3+ ions occupied 16 of the 32 avail-
able interstitial holes with six-fold co-ordination
octahedral or B sites.
This description of the spinel structure was later refined by reference

to the space group Pd%m when the metal ions were allocaled the special

positicns
> 1 1, 1
Mg2 in 8a : 0, O, Oy 3 4‘§ Z’ ZJ ;
plus f.c.c. translations
| = = N (“‘x [
AIB in 16c ¢ -ég-é’-g’ ,'é"%"% ; '%"%"%’ ; %’ %"% ;

and the oxygen ions being placed in

%2 LU, U; R e w, e, E ooy,
c ¢ 1 T I P L P B
“g 2 4 H ﬂr 4
— 1 1 1 .
Uy vy Uy - U 7w + )
— - 1 1 1 )
U, U, uj Z = Uy Z = Z + 03
- - 1 1, L.
U, Uy U3 Z’ + u, ‘Z‘ = U, 4 - U3




plus f.c.c. translations.

where the unknown position parameter 'yu! may be determined by a dbmparisonf

of measured and calculated diffraction intensities.

The u parameter is g measure of the disturbance to the ideal close
packing of the oxygen ions by the insertion of the metal ions into
the holes within this structure., Perfect close packing of these oxysgen
ions corresponds to us 0.375 while experimental data for MgA1204 and
related compounds, is fitted most closely by assuming values somewhat
greater than this (Wyckoff 1951 ). The increase in u is realised struct-—
urally as an increase in bond length between the tetrahedrally co-ordinated
metal ion and its neighbouring oxygen ions, the latter being moved

-

outwards along the line of the bond, a {illj direction, by an amount
a 2. $
where a =unit cell sigze
and &= u - 0.375,
This displacement is indicated by the arrow in figure 1.1 which shows
a tetrahedrally co-ordinated ion ( shaded ), its nearest and next nearest
neighbours in the lattice.

It should be emphasised that the structural modifications intro-
duced by u<0.375 leave the symmetry of the tetrahedral site completely
unaffected. This is not true however for the situation of the octahedral
site. The latter suffers a change of local symmetry as the u parameter

is increased above 0.375 from cubic Oh to trigonal D3d ag well as a |

reduction in bond length to nearest oxygen ions.

1.2 Alternative forms of cubic spinel structure.

The structure described above in which the divalent cations occupy
A sites and the trivalent cations occupy B sites, is known as the NOWVAL

SPINEL STRUCTURE and it was thought for many years to be common to 211

compounds isomorphous with ligAl, 0,. However, in 1931, Barih and Pognjak
L 24



fig.11. Displacement of oxygen lons arising
from the insertion of a metal ion

into a tetrahedral site.



example, that the intensity pattern of X-rays diffradﬁed'by‘MgGa“

could not be accounted for in terms of a normal structure. The experi-

mental data could be fitted if it were postulated that the 8 A sites

. + .
were occupied by Ga3 ions and the 16 B sites shared randonly between

- B \ i
the remaining Ga’” ions and the Mg2+ ions.

Such an arrangement is now commonly known as the INVERSE SPINEL

STRUCTURE and may be indicated by writing the formula for the corresponding

compounds as

Ak
nedt (et 1 ) o

4

where the parentheses indicate the ions occupying the octahedral or B

sites.

1.

Following this work, rosnjak (1932) were able to identify

.

a number of inverse spinels but showed that spinels in which the trivalent

92}

. + + - 5 . . .
ion was AIB or Cr3 appeared to be normal. Spinels also occur in which

]

Re}

]
e

the oxygen has been replaced by sulphur and even in these cases, according

N .

chromium is the tri-

[N
e’

to Hahn (1951), the result is a normal spinel
valent cation.

In some cases, however, there were ambiguities arising from a lack
of X-ray scattering contrast between the metal ions occupying the cation
gites. For cxample, the situation in MgA1204>remained uncertain until
the development of neutron diffraction techniques when it was found
that the cation distribution in this material was close to normal with
possibly a slight tendency to inverseness>(Bacon, 1952). Iater investig-
ations by Stoll, Fischer, Halg and Maier (1964) suggested that there
may be 10 - 15% inversion.

It is interesting to observe that Verwey and Heilmann (1947) were
able to distinguish between normal and inverse spinels through studies
on differences in lattice parameters of spinel series. Their results

=

indicated that most trivalent ions prefer to occupy octahedral sites



—
but that some, for instance, Fe9+ s

tetrahedral site, i.e. they tend to forn iﬁvefse spiheié;;Jx”

Subsequent work in this field has showm that a‘com@ié%é1y no-mal
or a completely inverse structure represents extreme cases for the systenm
and & more general representation of spinei ié |

2

A T
He Me:
5 1-

vr +

oy kY

Ll e
& ( 1-5 1+& ) 04
where the ions before the brackets occupy A sites, those inside occupy
B sites and & is a measure of the degree of inversion. Thus for a

normal spinel § -1, for inverse 5:0 and for a completely random distrib-

s A " . .
ution of cations over both types of site, 0= = In some systems the

(=N

< . \ \ .
value of o depends upon the method of preparation. For example in a
given sample of Mg Fe?O4 the cation distribution can be influenced by

its thermal history. Thus Bacon and Roberts (1953) and Corliss and

Hastings (1953) found $2 0.1 with annealed ¥gFe, 0, while other studies,

especially magnstic measurements, indicate much higher wvalues in quenched

specimens (Smit and Wijn, 1959).

h

1.% Factors influencing the degree of inversion of spinels.

The discovery that in spinels the metal ions may be distributed
in more than one way among the available interstitial sites provided
by the anions, has led to considerable effort to investigate the factors
which determine the degree of inversion in any given sample. At the
present time, three factors are thought to be particularly important,

namely, ionic size relative to the interstitial site radius, the problem

of minimising Coulomb energy and the electronic configuration of the

Tn +he spinel lattice with a close packed cubic configuration of

ite is smaller than the octahedral site.




However, when the structure of a real sp
Fd3m, is considered, the size of the interstiti
. . . ,

the anicns becomes a simple function of the lattice constant 'a' a
- Cor gt mmemar - _ . ;
the anion "u' parameter. Thus the nearest neighbour distances are

1 o e
= a/(g 3% v 38
Po=avigg 3

and . q = a(

. 5) Y

1
8
for the octahedral and tetrahedral holes respectively where & = u - Ca575
(Gorter9 1954). When ) =0.0125, i.e. where u = 0.3%875, the holes are
equal in size and therefore g>p if u is larger and q<p 1if u is smaller
than this value,

The ionic radii of metel ions on the other hand, tend to get smaller

N
=y

as the valency increases ( see for example Shannon and Prewitt, 1969

C

Fal
T

2y

Thus apart from co-~ordination e cts, ionic radius alone would tend

»

1

to favour the inverse spinel siructure when the u parameter is low and

5
r

the normal structure when u is high.

1.5.2 Electronic effects in the spinel lattic

If we regard the bonds in the spinel lattice as ionic, the lattice
energy consists of a Coulomb term which is attractive and the Born repulsive
energy. This energy depends on the lattice parameter and the charge
distribution amongst the lattice sites of the icns. So far it has been

implicitly assumed that the u parameter and metal ion radius to be indep-

endent, however the real situation is more complicated. For instance

)

the ionic radius forms one factor in the Born repulsive energy texm.
Also, due to the diffcrences of valency of ions on the A and B sites,

the intermediate O ions become polarised, vhich has the effect of

°

lowering the total energy of the system. It is more effective to have

a lower valency on the A site and a higher valency ion on the B site,

LTI

Fal
L

thus polarisation effects favour a normal arrangement o)



The final cation distribution‘fh

Fal 1 4+ 3 3 ‘ ‘ ' . .
of the total lattice energy, and this can include ordering wit

type of site. Thus for example, -in Fe304,

on the octahedral sites below 119 X leading to

Fe2+

a disto?tion of %he»cfys%él

to orthorhombic symmetry (Verwey ang Haaymann, 19415 Verwey, Haaymann

and Romeijn, 1947)°
Calculations of the ladelung energy by Verwey, de Boer and van

Santen (1948) showed ihat the structure is more stable for low average

charge on the tetrahedral site with large u value or high average charge

oﬂ the tetrahedral site with low u value.

The degree of inversion of spinels has been related to the value

of u using electrostatic considerations and it has been shown that normal
spinels are most stable if
w ) 0.379
whereas an inverse spinel is stable if
u < 0.379
(Verwey et al, 1947,de Boer, van Santen and Verwey, 1948 and 1950).
In general it is found that electrostatic considerations alone
aré not sufficient to account for the observed cation distributions and
it is necessary to consider other factors which can influence the

distribution.

1.3.3 Effect of electronic configuration.

The site preferences indicated in the previous paragraphs may be

over-ridden by the electronic configuration of the ions concerned. For

instance Zn2+ and Cd2+ show a preference for the A site due to their

. 2~ : ! - _
forming covalent bonds with O and these bonds orientate towards the

corners of a tetrahedron. Thus these ions often appear in spinels in

3+

the normal structure even when the trivalent ion is Te . However,
it is known that the method of preparation of ZnFe O, affects the structure

24

certain circumstances it can become partially inverse

of the spinel and in



as indicated by magnetis (Louberlng,

(Westrum and Grimes, 1957 and 1958),

. P 24 ‘
. INEY - 4 . o 5 \
Similarly Ni and Cr have a preference for the B site 7

this has been explained as being due to the favourable fit of the charge

distribution in the crystal field of the octahedral configuration (McClure,.

1957) .

Investigations by Verwey and Heilmann (1947) into the cation distri-

5 . Fal s ~ < . . .
bution of higCr 204 definitely pointed to a normal distribution. Iater,

z
Romeijn (195j) suggested that Cr ; more than any other transition metal
ion has a greater ilendency to occupy octahedral sites. This was later

supported by evidence provided through crystal field theory (Dunitz

and Orgel, 1957a) and ¥cClure (1957) produced a table of octahedra

site preference energies which predicted that of all spinels, those

%4
containing C ? were most likely to be normal. It was suggested that

although the energies involved were small, they may be large enough

bty
I
o
prs

to determine whether a given spinel is normzl or inverse and in
experiment shows that all spinels of the type
’e2+ Me5+
where the trivalent ion is Cr5+ , have been found to be normal (Bragg
and Claringball, 1965).

Any ion when placed in a crysial comes under the influence of a

may cause a splitting of the energy levels. These

O

crystal field
effects are particularly important in the case of transition ions because
these have elecironic ground states which are non-spherically symmetrical.
The extent of the splitting depends on the distance r between the

ions in the site, the dependence,in the case of the point charge

approximation, being

3 |
- the

;-,
e
o
Q
ct
}_l
O
3
=
]
sy
0]
3
—
2
(6]
r‘.
‘L/
]
&
-+
b
Q
=
|
0
Q
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In practice, however, when -



dependence has been found to vary—fro

relation given above does indeed hold for -

pressures (Poole and Ttzell, 1963). but appears to be inee

s Fferent arar : afc] i .
different parameters are varied. TPoole (1964),Showed that in g similar

ruby series at different temperatures

A o X

r

9

whereas 1f the chromium content of this ruby series is altered

1
A« =y
r
1 o £ 3 ; ; ;
Poole suggested that if g Cr ion is placed in a site, it causes a

uniform expansion of the site in all directions, the only effect being

the u  parameter leaving the dependence of A with

o
3
i3
s
o
[
o]
—

P

b

o
[}

unchanged. On the other hand his experiments showed that in spinels

dependence became

A«

==

. . - + . . .

while in other systems containing Cr3 ions, the dependence was different

again. The conclusion reached by Poole was that different treatmen
3+ .. N adt T 53

of Cxr containing compounds produvced different lattice distortions

Z ot
about the Cr’" ion and that structure refinements were necessary to

account for these differences.

1.4 Tetrasonal and other distorted spinels.
In the description of spinel so far, the structure has been assumed
to be face centred cubic. However, many spinels can teke up a tetragona

structure depending upon the metal ions present in the material. These

ions, on insertion into the cubic lattice, are thought to cause distortions

which ultimately convert the sgiructure to tgtra30ua1 symmetry. Unfort-

7]
I
03

he tetragonal structure according

unately it is conventional to consider

arigson with the cubic structure

to body centred symmeiry whereas COML
requires an alternative choice of axes.




D3 gy : . '
Figure 1.2 in which two body centre

lmeyor . 5o N 1 03 : ‘ - : .
shown, indicates the relationship between the eq valeﬁt'

and body centred tetragonal struétures

by black circles. The sh

16}
]
2, =1
o)
Is%

of atoms which bhecomes

1477 £ [N RN - K . .
waen a iace centred cubic spinel is tetragonally distorted it takes
- - AR D
up a structure related to Hausmannite (n 04) the atoms in the unit
/

cell having been allocated the following special positions in the space
group D k I / amd
4 ¥n ions in positions (a)
11
0,0,03 O’E?Z;

plus body centred translations

11 . 1 1
O,u + E?Z -V O,E Uy V3
4
1,1, =1 .1
us“é'iv + Z? U_,Q,V + 4;
plus body centred tran ions.
P 1 P : .2 Yratt a5
where u:&-z and v = 3 (yckoff, 1951).

The face diagonals of the sguare ends of four neighbouring unit cells
&)

make a face cenired sguare which when c equals the length of the side ;

he face centred cubic spinel structure.

atonic positions are transformed to this




fig.1.2. The relationship between fc.c and

—

b.c. tetragonal structures.
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is a diagramatic representation of part of Tbe C“blc unlt cell in &hioh‘

are showvm two A site te -
i )

trahedral\and two nelﬁhooufl g B SAte ‘cubes,

the open circles vepresenting oxygen ions. The length XY in

equals the lattice parameter of the cubic spinel. If oxygen ions are
displaced in directions which are in the planes of the face diasonals
of the elementary cubes indicated in the dizagram, the cublic structurs
becomes distoried to ftetragonal. When the A site oxygen tetrahedra

are only considered, this displacement may be described by a distortion
of the tetrazhedra such that the distances AA and BB in the dicsram are

shortened, the directions of the oxygen ion dis placements are indicated

by arrows,

The oxygen ions of the B site cubes are also corners of neighbouring
tetrahedra, thus these are displaced in & similar way, the actual directions

The displacements involved are small as can be seen by refsrence
to table 1.1 in which values of c/a for the tetragonal spinels listed

inally greater or smaller than 1.

1.4.1 The Jahn-Teller Effect and its apnlication to spinels.

The distortion of an interstice in cubic spinels leading to tetragonal
symmetry has been thought to arise from the presence of certain transition
ions which exhibit the Jahn-Teller BEffect (Dunitz and Orgel, 1957)w
The ions concerned are those with orbifal degeneracy, two classic examples

. 2‘4‘ 5w + ~NL =
being Cu and In (LooJcnoJoh,1903>,

N

Dunitz and Orgel explain the phenomenon as being due to the anisotropy

1

shells. The presence of Jahn - Teller ions,in the spinel lattice whe

occupying more

frem cubic to tetragonal

cites numerous examples. Table 1.1 shows a selection of spinels contzining



various Jahn-Teller ionsw.

Table 1.1 A Selection of Spinels containing Jahn-Teller ions.
Compound Jahn-Teller ion Structure c/a {Reference
2+ 1
CuFe204 Cu™ tetragonal 1.06 |{Dunitz and Orgel(1957)
) 5+ - -
¥n_O ¥n " 1.16
34
34 inha et al (1957)
Zntin, 0 Mn 1 1.14 1)
274
- L 2+
Feur204 Fe " 0.97 iFrancombe (1957)
. s 2F .
NlCr204 i " 1.025 Lotgering(1956)
2+ . :
CuCr204 Cu " <1 |[Dunitz and Orgel(1957)

Puerger (1936) has suggested that oY

ions in octahedral sites

show tetrahedral distoriions of the sites and Satomi (1961) measured

the oxygen parameiers of MHBO

site is distorted while the tetrahedral site

recent investigations by Cervinka, Vogel and

. T ) . .

ion (Im”") have been carried out using X-ray

and they quote displacements of
No detailed explanation of

until recently when Kataoka an

to indicate directly that the octahedral

remains unaffected. Hore
Hosemann (1970) on this

intensity measurements

ions corresponding to such distortions.

these tetragonal distortions was offered

¥anamori (1972) developed the Jahn-

Teller theory to include the elastic properties of the crystal and

they sug

elastic waveg which could cause the distortions.
supplied by Terauchi, Mori and Yamada (1972) and Xino, Iithi and Mullen

(1972) supports some aspects of this theory.

1.4.2 TPhase transiti

O
3
-

3

gest there is a coupling between electronic states and certain

inels containing Jahn-Teller ions.

The distortions discus

~ 1

above can arise from Jahn-Teller ions

Experimental evidence



12

‘h ed . : ey o ¢ . .
in eithexr type of site. Tor instance kn§'710n8’0 cupying B sites will
cause a distortion to tetragonal structure whereas a similar distortion

2+ . . L
occurs when Cu occupies A sites. Two examples of A gite distorte

tetragonal spinels are NiCr204, with ¢/a=1.04 (Delorme, 1955) and
CuCr204, with ¢/a=0.91 (Bertaut and Delorme, 1954 and Miyeaharsz and
Ohnishi, 1956). Prince (1957 and 1961) using neutron diffraction
techniques, has shown the distortions in the latter materials *o be
in fact due to deformation of the A sites, he also suggests that the
P e R 2 3+ . : 3
octahedral co-ordination around the Cr ion in these compounds to
be better than in most cubic spinels.
The concentration of Jahn~Teller ions in the lattice to produce
a cubic to telragonal treansition is critical and Wickham and Croft (1958)
. 1 s ., s B AR 53+ : h] o s
have shovn that in several oxides containing Mn ions when the fraction
. . 3t . . z
of B sites occupied by Mn: ions lies in the range 0.6 <£<0.65 the
transition occurs - the change over being quite abrupt -~ and in most
materials exhibiting the transition, if £> 0.5 tetragonal symnmetry
occurs although there have been reported some cases in which the transition
occurs if £ < 0.5. A similar critical fraction of A site occupancy
for tetragonal symmetry has been observed in ZnyCu1 ”F6204 when y < 0.1
=y
(Goodenough, 1963). Above this fraction the spinel is cubic and it is
N . ; E v s .
thought to be due to the large size of the Zn ion which when entering
the lattice increases the u parameter so that the Madelung energy is
- 2+ . . -
altered tc accommodate large numbers of Cu ions on A sites without
the occurrence of distortions.
The above description neglecis the effects of temperature, for
almost all the tetragonal spinels become cubic at sufficiently high
temperatures (Finch, Sinha and Sinha 1957). At higher temperatures the
larger thermal energies of the ions in the lattice overcome the effect
of the energies involved in the formation of distorted sites due to

~

the Jahn-Teller effect. The transition temperature can in fact range Ifrom

9]
Jt
prs
-3

quite low temperatures, of the order of 160 ¥ for instance for some



her members of the

x.(Ohnishi and Teranishi, 1961)

be Jahn-Teller and that a dynamic Jahn~Teller

effect may ceause the ion to take

v
=
O
-t
g
&)]
e
e
5
4]
pie
o
o
(0]
&)
3

In investigations of the spinels FeCrQOA and FeV_ 0, using measurements
274

ossbauer effect, it has been suggested that there are structural

riions in the cubic phase, these distortions beine shared between

<

3 axes s0 the overall cubic symmetry is maintained. These observations
were made al 30 -40 K above the transition temperature for the cubic
to tetragonal phase change (Tanakay Tokoro and

Svame ‘
Aiyama, 1966).

Th

o

presence of tetragonsl distortions in an apparenily cu

has also been observed by

infra-red measurcments indicate the presence of ietrahedrally distoried

4 3'75_ 2“ - Yy e . : ) : m s

In 06 octahedra in this material. he magni

ments in the manganese ferrite spinel lattice has also been reported
<O i &

by Cervinka (1965) having been calculated from temperature factor

determinations using X-rey intensities.

1.5 Chronmite spincls.

From the evidence outlined above it may be seen that among oxide

spinels relatively simple behaviour is cxpected of chromite spinels.
For instence all chromites are normal becouse of the high octahedral

site preference energy (section 1.%.3). The chromium ion is not expected

to be Jahn-Teller since in high spin state there ig no orbital degenerac

<

B4
: e ) .7 PR
thus no distortions are expected in the Crj octehedra.,
4% the time vhen the present work was commenced all thesc considerziions
: i : s ce s . P R A NP SR § -
indicated that the chromite spinels were well understood; yet there




vies accompanied by effects

accepted structure of

<k
D
o

and Low (1959) studied the electron n resonance .spectrumn of ibc Cr'
1on in single crystals of natural spinels and found indications that
the local environment of the ion in the crvs

According to their evidence the distortions

strong and had one or other of the possibhle

of symmetry. The optical spectra of similar materials have been studied
xr ~ p ITs 7 -~ N . : :

by Ford and Iill (19u0) and their resulis were also consisten t with

the @11] trigonal distortions reporied by Stehl-Prade and Low,

In an investigation into the optical properiies and colour of

chromium containing compounds, Poole (1964) shows the ef t that chromium
2 e
concentration has on the splitting of enerzy levels in o Cr’'  ion when

7 in the optical prop-

3
. ~ . . 5 ~ ) -~ ol . . -
erties of spinels with about 180 Cr3 occupation of the available
octahedral sites which is not seen in other chromiun combound .~ The

R
3

optical data .ndicates “that when the Cr content changes there is a
distortion in the octazhedron surround ling the Cr ion, the type of
distortion depending on the nature of the crystal under investigation.
Poole suggested that the actual positions of the cations mist be determined
before these optical anomzlies can be explained. Figure 1.4 shows the

data for epinels extracted from Poole's work showing the variation of

the Racah parometer (R) against the ligand field parameter A . R is

> differences in wave numbers of the optical transiti

L.:
O
=l
@

is the wave number of t1he amallest ontical transition o

VLY

ion.

Theory suigests that R is invariant wrth Cr concentration but
- v ——r
at low chronium concentration. Poolsd

a concentration
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specimens prepared SOr'this'study

he work described here arose from the observation by Grimes (1965)

that X-ray diffraction photographs taken of the series of spinels

HgAl xCIXOA showed that when ¥ approached the value 0.5, the diffraction
lines became very broad. This roughly corres sponds to the anomaly
observed in the optical phenomena (Poole s 1964) and also with the anomaly
reported by Thilo and Saur (1955) in the variation of the latiice para-—

meter with chromiun concentration,

~

The experinental results to be described were obitained from a fresh

prevared by the auihor,twing A £ 3#4(ij ¢ hewcals

The X-ray line profiles

On the other hand , with all specimens of mixed chromium~aluminium
content, the profiles were broadened to various extents. The effect
is best showm by comparison ol the (533) profiles for all s»pecimens.

angle, and

wed.  Thus

this line sexves ag a good indicator of broadening throughout the range
of specimens. igure 1.5 illustrates the profiles drawn with the angular

each,

appear and
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(ii) the regular Waf in which ie/generalﬁbéckﬁrcuﬁd Jevel
increases with increasing chromium content.

