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In a series of mixed lithiom chromites-ferrites with spinel structure, Li,O (5—2¢)
Fe ,042¢Cr,03, where the parameter # ranges from 0.00 to 1.70 the occurrence of three regions
with different type of arrangement of cations has been found.

Limiting compositions for these types of arrangement have been determined. The
lattice constant a, the oxygen parameter # and inversion parameter x, have been
determined in the entire range of the parameter ¢ Three samples representing
the particular regions of cation arrangement weré subject to thermal treatment.
For two out of these three samples the transition order-disorder has been investigated and
the transition temperature approximately determined. In addition in all investigated samples
the character of the ion diffusion was found to be the same.

1. Introduction -

‘A series of mixed lithium chromites-ferrites samples with spinel structure has been
obtained by gradual substitution of iron ions in lithium ferrite Li,O (5Fe,03) by chro-
mium ions. , ‘ »

In the paper of Gorter [1] concerning this series of ferrites the information on the
crystallographic structure is unfortunately not quite complete. There are virtually no data
on the influence of thermal treatment on this structure. It seemed thus useful to determine
the structure of lithium chromites-ferrites in a wide range of the parameter ¢, to study the
influence of thermal treatment on the structural parameters, and to find the influence of
the quenching process on the character of ion diffusion in samples with both low and high
chromium contents. '
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Samples with the following values of the parameter ¢ have been prepared: ¢ = 0,
0.10, 0.30, 0.35, 0.40, 0.50, 0.70, 0.95, 1.00, 1.15, 1.25, 1.45, 1.50, 1.55, 1.60, 1.70, and
1.75.

The methods used for the solution -of the above-mentioned problems were X-ray
diffraction and neutronographic method.

2. Preparation of samples and analysis of their quality

The materials used for the production cf samples were pure grade Fe,O; (preduced
in USSR) and pure Cr,05 and Li,CO; (produced by CIECH, Poland).

Semiquantitative spectral analysis permitted the determination of trace contami-
nations by Ni (0.004%), Mg (0.008%), Fe (0.05%) and Si (0.03%).

The samples were prepared using the following simple ceramical method:

a) the stock materials were mixed in suitable proportion, .

b) the mixture was pressed into pellets,

c) it was subject to preliminary sintering at 1000°C in air atmosphere for six hours

and then again at 1150°C for three hours,

d) the samples were cooled at the rate of about 15°C/hour,
e) the pellets were powdered to the grain size of about 60 pm,
f) mechanical stress in grains produced during the grinding process was eliminated

by soaking at 200°C for several hours,

g) the samples quenched from corresponding temperatures were prepared by soaking
at the temperatures 600, 700, 800, and 1000°C for six hours and then sudden cooling in
- ice-water mixture,