It vas decided %o make integrated intensity measu;ements on t
samples to check the structure and to confirm they had the parameters
already reported in the literature.

Successive substitution of larger Cr5+ lons in place of Al5+ ions
causes an increase in the unit cell edge (a ). It has been suggested
(e.g. by Nicks, 1951) that the increase in a  is directly proportional
to the percentage impurity - a behaviour analogous to that described
by Vegard's law in the theory of alloys and which appears to hold for
many mixed systems. Vegard's law, the expecied linear variation of
laettice parameter with inmpurity holds for some metals provided a single
phase is produced by the substitution, it has also been found to hold
in a‘number of ionic salts and some spinels,

Kost previous lattice parameter determinztions had been performed
using peak positions of line profile In this study it was decided
to use the centroid position of the line profiles for the calculation
of a, for these specimens as the centroid can be rigorously corrected
for all the various instirumental effects (/J lson, 1963a) and can be
very accurately determined.

These spinels with 0 x € 2 are structures in which substitutional
ions are inseried in increasing concentration into the lattice. Wilson
(1965) has developed a theory for the analysis of X-ray line profiles.
This involves the use of the variance of the profile as a measure of the
breadth which can ve expressed in terms of the various properties of

the crystal and its structure, i.e. particle size, strain, mistakes, etc.

pd
®
)]
()J

This theory !
observed in this series of spinels.

The slight broadening of the Mghl, o (533) profile compared with
MgCr O4 vwes also of some interest in view of the suggestions Ly Ba on(195ﬂ

and Stoll et al (1964) that Mghl, O, might be partially inverse.

274

cen used in an attempt to identify the cause of broadening



i

o] a o o)
“+ o Q + Q o @] 5
dal e} -+ I Q -+ o]
&9 B U -+ O {
fal 42 + s Il 6]
O 3 N 6} © 4
<1 ~ = P e Q
- -2 [0} 1 Gt
o B Jay| @ ]
[ 4} -+ & 3
) O fa] « o
= | o [
O O i «©
o + O -+
< 0] »
= T3 -+ A @
o] © o %) —~
o jge! jai ] o
£ o G L £
o @] «
= 8} @ —~ [}
K 3 &)
(@] £ N [0}
0 -1 O 9]
© © e} o s ®
< b G ! < i
42 = W -+ u
~ +> @ b Y .
o] ) o 2y £ =
I - =3 O
5 s -~ o] [#] o 4
@ o0 14 [») @] Gy
Ke) ] — 3 O
[ @ ©
~ = = ) ® ©
+> o) -~ «Q > o
0] c o o 43
-+ e 4} < Y
~ w O
3 [ [re] @ oo <42
o O 9] 2 i8]
« o 4=
-+ (@] @]
—i @] s <3 -
@ e O @ @ 0
&t [} = i -+ ~l
o] @) e C @ =
© 4 @M 5} 0 © O
< 7] : 9} @ ) L
& a 9] O @© =
-+ e [} 2y o] [eo}
< (o) -+3 Gt i £ <
s} Q ) [e] £ a @ o 1
) < o e v .
Ko + o) [ég] . © @ [k 0 o
-+ Ky [} O ) O
e} &3 5} —~ 1 > o} ~ ) @
~ o - 8] fod @ O O
= Gy o -+ &g “ o
[y O [ ] +2 e
S w R~ S < R = T
o] oy 42 o ~ o [ w3
) = ® 3 9] & [ ©
< + 0] © Q +2 2 @ O e’ 8}
O ~1 K &y . i —~ . 2y
- +2 2y -+ < © = ~ fa —
+ a £ I O e ot ©
a3 A I = A2 0} ot o] o 4
< ) -+ [} O Q @ -+ -+ — ]




ANALYSIS OF IR/ » NE ~ PRORTIES

2.1 Origins of the breadtih of g diffraction line profiles:

Traditionally Byagg's equation

2dsin® = n A I
is interpreted as though the wavelength A\ was single valued and subjeqt
to diffraction by a crystal with unique spacing d. This implies that
diffraction maxima would be observed with negligible width at an angle
20 with respect to the direction of the primary beam. In practice,
diffraction line profiles are observed to spread over & range of angles
in the neighbourhood of the angle 26, chiefly because of the finite
width of the characteristic emission lines. However, numerous other
contributions can be significant, arising from both instrumental and
diffraction souxrces.

Firstly, the output from an X-ray tube consists of itwo components,
the continuous or 'wvhite' spectrum and the characteristic radiation
consisting of fairly discrete intense lines, the most important being
the K y and Kﬁg radiation. Use of filters removes all but a small
fraction of the K/3 radiation; allowing the'K°<1, ¥ 5 and the K<><
satellite lines, all of different wavelengths, to emerge from the filter.
These lines each have a certain wavelength spread, the K 5 peak being
wider than the K 7 peak. Thus this range of wavelength values exists
even with an ideal instrument and a perfect crystal i.e. one with a
single value of lattice spacing throughout, it would mean that the
detector would record a composite line profile with an intrinsic breadth:

In addition the instrument itself causes brcadening of the line.

. 4 ce 1L finit i
The source, specimen and detector entrance slit all have finite size




¥hich means that there will be ragi by the dbtec*or'oé
- E P2 S ‘ U 4 ,,WL:I_ S

the o s > ’
a further range (Wilson, 1963a).  To decrease this effect, the size

of the slit or source could be reduced, but the effect of this femédy;

v be % U . . .
would be to reduce the intensity to be detected,. thus a compromise

i

3 ! 3 m — . N
has to be made. The overall effect is that there is a variation of

intensity across a finite range of © (equation 2.1) even with diffraction
from perfect crystals.
b

2.1.2 Specimen effects.

In addition to instrumental contributions to the line breadth,
there may be a greater or lesser contribution from the specimen which
further increases the breadth. These contributions due to the specimen
are those which contain information about the structure or condition
of the specimen and it is necessary toﬁgeparate these from the instru-

mental effects. The evaluation of this residual breadth due *o specimen

properties has been a problem which has given rise to various methods

2.2.1 The Scherrer breadth.

Scherrer (1918) was the first to study broadening of diffraction
line profiles, his work dealing with the effect of crystallite size.

He derived the following expression :

B = ______K_}_ | ess s s 06000000 a5 2.2

L cos8
where X is the Scherrer constant

L is the average length of crystals

D

X and 6 have the usual meaning and
B is the half-breadth of the diffraction line.

The half-breadth is defined as the angular distance between two points




20, and 20, where the intensity of:fhe/ Lffraction profile above‘backe‘f
ground falls {to half the peak value, /
ice. B = (2@2 - 2@1)
This is an apparently easy measurement to make  experimentally
although only of moderate accuracy. However aberrations on the half-
width are present and theoretically the effect of these aberrations
are almost impossible to calculate (Wilson 1963a). Thus the separation
of instrumental and diffraction effects is extremely difficult to
perform.
An accurate determination of the experimental half-width depends
on the facility with which the background levels can be chosen; this
is subject to statistical fluctuations due to the method of collection
of the original intensity data, and it may be affected by neighbouring

diffraction profiles whose 'tails' overlap the line under investigation.

Theoretically the tail of a profile extends to infinity for most

broadening effects and experimentally it is extremely difficult to
determine where the tail of the line becomes indistinguishable from
the background level.

Another problem arises from the presence of the doublet structure
to the K line. To use this measure of width, the two components of
the doublet must be separated so the 1azger,Ko(1, may be used in the
equation 2.2 above.

Rachinger (1948) suggested a method of performing this geparation
but his method makes assumptions about the shape of the profile which

introduces further unceritainty into the final breadth measurements.

2.2.2 The Integral breadth.

The theoretical and practical limitations of the Scherrer breadth

was seen to be

o)

theoretically sound measur
reguired. A new measure to be used in the Scherrer eguation (2.2) was

* % N . “ 173 An
described by von Laue in 1926. His ¢




/3 - _% J{ I(28) . a(2e).

b

2t

iee. the integrated intensity divideq by the peak height,
he total intensity under the profile in this measurc, as opposed to
Just one value, the peak value s of the Scherrer approach means that the
integral breadth is less dependent upon the choice of background.,

Laue derived an eXpression for fg which was of the same form as
the Scherrer eguation, however, the constant was diffcrent and Jones
(1938) ang Wilson (1963) show that the value of ¥ in cquation 2,2
depends upon the assumptions made about the crystalg. Laue also assumed,
in an attempt to remove instrumental broadening effects from the
measured profile, that the total breadth of the diffraction profile
was given by the sum of the breadth due to instrumental effects plus
the breadth due to the state of the crystal.

i- ° B = e« 0o e s e e °
© total Binst. * Bcrystal et 2.3

Thus if a reference sample is used, with no broadening of its profiles
except for instrumental effects, which gives a line close to the line
given by the sample under investigation, the differcnce between the
integral breadths would give the breadth due to crystal defects.

However, the relation of equation 2.3 is only true if the
profiles are Cauchy curves. If the profile is Gaussian then the
relation becomes

2

+ (Warren and Biscoe 1938)
1 g . Ea
otal inst, crystal

B

OIS
N

This assumes also that the profile has been corrected for the

Presence of the 1 - 042 doublet. However most experimental

+ W i A Z
curves lie between Cauchy and Gaussian and Vegner and Agua (1904)

used the empirical relation given below:

B % Pz
crystal “crystal

&
o]
i
[99]
L




ers a means of determining the breadth which

overcomes the problem SEPATA A i o
+ of Separating instrumental effects from crystal

of a file f . . . .
profile from a sample under investigation is

nbhinzatio: t i 3
due to a com tion of the instrumenial e ffects and defect effects

7ithi . ——. : . .

within the crystal and an expression for the intensity of the line
£27 4 e s ~

profile has been derived ( see for example Rooksby Peiser and Wilson

1955) If the intensity of the line broadened by diffraction effects

1 \! t Y a - Lo . . .
is F(x) at a distance x from the peak, then the intensity associated

u

. . . . . .
with the element lying between x and x + dx is F(x).dx. The intensity

due to the instrumental effects is g(x).dx. If both effects occur,

then the diffraction broadening will be spread fur

. . . . .. / ..
instrumental broadening fo give an intensity #(x).dx.g{x”), x’ bveing
the distence further than x from the peak. If the distance from the

P(x).g(q - x).dx

The total intensity at this distance from the peak will be given by

n(q)= XfiogF(x),g(q - x).d4x ceteeereeead2dd

By taking intensity measurements on a broadened line, the experimental

date for h(q) can be obtained by comparing it with a reference specimen

which gives sharp diffraction lines - i.e. with breadth due to
instrumental effects only, thus g(x) can be found.

Application of Fourier transform methods to equation 2.4 to
separate the two effects was firgt demonstrated by Stokes \1948) wh
ked copper and annealed copper

analysed line profiles from cold wor

the transform due to cold working being glven by

Transform of (hkl) profile - Pransform of broadened (h 1) profile
(cold work) ~  Transform of (nx1) » f1

( qnealed Cu)

e he cold working was found.
In this way a measure of broadening due to ti




and strain effects whs o ,
in elfects which olten occur simultaneously

959) for example has used’Sfoke“s}\. 

rate th 1tributi £ : .
€ contribution of particle size to the breadtih

to strain i ; ' .
strain in his sample., No assumption about the shapes

o aatiiae . . .
1.e. whether Cauchy or Gaussian, is required although

very accurate line profile data are essential to obtain satisfactor

a2 o

results.

2.2.4 Variance as a measure of breadth of diffracti

The breadth of a profile which is subject to different aberrations

is some combination of the breadth due to each effect, i.e. if the

profile is Gaussian, the relation between brezdths is

2 P
B =
total = Pinst. * Bairfraction tterrreceeecc2eD

where B is either the half-width or the integrzl breadth.
If the profile is Cauchy, the relation becomes
B = B + B S A &

total inst. diffraction

Experimental profiles can be mixtures of both types of curves.

For instance both crystal size distribution effects (Jones, 19%8,

Alexander, 1950) and instrumental effects (Alexandef, 1948) can give
an intensity distribution which differs from the Gaussian form. Thus
profiles from these examples are a mixture of distributions for which
neither of the two equations 2.5 and 2.6 above would hold.

However, there is a measure of dispersion which can be used
and is unaffected by the types of distributions present in the measured
profile, This measure is the standard deviation (¢ ) or variance

[E

(W) of the profile (W = 4(;2). The property of the variance is that

=9

. ;
jetritution consisting of a number of distributions, the total

E-
©
Hnt
<«
jo X

L . n s £ +he gtituent distributionse.
varisnce is the sum of the variances oi the CONt itue ist

W W + v

i. €. Yiotal = inst. diffraction




v

2 N

iffraction "

The variance of an X-ray line profile was recognised as a possible.

measure of dispersion as early as 1931 (Spencer, 1931) but there was

a practical problem in as much as the distribution theoretically
stretches 1o infinity so that the variance of such a distribution is
consequently infinite. However, Pitts and Willets (1961) used standara
deviations of profiles instead of integrated breadths to calculate
crystallite size and lattice distortions using the Scherrer equation,
but these were truncazted profiles and truncation necessarlily causes

the elimination of a large contribution to the variance from the tails

of the profile (Ladell, Parrish and Taylor, 1959).

Tournarie (1956) criticised the use of half-widths and inteszral

[

breadths because they gave undue weight to a few points on the profile

NG

He suggested that use could be made of the fact that the variance of

a truncated distribution is directly proportional to the range over

which the variance is calculated, this gives all points on the
distribution equal weight. Wilson (1961, 1962, 1963) followed this
suggestion by developing a theory which expresses the slope and intercept
of the type of graph described by Tournariein terms of the various
physical properties of the material under investigation, e.g. particle
size, sirain and mistakes in crystals.

Use has been made of thié theory mainly in the investigation
of particle size and strain in metals, for instance by Langford and
Wilson (1963) and Langford (1968), in studies of aluminium and nickelj
Langford compared the results from variance analysis with those obtained
from observations with the electron microscope and found good agreement.
A comouvls , of various measures of breadth, namely variance, Fourier

ths has been made on aluminium, the results

showing that all technigues gave Very similar values (Jnua, 1966 )




25

The technigue has also been used in aniaftemp—’t/”

ccount for mistakes

in non~metallic materi .3 - :
; erials (Grimes, Hilleard, Waters and Yerkess, 1968).

An advantaze of the variance technique is that instrumental

effects can easily be evaluated by using a standard material as a
e £ 4 [ 3 ~
relerence. If this reference sample a pure Sample with a particle

-
> (Y1 ! -n)“' 1

size around 10 “m, then the profile variance is due entirely to

e PR S .

instrumental effects, thus if a profile from a defect sample is taken

under the same experimental cond litions, the variance of this profile

is the

)

un of the variance due to instrumental effec {s and the variances
due to each type of defect i.e.

W = W X
“total Jinstrument * 2:wdefects

Thus the difference between the variances of the reference and

defect samples gives 2 Wd .

Provided the distributions decay as the inverse square of the
distance from the peak, then it is relatively simple to show thati the

variance of a profile is

wvhere O 1is the range over which the variance is calculated and A and
B are constants which depend on the form of the distribution (Wilson,
1962a). Wilson (1961,1962 and 196%) has developed expressions for

A and B, the slope and intercept of the variance-range plot, which
describe the diffraction due to varicus crysfal defects.

Another sdvantage of the variance technigue of analysis is that
it has an automatic 'correct! background seleciion procedure. In any
analysis of a line profile, the background has to be estimated and

ubtracted from the line intensity before analysis can be commenced.
The most popular, is to assume a linear variation of background between
the tails of the profile and the slope of this variation calculated
from visually estimated values of intensity levels at large ranges

EH 1

either side of the peak. This approach is very subjective and is



considered to be unsatisfact , / . .
v oThsatdstactory when ex roadening is present,

Lanzford a Wil 96%) deanti o : - ,
ngford and Wilson (196%) describe nethod of estimation in which

" . N . P . i G
the variance pf a line profile is calculated with ot assumed backenound

level subtracted from the intensity data. If the background is

17 e 1h 3 o ~ , .
correctly chosen, the varianc ce~range plot of the corrected profile

is linear for large ranges. Iowever, if the background is chosen

Lv

incorrectly, the wvariance expression includes s cubic term in A 20
as shown below:

$5e==s.aze + T + D(Aoef

(here S and T are the expected slope and intercept of the linear
portion).

D = background error/
12x(Integrated intensity)

Thus the variance-range characteristic will curve upwards if the chosen

background is too low and dovmwards if it is too high (see fizure 2.1).

13

2.3 Contributicns to line breadth due to crystal defects.

Having considered methods to separate instrumental from the
crystal diffraction effects in measurcd line profiles it will be useful-

to consider the various faciors which can increase the breadth of

the line,

o]

%]

2.%.,1 Particle sige effect

A diffractometer powder sample consists of many crystallites
usually randomly orientated. The size of these particles has an
important effect upon the breadth of the diffraction lines.

According to Bragg's Law, a beam of X-rays and the reflecting
planes within the crystal must meet at one of 2 set of precisely
order to obtain a maximum of diffracted intensity.

very large number

et
0]
m

If the aiffracting crystal is large then there

. e AL N -
treflecting' planes and this conainion proaquces very sharp

as it must be satisfied exactly. HReducing the size




low b/g

linear region

range

fig.21. Effect of background on the variance-

range characteristic.




+ 1316 e e : L
of the diffracting crystal reduces the number

ffractine planes
nd the precisior T di n.i 14 ‘
ay 1e 7 sion of the condition isg relaxed and the

ecome broader. As TYS iz
becor der s the crystal size decreases the normally sharp

diffraction maxima becone broades it] i
) conme broader, with a corresponding reduction in

Savimam 1nte Y+ . :
naximun intensity to keep constant the total intensity of the line
O - =9

vioh] 1 7 + e 4 - vy o ~ Y . -
which is related 1o the content of each unit cell. Yith very small

stallil 3 h i } o T 1 . .
crystallites, the line is so broad that it becomes lost in the hack-

ground radiation which is encountered in all methods of detection
Very small crystallites, average diameter 10“8m and less, produce
no discernable diffraction maxime corresponding *to normal line profiles.

There is however, usually a diffraction halo at a low angle of

diffraction which is entirely due to the X-rays being diffracted by

the small particles, this is comparable with diffraction halos seen
when visible radiation is viewed through a suitably finely divided

rnedium. The dimensions of these low angle 'reflections' can give

colloid particle sizes may be estimated in this way.

Small crystals, up to 2 x 10 7m diameter, produce diffraction
profiles in the expected regions according to Bragg's Law, but these

are broadened. Again this broadening can be studied to obtain the

size of the particles in the sample, but the instrumental effects must
be eliminated azs discussed above in section 2.2.2.

Particle sizes up to 1O~5m produce sharp diffraction maxima, the
breadths of these lines being due entirely to instrumental effectis.

Specimens with particles of this size are consequently ideal for use

as reference samples to remove instrumental effects from profiles from

specimens giving broad lines.

. 3 “4 ~
larger crystallites, up to 10 'm, are approaching the size at

which they can be considered as single crystals and these produce

-

ectra of spots — the effect on a powder photograph is

osed on the expected diffraction powder rings.

to produce spots superinp



ct on the results

Wilson (1962) has derived.the following

Aydna Fol 2 - .
fiance of a diffraction line due to particle

Wy - KAdoe - L » 2
217°p cosb 475 p* cos?®

where A and 8 have the usual meaning,

4 26 is the range over which W26 is calculated,

K is the variance Scherrer constant - analogous to the constant
derived by Scherrer in 1918 using halfwwidihs,
L is the taper paraneter.
Values of X and L are also listed by Wilson for various particle

shapes.

er is the residual variance in (6329) after the profile variance

has been corrected for instrumentzal effects.

Values of X are shown to be positive, L is also showm to be positive

4

irections can itzke the value zero.

o

but for some crystal shapes and
Thus the residual veriance due to particle size gives a result in
which the slope of the variance-range plot is positive and the intercept
generally negative, but in very few instances zero for crystallites
with shapes other than spherical. However in the few cases of zero
residual intercept, other profiles from the same sample would give

a negative intercept contribution to particle size variance. . For
spherical crystals, K and L take values of a positive constant and

zero respectively so that all profiles of such a sample would give

zero residual intercept for particle size.

2.%.,2 Preferred orientation effects.

lomly orientzted, thus giving equal chance of

r type of plane to occur in any direction.
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However in some samples the shape of the crystal ites could cause them

; scom igned ; ' : : :
to become aligned in approximetely the same direction, For-instance

.

t Irawing " v i
the drawing of a wire tends to align crystallites in a particular

RN ERCESON oo n ~ <. R . .
direction: the effect of this alignment is to produce a larger choice

flecti i ti i i i i s
of refle ons in particular directions, i.e. with a needle shaped

crystal there is a greater chance of reflection in the equatorial plane
] .Z\: e . o 1 - IR S N .. - 1 . .
than others, thus the powder diffraction rings show greater intensity
at particular positions on the rings at the expense of the rest. This
could be a difficulty in the use of a powder diffractometer in the

anzlysis of such a sample as this enhanced intensity may or may not be

observed by the detector as the diffractometer only scans a small

fraction of the diffraction ring.

2.3.5 Effects due to specimen imperfections.

When discussing the breadth due to instrumental effects above,
the diffraction by perfect crystals was considered. However all samples
investigated are not perfect crystals. A crystal is an arrangement
of atoms in a three-dimensional periodic array and is one extreme of
the construction of a solid whereas a glass, which is a random collection

of atoms with no such long range order, may be considered as another

extreme. Usually X-ray diffraction samples fall some way between these

two extrenes, there is some departure from the perfect crystallinity

I
.
@
°

defined above. This departure has an effect on the diffraction profile

- . g h} 1 I~ -
which may be analysed to give information about the effect.

2.3.3.,1 Sirein effects in crystals.

In +the production of a sample, it may undergo the effects of

. e ™
ternwl influences such as heat and pressure. These cause the

ttice i.e. the crystal nay be siretched

roes throughout the structure. This

ng (d) varies from place
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the Brage ndits T £ o L -
&8 condition cnanges slightly at different

itions in the crvs! i
positions in the crystal and instead of a sharp diffraction line

Al

corresponding to one d wva b1 ]
g lue, a broadened profile appears reflecting

the range of d values now present in the sample due to strain effects
- - - h ¥

i.e. the sanmpl el - . . . . .
5 sample behaves as a group of crystallites with varying lattice
parameter (Pattev<on, 1939).
M ritut >
The contribution to the variance,due to strain in crystals, of
a profile has been derived by Wilson (1963) to be
2 2
4 tan 8 .<e" )
.2
where<e >
m * 1 . .
Thus strain present would give a result in
which the I £ rariance~range plot is unchanged compared to
that of a reference specimen but elevaied by some value. The value
- .. ) . 2 . , -
of this intercept varies as tan"8 as can be seen from the above equation

so that strain effects are more pronounced at high Bragz angles

2.%.%0.2 Deviation from perfect stackingof atoms in crystals.

In close packed structures i.e. hexagonal close-~packed and face
centred cubic, the crystals consist of densely populated planes of

atoms stacked together in prescribed ways perpendicular to these planes,

the difference between these two structures being the number of planes
necessary to be stacked in order to complete the translation period.

Under certain conditions it is possible to obtain a mixture of these

? . RN . " C L PR . i -
stacking sequences - giving rise to discontimities in the structure

these are called siacking favlts. The effect of these faults is to

cause a broadening on the high angle side of the profile and fo cause

~ &

& shift of the lines in some cases (Azaroff and Buerger, 1958)

aluhou ‘h Patterson (19R2) hag reported that deformation stacking faults

LT A
on (111) planes ©

broadening of the lines, this beinz

ckine faults cause asymmetric broadening

=)

o+
W)

also reports that twin s




negligible line shift,

3
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o
[0
)
2853
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of stacking faults on the dif fractlon pattern is

sinilar to that of small particle except that the'effect~varieé
in'an irregular way with the plane of reflection (Wagner, 1966, Viarren,
1969). |

The discussion above refers to the observations ‘seen in metals,
however stacking faults can also occur in nen-netals. For instance

Ao A M a - L Ay - N s .
thlzo4 can accomodate large ranges of non-stochiometry without loss

~ 1Y N B i « T «r b} - ~ .
of the spinel structure (ROJ,ROJ and Osborne, 195%) being due to vacancies
Y 30N ] - oy 3 +
occurring on some sites normally occupied by the Al5 ions (Jagodzinski

and Szalfeld, 1958),

In an investigation of the defect structure of Spinel, Lewis (1965)

or the structure to account for observaiions that

2- . s
the O ion lattice was undisturbved by the observed faults but was

forrmlaved models

characterised by a fault in the cation stacking - this type of fault

3 1

is called an anti-phase boundary and their appsarance can be explained

in terms of nucleation of different domains in the crystal during crystal
growth. Figure 2.2z illustrates the formation of an anti-phase boundary
by projecting two layers of ions parallel to the (lQO) planes and
perpendicular to the anti-phase boundary. Cations are distributed

in alternately filled rows and a displacement of a portion of crystal

by a distance R in the diagram produces an anti-phase boundary with

no disturbance of the 02“ lattice. Figure 2.2 b shows the'introduction

of an anti-phese boundary by the formation of a dislocation.

Anti-phase boundaries have been reported to occur in lithium

.. e . - . |
ferrite (Cheaxry, 1971). IHis ults indicate thet the growth of anti |

54
by the presence of ¢’ ions in the crystal,

V4
of the Cr)+ ions migrate to

and he suggests that a large fraction
the vicinity of the anti-phase boundaries and occupy B sites there.

. 4=
bpility in this site (KcClure, 1937) migration of Li
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.-~ N - L] * ER PSR ~d
ions on B sites, which is necessary if one dormain is to grow at the
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o-0"at layer1.

0]

®-Mg at layer 2.
o- Al at layer1.

a. Displacement of lattice by vector R.

b. Introduction of dislocation.
fig.2.2. Occurrence of anti-phase boundaries

in the spinel latticellLewis 1956)
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expense of its neighbour, is inhibit edf‘

r the concentration
N + ve 1 : ‘ .
s up to levels used by Cheary, the smaller the sige of anti-

v e _ :
phase domain, this being accompanied by a consequent broadening of

the diffraction profiles.

2.3.3.% Disordered crvstals

If in a crystal consisting of more than one type of atom, each
atom occupying a particular position in the unit cell throughout the
crystal is an ordered crystel. However, it is possible for some atoms
in the structure to occupy different positions in +the unit cell from

place to place in the crystal - this is a disorder ed crystal -the

system being periodic only in a statistical sense. Disorder such as

this occurs in alloys, a well documented example being Cu_Au (see

3
for instance Jones and Sykes, 1938, Wilson, 1943).

In a sample of CuBAu with & random distribution of atonms
throughout the crystal, the statistical structure is face centred
cubic in which the atoms can be regarded as composite atoms ~ 3 parts
copper, 1 part gold - on the lattice positions. The diffraction

lines for this structure are well defined and form the typical face

centred cubic metal pattern.
By ennealing the metal at elevated temperatures it is possible

to cause a redistribution of the gold and conpcr atoms in the lattice.

hwhes

Annealingz causes the atoms to take up specific positions in the lattice

and the face centred cubic diffraction pattern is augmented by a number

<

of extra diffraction lines called superlattice lines. The longer the

cess below a certain critical temperature, the more ordering

annealing pr

O

R e .
occurs in the crystal and the more intense are the extrs diffraction

lines. In the ordered state of Cu,Au, the gold atoms occupy the cube
) .

face centred position, figure 2.3(a)

e o N . ' ] nd dis red T VTE .
indicates the difference between the ordered and disordered structure

. LU ' £ + 3
structure is primitive cubic., The diffraction




lines wihich are common to botl 1 haro ; .
oth structures are sharp, the superlattice

lines being broadened \ 3 \
c o ed to an ex‘cent which depends on -the size of the

rdered parts of the crvsts . . .
o parts of the crystal. If these are the same size as the crystals

in which they are formed, the sun
d, superlattice lines are as sh rp as._the

risina '\qﬁs 3 +d e s
original lines, if the ordered regions are smaller, the superlattice

lines are broader - the original line breadths being unaffected (Lipson

. AR AP e} 2 g = N
and Steeple, 1970). Figure 2.3(b) shows the difference in diffraction

patterns of ordered and disordered CuSAu alloys, the presence of the
superlattice lines being indicated in the case of the ordered alloye.

Ordering has also been observed in non-metallic materizls with
spinel structure in which ordering of ions can occur in a variety of

ways s~

(i) 1:1 order on octahedral sites .8 Zn(LlND)O in which

Lit ana m2t

ions take alternative positions in the (110)
rows of octahedral sites (Blasse, 1964)
(ii) 1:3% order on octahedral sites: lithium ferrite being one

of this type (Braun, 1952)

(iii)1:5 Order on octazhedral sites: g e O has a spinel

structure in wvhich vacancies occur on the normally
occupied B sites with an order which results in a
tetragonal lattice with c=3%a, a being the lattice
parameter of the disordered type (Oosterhout aqd

Rooymanns, 1958)

(iv) 1:1 order on tetrahedral sites: LlFeCr4O is an example
. . o
of this type in which Li ions occur at (000) - f.c.c.
3+ 1 . b
occur at (33%) - f.c.c. trans-

transletions and TFe
lations (Gorter, 1954)

(v) 1:2 order on tet tranedrsl sites: an example of this is
/3 In V} which has wvacancies which become ordered on A
sites bel w'AZOOC with a consequent change of lattice to

s St £ jiaconal f th
etragonal with c=3a, & being the face diagonal of the

S
L
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b. D raction patterns of powdered CujAu

using CuK, radiation.lafter Warren 1968)

fig. 2.3. Order-disorder in Cu,Au.




disordered unit cell (King, 196

[ . N - . :
(vi) 1:1 order on A sites with 1:3 order on B sites; below
< Y vet

o . .+ + o O ‘
00°C % 7 ions in LiZa(Lix 1
4 he Li  and Zn ions in Llan(lens)O8 are ordered

N s L+ . .
on A sites and Li' ang hn5+ lons are ordered on .the B

sites (Blasse, 1963).

oS WVt ~ . .
An importent feature of orderi & 1s that superlattice lines

appear at the outset of this ordering. The breadths of the super-—
lattice lines being a measure of the ordered domain sige i.e. as is
the case with Cu3Au alloy, the larger the fraction of crystal which

has order, the sharper the superlatiice lines. If the variance analysis

is used on this type of sample, the sharp lattice lines, i.e. those

obtained from the disordered crystals may be used as reference lines

to analyse the breadth of the superlattice lines. Cheary (1971) has
AnDF
Ul

ions in lithium ferrite using this

34

investigated the ordering of
technique and was able to report the clustering of Cr” ions at anti-

phase boundaries.

Samples in which atomic distributions vary from place to place
within a crystal can be termed mistake structures. Wilson (1963) has
derived an expression for the variance contribution fo a diffraction
profile due to mistakes in a crystal, its form being similar to that
for particle size effects in that it contributes both to the slope and
intercept of the variance-range characteristic of the total profile

variance. Wilson's expression is

AL
- /
Mog, Jg=J, AL - 1T A+, ooy K AT
T 7 TJ 2 2
TJs 21T20089 lJS S 4 77 cos Q

where J is the mean value of FP¥ for cells in the seme domain i.e.
a

the inte~grated intensity of the profile.

~ % o . . . .
the mean value of FF™ for cells in adjacent domains,

A L

6]

(Ja »iKa) i

T is the domain thickness,
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Q(x)dx is the fraction of domain thickness

lying in the range x to x + 4y -

the other symbols having their usual meaning.

The slope is always positive. The intercept value depends to

some extent on the value of the slope i.e. if part of the intercept

term is rewritten thus:

- 2 « J 4 - - /
A W () B B PR N BT
TJ TJ TJ
) S S

it can be seen that the intercept could reflect the value of the slope,
tlnis a variation of intercept with angle diffraction need not be a smooth

variation as is found in the case of particle size broadening.

T




CHAPTER 3

EXPERIMENTAL DETATLS

3.1 Introduction.,

The series of spinels used in this studyrcontained

two pure well

documented materials, namely HgCrEOA and MgA12O4 for which crystallo-

graphic data have been published. These materizls were used as checks,
by making integrated intensity measurements on them to ensure that they

were similar to those described in the published literature (e.g. Verwey

et al 1947, Bacon, 1952).

3.2 The spinel series u

%2}
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23.2.1 Facltors influencing the choice of specimens.

The spinels chosen for this work were the series

Me(Ad C
Lg(A_zwxurx)O4

with x taking values from 0 to 2. The choice of the particular values
of x between these two extremes was governed partly by the structure

properties of the spinel unit cell and partly by the approximate value

. . 5+ e
of x at which the znomaly in the optical properties of Cr”  containing

spinels was observed by Poole (1964) in his work on Cr3+ doped crystals.
The ion which was substituted was the trivalent ion, i.e. that

occupying the octahedral or B site. In the spinel unit cell there are

sixteen occupied B sites and the intention was to replace the aluminium

ions in MgAl,.0, successively by chromium ions. Table 3.1 gives the

24

] it umb £ ium i r unit cell
projected compositions and the number ol chromium ions pe

in each specimen.

The first 5 samples listed in the table were chosen to 'bracket!’

. ) g ~
the range of samples in Poole's data which show the anomaly in the

optical properties, so that if possible X-rey analysis might lead fo.

i ties, of this phenomenon.
an explanation, through crystallographic properties, s
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Mmnay -
Table 3.1 Projected compositions of Spe

PeCl

in this study

Formula, “”“***“M;;;:—;;—E;gi_ggggﬂ_ﬁq
- Per unit cell
Mghl 204 R 0
Mehly g75070,1050 1
MgA11-750r0.2504 2
MEMy 62590, 375% .
-11050ro;504 4
MgAlCrO4 8
E MgAlO;5Crl.504 12
EgCrgO4 16
3.2.2 Possible methods of gpecimen prevaration.
The choice of preparation of the samples lay between two relatively

direct methods. These were

(1) the mixed oxide method described for instance by

Verwey and Heilmann (1947) and
(ii) the mixed nitrate method described by Lotgering (1956).
It may be of interest to note here that an enormous amount of
crystallographic and magnetic investigations has been carried out on
spinels and ferrites manufactured Ly one or other of these methods

(Gorter, 1954).

The mixed oxide method of preparation is the more convenient as

it involves a single mixing process. Oxides of the metals to appear

in the final spinel sample were taken in appropriate proportions and

. Yand ‘S 1 he t tinue for
mixed thoroughly in a mechanical miXeT, this mixing to con e

a long time. The mixed powders wexre then compressed intopellets
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in a metallurgical press and sint i 5 - -
itered in an oxygen atmOSPheEe,atfa

high temperature for about 24 hours, They were then allowed to 0001

to room temperature, this taking about 30 hours
®

-, U VR Ay 1 . ,
A~ray povider photographs of these specimens were then taken and

va h they w ainly i
it was found that they e mainly spinels bat also present was.g.certain

1 1 4 he rige 1 1oq 5 4
amount of the oxide phases. It was attempted to remove these oxide

. T i erings a 1 o) = ¥ + 3
phases by sintering at higher temperatures but the oxide phase was
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always
rate method involved weighing the nitrates of the metals
to eppear in the final specimens in the approvriaste proportions. These
were then dissolved In the least volume of distilled water necessery.

The solution was evaporated to dryness? slowly to stop the loss of material

carried off by too fast an evaporation. This left a mixture of metal

,.J

. o - . - o . ..
nitrates. This mixture wzs then prefired at 600 C until all the nitrogen

oxides had been driven off, leaving z residue of mixed metal oxides.

After crushing this residue to powder form, it was compressed into pellets

and sintered as described above at a high temperature in an oxygen at-

mosphere.,

Powder photographs of these specimens were taken and it was found
that in every case, the only phase present was spinel.

From the consideration of the presence of the oxide phase in the
final specimen, it seems as though the main problem is in the thoroughness
of the mixing process. It seems desirable to mix the constituents on
a sufficiently fine scale to ensure that in the final pellet to be
sintered, the cccurrence of regions rich in a particular metal was
avoided, The mixed oxide method, although the more convenient, was

subject to this problem and the thoroughne ss of the mixing was limited

by the size of the oxide particles. In the case of the nitrate method,

- ~ . N ituent met neant that
mixing of solutions of these salis of the constituent metals at

. . TN 1 .
the ions were mixed on an atomic scale, this 1s probably the Teason

i ~oducTe
for the presence of the spinel phase only in the final produ t
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Jjowever a further vrobler i s st ' .
Howev a vier problem occurs in weighing the Abbrorriote e
& 7 Al = nou
. P Y qn o . , : : ‘
of raw material. The oxide method presents no trouble as commound
. - L Ol plosas

may be obtained in a very pure condition and it is a sjmplé task to

PN s Y - - o oS . :
weigh the correct amounts to 81ve a final specimen of the desired

—

ot

composition, n the case of the nitrs

1 . 3
ate method; the water of crystal-

: -3 13 h Tt et ~ -7 N .
lisation in the nitrate crystals introduces a possible source of error

3 S A 1o . . : .
due to dehydration. This is most noticeable in the case of aluminium

3 A 2 i1y whnich the wad et [ . . .
nitrate in which the water of crystallisation varies with time after

its production so thal the calculation of the necessaxry weight of this

constituent may be in error..

to use the nitrate method of preparation for the
specimens as the final products were shown, through X-ray powder
photographns, to be spinel phase only indicating that the reaction
between the constitueni oxides during sintering had been complete.

The preheating stage of the oxide mixtures taken from the evapcration
stage took place in a tubu}ar furnace at 600°C for 2 - 3 hours until
no more oxides of nitrogen were evolved. The resulting mixture was
pressed into pellets in a hydraulic press under a pressure of 15 tons
per square inche

Pellets for all eight specimens, with values of xshown in table
3.1y were all loaded into a high temperature furgace in an oxygen
atmosphere, the temperaturevwas raised to 15SOOCo The sintering process
was spread over 4 days, the first period brought the furnace up to the
sinterinz temperature, the specimens were sintered for 24 hours and

. ) 3 -
then allowed to cool to room temperature over a period of 30 hours.

et

he prepared specimens.
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nd analysis ©
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. 5 : iles, a reference sample is
In the analysis of X-ray line profiles, a reiere P

- 7 Ie + R i n
required to eliminate instrumental and other unwanted contributions
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to the breadths of % : . R . .
to the breadths cf the lines. In this study the choice of s reference

. A3 Ay K ) s 1L . . : .
is difficult in that it has to be similar to the materials under

investigation and give diffracti i -
n ga and g Ifraction lines close to those of these materials

VA ey B e SR FalN . : . 5
Visval inspection of the line profiles showed those of Mglr O
2 4
be extremely well defined, <o t . _
to J ined, so that it could be assumed their breadths

3 1 rely 4 1 e+ + ad +
to be due entirely to instrumental effects. Information was to be sought
g

P £ A £ it rndiue s ne Pats s o . .
of the effect of introducing foreign atoms into Spinel and MgCr20 being

4

similar in composition to Spinel and giving diffraction lines near to
those under investigatlion seemed en ideal reference sample, this being
coupled with the experimental evidence of its normality and high degree
of structural order (Verwey et al 1947, YcClure, 1957), against which
results from the mixed spinels could be evaluated. 4An interesting
feature noticed in the initial inspegtion of the powder photographs
was the occuxrrence of exireme broadening of the diffrgctign.lines in
the same region as Poéle's optical anomaly where x= 0,5 i.e. nominal}y
4 of the octahedral sites per unii cell being occupied by Cr5+ ions.,

It was at first thought that this brozdening was due to the method of

L v

prepa*2+ion.but similar broadening was found to occur in all specimens
vhere ¥ = 0.5 no matter by which method they were prepared. Also from
this initial inspection of the powder photographs the variation of lattice
parameter was found to be approximately linear with chromium concentration
which suggested the broadening to be due to some effect other particle

size.

A11 eight specimens were sintered at the same time and in the same

furnace to ensure, as near as possible, that pnysical conditions in all

. . Lonn 3 -~ be - 3 13t
specimens, for instance particle size, siraln, to be the same so th

S _ " b tribute ifferences
any differences which may show up could be attributed to di

. . 41 B
in the crystallographic structure of the samples.

: ' in i repared specimens was
The actval chromium content in the final prepa SY

cound to differ slightly from

joF]
<
]
O]

determined by chemical analysis and

el P B S [ e
Table 3.2 summarises these differences and indicates

the expected values.
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the colours for all eight Specimens.,

34

Nominal x easured x
0.0 “‘*“”‘E;O i
0.125 07124
0.25 0.23

0.375 0.354

0.5 0.48

1.0 0.984

1.5 1.442 red-green
2.0 2.0 0.0 green

CG/e uH‘ 8 ou 0I un[A pos(& Ancl sorlav and
ed through 300 mesh, to

1 -

ensure an upper limit of particle size in each of the diffractometer

specimens vwhich was the same for each. The sieved samples were formed

3

ter specimens using the aluminium formers

ct
2,
Fte
)
-4
]
0
(@]
i
(@]
(=
)

into the usual fla

g

provided for the purpose, taking care that the surfaces of each were
level with the top of the former to minimise aberrations due to specimen
unevenness which causes distortion of the diffraction lines at low angles

£y N
(Klug and Alexander, 1954).

33 Collection of X~-ray intensity data.

p m ~r - 2
5:3.1 The Yeray eouipment.

he apparatus used to obtain the X-ray intensity measurements was

Than A

a Philips PW165 diffractometer, plate J.1, used in conjunction with

a Philips 1010 X-ray generator. The radiation chosen for the analysis



plate 3.1A Philips powder diffractometer (PW1050
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1 e A S oy S s .
was CIA0< radiation which gave 12 well s 1 ' ' :
vion lines common
+ ach samp at ang 3 £ ’ 4 ‘ ‘
to eac ple at angles ranging from 28026 to 140029 Radiati f
£ Ve - HACAIATION Of
1 R |
shorter wavelength, e.g. Cux :
2 o s Eave more lines but 3 i
: in samples with
chromium present f1 |

uorescence
e oocurced and in those specimens with high

}.J.

Ch_O mium coence ‘l-thcu b_:LO 1 Jf.r‘q i esc 5 i
<Ly 18 I luO C S y a )
™ scence Cau._:ed the backgl Ou.nd O swam

th

o)

jiffraction lines .
diiiraction lines, thus a comparison could not be carried out across

the whole ‘'specirus! of sample
e o s . .
The facilities also available to use in conjunction with the dif-

fractometer were:

(

[

L L s
) automatic step scanning capabilities which allowed
the collection of data across the line profiles to

be performed

(ii) tandard counting equipment including pulse height
analyser

(iii) 2 printer and 8 hole punch tape output to register
measured intensity values.

The methods of accumulation of data available with this diffractometer
were:

(i) at any angle setting 28, counts could be collected
for a predefermined fixed time; this number of counts
was punched on paper tape together with the angular
setting. The goniometer stepped on automatically
by a predetermined angle, and the counting procedure
repeated at the new setting. In thls instrument,
step lengths available were 0.01° 20, O. 02°28 or 0. O) 20,

(ii) at any angle 26, the time taken to accumulate a fixed

. - ) -, 3-
number of counts is printed out as before and the

- 1
goniometer stepped on by the preset angle and the

process repeatedo

S £
The choice of step length depends to some extent on the width of
58

the entrance s1it and exit slit of counter and source (Lp gford, 190u),




these together with other exy

yeriy ails - e
perimental details for the experimental

~+ 13 are ~iven 3 1 = 3.3 ’ ’ ‘ “
set uwp are given in table 3.3, The most suitable step length for the

S naditi ] s
experimental conditions of those available vas found to be 0.02°20
- L3

ing a silicon standard ime :
Using silicon standard specimen, the diffractometer setting was

calibrated. The standard silicon aiff

n

m

4
raciometer peaks occur at precisely

v oy - £ 00 s ~
kxnown velues of 20; these were compared to the angles measured on the
gles ) e

diffractometer goniometer over the whole range of

interest in this study,

this showed the diffractometer reading to be 0.02°28 too hish.

®

3.%3,2 Intensity statlistics,

o

In X-ray diffractomeiry, the accuracy of the intensity measured

1]

using a counter is subject to statistical errors. The error in the

number of counts representing an intensity measurement can be expressed

Q

in texrms of the standard deviation of error, which in the case of an

tecat

intensity count of H counts is N and the probable error is 0.67  H

(Arndt, 1 55 . In the case where the time to accummulate a given number
of counts is wecorded, it can be seen that at each point across a profile,
the error in the intensity recorded, i.e. line and background, will

be a constant, the error in the time depending on the timer accuracy.

Tn the case where the number of counts is recorded for a fixed time,

the error in the intensity measurement will vary from point to point
across the profile as the number of counts recérded varies from point

to point. TFor a smaller number of counts accurmlated, i.e. in the tails

of the profiles, the percentage error will be larger than for intensities

= > st ] s ide
measured at the peak. For the purposes Ol this study it was decided

. <+ 3
to perform fixed count timing to give & congtent accuracy acxoss the

profiles although Wilson (1967) has since enalysed the effect of errors

ey . o the 1ir ofile and
in intensity readings on various pareameters of the line profil

whether to perform fixed count timing

he has sug that the choice,

o

e

ot

Ges”

\_}

. 1reter of line that is
or fixed time counting, depends on the parameter of the

required.,




(see Wilson (

Radiation
X=ray tube supply
Angle of take off
Divergence slit

X=ray socurce size
Sample size
Aperture of Soller slits

t

[N

Receiving sl

_ Source to sample distance

Displacement of receiving
slit from focussing circ
Inclinat

vOﬁlOﬂebhr
ing circle

Angular mis-setting of
receiving slit

Ansular mis-setting of
centroid of X-ray beam

19632) for a fuller desoription of terms).

sxperimental conditions of the dlff eter systen
) g . S

CrKd ~vanadium filter,

30KV, 30mA.,

o)

N

10

1.6mm x 12mm.

2cn x lem x O0.2cm.

Xencn proportional counter.

< lmm,

Unknovn, but small .

Unknovm, but small.

0.025m.

Unknown, but small.

Small.




diffractometer sime .
©uvEr specimens, described in section 3.2.4. were

49 o
placed - n the diffractometer.

At each profile, after the peak

OS_L +ion had been foun‘i th § P .
P s the diffractometer goniometer was set about

1026 from the peak in the bac
L H L SO CLA o S
I kground region on the low angle side and

) 3 '}— na o "y w1 Y
allowed to step scan through the peak to well int to the background
= O

Yool the far sid 1) 1 P Lol
region on tne lar side of the peak. The results i.e., the angle in degrees

d the time taken % t 20
26, an 1 3 taxen to count 2000, or 4000 counts, depending on the

115

: sample under investigation, were printed out on paper tape. These times o
were converted, by means of a simple computer program to counts per
ten seconds and these results could be plotted azainst 26 to give the

line profiles from which the various parameiers were calculated. Figure

3,2 a to 3.2 k are typical profiles obtained in the mixed spinel, x= 0.5,
compared to tae reference sample profiles from broadening occurs

in the other specimens to various but lesser extents., The number of

cluding those from the

o)

profiles observed in this wey and analysed, i

<

quenched samples, amounted to ovexr 130,

It was found convenient to time for 4000 counts in the case of

lg”rQO - which was used as the reference sample, but for the other

4

specimens it was found more reasonable to time for 2000 countsg as in

the tails of the profiles from these samples, the intensity was such

that the time for 4000 counts was too long for convenience.

3.%5.4 Treatnent of the intensity data.

From the initensity readings collected as described above, it was :

first and second moments, as functions of

necessary to calculate the

~ . . AL
the range of calculation, for each of the diffraction line profiles.

R i o ilitate the calc-
This involves an enormous amount of calculation. To facilitate the

. a4 for bl The calculati
ulation a compuier progranm was developed for the purpose. lne calculation :

1 OY ~ S 2 4
ollows closely the expression derived for the

-ty

performed by the program

. Y s 63)
variance by Langford and Yilson (1909 e

it =
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The program evaluates
profile given by Langford and Wilson,

property of the variance, i.e,

is equal to the

in this case

17

¥ e
profile

Tor each variance evaluated, the centroid of %

game range 1is calculated using the expression given by Pike and Wilson

The data were collected and fed into the computer as counts per

ten seconds. The

the average background intensity was calculated as half the sum of the

levels A and B were estimated by the following procedure. The first

few recorded int

meant that these

mean value of the last 5 to 10 readings was calcu 1lated and punched onto

E)

the tape as the

amount of editing of the data tape ©

F.244

Using the data fed to it, the

total intensity

Y.

ground from the

angular dlstance

determined (EC-=

the datz to the

=

was calculated (a

(1059) equation 27 ,vnich is itself incorporated in the variance calculation.

ns in intensity values in the tails of the profile, the

'he variance and centroid of the

the oy . e ‘
ul > T : 2
1® eXpression  of the variance of the Tine

whiel . '
which takes into account the additive
-Lh >

hat v i

t the variance of any-distribution

gum of th_e 'Va‘f“;a,h o~
rrances o 4 1ot A . .
T the constituent distrilutions,

o U

W iy
profi % + 0
(profile + background ) (background)

he profile over the

e usuval assumption that the background varied linearly

e was taken (see figure 3.3). From the intensity data

o

and B where A and B were the extreme values of the

T

ities were revlaced by their average value, which

})

first few punched intensities were identical. The ; 1

final reading B (figure 5.3). This involved a minox

riginally obtained as described

program calculated the centroid,

. . (q n , '\Oa k—‘
for the line profile and packground, and mean bac

7 3 3 printed them. The
values represented DY 4 and B and print t

’ . =110 Was
from the data at B_ﬁo the calculated centroid was

v
&5 ) and an equal distence from znd beyond C gives A,
, an )

left of A/bcing discarded.

23 Ao 2ok
- line, excluding the background

fter Langford and Wi ) over the range %ba These
[ 2alizZ 0L H



were printed outl together with the

range DR eE : :
e DE; The range was subsequently

decreased by A 28 at each eng to ])/, !

&S}

and the

calculation rep ea’bed,

this whole m“ocesu vas repeated until the Tange of caleulation had b
lation een

reduced to zero. The background was +he duced T
vas then reduced Dy some preset value

and the varia 5
to IG an e lences and centroids cal culated as before. The program

oduced variance and troid re
produce € anc cenirolid range characteristics for 6 values of

ground These backoround e
backgrounde nese background levels could be chosen to include the

required linear variance range characte eristic. The program has since
- & fod

been described fully by Hilleard and Vebster (1.969).
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Figure 2. fect of background on the variance

. 3 Ty e .
range charecteristic. Vith too high an assumed background the

5

characteristic curves downwards, when the background is too low the

characteristic curves upwards, the reason for this having been discussed

in 2.2.4. The linear portion was selected over a range which corresponded

to the tails o
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he variance calculations.
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on spectrum from an X-ray source contains in addition

]
&
@
(B
,_l .
o
0
e

) r . « s . . ahicl - .
to the K(Xl" K%Q and pr.z lines scme satellite lines which appear in
the tail of ihe main profile on the low angle side. The effect of these

satellite lines on the variance range characteristic has been reported

by Lengford (1968) and it is an effect which causes a discontinuity

. . . = m -t 3
he linear portion of the chara cteristic (see figure 3.4). The portion

ot

in

. , . . o . + liati nd CD is elevated
AB in the figure is the effect due to the X 4 rediation and C 2

. chn T Edw and Toman (1970
due to the presence of the satellites. However Edw ards (1970)

PR i i ffect., The first method
have suggested two methods of eliminating this el te

. - . -
i : : om the profile before
is to remove the satellites, by interpolation, 1T ¥

. intensity of the satellites

. the
the analysis. For this, the contribution to

-

; +
IS : iyl nd
is required and its removal by this mevhod 18 not always complete and
LU Le ji03 U i

; v e ] v aifficult to perform.
in the case of extreme broadening 1s Very ¢




A26

fig.3.4. Effect of satellite lines on the
variance-range characteristic.
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48
Pigure 3.5 shows two simulated profiles (afier Cheary, 1971): one

) shows a theoretical profile in which there is little
or no broadening, in which the satellites are clearly defined and the
method of removal suggestedbby Edwards and Toman may be useful in a
ile of this type. However, figure 3.5 b shows a profile suffering
extrene broadening and it can be seen that the above method would be
very difficult to perform.

The second method of Edwards and Toman is to take the portion AB,

figure 3.4, as the required line. However Cheary has noted the effect
of truncation on the varience calculation and has devised a graphical
method of correction for this truncation. He has shown that the expected

N

lope is lower than the calculated one extracted from data taken from

63

the truncated profile. Using simulated X-ray profiles with different

ening, a relation between the apparent slopes and interceptls,
given by the dotted line in figure 3.6, and calculated slopes and intercepts
(solid line AB) was found. Comparison of these simulated values with

values tzken from experimental curves gives a simple method of correction

of the variance resulis,
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4.1 Introduction.

m ~ - - . o

There have been many studies in which the variation of lattice

i+ Ty S B . .

with composition of mixed oxide systems have been investigated

for insts o o rs ~
(for instance see Villers, Lecerf and Reoult, 1965, Verwey and Feilmann,

1947, Thilo and Saur, 1955, Romeijn, 195%, Varshaw and Kieth, 1954,

Nicks, 1951). llany of these studies show that the lattice parameter

: ] : B
4.

of mixed oxide systems bears a linear relationship to the composition,
iec. if a metal ion is replaced by a larger ion, the lattice parameter

increases in proportion to the amount of substituted ion present,

r}.

P . . ory b MU | U 2 . .
his is known as Vegard's Law (Jesara, 1921). Although this relation-
ship holds for many systiems, some have been reported with a deviation
from this law. Thus Romeijn has reporied deviations, both positive

and negative, from Vegard's Law and examples are given in figure 4.1.

The systen 59112 _ XCer4 (0 x<2) has been studied by a number
of workers with somewhat differing results for the lattice parameter-
concentration variation. For instance, Warshaw and Kieth found a
simple linear variation of lattice parameter with chromium concentration
vhereas Thilo and Saur suggest that there is a negative deviation
from the law in the region x =0.25. lore recently, however, Lou and
Ballentyne (1968), working with single crystal material, reported
a positive deviation in the same reglon. Poole (1964), in his study
of the optical properties of chromites, suggests that the lattice
parameter should vary regularly with the chromium contration.

Now, it is almost certain that at least part of the cause of
this controversy lies in the poor accuracy of many results. In some
cases for example, lattice parameters were deduced from powder 4iffe

: - nesider i +1i +1
raction photographs with little or no consideration for the aberrations
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to wiich the positions of the diffraction lines may be subject, In

any event, as Wilson (1963a) ha hted oyt . -
s (19 3a) has polnved out, the peak of a diffraction

. - 4 sr g BRI ~
line 1s not a very satisfactory measure of position, since the effect

of aberrations upon the peak position is difficult to correct with
mathematical rigour. Wilson recommends the centroid of the line profile
as a measure of position and has shown how this may be corrected for

'he practical determination of centroids
has been described by Pike and Wilson (1959) and was used in the

present analysis. The centroids of the line profiles were of course

required as a pre-recquisite for the analysis of the line breadths

by the variance technigue (see Chapters 2 and 3).
Two of the materials investigated here, namely HgA1204 and
HgCrzOéy have been the subjects of many studies with the result that

3

the various parameters of these structures shovld be well esiablished.

Integrated intensity measurements were made on the gpecimens to

i

confirm the sinilarity between these and these already reportved.

Bacon (1952) and Stoll et al (1964), both using neutron

diffraction techniques, have shown 1igAl 0,6 1o be substantially normal,

2"4

althoush the latter authors suggested it to be 10 to 157 % inverse.

The crystal structure of the material in both studies was referred
to the space group Fd?%m and the u parameter, the measure of displacement
of the oxygen ion, was calculated as 0.387+ 0.001 (Bacon) while the
e 02 /.,
Debye-Waller or temperature factor was estimated to be 0.4A° (Bacon).
, o
Fischer (1967) reports the values as u= 0.387 + 0.001 and B= 0.56A

o
and a lattice parameter a = 8.0832 # 0.00054.

According to Verwey ct al (1947), 306«204 has u= 0.385 and

o ) b 13~ 3 e . v i
3104 but later work suggests that both these figures are too ;

s . ~ - - Neale e
low. Thus the recent neutron diffrection meacsurements by Shaked,

4.

. . . ~afined parameters u= 868 + 0.0006
Hastings and Corliss (1970) gave refinea paraneters u= 0.3 T Vel

' - > S Mt at I +
and 2 = 8.%354, but in the present context it is interesting to note
Y = 8,%354, Y
o)

i T fact
that no value was given for the Debye~yaller or temperature facuor.




4.2 Lattice marameter determination,

1 . ."],\
It was decided to use the cent roid as the measure for line

position and to use the correction procedures for this measure as
described by Wilson (1963%2). The calculation of the centroid of a
diffraction profile has been outlined by Pike and “ilson (1959) and
is included in the profile veriance calculation described by Langford
and Wilson (1963). The computer program used in the analysis of the
data in this study includes the calculation of the veriation of profile
centroid with range of calculation and Pike and Wilson have indicated
that such a variation rises to some maximum at % to 5 times the
. . T c{z separation. Cheary and Grimes (1972) have shown the
effect on the ceniroid-range plot of the presence of satellite lines,
With satellites present, the plot drops from the maximum described
by Pike and VWilson to some constant value at large range; with no
satellites present, the plot reaches the maximum and continues at
this value for all ranges above the critical value. Figure 4.2
illustrates this effect.

Figure 4.3 shows abtypical plot, obtained experimentally for
the (533) profile of MgCr204, of calculated centroid angle (20) against

the renge of calculation (426). Also indicated on the graph is the

range (A 28 ) corresponding to the spread of wavelengths of the
D

emission profile. This is calculated from the expression
2a _sind = JI A

vhere X :h? + k2 + 12

hence 2a_cos6 d6 - J U ax

dA being 5 times the R’l - X 5 separation,
S] is the estimated centroid position,

a is the lattice parameter.




centroid
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fig.4.2 Effect of satellite lines on the centroid
of a diffraction line profile.

a. satellites present.

b. satellites removed.
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1
to choose % : s 3
¢ ocose the actvwal centroid value, were calculated.

HJ
O
H
6]
3
o
O
.I_J
&
o]
3
19}
(@]
o

ntaining mixiures of 2 5+ 5+
£ RS L ox _"_.] na 2 Y 1 { ’
S 1 and Cr ions,interpolated
TN sy s ~ ) (.
paraneter, between these two exiremes, were used
2934 k L) °

In every casz the calculated rans i
N v Cas alculated range ALQ@ﬁ fell in the maximum on the
¥

et 3 -
centroid -~ range plot, the nayvime bei
0 5 ese maximeg being taken as the observed centroid

positions,.
i vine Vils 196 + , : .
Following WVilson (¢,u5a)9 the experimentally determined line
$4 TETE B s - ~ .
positions were corrected for the following aberrations:
(a) axial divergence,

(b) specimen transparency ,

(¢) flat specimen error,

o~

(@) refraction (wavelength effect),
(e) Lorentz~polarisation factor,
(1) differential wavelength absorpiion of
the X~ray beam in its path from A-ray
source to the counter,
é (g) dispersion.
The correction to be applied in each case was calculated from
the experimental conditions given in table 3.3 of Chapter 3. The

~

variation of the angular dependent part of the total correction for

is shown in figure 4.4. In the calculation of specimen

+

Mglr
& LZO/;

transparency, the linear absorption coefficients of the specimens were
o

required. Taking HgCr204 55 an example, the linear coefficient was

calculated as 290cm—l , this being the value cxpected for the solid

material. However in this study powders were used and the coefficient

, I g + 5 c h
mist be corrected to allow for this. 1+ was estimated that the value

-1
‘ . - = X i
would be reduced to about a third of the calculated value, i.e. 100cm
nsparency calculation. The coefficient

-] . . ~ .
270cm ~ and in view ol the drastic
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of this value due %

reduction to t! T i 4
the sample being a powder, it was

: tAered 1 Lo . .
considered that the value could be taken as a constant for all specimens

izt 1 o A RIS “ad .
thus figure 4.4 could be used as a source of correction for line shift

¥ Herratdona 4 v s ..
due to aberrations listed above without too great a loss of accuracy
=7 BN o

'able 4 indicates rrect Foa 3 .
Table 4.1 indi ves corrected centroids for all specimens of the series

Table 4.1 Corrected centroids for all specimens, results quoted in deg?®
- —

\\\\‘ 0 0.125 | 0.25 0.375 | 0.5 1.0 1.5 2.0
hkl

111 28,476 283427 y28¢>j2 2802?' 28.293 689055 27 0870 27 0609

311 | 56.156  |55.931 155.838 [55.732 55.726 (55.136 54,742 |54.205 i
202 153,891 (58.702 i58.588 - - - 57.395 {56.8392

As the centroids ol

Koy

the emission profile of the rad

E

C )ky

X2

iation used.

1

+ C

This

vias calculated

400 169.143 |68.914 168,765 68.593 108.533 [67.836 67.318  ©6.720 é
422 188,011 [87.685 (82.502 87.251 87.073 [86.204 185,501 %84.670

511/ 94.926 {94.558 194.348 (94,061 193.375 192,905 192.073 §91.169
44855100°665 106,278!105,96A 105.618 l105;564 104,194 [103.150 |102.085

531 |114.035 [113.564113.234 112,829 1112.567 1111.225 110,061 [108.840

620 |127.442 1126.8761126.384 (125,933 125,516 [123.821 1122.308 1120.808

53% [136,771 1136.070|135.475 |134.836 {134,356 1132.340 1130.479 128.683

622 1140.254 1139.485 1389834 138,115 |137.558 135.42% [133.454 |131.510

4.,2.2 Czlculation of lattice varameters.

< L= R— 41
of line position, it was also necessary to use the centroid wavelength

(Pike and Wilson, 1959)




4

where A and A 10 are the

Koty ety vavelengths of the ¥ lines for
nium 'w‘»,(lﬂ".}‘]‘. o ~ 3 r
chromium radiation as reported by Bearden (1968). These values are
. o P 70
given as ' X a = 2.28970 A
1
o
P = 2.293006 4,

the factor C is the ratio of intensities of the X . and Rﬂx? lines

woted in Internationz]l Tables (1962) as 0.515.
m PRSI nvn + e s 3
The lattice parametfer 41 Was calculated for each line observed
.. . 2
and pletted against cot” 6. The resultant graph was then extrapolated

to cot © = 0 and the intercept from this

&)

xtrapolation taken as the
required value of the lattice parameter. This procedure follows closely
that sugsested by Wilson (1963a).

atlice parameter for each profile was calculated in the

usuzl menner for cubic materizls using the expression

2sin ©
c

A being the centroid wavelength

S being the profile centroid corrected for the various
evperimental asberrations.

1

The calculated values for all the lines analysed in all specimens

are given in table 4.2 and inspection of these shows that they all

increase with increasing 6 and following Wilson, a plot of ahkl

0 was nmade for each specimen. IFigure 4.5 summarises

. . . . . \ . e - tl_
these results an inspection indicates that By 18 @ linear function

. - 3 4 A
of cot2 6 A least soueres operation was therefore performed on
- ° z S it +

. ~ ~+ 1 a S
each set of data to give the extrapolated value a, in each case.

- +
L

was the correlation coefficien

Q
©

Also calculated for each set of d

. nts + ¢ e hibzde)
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[ hhd N
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line calcula
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ity the fter the fit of
to unity the better the fit of the data to the straight 1i
Pl 6 —(1 lne ‘e

Table 4.2 Calculated values of
g for all specimens.

(results guoted in ﬁ)

220 | 8.070 | 8,091 ; 8.114 | 8.125 | 8.118 | 8.205 | 8.259 | 8.3%28
311 | 8,072 | 8,102 | 8.114 | 8.128 | 8,129 8,214 | 8.264 | 8.33]
222 18,072 | 8,096 ' 8.110 - - - | 8.264 | 8.331
400 | 8.075 | 8,099 | 8.114 | 8,132 | 8,138 8.211| 8.27T1 | 8.333

422 1 8.078 8,102 8.115 | 8.134 | 8.147| 8.213| 8.267 8¢333

511/ 8,078 | 8.101 | 8.116 | 8,135 | £.147| 8.212| 8.268 8.33%
335
4207 18.078 | 8.099 | 8.116 | 8.134 | 8.148| 8.212| 8.271 | 8.333

531 {8.078 8.101 8.116 8,135 | 8.147| 8.212! 8.270 8333

620 | 8,080 2,100 8.117 8,134 | 8.149| 8.212! 8.271 8.333

5%% |1 8.0E0 8.100 8.117 8,135 | 6.150] 8.212] 8.272 8.334

622 (8,080 8,100 @ 8.117 8.136 ' 8.151| 8.212] 8.272 8.3%4

Table 4.3 gives the extrapolated values of a, together with the
correlation coefficients. It should be noted that the value of r

for lgAl and MgCr?O4 are remarkably high indicating a high degree

274

of linearity for these plots. The values of r for the remeinder of
the specimens show a slight decrease in 7, probably reflecting the
varying brezdthe of the lines involved in the calculations. The final

o
aberration free velues for a_ for the two pure samples, 8.080 A and
o

0 . .
8.333 A, sgree very well with those for the compounds listed in the

ASTI index.

. . - P
A plot of a against chromium concentration (figure 4.6) shows
= - o (&3
. > 3 4o
a departure from Vegard's Law with a maxlmum deviation at 18% Cr

concentration, the lattice paremeter 1is lar

ger than expected according
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fig.4 6. Lattice parameter variation with Cr

concentration for the spinel series

MglAl,__Cr)O,




ent with

hilo and Saur (1955)
1 Lou and Ballenty 968) al 1
and Lou and Ballentyne (1968) although the former authors reported

a negative deviation.

ralues of lattice parameters for

- - ; -
0 8.080 -0.99
0,125 8,101 -0,94
0.25 8.117 -0.96
0375 8.136 -0.94
0.5 8.151 ~0.95
1.0 8,212 -0.97
1.5 8.272 ~0.92
2.0 8,333 =0.97

Romeijn (195%) has analysed the effect of replacement of ions in
the spinel lattice and his conclusion was that Vegard's Law holds in

the formation of solid solutions of spinels with the same type of ionic

distribution. Ile explained that a positive deviation occurs when

(i) the tendency for complete solid solution is small, and

(ii) in the solid solution, the pattern of order is destroyed.

ts described above, points (i) anad (ii) should hold,

el

but inspection of the diffraction pattern of each specimen showed there

to be only the spinel phase present, 1l.e. id solution was complete,

thus (i) can be discounted. Comment on point (ii) can only be made

.25 been deszribed.

».\..

after the anelysis of the line shape
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T oty
structure determination of Mg

.%.1 Discussio experis £t
40% 18 8] n Of eYXner T'ien't 1 eflec‘ts on ‘t1o JHLQHS.LLJY me ~S’~lrer’1°n‘ts

"3 tiallv 1Y - A A e S on o . ,
Initially the task of determining the structure of the specimens

was considered

£
w0

a confirmatory exercise as the two pure materials

N . ) i ‘
in the series, i o8 W o .
v 3, l.e. those in which x=0 and x= 2, have been examined

[6)]
o
(‘1‘

many times and the variou mucture parameters were considered to

oy

these two substances and their Debye-~taller

temperature facltors were calculated on the assumpiion that they ha

Q.

the Fd3m symmetlry structure as is normally ascribed to cubic spinels;

then the same paremeter of each of the mixed specimens could be estimatl
The experimental integrated intensities for each line were
determined in the usuval manner. Figure 4.7 shows a sketch of a typical

ensity is calculated as the difference
between the areazs ACHEDE and ABDZ. The line AB joins the measured
backsround intensities well into the tails of the profile and the
assumption made here_is that the background varies linearly over
the angular renge ED.

well established theory (see James 1965) shows that the intensity
of a powder diffraction 1%ne is given by
I2 ‘ ~235in2 8

I 1 & cosc 8 peh. | ceveeddil

sin® O cos 8

where 6 is the Dragg angle

p is the multiplicity factor which tekes into account the

number of reflections from the set of planes in the crysta
which are superimposed to form the powder line,

A is the absorpiion factor for a powder,

structure factor,

)
.
0]
-+
=)
0]

I
B ig the Debye-ialler temperature 1actor,

M\ is the wavelength used and

ed.




- o s wn e e e e

28

fig.47 Calculation of integrated intensity.




58

', e _L {Ol on e iy (‘, -t =+
5 u_'lCthl’l iy o 1 .()

factor,

m? P o~ N IS
The range of angle over which the diffraction lines were observed

04 N
wes 28728 to 140 26 and i e . - o
' and the absorption effect differs depending

1 R FalE I e
on the angle of the line Internati L T i
. ernational Tables gives an expression

for this angulaxr a o s

10r 3 angular dependence and calculation shows the absorption effect
b ~ 7 s ~ .

to vary only by a few percent over this range

it o f s ~ s .
lescription of the estimation of the absorption coefficients

has already been given above in which it was thought that it was

substantially constant for the 8 specimens as they were powders.

Thege observations suggest that the absorption effect can be considered
[ M fal . : 3

as a constant for all specimens over the whole range. Thus equation

4,1 may be rewritten as

X 2% exp =B sin 8 RO

-~

where ¥ is 2z consiant which included 211 corrections to be made <o

the observed intensity including absorption eflects.

ecen accounted for in the above

=3
jay
o]
H
5
&
‘_J
(@]
]_l
’,_J
=
v
D
0
Q
©
ct
ct
o)
3
o
Y]
N
jui
(@]
-
o

expression and celculaiions made on the contribution to the integrated
intensity by this effect were made according to Chipman and
(1959). fhe percentage contribution is given by

Q- Bl a0
240 A

e
where B is the temperature factor in AT end A29 is the range in degrees

over which the integrated intemsity was measured. The effect is greatest

,5&2, a value close to that accepted

at high angles and using 3=

for ¥gAl 0,, it was found that the percentage contrivution was of the

2ll, no correction was made

order of 1%. Thus as the effect was 8O s=n

£ extinction. Primary

ihe intensities from powders

1
= 106R)= However secondary extinction is
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. A B .
51111 troublesome even in powders especially in the case of strone
h strong

~ 2 e ((Tom = .
reflections (Brown, 1955) for which the observed intensity should

be lower than that es tad + o o
i that expected theoretically. This introduces a problem -

present in all structure detorminations - of how much smaller than

ected are the ser int iti { i
exD the observed intensities. Tor the specimens in this

+3
v

+ S ot=) s 3 ~
study the problem is probably largely confined to 2 lines in each
b

namely, the (400) and (440) profiles.

4.3.2 Structure parameters for lizgCr, 0, and 1igAl, O

2 4 S0V ?

For the purpose of this exercise Spinel and picrochromite were
initially assumed to have a structure based on Fd3m symmetry as is
usually ascribed to the cubic spinels, and values of lF‘ 2 1, vere

calc

derived accordingly for each profile observed. A parameter of the

structure vhich can have a large effect on the calculated integrated

intensity is the oxygen u parameter and 3Bacon (1952) in his neutron

diffraction study of Spinel has shown that the ratio of the intensity

of the (440) line to the intensity of the composite (511)/(3%33) line

is very sensitive to the value of u used in calculating the intensities.

He used this ratio to obtain an estimate of the actual value of u

possessed by the structure. '
These two lines are adjacent in the cubic spinel diffraction

pattern and having large intensities can be determined with good

accuracy. For example, when CrKy radiation is used, these lines

appear at 910 and 1040 26 (approximately) respectively. Inspection

of the variation of the correction factors which are dependent on ©

shows that in the region occupied by the two lines, these factors

. . o s sas o
are substantially constaent, thus the ratio of the intensities of the

lines — corrected for mltiplicity - would eliminate the effects .

. . +i411 ing S 1 1
dependent on 6 thus the ratio is substantially independent of the

value of B alsoe.
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m PN ~oa .
The ratio of the measured intensities was taken and compared

with the ratio of the theoretical intensities calculated from the

= 3 1 .
accepted model of the spinel structure using various values of u.

T gl inel uni 1. there a
In the spinel unit cell, there are 32 oxygen atoms present whose

Uy,U,u5 <—1§ N u)y (%: = u): (71I - u)'

wuuy (G-uw), Gew), @)

Gy (G ew), (G-w), Gew);

E9;?u§ <A}I + u)y 3; + u)a (Jé_ - u);

plus f.c.c, translations,

thus the contribution of the oxygen ions to the calculated structure
fector could have a marked effect depending on the value of u
assuned .

The structures factors for (440), (511) and (333) reflections

r (
2
Ms

. 112
11 and lFi335

2
440°

were calculated as ‘F

and the theoretical ratio of the integrated intensities, suggested
by Racon, as measured on the diffractometer would be

% 8

24 | ¥ ¥ 3 %3

2
511

2
. 22 || 440
the numerical factors being the multiplicity factors for these

reflectionse.

The ratio was calculated with values of u ranging from 0.375 to

0,400 znd the results are shown sraphically in figure 4.8 for both

Mgﬂ1204 and KgCr204. The experimentally observed ratio for each are

also indicated in the diagram.

The B factor for each specimen was initially estimated in

. L) Fal s
a similar manner. The obscrved intensity for a profile (hx1) can

be expressed as 5
) ~2Bgin ©
1= eyp RS
L = K l cale P /\2
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intensity ratio (I, 5,0/ (1L.).
%

. 5 4 i i :- )3 .l
3-375 380 385 370 u

fig.4.8. Variation of (511/333)-{440) intensity

ratios with u parameter.




plicity factors and K is the scale factor.
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Hen + i i
has been corrected for Lorenty - polarisation and multi-

v

The equation may be re-

written as

.2
- log X 2Bsin 8
€ 2
calc )\

e - -~ s . .
Using strong reflecticns fairly widely spaced, for instance the

-0..&-!-413

(311) and (440) profiles, values of ¥ and B may be deduced by calculating

Ilkl on 1n29
HDESAY
log, ]f?f’“’ end S for each line. The provisional
b“alc

values for B, u and K upon which a later refinement was based are

summarised in table 4.4.

Table 4.4 Preliminary values of B, u and K for specimens

MgAlQO and }glr .0

4 274
e 2
Sample u B/A K
Migh 0 58 0.2 2
] gA1204 0,389 3
HECT 0, 0.389 1.23 22

Adjustments to these values of u, B and X were made and the

. . PRI L T M oo
corresponding theoretical intensities were calculated. These calculated

. o s
values were compared with the observed intensities. The combination

A 3 g 2 LK na
of values of u, B and X which gave the best agreement were taken as

factor was thought to be substantially

]

the final results. The scale

]

constant for all specimens as the results were all taken under similar

experimental conditions.

The comparison of the caleulated intensity with the obgserved

1o Y 74
. . o 4 £ ~, RooksD Peigser and Wilson
intensity was made using the R factor (e.5. Rooksby, € 9

1955)
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the smallest value of R indicating best fit,

Strictly the use of

owuld recarven N f
R should be reserved for use when there are a great many diffraction

ines Iiowever, since in this . . .
1 i thils case the structure refinement involves

only three adjustable parameters, only one of which represents a

SR 1 -
structural change, it .
stru a gey 1t was considered that the use of R as a guide

P N N o . 1o o Al
to the goodness of fit was admissable. TFinal values of the parameters
found by this procedure are listed in tabdle 4.5,
Table 4.5 Final values of B, u and X for MNgAl O4 and MgCr, 0
e e ¢
24
'
a 02 X
Sample u B/A K §
}gAl, 0 0.387 0.4 22
24 !
NeCr 0 0.387 1.1 22 ?
274 ‘
A.3.%3 TIntegrated intensities for the mixed spinels. !
i

i

Table 4.5 above indica the value u for both pure specimens

‘

to be the same. However, the B values are widely different. B refers

to the displacement of latiice atoms about their mean position and

is described by the expression

B=8 TT2 u2 U X

where u2 is the mean square displacement of the atom from its normal

value obtained for Mg@rzo was surprisingly high

position. The I
4 .
-Kiand the :
3+ f
. A3 . 1
increase in the B value was associated with the presence of Cr

+ . i
. - : : with 3 rat 3
ions. It was assumed that D varied linearly with Cr concentration

~ 3 N ~ime
and interpolated values of B were used to correct the experimentally

observed intensities for the mixed spinels. The results showed that

S5 Eap 4 e s
R factors calculated from intensities calculated using these valves

. NS of ler of 4% which
of B and the observed intensities, were low, Ol the order of 47 which

. . £ T atermining values of B for the
suggested the assumption toren for determlininig 2lues
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63

mixed spinels was reasonable.

n order to calculate i R ,
I culate intensities from the known structure of

. 3 . .
spinel for the mixed samples, it was assumed that the Cro7t and A13+

. Y Ty PN
ions were distributed at random over the B sites. To do this the

scattering factor of the equivalent trivalent ion was calculated as

e R PR s
the weighted mean of the scattering factors of the ions assumed to

e

be on the B site n the

0

unit cell, this mean value being used in

the structure factor evaluation.
These results are summarised in table 4.6, which gives the fully
corrected intensities for the eight specimens and the resultant R

factor when compared with the calculated intensities given in table 4.7.

Corrected experimental intensities for all specimens.

0 0.125 | 0.25 | 0.375 o 1.0 1.5 -

nkl _

111 2900 3430 3800 4240 5000 7730 10600 | 14300
220 6450 6220 5830 | 6230 | 6240 6470 6400 6400
311 13650 14400 114600 |16600 |16950 | 20600 24700 | 28100
222 1050 630 330 190 - 50 1990 4390
400 52300 50500 |53%00 57900 62900 | 75400 87000 94700
422 4290 3150 | 3350 | 3520 | 3600 3600 3870 | 3040
440 79400 83600 |83100 |B7700 93600 | 106600 | 118000 120200
551 960 1050 1310 1180 1550 2210 3070 4790
620 2330 2170 | 2010 2490 2150 2160 2470 2160
533 8000 g030 | 8770 | 9670 110000 | 11900 14650 | 15800
622 950 1130 | 1370 | 1250 | 1780 3200 4490 | 5960

| B% 2.5 3.7 __ZTEW‘“-;~4__, 3.2 45 4.6 4.2 |




Theoreti intensiti
eoreitical intensities calculat

N g - .
and rendom distribut

64

+

ed assuming u 0;387

1on of trivalent ions on B sites.

1

10 0.125 | 0.25 | 0.375] 0.5 | 1.0 | 1.5 1 2.0
hkl
111 2900 5380 3870 4380 4920 7420 10500 14000
220 | 6550 | 6550 | 6550 | 6550 | 6550 6550 6550 6550
311 | 13650 | 14400 | 15200 | 16000 | 16900 20400 24100 28600
202 1600 1130 730 420 200 150 1350 4200
400 | 51200 | 53800 | 56500 | 59200 | 62000 | 73900 86900 | 101000
422 3460 3460 3460 3460 | 3460 3460 3460 3460
440 | 80100 | 82500 | 84900 | 87300 | 89800 | 100100 | 111000 | 122400
531 1100 1240 1380 1550 | 1720 2480 3380 4420
€20 2010 2010 2010 2016 | 2010 2010 2010 2010
533% 8170 8520 8870 9190 | 9550 11000 12600 14250
622 % 700 900 1140 1390 1670 3060 4860 7070

[T

A.3,4 Discussion of intensity results.

Inspection of the table 4.6 above shows that the R factor tends

to increase from x=0 to x=2.0 although all these values would suggest

the structure model chosen to be quite reasonable.

The intensity values observed show a variation from MgAl?O4 to

MgCr, 0, (i.e. x=0 to x = 2.0) similar to that indicated by the random

20

distribution model, however there are three lines which do not follow

this pattern exactly, these are the (220), (422) and (620) line profiles,

the intensities of which are all independent of the ion on the octa-—
hedral site (Grimes, 1968, table 1).

(i) The (220) Profile:

e intensity of this line should remain constant,

apart from small

in lattice parameter due to insertion of the larger

i tomi tering TS yever
CI5+ ions on atlcmic scattering factors How s

effects due to the consequent increase




esults show

that the intensity

s to a minimum value

at x=0.25

relatively stirong with a

wnich it increases

and follows the random model

1

H

ties. igure 4.9 shows this variation of intensity
chromium concentration. MNote that the line is

high intensity so that

can b with good accuracy (of the
order of 20}, Thus the effect shown in figure 4.9
is believed To be rezl,
(ii) The (£22) Frofile:
This is a weak reflection and therefore relatively
inaccurate. nowever the observed intensities indicate
s similar effect to that of the (220) reflection.
(iii) Agein an intensity anomaly appears to exist in the
same region as for the (220) and (422) profiles,
although the low intensitly above background tends
to mask the effect.
These observations suggest that C‘r3+ ions may be substituted
in the lattice in a non-random nanae
The difference in the values of 3 found for the two pure specimens
in tnis study raises an interesting point. The B value for i%ﬂ1204
- S thied of that for kglr, 0 Many spinels have
is approximately one third ol 1hat Lo= - 274"
been investigated and it has been found that a great many have B values
around 0.4 :2 see table 4.8 for celection of these spinels.
The values around O.4 %2 are thought to give a measure of the

thermal agitat

9]

3

ion ©

e

e

measurement Grim

°

computed from value

+ P
£ the atoms in the crvstal at the temperature oL
U L LS J
s (1@72) has compared these values of B with those
-~/
Debye temperature found from infra-red spectral
S O < SiLjd o
ession
2 4.5
Enem 6y + B 1 ceeooedd
_ bhd 9{){ _@) 8
I}
e’ | T 4TJ




7 o experimental results.
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« random dist® model.
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fig.49. Variation of integrated intensity of the

(220) profile with Cr concentration.




® is the Debye temperature as measured By‘iﬁfra—réd techniques
. S 4 : e 4

m is the mean atomic weight of atoms in the unit cell
9

the remaining symbols having their usual meaning
®

Teble 4.8  Values of Debye-Waller temperature factors for a selection

of spinels.

02
Compound B/A Reference
MgFe204 0.5 Bacon and Roberts (1953)
ZnA1204 0.31 Fischer (1967)
Cr.0 .
Znbr,0, 0.36 Raccah, Bouchard and Wold
" (1966)
CdCr2O4 0.33
ZnFe2O4 0.49 Brockhouse, Corliss and
Hastings, (1955)
Calo,0 0.40 Kanomata, Ido and Kaneko
24 (1970)

These computed values of B give a true indication of the thermal
displacements of atoms in the structure and for the compounds listed
in table 4.8 and MgA1204, the infra-red B is approximately equal to
the Debye~Waller B, although generally smaller in value. Thus from

this evidence it would seem that this Debye-Waller B should be the

value associated with thermal vibrations of the atoms within the

crystal. Using equation 4.5 to calculate the infra-red B factor for

e2 . .
EgCr204, Grimes shows it to be 0.30 A compared to his value for LgA1204
of 0,36 EZ, i.e. the B factor should be slightly less for picrochromite.

However, X-ray integrate

Cervinka (1965) has reported a similar effect in manganites and he

compared values for these compounds with the smaller values for other

spinels and suggested that the extra size in B is due to the displace-

ment of jons from their normal position in the lattice due to the

d intensity measurements give a value of B=1.1 A
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FOW : . 3 ' v
presence 0L Mn” lons; l.e. he suggested that equation 4.4 be rewritten

A OIS

where is the mean square displacement due to thermal effects

ol ol

and is the mean square displacement of ions from their normal

position due to distortions caused by the presence of Mot

ions in the lattice.

IR
In the case of Cr5 doped spinels, by analogy, the extra

distortion indicated by the B factor could be due to the presence of

34

sligntly displaced Cr>® ions causing distortions. The value of ug

can be estimated from the B value found for MgA12O4 which may be

assumed to be entirely due to thermal effects. The substitution of

the larger chromium ions for aluminium into the spinel lattice would

jmply that the thermal vibrations of the ions at the same ambient

temperature, if anything, be smaller than in pure Spinel provided one

assumes that bond strengths are substantially unaltered by the substi-

tution. This latter assumption is reasonable considering the similarity o
of the melting points of these materials. Thus the value of B for |

MgchO should be smaller than that for MgA1204. Grimes' infra-red

4

measurements confirm this view and show that in fact there are slight
changes in bond strength which tend to produce a smaller result for B.

Using this model of 1attice distortions due to the presence of

—

or % ions, the values of u% were calculated and table 4.9 gives the

i

2 1
interpolated values of B and corresponding values of ( up )2 , the

mean displacement, for all eight samples.

The fact that there appears to be distortions present in picro-

. . .. : ini i have been
chromite is surprising as all chromium containing splpels

considered to be the most well behaved of the spinels. (see discussion

on chromite spinels in Chapter 1.)



g?ﬁﬁfiﬁkﬁz Values of B and ( up )§ for the spinels series
MgAl Cr O
=X X

4
E: 0 ]0.125 10,25 10.375] 0.5| 1.0 | 1.5 | 2.0
5 2 .
B( + 0.1 / 25104 1 0.5 0.55 | 0.6 0.65 0.8| 0.95 1.1

) .
2y /% lo.0 | 0.06
(v2) 00 10.061 | 0.076/0.,087 0,097 .123 | 0.144 | 0.163
1

4.4 Bvidence for the departure of Nglr 0, from Fd3m symmetry.
o

Lod.] Introduction.,

Distortions in spinels containing transition metél ions were thought
to be well understood in terms of ions which exhibit the Jahn-Teller
effect(DunitZ and Orgel, 1957&). However HgAlQ_XCrXQ4 in which the
Cr3+ ions occupy the octahedral sites, is expected to be free of such
distortions although Poole (1964) has indicated in his study of optical
behaviour of chromites that his results suggest in fact thaﬁ the effect
of Cr3+ ions in the spinel structure is far from well understood; and
the integrated intensity results from this study through the values
of B described above supports this view.

Lotgering (1962) has made magnetic susoeptibilify measurements

on MglCr and has found that it corresponds closely to the spin only

204
value — this indicates that the Cr3+ jon in the lattice is in its
normal ground state thus precluding the possibility of the ion
exhibiting the Jahn-Teller effect and the consequent distortions.

However Grimes (1971) suggests that this does not exclude the possib-

ility of structural distortions in the 1attice and Lotgering's results

show a slight discrepancy which could be explained by the presence

of a trigonal component of the local crystal field in the structure

which is larger than expected in the conventional description.

. - i ; : v evidence supplied
This suggested explanation 18 supported by evi op oy




69
stahl-Trada and Lov (1959) through electron spin resonance measurements

Their results show that in low Cr5+

3¢

concentration samples of natural
spinel, the Cr spectrum indicated an exceptionally strong trigonal

cield with a [111) direction as an axis of symmetry. Lou and Ballenbyne
(1968) in their study of the optical spectra of synthetic single Spinel
crystals reached a similar conclusion but further that the distortion
increased in severity with increasing chromium content up to 10% by

weight. Their optical results led to new selection rules which indicated

3+

C3v local symmetry for the Cr ion.

This description differs from theone expected for an ideally normal
spinel which would be DBd , and Grimes and Collett (1971) point out
the difference between these symmetries in their analysis of the infra-

red spectra of the same samples as were used in this study. They also

noted that D}d symmetry would becone distorted to C3v if the Cr3+

ion occupied a different position along the trigonal axis. Figure
4.10 shows the difference schematically between these two symmetries.

The D‘3d site has all cation - anion bond lengths equal whereas C3v

has the metal ion shifted to produce 3 equal shorter bonds and 3 equal

longer bonds.

The latter configuration is incompatible with the space group
Fd3m, i.e. that structure to which spinel is usually referred. Grimes
and Collett suggest that this configuration would occur in the space

group F4 3m although this structure would imply the presence of extra

‘ines to those usually found with cubic spinels. But inspection of

the whole of the range of 26 in the diffraction pattern of MeCr,0,

has revealed no such lines.

i : i i ations and anions
However the ¥4 3m structure 1S one in which ¢

can be displaced from their conventional positions and Grimes and

Collett suggest that for some combinations of these displacements the

extra lines may become VeIy weak.




llus tration of the difference hetween

£ig.410. I

symmetries.
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The F4 3m structure has ions on the folléwingfposifionsfwitﬁinl.
the unit cell:
Tetrahedral ions
% %5 0, 0, 0
plus f.c.c, translations

Oxygen and octahedral ions

U, U, U3 U, w, u;  u, W, u; U, u, u:
plus f.c.c. translations.

Two values u, say u1 and u2 may be assigned to describe the 32
oxygen ion positions and another value, say’ug, to describe the 16
octahedral ion positions.

It was decided to attempt a structure analysis of MgCr204 using
this model by refining Uy u, and u3 from their optimum values according

to ¥d3m.
Tn this context, it is interesting that Roth (1964a) in his neutron

study of MnAl O, has shown this material to give lines at low temperatures

274

extra to those usually associated with the spinel structure and which
correspond to those expected if the space group FZ-Bm is considered.

Roth suggested these lines to be due to a magnetic scattering effect.
0oCo .0 . has also been shown to have similar structure at low temperatures

274
{Roth, 1964b).

In eleciron diffraction studies of HgFe204, Walters and Virtz

{1972) have observed the presence of (200) and (420) lines, i.e. those

forbidden in the Pd%m spinel structure; their explanation for this

presence was that either ordering had occurred on the B sites or that

they were due to double diffraction of the electron beam in the crystal.

Similar studies by Hulsher, van der Bere and Lodder (1972) have shown

the same reflections to occur in menganese rerrite. However these

reflections can occur in the F4 3m symmetry.

Inspection of egquation 4.3 shows that in a structure analysis

. 2 2 .
i ‘4 plotted against sin o /A° , this should
H loge ( Icalc / Iobs ) 1s P




_esult in points scattered about a straight line of slope 2B if the
gel chosen to calculate the val i |

o ues of I . is correct (e.g. Lipson

and Cochran, 1966) . Figure 4.11 shows this plot obtained for the

. e v £ a :

intensities observed or the sample MgA1204, structure factors being

calculated using u = 0.387; figure 4.12 gives a similar plot for MgCr, 0
. ’ " 274

0, was found to be 0.4 ﬁz
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) .
2O4 to be 1.1 A°. Figures 4.11 and 4.12 indicate

that the points are scattered reasonably close to a straight line which

(again u = 0.387). The B factor for lgAl

and that for MgCr

suggests that the Fd3m structure is a reasonable model for these materials
although the steep sl9pe in figure 4.12 is a surprising result for
2 well crystalline material whose atom displacements were expected

to be of thermal origin only.

Although }.‘EgAlzo4 has been assigned the structure Fd%m, Jagodinski
2nd Saalfeld (1958) report that single crystals of this material did

not strictly obey the symmetry rules of Fd3m. Stoll et al (1964)

have reported a temperature independent contribution to the temperature

factor in Spinel. Grimes (1972) in his discussion of 'off centre'

. . 2+ +
ions suggests that the similarity of the size of the Mg and Al3

jons in Spinel make it difficult to identify off centre ion in the

material through observations on the Debye-Valler temperature factor

tut Hwang, Heuer and Mitchell (1975) nave observed the lines forbidden

in the Fd3m symmetry in electron diffraction studies of Mg51204.

for Mglr,0, using the ¥4 3m model.

°2 4

edral site ions are assigned positions

4.4.2 Structure czlculations

In the Fd3%m structure, octah

s 2923 ,7113 lv.Z’l; l’l’i;
%%% %§8 888 88 8

plus f.CeCo translations

and the oxygen positions are :
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fig.612. LoglL../1,) vs sin*8/ X for MgCr, O,,
Fd3m structure, u=0.387




plus f.c.c. translations.

In the ideal spinel lattice u = g-and substituting this value,

all the oxygen positions in the unit cell may be found, these are listed

in table 4.10 below.

Table 4.10 Oxygen positions in the Fd3m unit cell u= 0.375.

_i’_iv_i: 212,23 iszvi; _29_5_,2; A
8 88 888 888 888
TsTs15 195555 291535 555:1;3 B
8 88 888 888 8838
l!lsi, l’_]_-_s_iy _]_-,’:/_15_; _1.,_1_,1, A
888 888 888 888
}.7291; ivlsi; ,1_9_5_9_5_; J—;’_]_-,yl; B
888 8 8 888 888
isl!ls _5_1_1_9_];,7 isl,_]_—_; _5,!_];,1; A
888 888 888 888
112121 11_1_1_]_-,; _47_5_!_1,7 i,l,_}_, B
888 888 888 888
l;i!l; ls_is_]_;; __];sis_]y _]_-,’_5_’19 A
8§88 888 888 88 8
i!l!i; }_’is_:];y _1:_11’__]-_; _1_55_’2; B
888 888 888 8 8 8

In the F4 2m structure the oxygen and octahedral site positions
are described by the parameters Ups U, and u3 as is discussed above
in section 4.4.1. If we choose uy= %-and u,= %3 the oxygen positions
can be evaluated and it is found that those pééiiions in table 4.10
labelled A correspond to positions in the F4 3m structure with u, = '%,

those labelled B correspond to uzrz-%.

A similar analysis of the octahedral site positions in the Fd3m




13

44 . “1— ; b
structure correspond to Uz =-'% in the F4 3m structure, thus it seems

reasonable to suggest that Fd3m is a particular case of the FZ 3m

structure. All three u values in the latter can deviate from these

values given here in the same way that the oxygen parameter of spinels

varies from compound to compound depending on ion sizes and normality.
Figure 4.1% shows two elementary cubes (side ag / 4) in the unit

cell of the Fd3m structure in which the octahedral ions are denoted

as black circles. The oxygen ions (op?p circles) are labelled A or

B depending on which group of oxygen positions they occupy (see table

4.10). Shifts of these ions along a Dll] direction together with

a small shift of the metal ion as shown by the arrows in the diagram

will distort the figure to C5v symmetry.

The position of the octahedral ion can be>described in FZ 3m by |
using u ='% and a displacepent of this atom along a [ili} direction
will produce an 'off centre' ion as described by Grimes (1972).

Using this model and varying Ups U, and uB, uy and: u, being constrained
to displacements of similar size and u3 displacements being small,
values of I calc can be calculated and compared to the observed values
of integrated intensity.

A further constraint to the model is to keep those lines expected
on the ?Z 7m model but absent in the Fd?%m model, small, these lines
being (200),(420) and (600), as they were found to be absent during
the collection of the intensity data. If this model for picrochromite
is true, then values of Uy U, and u3 should give intensities for these
lines small enough to be lost in any background scatter which is always
present when observing X-ray lines.

It was decided to give u1 and u2 displacements of gimilar magnitude

to correspond to the oxygen parameter for MgCrzo4 found using the

Fd?m symmetry model and small variations of ug around'% in the calc-

ulation of the expected intensities. Fairly coarse adjustments of



fig.413. Displacements of ions around the

octahedral site in the F43m

structure.
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the values ol u ] 704 3 -
the valves of Uy and W, produced a result in which the B factor, taken

I's)

rom a plot of log (I cm et ainC 2
from a plot o “Obe(“calc / Iobs) against sin“® /A%, was found to

d 2
be around 0.5 A" with R factors of the order of 6%. This suggested

a3 Tiner ad £ - :

Pa%m. Finer adjustmer 0F Wy, U, and Uy dropped the value of B to
- 3

O.34 A and it = )cl?@e

icure 4.14 shows a plot of the final result in this analysis
which can be compared with fisure 4.12 which is a similax plot cale-
ulated from Fé%m structure. It should be noted that the scatier of
points abtout the line is as good as before indicating a reasonable
£it of the observed data to the structure chosen.

Table 4.11 lists the final results with values of u

-]
N
AN

to be compared 1o ithe observed intensities, the R factor alsc being
ineluded. Also in the table are the expected intensities of the lines

2 . be i s \

+0,1 A . The error estimaved Oy wrines (1972) in his infra-red data
L . r—.\2 L 41 4

determination of B is +0.,054 , tnpus there 1s an agreenment, within

experimental error, between these two sulte which were obtained from

the same sample .
i -~ . 1 it pav b that the Cr-

From the value of u, 1n table 4.11 it may be seen thatl the LT
ijon in the B site has been shifted slightly from the position expected
in the Fd3n structure in which the wvalue of u3 sould be 0.625: Uy lies
close to the Pa3m u parameter which has been found to be 0.387.

Using these paramelers, the velues of the Cr-0 distances were

PR

caleculated and it was found that there were three bonds of length

1.97+ 0.01 4 and three of lengih 1.94+0.01 A. These values for Cr-0
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Final theoretical and observed intensities for MgCr204

based on the FZ 3m structure.

nkl Observed intensity | Theoretical intensity
111 15880 17230
220 7130 7150
311 30240 26650
222 4060 4510
400 100000 100000
422 3480 3170
440 116000 117000
531 4320 4390
620 1870 1510
533 14520 14000
622 5500 7170
200 - 16
420 - 10
600 - 40

R = 3.1%

b e 0'3925 T o

. B=0.4 A
u, = 0.8575
uz =,O.6259

4.5 Conclusions.

Tn their analysis of X-ray results from this series Qf spinels
Grimes and Hilleard (1970) compared their results for the anomalously

high values of B with those of Cervinka (1965), who suggested that
bSs

distortions in the series anFeB—xO4 due to the presence of Mn”  ions,




76
was dque to the Jahn-Teller effect. However, it was known that Crs*

was not a Jahn-Teller ion in itsground state. The structure analysis

described in section 4.4.2 represented an extention of the original
analysis in an attempt to account for the large value of temperature
factor observed in MgCr2O4.

As has been outlined in section 4.4.1, optical studies on chromium
doped spinels (e.g. Poole, 1964, Ford and Hill, 1960, Lou and Ballentyne,
1968) have indicated that the site occupied by chromium ions was not
that expected in the Fd3m symmetry.

‘Having performed the structure analysis on the integrated intensity
results using refinements to the F4 2m symmetry, the principal conclusion
from it is that the diffraction measurements strongly support the
proposed changed of space group to describe the cubic spinel structure.
It is significant that the refinement according to ?Z 2m symmetry not

34

only provides a site for the Cr ion consistent with CBV symmetry

as indicated by optical data, but also results in a temperature factor
of a value usually attributed to thermal effects only and in agreement,
within experimental error, of the value calculated through infra-red
measurements.

The displacement of the Cr3+ jon from the centre of the octahedral
site causes lines of the type (hx0) with h + k =4n + 2 to become
allowable reflections. However the small displacements from the centre,
necessary in the refinement, gave theoretical intensities to those
(hk0) lines which may have been observed under the conditions in these
experiments, namely the (200), (420) and (600). These intensities
were too small for the lines to be‘seen above the background radiation
and in fact they were not observed. |

The intensity anomalies described in section 4.3.4 in which the
behaviour of the (220), (422) and (620) lines with chromium concentration

is discussed,lead to an interesting conclusion if the departure from.

Vegard's Law of the lattice parameter-chromium concentration plot is




7

jdered The maxim iati
cons . um deviation from Vegard's Law occurs around

the same concentration as the intensity anomaly for these three lines.

If the lattice parameter is larger than expected, then the octahedral

site will be larger, thus the octahedral site ion has more space which

would encourage any tendency that it may have to go off centre. In

the Fd3m structure, (220), (422) and (620) are independent of the
octahedral site ion, this assumes that there is D}d symmetry at the
site. However if the ion goes off centre, the contribution of the
B site ions to the intensity becomes finite but small and its phase
is in opposition to the additional contribution due to the oxygen
ion displacement described in the F4 3m structure refinement above.
This nett reduction of the contribution to the integrated intensity
is probably the cause of the minimum observed in the intensity of
the three lines cited above. With larger concentration of chromium
the deviation from Vegard's Law becomes smaller, thus the effect
described above probably occurs 1o a much lesser extent.

Grimes (1973) has noted that the conseguent displacement from
the centre of the site of the Cr5+ gives rise to antiferro-electric
properties in spinels. The structure refinement of spinel degcribed

here indicates a displacement of the Cr3+ ion to be about 0.0l K,

a value which is within the range suggested by Grimes to account for

these antiferro-electric properties.

sl v(.:‘
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CHAPTER 5

LINE PROFILE ANALYSIS

5.1 Introduction.

Before the analysis of the line breadths is described, observations
on the behaviour of the diffraction lines of the spinel iseries
MgAlz_xCrXO4 may be summarised as follows.

Firstly there is, as indicated in figure 1.5, 2 ﬁarked variation

in line breadth with chromium content. It was observed that the
line breadth increased with increasing chromium content and a
maximum broadening occurred at x = 0.5. Thereafter the width_of the
lines decreased so that HgCr204 exhibited very sharp profiles, comparable
with those from a well anhealed metal under similar experimental
circumstances. This variation was observed in all profiles from each
specimen, figure 1.5 showing the variation seen in the (533) profile
as a typical example, although the broadening behaviour was complicated
to a certain extent by the change in integrated intensity from one
sample to the next.

Similar variations in line breadths have been observed in metal

alloys like Cu,Au, the effect being described in Chapter 2; these

3
alloys contain anti~phase domains which cause broadening in 'super—
latiice' lines only. However in the case of the spinels used in this
study, no super-lattice 1ines were observed and the diffraction profiles
of the conventional spinel pattern were all broadened to varying degrees.
Thus in this case it appears as though particle sizg or strain effecﬁs
were present but in some Way dependent on the chromium concentration.

The purpose of the quantitative analysis was to investigate the

broadening further and to confirm if possible, the interpretation

in terms of particle size or to find the true nature of the effect.
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The investigation was initially carried out using an integral breadth
anzlysis to indicate the nature of the effect observed and this was

followed by a determination of more refined parameters using the variance

technique described in Chapter 2.

5.2 Integral breadth analysis.

The purpose of this integral breadth analysis was to obtain some
idea of the major contributions to the line breadth. Thus for example,
Langford (19682), after a suggestion by Mazur (1949), recommends a
plot of licos® against sin®, where Il represents a convenient measure
of the breadth. The possible results of such an analysis are summarised
in figure 5.1. The interpretation of the defect broadening may be
described as follows:

(i) poimts lying close to a line of zero slope (symbol
© in figure 5.1). The main source of broadening
is due to particle size effects from spherical
particles.

(ii) points with a large scatter about a line of zero
slope (symbol x); particle size broadening by
non-spherical particles.

(iii) points scattered about a line of zero slope with
a few points on or near the sin axis (symbol A )3
broadening due to stacking faults in a metal
1ike Cobalt for instance in which lines of the
type (001) remain sharp wnile others are broadened
when faults occur in the stacking of layers in
the close packed mefal.

(iv) points lie on a straight line with non-zero slope
through the origin (symbol E]); broadening due

to lattice strain.




McosH

A N Siﬂ@

o spherical particles

« non-spherical particles
a stacking faults

o strain

fig.5.1Plot to indicate cause of line breadth
(after Langford,1968)
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The case described by (iii) above is a mistake structure in one
dimension; however the case of line broadening in a material subject
to mistakes in three dimpnsions is not included in Langford's
discussion.

Following this suggestion, the integral breadths of each line
observed from each sample were calculated as outlined in Chapter 2.

These have been tabulated in table 5.1 below.

Table 5.1 Integral breadth (M) for samples lgAl, Cr O4
S e -x X

0K x < 2 (degrees 26)

0 0,125 | 0.25 0.3751 0.5 1.0 1.5 2.0

hkl

111 0.16 Ofl6 0.16 0.18 0.21 0.17 0.16 0.15
220 0.19 Ofl9 ‘Of19 0.22 0.30 Ot20 0.17 Of17
311 Q.21 0.23 0?22 0.27 0.34 0.22 0.20 0.18
222 Of25 0.20 0729 - - - 0.19 0.16
400 Of24 0.24 0127 0.32 0.41 Of26 0.22 O:QQW
422 Of28 0350 0.31 0.41 0.58 0.33 0.27 0720

511/ 0.34 0.34 0.36 0.50 0.62 0.39 0.29 0.23
333 '

440 0.39 0.36 | 0.41 0.60 | 0.88 | 0.44 | 0.30 0.22
531 0.43 0.41 0.47 0.53 0.42 0.47 0437 0.27
620 0.57 0.49 0.51 0.87 1.06 0.63 0.42 o.27’
533 0.64 0.57 0.65 0.99 1.29 0.74 0.44 0.32
622 0.69 0.62 0.71 1.01 1.17 0.76 0.56 0.34

2 2 .

A graph of lcos® against J (h2 + k% + 1°), a similar plot to that
described by Lengford with no instrumental correction was made for
MgCr204 and is given in figure 5.2. The result is a set of points

2

scattored about a line parallel to the (h2 + x° + 1%) axis. This

is similar to the plot expected for a sample subject to particle size




J8}

Mcos8 (deg?26)

Jor

19

‘15

F

9

It

-]}

fig.5.2 Langford plot for MgCr, O,
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The 1ntegral breadths of t e

were corrected for instrumental

For this purpose it was assume

.convincipg, due to th




Where L

in figure 5.1, the

the particle size.

Inspection of

h -should be parabollc° Such plotswere in fact plotted and are shown

in figures 5.3a to 5.3z and in each case the Suggestion‘of the points‘

lying on a curve is evident. Further plots ofi gb ag

made (figures 5.4a to 5.4g). As the bread s have b ent/or ected

rlots should, if Vogel and Hosemann

through'the origin,

lationship but there is a large scatter about any straight

may be drawn through them. Moreover, th

very small and rather similar to those fro

51lhouettes of partlcles from all elgnt spe01mens were obtalned by

electron microscoy; These suggested a par e 31 e 'f‘about 104
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i.e. a particle size which would giv

ening. The silhouettes showed an almost squaxr:

It is interesting to note here that Spin ] 1;1204) ibehaVef_s .
in a similar manner to the chromium doped,sbiﬁ/ ln/tﬁis~anaiysis.
In plotting Mcos6 against h, a non-linear relatidﬁéhiﬁfis.indicated,
this suggests, according to Cervinka et al that there may be'distoftionﬁ
in the lattice of this material. Also of interest is the fact thét
MgCr204 appears, from this analysigg to be free from lattice distortions
although structure determination on the basis of Fd3m symmetry which
leads to the high Debye-Waller factor of 1.1 32 would indicate the

presence of some distortions (see Chapter 4).
The slopes of the plots in figures 5.4a to 5.4g are functions
of the statistical variation of the distances between distortions
(Vogel and Hosemann, 1970) and these have been calculated for the
seven samples and are given in table 5.2, TheSe%aféisiﬁilar iﬁ'
magnitude to those found in the spinel series Mh;Fe

3_x04'”by Cervinka

et al (1970), the maximm fluctuation occurring at x= 0.5,

2 .
o
Table 5.2 Values of &4 xahtaken from the slopes of figures

. o2 , ‘
5.4a to 5.4g in A mrM@%%fgp4(o<x(z)

x 0 0.125 0.25  0.375 0.5+ 1.0 1.5
zxzxa 1.1 1.0 1.3 3.6 Lo 156 0.6
(A%x10%)

5.3 Variance analysis.

5¢3.1 The data and its reduction.

As has been described earlier (Chapter 3) the data for this analysis



was gathered in the form of intensities

at intervals of 0.02°26 across the profile, Mo give an

of the extent of

observed, the profiles for the two samples MgCr20 and HgCr

4 0.5" 154’,_
are shown for the purpose of comparison in figures 3 2a to 3, 2k, these
being the results observed and fed into the computer for ana1y31s."'
From these figures it can be seen that the broadening of the mixed .
spinel specimen lines is very extensive, also to be noted is. the
increase in general background of the profiles with inéreasing chromium

conteﬁt.

The computer program described by Hilleard ang Webster (1969)
was used to analyse this data and to calculate- the variation of variance
(er) with range of calculation ( A 28) across a profile and also
the corresponding variation of centroid with range. The latter was
also used in the lattice parameter calculations in Chapter 4. These
variations were calculated assuming different background levels afier
the method of Langford and Wilson (1963). The optimum background

gives a linear region on the W against A29 plot.

26 Figure 5.5 shows ’
typical curves obtained for MgAl, Cr_ O (x=0.5) for the (533) proplle,v
of the variance-range plot calculated as outlined above., The line
marked A is taken as the optimum background, those lines below show
the effect of choosing the background too high, those above shpw the
effect of background too low. In both cases higher ordei terms in

A 26 are added to the variance (Langford and Wilson, 1963),

From these results, plots of W againstV(KZQrwe?e;médé and figufes
5.6a to 5.6k show those corresponding to the pgéfiles in figures 3.2a
to 3.2k. V

When these variance-range graphs were first plotted it‘was noticed

that some showed a distinct step part-way along the straight portion,

but the cause of this effect was not realised at the time. The
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phenomenon was subsequently explained by‘Lah ford as éﬁislng_ler
presence of satellite lines on the low anglé sidé of theuKd,peaku
similar step effect has also been observed wﬁen the:K}sicontribﬁﬁy,n
of a‘strong higher order line coincides with! the tai]l region of the
line under investigation., TFigure 3.2f shows the (511)/(333) profile

for MgCr204 and the enlarged low angle tail section in which the sat-

ellites occur is shown in figure 5.7.

De3.2 Correction of the variance neasurenents.

Wilson's theo§¥.equating the variance of line profiles to the
crystallographic properties of the substance (1961,1962 and 1963)
suggests that the variance of the line profile is a linear functionl
of the range over which the variance is calculated. However the variance
slope and intercept of‘sucﬁ 2plot from a real profile have to be

corrected for the effect of truncation of the rofile. This is necesss
p ry

in the calculation of the variance as it causes the apparently linear
portion of the plot to become asymptotic to the expected line. Cheary
(1971) has given a detailed theoretical discussion of this analysis
and has indicated the effect of various degrees of‘broadening of the

line profile on the variance slopes and intercepts.

For instance a variance-range plot calculated according to Langforq
and Wilson (196%) may have the appearance shown by the solid line
in figure 5.8. The correct slope is given by the dotted line and
the observed line becomes asymptotic to it and theéfefiéally reaches
it at infinite range. Now the slope and intercept given by the straight
poriion of the solid line would not be thé true valugs, the slope
would be too large and the intercept too low.

A fuither complication is introduced by the presence of the satellites
as described above. A step is introduced into the linear portion of

the characteristic and the line becomes asymptotic to a line whose
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slope is the same as the expected valy but th

what higher,

these'profilesr

being simlated Cauchy curves of the CrX, doublet using parameters
described by Parratt (1936), This analysis was developed after the

data for this study had been collected and analysed. So it was decided

to correct these results by a graphical method based on Cheary's more
rigorous calculations.

Figure 5.9a and b are the variance range plots calculated for the
simulated'profiles shown in figures 3+5a and b, The dotted lines indicate
these calculated values. The straight portions of the characteristics
indicate slopes and intercepts slightly different to those calculated,

A graphical relationship ﬁas drawn up of the calculated value against
the épparent value of slope and intercept from these simulated profiles,
The values of slope and intercépt taken from the variance-range chara-
cteristics of the spinel profiles were then corrected using the graph-

ical relationship described above after converting them from degrees

20 to mi,

D5e¢3.3 Choice of reference sample and its analysis.

Of the eight specimens prepared, two were nominally pure spinels,

i.e. ¥gAl, 0, and MgCr2O4, and would be expected to produce line profiles

274
which were subject to instrumental broadening only. However, inspection
of the profiles from the two materials showed that those from MgA12O4

were substantially broader than those from MgCrQO Those from -the

4°
latter material were in fact extremely sharp as indicated by the marked
resolution of the ch - tX2 doublet in the medium to high angle lines.
On the other hand, MgAl2O4 has been reported as partially inversed‘

(Bacon, 1952),(Stoll et al,1964) and it seemed possible that this -

inversion could lead to exira breadth in dits lines (however, see Chapter 6).




regularly with increase of angle of diffraction, The angular variation
of the.intercept function has been confirmed by Langford (1968a) in
an anzlysis of profiles from amnealed nickel while Cheary (1971) found
good agreement with the predicted angular variations of both slope
and intercept using lithium ferrite.

The reference material for the present experimenté was chosen
to be MgCr204 because of the difficulties with Hgﬁ1204 described above,
Additional evidence of its suitability was sought by plotting the slopes
and intercepts of the variance-range characterisiics against 26 to
test them against Wilsons theory. Figure 5¢10 shows an angular variation
similar to that predicted-by the theory although these show some deviations
from the smooth curves which may be attributed to experimental errors.
The expected result being a smooth variation, the values of slope and
intercept for the reference specimen profiles were taken from the smooth
curves in figure 5.10. The profile data for MgCréO4 and the values
taken from the smooth variation with 26 in figure 5.10 are listed in

table 5.3

5.%.4 A note on the selection of background level.

The intensity data were analysed to produce variance-range curves
for various assumed levels of background. Inspection of these curves
indicated that over a range of background levels it was difficult to
choose the correct background owing to the fact that the curves appeared
equally linear over the required range from the ‘'knee', figure 5.9, to
the step due to the presence of the satellite lines. To overcome this
problem it was decided to take the data from each of the linear portions

and perform a least squares analysis on these to calculate the slope



S N e e e

slope ([deg 28)

/
S slope /
N Ty
)] *x
@
g /
= ) !
I
N 8 /
:Q—i /
c /
/
/
/
4 v
X / / o]
- 10 x/ .
P /
s )
— > loXd o]
— e
e ) e o
- INtercept
(o} — o
,,/-//‘3. Oo
° d@g 28
23 o %o 3o 0s 5 o

fig.5.10. Variation of slope & intercept with

Bragg angle for profiles of MgCr,0,



and intercept for each set of data and also tc caloulate.the-eoxiélaﬁigﬁ

coefficient in each case.

Table 5.3 Slopes and intercepts obtained from the profiles of MgCr204.

f - Slope Intercept |corrected slope | corrected

f A28 %107 (A26)%x107 Ase w103 | intercept

; (A 20)°x107

31 111 5.2 2.7 5.8 1.2

3; 220 7.6 2.0 7.6 2.0

5; 311 8.2 2.1 8.3 2.5
222 11.3 1.7 8.3 2.7

% 400 10,1 2.9 9.4 3.3

ﬁ 422 22.3 0.8 11.8 4.6
511/333 11.8 6.0 12.8 5.2
440 16.3 7.0 16.3 6.2
531 16.2 5.3 18.0 7.4
620 24.9 7.0 23.8 10.0
533 24.6 12.5 274 12.0
622 41.4 11.2 29.0 12.4

The correlation coefficient was used as a measure of the liﬁearity
of the data. This was considered valid in this analysis as the relation-

ship being investigated, i.e. W,, against 428, was a linear one over

20

the range considered and the higher the value of r the better the

linearity of the data. Thus for each profile analysed, for each assumed
background level, a value of slope, intercept and correlation coefficient

(r) was calculated.

.
g
=
|
;2;
.

A plot was made of the correlation coefficient against the back-
ground level used in the varianced calculation. Provided the background

levels were chosen carefully, this plot gave a value of background at
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vwas a maximum, typically r had a value of 0.999 and bettier.
e of background was taken as the optimum value. Plots of

P B N A s
slope and intercept against L background could be used to interpolate

for those values corr i tl
f tiose values corresponding to the optimum background level (see

. - M S e o Y R o~ .
figare 5.11). This method of choice of background was similar to that

<

P bl ~ A ~ - -
used by Langford and Wilson (1963) in their ena lysis of profiles from

ot

aluminium and nickel samples.
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factor is the same for each sample, and the difference between the
variances of the reference specimen and the broadened sample may be
celculated before conversion. In this study however the reference
and test specimens are chemically different and corresponding lines

are displaoed from each cther owing to the differences in the lattice

constants, i.e. 8,101 A for the specimen in which x=0.125 a 89)53

)

for MgCr O the paremeters for the remeining samples depending on the

IS _2
Z

+ - ~ . ~
Cr’" content. It was therefore necessary to convert both reference

and broadened variances to "before the residual slopes and intercepts
were calculated as the angular factor varied from sample to sample

for corresponding profiles. These values are listed below in tables
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Mo 5 Besidua nes of + i
Table 5.4 Residual slopes of the chromium doped spinels.

P A

units A Tx10%

NG ”osm:w 0.25 0.375 ..

hyl\\\\\ p 200 0.5 1.0 1.5

111 2.7 0.9 461 —__;:; 0.3 1.0

220 4.0 3.8 4.1 11.9 8.3 0;7

311 22 1.5 2.7 5.0 2.4 0.3

2202 17.1 35.8 - - - 15.2
400 3.7 3.2 9.3 10.0 1.2 1.7

422 5.7 6.% 22.4 22.0 10.7 13.6
511/3%3 5.6 3.1 24.0 35,2 5.9 0.4

440 1.0 2.2 11.9 20.8 6.2 1.9

531 17.4 15.2 15.4 40.4 19.8 10.9
620 11.3 20.6 45.7 53.2 14.6 8.3

533 9.3 6.9 355 51.8 13.6 12.9
622 18.6 26.7 27.8 47.5 15.5 7.8

5.4 Discussion of the variance results.

The results given in table 5.5 show that the intercept takes both
positive and negative values. This variation in sign eliminates particle
size broadening effects as this is predicted by Wilson to produce negative

.
L

values only.
Strain effects, when small, produce a contribution to the variance
intercept only. Inspection of table 5.4 indicates the slope values
for all specimens to change as well as the intercept. Thus the cause
ing in these samples probably arises from effects other

of Ybrosdening iz 1

than strain only.



— .

Hesidual intercepts of Cr3+

6

4&6péd spinels.

-

units A 2x10

111 220 | 3. 2.6 7.1 4.1 2.1
220 ~0.7 | -0.6 1 1.9 ~2.1 | ~0.4
311 ~1.9 0.8 | 7.3 12.0 0.6 | -0.1
222 -3.8 -10.8 - - '- -3,8
400 -0,2 1.0 1.5 11.9 2.2 | =0.5
422 0.3 1.4 ~2.8 6.7 -0.3 | -3.3
511/333 f 0.9 3.7 0.4 ~3.8 2.0 1.6
440 4.2 4.0 4.1 14.0 2.6 1.4 |
531 ~4.7 1.1 1.6 -11.9 | -4.7 | -1.8
620 “1.7 | -4.8 ~19.5 20,2 | -1.5 | -0.3
533 0.5 367 -12.3 ~16.4 -0.2 -0.4
622 -3.5 | =7.3 -6.0 -15.8 | =3.5 0.6

f';
|

The contribution due to strain only is a term which is proportional
to the square of the tangent of the angle of diffraction, thus it
becomes large at high angles. In the case of a specimen containing

2in, the contribution due to particle size changes

v}

particle size plus str

o

as sec ©, which at the higher angles varies in a very similar manner
to that of tanz@ but with opposite sign, thus with the presence of
particle size and strain the intercept term contributions tend to
cancel each other. The slope term increases as sec8® i.e. a smooth
variation with angle of diffraction. Inspection of table 574 shows
that the slope values for all spécimens do not show this smooth
variation.

The conclusion to be drawn from these observations is that the

origin of the broadening in these chromium doped spinels is not due




to particle size, strain or a combination of the two. The remaiﬁing

source of broadening ‘o be considered isg mistakes,
Ty . 4 Y .
Wilson (1905) has showm that the variance of a line profile,
. 3 3 V, P .
corrected for the various constants, from a sample containing a mistake

structure is

, ’
y S a Hos ¢ a n s Q (0) ....5.2

et

The symbols have already been defined in section 2.3.3%,3, Bquation
5.2 does not explicity give the mistake structure; in practice a model
mist be assumed, values of Ja’ JS and Jn calculated according to this
model and substituted into the equation. This must then be compared
with the results obiained from experiment. The difficultsy in this

Y

study wes that no clue was provided by the experimental results which

b4y

could lezd to possible models for the mistake struciture, unlike other

studies of this kind for instance in Cu,Au in which superlattice lines
3 I

oecur, or stacking fault studies in Co in which lines of the type

(001) are unaffected. In the case of mistakes occurring at random

it can be showm (e.g. Grimes, 1968) that equation 5,2 reduces to

- 2
Js B Ja Ns - Js - Iy

i o
- J

V{ :: .‘l..'.d5‘3

Thus the intercepts given in this case are all negative. Purther

there is a direct relationship between the slope and intercept of

this expression such that a plot of the slope against the square root

of the intercept would give a straight line of unit slope through

the origin. The values listed in tables 5¢4 and 5.5 show the intercepts
to take both positive and negative values, and although the slope

has 2 similar value to ( [interceptf )%, 2 plot of these gives a very
wide scatter of points about the expected 450 line. TFigure 5.12 is

a typical plot for 1igCrAlC, showing in fact that in some insiances
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here is a de © marnityug . g - :
there is an order of magnitude or more difference between the two

L Le

Hguation 5.2 may be revritten in the form

Thus the intercept is of the form
/
(r - slope ) . Q (O)
; / . .
where Q (O) 1s always positive.
If P is positive and larger than +the slope, which is also positive,
the intercept will have & positive value. Because of the relationship

between slove and interc

[¢)]

pt given above, the intercept will have a

-
i
=

magnitude which will decrease as the slove increases and vice versa,

i.e. the value of the intercept will reflect the variation of ihe
slope in going from one profile to the next orovided it can be assumed
that P changes at a slower rate than the slope. Thus if the slope changes

value from one diffraction line to the next, this change could affect

the intercept valueof that line. This effect mey be shown graphically
and figures 5.13a to 5.13f show these plots for the chromium doped
spinels in this study.
The slope and intercept data are plotted on convenient scales
to show the variztion of slope and intercept as the order of 'reflection!
increases. The 'mirror' effect occurs in all cases which tends to
confirm that these materials possess a mistake structure of some kind.
The scales used in figures 5.1%a to 5.13f to show the mirror effect
are of different orders of magnitude, and it seems +that this difference
mst be connected with the value of Q/(O), In each case the difference
in order of magnitude of the values of slope and intercept is of the

order of 1/100. The magnitude of J, = I, and  J_ =T, are

TJ TJ
S S

Probably of the same order, the difference in the sizes of slopes and
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intercepts being accounted for by assigning a walue of about 1/100

4 -
Mhe ) r ) / 5 &
to @ (0). The actual value of Q"(0) provably varies from profile to

profile but also probably not +o any great extent as ﬁhe mirror effect
appears so markedly for each sample.

A point to notice from the enalysis is that a plot of residual
slope against chromium concen tration for all profiles shows in general
terms that for smzll concentrati 1ons, the slope has small values which
increases 1o a maximm at x = 0.5, thereafter fall drastically to values

similar to the low concentration values at x=1.0. This effect is

—

indicated in figure 5.14a and 5.14b for all profiles.
A similar plot of residgual intercept against concentration shows

an opposite effect, i.e. the intercept decrezses o a2 minimum value

at x = 0.5 and increases to x=1.0 as would be expected in view of the

. 7 - .
Lewis (1945 and 1967) has observed through electron microscopy

the presence of anti-phase domzins in sinzgle crystals of .”4

4

Also Cheary (1971) has showm that chromium doped lithium ferrite also

(D

contains anti-phase domains in which the chromium ions accumulate at
the domain boundaries. He found that the super-lattice lines were
broadened to an extent which depended on the size of the anti-phase
domains, i.e. the super-lattice lines exhibited 2 'particle size!
broadening where the particles concerned were the anti-phase domains.,
The variance slopes of these super-lattice lines were shown to be
functions of the lliller indices and the domain thickness which depended
on which planes the domain boundaries occurred.

However in this study of chromium doped spinels, there were no
super-lattice lines observed end the usual spinel lattice lines were
all broadened. Despite this complication, it was decided to attempt

to fit the variance slopes observed with one or other of the models
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of domain structur b . : : il
. Structure Y Cheary as the lack of super-lattice
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lines made it very cifficult to choose a rarticular model with any

confidence,

T
4

fodels which could be useq were

—~
—

i) slope

S

for domain boundaries on (100) vlanes;

(ii) slope g jgh;j?k

for (110) boundary domains;

(iii) slove 16h ifTh2 k41
3V 3H . Tlll
or slope 8 (h + % 4+ 1 ifh<k+1
3 3N, Tlll
for (111) boundaries domains;
(iv) slope 4

3T

when the domain thickness is independent of direction
(Cheary, 1971)
TlOO’ TllO’ T111 and T are the mean distances
between domain boundaries.

Inspection of the functions of (bx1) above shows that some have
similar characteristics as the variance slopes found in this study,
i.e. they have values which behave in an irregular vay as the order

Fal

of reflection incre sesj in fact similar to the behaviour of the slopes

)

indicated in figures 5.13a to 5.13f,
It was decided to test whether any of the models (i), (ii) and

(iii) above would account for the resulis observed in these experiments.

Values of TWOO’ Tl]O and T,,, were determined for each of the profiles

for each sample. A mean value of Tb“l was calculated for each sample



the

relationshi v ot 4 4 it &
elationship below +o give the mean deviztion (o) of

T Irom the mean e 4 ‘s ;
hk1 ¢ mean; a measure of the validity of the model could bhe

determined,

_ 100 _
o = gn%ml ~ T %
nkl

vher st T 0f profi i
where n is the mumber of profiles used in the calculation

of the mean value T
nkl

. .
Ty 15 the thickness calculated from the (hk1) profile.

ted in table 5.6 in which +the

values of ¢ are included.

Table 2.6 Hesults of the anzlysis of the variance slopes in terms

of anti-phase domain nodels.

x 0.2 0.25 | 0.375 0.5 1.0 f 1.5
oo / & 480 600 240 250 1060 | 1440
Oioo % 70 88 76 99 110 109
1o/ §j~A&%«—§5o 1110 480 450 1820 2850
O 0 68 80 76 116 114 104
T, /& 600 760 320 320 ! 1380 1920

111 % 71 88 79 103 1 122 112

It can be seen from the the table that if the materizls contazin an
anti-phase domain structure, the results follow a pattern which agree
with the observed broadening i.e. the smallest domain ﬁ?ickness corr-
esponds to the sample exhibiting the greatest broadening of profiles.,

However the values of & are all exiremely large indicating the models

y

chesen do not account for the results exiracted from the variance

analysis,



S & pure spinel which until relatively recently
- :

Ir . ~ Y TY . $ . .
was 15 s uo be normal. However neutron diffracticn studies (Bacon,

Nave shown this material to be partially

my ST ae 3 S
The profiles from a pure crystalline substance would be expected

a4 s

to have sharp 43

‘ticle size and strain effects

were small, Inspection of the profiles from this material shows them

ion being confirmed

rel breadth analysis, and a variznce analysis was carried
out on this sample in an exactly similar menner to that used on the

profiles from the chromiun doped spinels.

Table 5.7 gives the results obtained from Mgh 120 r the residual
slopes and intercepis for 211 profiles. Comparison of these results
and those from the chromium doped spinels shows them to be of the same

form, i.e. that residual interceots tazke both positive ana negative
values, and that there is a similar diffe ence in magnitude of slopes
and Intercepts as in the doped spinel resulis and the mirror effect

appears in thes sults als

©
u"

Figure 5.16 shows the resulis for Lg&1204 in a graphical form

which shows the similarity between th ese results and those from the doped
spinels.
It may be inferred from these data that the source of broadening

in IigAl 0, is something other than pariicle size, strain or a combination

274

of both, The broadening maey be due to the effect of the partial inversion

of the spinel associated with mistekes in the form of partial occupation
- . A4 £~ Y, e A 5+

of A and B sites by ions not expected to be found there, i.e. Al

ions in A sites and Mgz+ ions in B sites; this mixture is difficult

-ray measurements due to the similarity in scattering

LA

to determine by

rower of both these ions.
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Nesidus ;
itesidual slopes and intercepts for

hkl Residual slope Residual intercéét.
A x10t 32 y10°
111 0.6 2.9
220 0.4 0.2
311 0.6 0.2
202 2.7 -0.2
400 1.4 0.6
422 5.6 ~0.1
511/333 2.9 .3
440 3.6 2.4
531 5.8 2.0
620 14.7 =38
533 9.8 0.6
622 21.8 =544

A further possible cause of broadening may be the presence of
stacking faults which have been observed in single crystals of HgA1204
(Lewis, 1966) which can cause diffraction line broadening (Paterson,
1952). However these are tentative suggestions and more work is clearly

necessary to determine the exact nature of the source of broadening.




CHAPTER 6

QUENCHING EXPERTDMIENTS

BROSHT

6.1 Introduction.

The analysis so far described relates to samples which had been
slowly cooled afier sintering at a high temperature. With this method
of preparation, effects arising from excess vacancies, strain and in-
homogeneity have time to anneal out and the final products are, as
far as possible, well ordered. However, the nature of the sintering
process is such that it is always possible that annealing is incomplete.
For this reason it seemed desirable to subject certain selected samples

P . . . L.
to additional treatment in order to investigate further the stability

e}

i»]

ble

=

of the siructure giving rise to the line broadening and i 0ss

bes

=0

to gain more information zbout this structure. This chapter descr
results from these further experiments in which some specimens from
the original samples were allowed to ?each equilibrium at high temperature
once again and then suddenly quenched.,

The quenching apparatus was simply a vertical tubular furnace
in which the sample was suspended in a metal basket in such a way that
it was an easy task to cut the suspension to allow the basket and sample
to fall directly into a dewar of liguid nitrogen without making contact
with the walls of the furnace. In this way the material was quenched
from the high furnace temperature to liquid nitrogen temperature in
the shortest possible time. EBquilibrium at the eleveted temperature
was achieved by keeping the sample at that temperatufe for six hours
before quenching.

Ligquid nitrogen was chosen aé the quenching agent because:

(a) its low temperature gave as large a drop in temperature

as was conveniently possible for each sample, and



the sample would not be wetted by it. For instance,
1f water had been used, the problem of drying the material
would have to be overcome, whereas with liéuid nitrogeﬁ,
once the sample had reached thermal equilibrium, it was
a simple matter to remove it from the liquid which evap-
orated completely with no drying complications.

Any differences which may have occurred between the slow cooled
samples and the hot sample were assumed to be'locked in' the lattice
during the gquenching process and annealing out of these by aging was
assuned to be very slow so X-ray diffraction measuremnents on these
quenched seamples, taken at room temperature, could be assumed +to be
of a sample at the elevated temperature, despite the length of time
necessary to take these measurements. This is in contrast to the
case in quenched metals which will quite quickly age anneal and changes
in the structure that may have occurred will crystallise out in a

very short time. In these oxide samples, the bonding between ions

is much more stable and ény faults introduced into the structure tend
to remain.

Lattice parameter, structure determination and line broadening
analyées were performed on the X-ray results from these quenched samples
and were compared with those from the slow cooled samples described

above.

6.2 TResults from cuenched sample with mixed composition.

The sample chosen for quenching was MgﬂlCrO4, i.e. the specimen
in which x = 1, as a representative example of the chromium doped
. o
spinels. The guenching temperature chosen was 1100 C.
4 powder photograph of this quenched sample showed that only
the spinel phase was present. A diffractometer specimen was prepared

in an exactly similar fashion to that described in section 3.2.3% and



the X-ray line profiles ob

4 > » 3 - : ‘ ’
vained as before, The data collected were

vaod @ i + 1 a : :
analysed as before to glve Ior each profile at each selected background

} -.L°~_‘, . . .
level, the total intensity of the line, the variation of the profile

varliance and centroid with range of calculation,

6.2.1 Tattice pareneter determination.

- - b " . ) N

Using the centroid versus range results extracted from the profile

FaRN a4 sl : > .

data, the profile centroid vas selected in the fashion suggested by
Pike and Wilson (1959) and described fully in section 4.2.,1. This
value of centroid was corrected for the various instrumental aberrations

7 7~ o N . . .
(Wllson, 1903) and figure 4.4 indicates how these vary with angle
of diffraction,

- The corrected centroids were then used to calculate the lattice

paraneter (ahvj) for each reflection in the usual manner for a cubic

terial. 41 . . L2 . 2
material, then a plot of &1 against cot ™8 extrapolated to cot“6:=0
was made to determine the intercept, this value being taken as the
lattice parameter of the sample,

Table 6.1 lists the fully corrected centroids and lattice para-~
meters celculated for each reflection, this latter quantity being
calculated using the centroid wavelength as described before. Figure

) , 1 : 2 + - + P
6.1 shows these vzlues plotied against cot 8; the extrapolated value

o - A . N
a_ taken from this graph was 8.220 A . This is to be compared to the
O - .
(=3
value obtained for the unguenched sample i. e. 8,212 A .
An expansion of the lattice is indicated by the results for
a from the guenched and unguenched semples. If this were to be
o * : -
explained in terms of a linear expansion due to the temperature
difference using the value of the coefficient of linear expansion
A =7 x 10—6 per degree (Beals and Cook, 1957), a change
times vigger than obzerved is expected.

exparsion may be that at the elevated
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temperatures there may be vacancies occurring which are 'frogzen! in

by the auenching Process, this is suggested by similar results from

lattice parameter observations in metals at elevated temperstures

(Simmons and Ballufi, 1960). However vVacancies in metals tend to

ammeal out quickly at room temperature wvhereas in materials like spinels

are unlikely +to be very mobile

o Migration energies of ions in similar
substances as these spinels are cited by Grimes (1972) which suggests

thet the assumption taken above is a reasonable one,

Table 6.1 Corrected centroids ang values of 2] for MgAlCrO

quenched from 1100°C,

hk1 )- corrected centroid 819
g Adegf 20 5
111 h-“_ﬁﬁ 28,344 8,107
220 ! 46.613 8,189
311 / 55196 8,201
400 67.852 8.210
422 / 86,180 8.215
511/3%3 92.861 8.215
440 104.109 8.217
531 111.131 . 8.217
620 12%.630 8.220
553 132.099 8.219
622 135.194 18,219

Figures 6.2z to 6.2c show a few of the profiles obtained from
g a
. . ,
both guenched and unquenched samples. Obvious differences are that
1 < snifted to lower angles, in accordance with
the guenched pezks have snifted Wer g 5 .

the larger lattice parasmeter for this material, also the general back-
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ground levels of the quenched specimens are higher, but absolute peak

intensities remain substantially the same. These observations are

of a general nature and hold for all the profiles measured.

6.2.2 Intesrated

5

£y

intensity measurements.

For the purpose of comparing the quenched and unquenched structure,

it was consi

+ .
Cr3 ions d

in Chapter 4

) . . 4y s . . : _ .
table 6.2, the velue of R being 2% which indicates a very good fit

of the data

Table 6.2

e L

ituted at random over the octzhedral sites a2s described

adequate to refer

for the model chosen

Integrated intensities for quenched 1igAlCrO

. . %
0 Fd3m symmetry with Al3 and

final results obteined on this basis are given in

These

The value of B quoted in the table was one used to correct the observed

4

! 7
el | Observed intensity Calculated intensity
111 71390 7420
220 6260 6550
311 20400 20400
400 73900 13900
422 3890 3460
440 104400 100100
531 2250 2480
620 2770 2010
533 10780 11000
622 53250 3060 ]

R 2% B 0.75 &°

results indicate that u = 0,337, as in the unguenched sample,
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intensities for the temperature effect in a computer program. The

accuracy expected for B is of the order of +O 1 A thus thls vaWue

agrees, to within experimental error with that obtained for the un-

quenched sample i.e. 0,8 EQ.

These integrated intensity calculations indicate that the structure

of the sample HgAlC rO/ was substantially unchanged by heating. Thus

-

an apparently negligible change was produced in the distribution over

tetrahedral and octahedral sites. In several spinel materials, quenching
. . . | 4
is known to encourage inversion ( see Chapter 1) but then Cx” has

the highest known preference for the octahedral site (¥ cClure, 1957).

The present results add further confirmation to this conclusion.

6.2.%3 Line breadth analvsis.

A variance anzlysis was carried out on the profiles of the guenche
specinen in a similar manner to that performed previously on the un-
quenched sample as described in section 5.3. The new results were
compared with those obtained for EgAICrOA (unqueq?ned) and table 6.3

. A
shows the fully corrected residual slopes and intercepts for both
gquenched and unguenched samples.

These results have been displayed graphically in figure 6.3.
The slopes and intercepts have been plotted on appropriate scales
against order of diffraction. ihen compared with the similar plot
for the unquenched sample (figure 5.15f) it can be seen that the two

) )

plots show a marked similarity. The mirror effect is seen in each
case. This again seems to indicate that the quenching process did
not substantially alter the mistake structure in the material. This

is unfortunatc in some respects in that a more substantizl change

would have been nore informaiive concerning the nature of the structure




Teble 6. 3 Fully corrected residual slopes and 1ntercepts for
MgAl1Cx0 4
hkl MgAlCrO4 Quenched § MgAlCrO4 Unguenched |
Slope rinté;éept | Slope ! intercept
a0t £%a0b Aihaot | 372000
11 2.5 | 2.2 0.3 4.1
220 6.2 | -1.3 8.3 -2.1
311 } 3.2 : 2.7 2.4 0.5
400 6.8 | ~0.4 172 2.2
422 20,0 | -6.3 10.7 -0.3
511/ 4.3 3.6 5.9 2.0
333
440 8.7 0.8 6.2 2.6
531 18,0 ~4.4 19.8 -4
620 16.8 -3.5 14.6 -1.5
533 2070 4.8 13f6 -0.2
622 29.5 -9.8 15.5 ~3.5

6.2.4 Discussion of the results from HgAlCrOd(quenChed).

As far as could be determined by the integrated intensity and

variance analyses, the sample IgAlCr0  wves structurally substantially

4
the same whether quenched or not. The u parameter and the Debyewﬁaller
factors in the iwo samples were found to be unchanged, the Variagoe
analysis gave a similar result for each although there were some changes
in the slopes and intercepts of the variance-range vlots. The overall
impression however was that there was little change. This observaticn

<4
L

ends to confirm that broadening is not due to strain for quenching
would probably incresse this and consequently increase the line breadth.
Y .

Lattice parameier measurements indicated a slightly larsger unit

cell in the guenched materizl, the expansion possi to

,—J
o’
—
<
o’
(D
::5
oy
o,
o
)

the presence of vacancies.
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6.3 Resulic obtained from quenched MgAle .

4

-

Luﬁlgo has begn investigated by Brun et al (1960) using nuclear

quadrupole resonance techniques to determine the distribution of the
metal ions on the A and B SLLeo within the lattice. Their results

h!

indicate that there is a change in the distribution above SOOOC. It

was decided to quench a sample at temperatures above this value in

an attempt to change the structursl properties and to check the result

quoted by Irun et al.

b}

erial v

S‘J
<_"1-

ures at wnich the m

t

The tempera ts quenched were 1100°C

o . . o . s . . 2 . .
and 900°C, the method of guenching oeing that described above in section
6.1. Similar analyses were carried out and the results again compared
with those obtained from the unquenched material.

nation,
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6.3.1 Latti

The lettice parameters for both cuenched specimens were detetmined
as before from the corrected centroids. Table 6.4 gives the fully
corrected centroids and lattice parameters calculated in the usual manner
for cubic materials for each diffraction line. Figures 6.4z and 6.4b
show the result of plotting ahkl against cot28 to determine ao.

A comparison of these two graphs with the similar one for H5A1204
unquenched, figure 4.5, indicates that the points are scattered more
widely about the line in the quenched samples than in the unguenched
material, However, the resultant lattice paraineters are not significantly
different from each other (both 8.080 A) or from the unguenched material
for which an identical result had been obtained earlier.

An interesting feature emerges vwhen the position of the diffraction
lines are compared with those found in the unguenched sample. Figure
5.6a and 5.6b show the relative pésitions of the guenched lines and
the unguenched ones. The expected line positions are indicated by

ions of ithe gquenched lines

vertical dotted lines, the actual posi




8-100 e

— = X X oy e g el
MgAL0, (Q3800 C)
— F050 L
o<
cj—t
E I -}
2 4 o:z o‘»g o'-é 9"‘3 lfo 1/-2 oy
= cot' B
-
o
o fig 6.4.0
O
)
O
©
— §elo0 ¢
O
@
i -
——U; T T S SV S SRS SRR
:3 K
©
®,
Q
MgAl,0, (Q1100°C)
o otz ol- & oié 0|- g /-’0 7-'14

cot™e

fig.6.4.b. Lattice parameter determination

for quenched Spinel.




e et kg et e e e o e R O
= Temaaea T e

! ' i ! i : i
| ! ! L ; {
<= P @-_: < <d < i
! | | } | ﬂ 1
! L1 I ¢ v < C j\L (f( jll (L : ; AY
(o) T ETY Y @ra) Y koe) Y (waz) T (s16s)
i ‘ ! | '
{ t i {
<« - r= T .
i 1 {
i (f ﬂ: re ﬂ i i A Ves AA
(kuo) G CE NG 7 ea3)
~ 5
fig.6.5.a
} | i ' ; : i
P <] 4---: PR . s ‘.._,;,
i i ! ] }k
] re ﬂ\l AL Qi s (.4 rC ﬁ s A
(110 NEED NG Y @az) 7 (weo) 7 (222) 7 510/633)
) ) '
[ t | |
i l—-xa | ‘—-——-» ‘——-—‘
i )
A (. ﬂ i h o /L L /\l
C“"FO} 2 (Sao P4 (é'lo) Y <S33) 37 (éll)

unquenched line centroids.
N quenched line centroids.

fig.6:5.b. Line shifts observed in the

quenched samples of MgALQ,.



107

are indicated as profiles. It can be seen that the lines are shifted

in opposite senses, i.e. the (111) profile has been shifted towards

the high angle, Similar shifts occur further along the épeotrum.

The magnitudes of the shifts are generally smaller in the sample guenched

at the lower temperature.

Table 6.4 Fully corrected ceniroids and czlculated lattice

parameters for K5A1204 (quenched)

Q 1100% ; o 900°¢C |

A ; ! A
111 28.437 8.,06A§ 28,469 | 8.059
ézo 47399 8.061 | 47.311 8.075
311 56.099 8.079 56.127 8.076
022 58.832 8.079 58.863% 8.076
400 69.107 8.079 69.124 8.079
422 87.989 8.079 88.020 8.077
511/ 94.899 8.080 94.928 8.078
4283 106.629 | 8.081 | 106.663 8.079
531 11%.972 ! 8,081 ? 114.054 8.078
620 127.445 E 8.080 127447 8.080
533 136.958 g 8.075 136,786 8.079
622 140.235 ? 8.080 140,233 8.080

Similar shifts have been observed in lines from cold worked metals
(Barrett, 1952) and the phenomenon has been treated theoretically by
Patterson (1952). The effect in metals has been shown to be due to
the occurrence of stacking faults within the latiice (e.g. in cola
worked aluminium and copper, Wagner, 1957a and b). The change of the

o

position of the dif: tion line has been expressed in terms of the

rac
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probability of the occurrence of stacking faults. In particular, with
stacking faults on (111) plenes in the face centred cubic system Warren
(1959) has shown that for any given diffraction line, the expected
shift is

o XK 90 /3
26" = - <

2
T

tand N s |

and © is the probability of the occurrence of

©

stacking fault,

6 1s the Bragg angle for the line and

Kiis a parameter which is a function of the Miller indices and
the multiplicity factor for the line as follows

ﬁgﬂ * L

h

0

X
(u + b)

2
o)
h2+k2+ 2

H

where hg 1

L
0

4

h +k +1 ,
u is the number of values of Lo equal to 3N
b is the number of values of Lo equal to 3¥ + 1 or 3N - 1

thus (u + b) is the multiplicity factor for the line.

The sign to be taken in the summation in the above expression being

L

positive i L = 3N 4+ 1 and

@)

negative if L 39 = 1 (¥ is an integer).

e}

1"

Values of ¥ for the observed diffraction lines were calculated
and these are given in column 2 of table 6.5.

A cursory inspection of the magnitudes of the shifts corresponding
to 4\ 28 in the present experiments showed that these were very small.
Viarren's suggestion that one should consider the change in separation
of neighbouring lines instead of attempting to measure /126 absolutely
was therefore adopted in order to minimise the effects of experimental
uncertainty. The line (%11), which is particularly strong, was used
as a primary reference position for the present results so that O<

was calculated from an expression of the form
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o o _ 90 v 3 ' - :
20, ~ 20y = = K, tand, ~ K, tand, | o ......6.2

7
The angular differences calculated from this analysis are given
s ' [ 1.2 ) 1 1 3 Of‘
in table 6.5 which shows that in the sample quenched at 1100 C, 2ll
but two of the lines show a change in separation of the correct sign
] b1 o >
and all but four do the same for the sample quenched at 900 C. Using
N S £ o~ -1 N q . N .
eguation 6.2, values of « were calculated for these lines showing
the expected relative displacements and are also given in table 6.5,
5 o -1 2 A+ 1 +
Mean values of (X were then calculated for both samples, these values
being -1 6 for ti 2 ] + 1100° - 5
eing ! = 65 or tne sample quenched at 1100°C and & ~= 115
\ o . . ..
for that quenched at 900°C, (i.e. if the present analysis is based

upon the correct model, then stacking faulis must occur about once

8]

—t

in every 65 planes or once in every 11

at 1100°C and 900°C respectively.)

(o2}
io]

lanes for these samples quenched

-]

Although there is a large scatier in the individual values of &
they do compare reasonably well with those found by Wagner (1957) on a
few lines studied in experiments on deformed metals.

These values of (X may be used to estimate the stacking fault
energy (d’) in each case using values of X reported for some face
centred metals and corresponding values of stacking fault energies.

Table 6.6 shows values of & and 3/extraoted from various sources
e.g. Amelinckx, 1964, Hirth and Lothe, 1968, Cockayne, Jenkins and
Ray, 1971 and Bolling, HKassalski and McHargue, 1961.

By comparing values obtained in these experiments for -1 with
those listed in table 6.6, estimates of stacking fault energies may
be made. For instance values of about 20 and 50 ergs/om2 for the
1100°¢C and 9OOOC guenched samples respectively although this is very
uncertain as Bolling et al have indicated that the value of X for
a particular substance can depend on the amount of deformation suffered

by the material.

)
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Impected and observed changes in separation of profiles

for KgA12O4 quenched samples.
(a11 changes quoted relative to the (311) profile)

hizl X Ixpected Observed separation -1

shift * deg 20 X

Rt 311 qQ 1100°c | @ 900° | q 1100°: g 900°
111 1/4 15/44 0.018 0.032 98 55
220 1/¢ 15/44 0.112 -0.004 22 -
311 -1/11 - - - - -
222 —1/8 3/88 0.002 ~0,001 180 -
400 1/4 -15/44 -0.021 -0.010 160 330
422 0 - 1/11 ~0,035 ~0.038 22 | 20
511 i} ~1/36 ~25/396 ~0.030 -0.031 10 g 10
333 1) O
440 -1/8 | 3/88 -0.021 -0.025 . -
531 2/35 ~57/385 0.006 ~-0.048 - 39
620 -1/20 - 9/220 ~0.060 ~0.034 14 18
533 ~5/43 12/473 0.556 -0.044 7 -
622 1/22 - 3/22 -0.0%8 ~-0.008 72 344

% negative sign indicates an increase in separation
;{ here the positive sign indicates a shift towards the higher

angle.
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Table 6.6  Observed values of stacking fault energies and

probabilities for ‘a selection of metals.

1 ]
It i

Metal ? -1 g 21
g X 5 k// ergs/cm ;
i f ;
S { i
J e — ;
silver | 60 | 16 ;
| ;
! i
aluminium | 300 200 :
| i
cobalt | 10 20 ;
copper i 83 41 ;
1

nickel 500 150

Integrated intengities of the quenched samples were compared
with those oblained from the unguenched sample. Figure 6.6 indicates
how the (53%3) profiley, as a typical example, was affected by the
quenching process at each temperature. The background intensity
level remains at the same low level in each case but the intensity
increases with increasing quenching temperature. The shapes of the
profiles appear to be substantially the same, i.e. the &(l - 5
doublet is equally distinet in each and the half height width of
each is also substantially the same. Also to be noted is the shift
of the lines where the higher guenching temperature produces a larger
shift towards the higher angle.

Using the intensity data for the quenched samples, values of
B and u were determined for each in an exactly similar manner as
before and described in section 4.%.2. Table 6.7 shows these results

and those from the unguenched sample. It was found that the u parameter

for both the quenched samples was 0.387+0,001, i.c. the same value

ot

es was found for the unguenched spinel., The temperature factor, B,

increased slightly with increasing quenching temperature, the values
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being given in the table; this increase may account for the increased
intensity observed and indicated in figure 6.6.

These results indicate that the quenched samples h;ve a similar
structure to the unquenched spinel, namely thatAthey are still normal
spinels, thus the inversion observed by Brun et al (1360) avove 800°C
in their spinel specimen did not appear to occur here. This conclusion
is supported by the value of u= 0.387 which suggests a normal structure
(Verwey et al, 1947) and the fact that the relative intensities of
the (111) and (220) profiles were unchanged by the quenching, this
intensity ratio being an indicator of the inverse spinel in which

the (220) line has a low intensity.

Table 6.7 Fully corrected observed integrated intensities compared
with the celculated values for ﬁgh1204, quenched and
unquenched samples. { Tutensities (a apsolute electron Wi ts)

- , e N e : R -

rk1 I, (unquenched) I,.(@ 1100°¢)  Tons (q 900°C) - Teale

111 2900 2680 | 2580 2900

220 6450 6950 5950 6500

311 13650 12990 13240 13650

222 1050 980 1000 1600

400 52300 52100 53900 51200

422 4390 3450 3370 3460

440 79400 80000 79900 80100

531 960 1040 850 1100 -

620 2330 2200 2150 2010

5%3% 8000 7770 7620 8170

622 - 950 867 2&9 700

u 0.387 0.387 0,387

B/ A 0.4 0.5 0.45

R % 2.5 2.0 3,0
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These results are

change in residual slope on going
he value of the

three samples to be

shows the fully corrected residual

also displayed i
the unguenched
The three graphs each show the 'mirror

from one reflection t

s performed on the intensity readings from
quenched samples as before and is described fully in section 5.3,

slopes and intercepts

Table 6.8 Fully corrected residual sloves and intercepts for
all K5A1204 specimens.

! , o o
inkl Unguenched Q 1100°C Q 900°C

! Slope Intercept & Slope Intercept = Slope Intercept:

§ a0 £7%00% et %0 Ao A7%x10
111 0.6 2.9 L 2.4 2.6 ; 2.4 6.0
220 044 0.2 1 1.7 -2.0 | 1.3 1.1
311 0.6 0.2 2.1 0.1 2.8 0.4
200 2.7 ~0.2 5.5 ~2.0 2.1 1.2
400 1.4 0.6 1.1 1.0 2.8 0.4
422 5.6 -0.1 4.6 0.8 1.4 3¢5
511/ 249 1.9 2.1 2.7 4.0 2.2

533 ' ’

440 3.6 2.4 1.4 3.3 0.4 4.2
531 5.8 2.0 6.8 -4.5 10,2 -0.5
620 14.7 3.0 13.0 —2.2 12.0 -1.5
533 9,8 0.6 8.5 0.7 10.5 0.1
622 21.8 =5.4 15.8 -1.9 26,0 ”12‘5‘
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et al, 1960). Fowever stacking faults occur in this material which

may themselves produce some inversion. In this context it is interesting

that Lewis (1966 and 1867) has observed the presence of stacking faults

by electron microscopical examinztion of thin crystal slices of Mgil. O, .
L

However unfortunately no figures were given for stacking fault energy

from this analysis.,

A

6.4 Conclusions

i

Comparison of the profiles from the quenched and unguenched samples
of MgAlCrO4 shows that the breadths of these profiles were substantially
unchanged; this observation tends to confirm that the broadening occurring
in the profiles from the chromites in this study arises from a mistake
structure. |

The background radiation to these profiles was generally much
higher in the quenched material, this can be an indication of the presence
of disorder in the crystal, and is probably due to Vacancies occurring
in the lattice as indicated by the increase of lattice parameter after
quenching.

The behaviour of the profiles from HgA1294 after quenching suggests
that the broadening observed in them is probably due to a form of stacking
fault parallel to (111) planes though it is difficult to confirm this

conclusion with Lewis's observations of faults in the single crystal

material.




SUMLARY  AND  CONCLUSIONS

7.1 Conclugions,

The principle conclusion tc be drawm from this s
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structure for MzCr, 0, is best described in terms of ¥4 3m symmetry

50,

rather than the hithertoo accepted I

!

Fd3ime.
The original integrated intensity measurements led through a
refinement of the usually accepied Fd3m symmetry model for cubic spinels

¥

to a result that the oxygen parameter u = 0,387 +0,001,1i.e, the same

value for each specimen. However the Debye~¥aller temperature factor

(B) was anomalously high in those specimens contaﬂni ng chromium, its

1

value increasing with 1ncrelsvnr chromium content, the largezi value

o . . . .
being 1.1 A" in kgCr2O l.e. much larger than the usually accepted

4

value associated with thermal vibrations of atoms in crystals such

02 .
as 0.4 A" found in the case of 1ig4l1.0 The exira contribution to

274"

B can be accounted for by atomic displacements in the lattice.

This evidence, coupled with optical and infra-red date which

34

indicated C3V symmetry around the Cr ion in chromites rather than

DBd as expected in Fd3m, led to a refinement of the intensity data,

based on the '4 m symmetry, from }glr,0,. The result of this refine-

24
ment was that the oxygen ions were displaced by relatively larger

.

distences fron the equivalent Fd3m positions described by u = 0.387

3+

-

and the Cr ions were slightly displaced from the centre of the
octahedral site. The resulitant Cr-0 disiances in the structure were
o ]
found to be 1.97 A end 1.94 A which agree guite well with results
(4

observed in NiCr204 (1.98 4 and 1.97 %, Prince, 1961) and Cr205 (1.97 A

and 2.02 A, XWewnham and Dehaan, 1962). Also emerging from this latter



The lattice parameters of these spinels were determined using

FR N B s I | ey s o LRI T, s
the centroid as the measure of line position. The result of this analysis

2Rt e PN — N A 37+ : o N
deviation occurring at x = 0.5, a result which agreed fairly well witl
41 - e A . ~ 3 IR0 R (PO Ry Lo .
the results of Lou and Falleniyne (1700) who made similar measurements
on single crysial materials. The latiice parameters for the two pure
spinels, iigAl 0, and iglr. 0 vere ) 1 0 A s n %2z &
vinels. LimA AT X noz )
P 1s, g-_? g @nc kger, 0., were found to be 8 A and B8.333 A
~ 4 ~
respectively. )
A prelininary analysis of the breadths of the diffrsction lines
e \ - . - - . , .
was made using integral breadihs, ne result of this was to indicate

be inconsistent with particle size, strain or a combination of these

two effects. However, there was a marke gimilaxrity to the behaviour

4

reported by Cervinka et 2l (1970) shown by r Sanese ferrites.

<

A veriance analysis wes attempied to ascertzin the cause of broad-

ening

03

fraction was consistent wi
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intercepts witn order of dif

from the integral breadth analysis, hus it was considered that

Vs 793
Cheaxry (19{1/ ves mad

experimental resulis found here with possible models of anti-phase

9

U
-

domains. owever, none of the models tried were successful althoug

an vltimete solution zlong these lines seems orobable.

The result of the quenchinz experiment on IgAlLrO4 showed the
4L PR ) SR - h - > .
lattice paremeter had increassed by 2 snall anount, this increszse
attrituted 1o *the L \qu, o iy 3
attrituted to the itranvi a corresponding
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to the higher temperature by the quenching process. This conclusion
wes supported by the observed inorease~%n diffuse intensity ﬁhich
is consistent with this interpretation but also of interest is that
negligible changes occurred in the line breadths.

The effect of quenching on

‘gal 0 showed the lines of both samples

s . o . - .
(quenched at 1100°C ana 900°C) %o have shifted in a way similar to

that obsecrved in face cenired cubic metals subject to stacking faults.,

Ity

The stacking fauli probabilities were calculated to be 1:65 and 1:115

o]

respectively for the two quenched samples. These values are com parable

L 2

those previously observed in metals.

with

~ n ; 1
10X TUXTNer work. ;

The cause of the extra breadih observed in these spinels was found
to be due to a mistake structure, the exact nature of the structure 5

not being established. Cheary (1971) in his study of chromium doped

. . . . N . s + .
lithium ferrites had provided evidence that the Cr3 ions accumulated

on anti-phase domain boundaries which caused superlattice lines to

exhibit broadening similar to particle size effects. In this stud
(&) + 3

r5+ doped KgAl 0, was under investigation but the complexity of the

2
problem in the lig Cr )O4 series was increased by the lack of
superlattice lines to facilitate the analysis, compared to the similar
analyses of metallic alloys and the above mentioned lithium ferrite
in which they do appear. Thus it would be desirable that further theor—
etical investigations should be pursued with the results obizained in
this study in order that the mistake siructure could be determined.

Following the analysis of the structure of w»Cr204 which showed

that the true space group for this compound must be F4 3m, it seems

]_)

important that other compounds should be gimilarly examined. Apart

from the vresent evidence, many other spinels containin ng chromium are

temperature factor (B) is substantially
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higher than that estimated from infra—red measurements, (e.g. Grimes,
1972, cites some of these compounds ).

Infra-red values of B should be consistent with the thermal vibrations
of atoms within the crystals concerned and should correspond approxiﬁaiely
with the Debye-Waller B, and structure refinements of the compounds mentioned
above should be performed to account for these anomalously high values

of B.
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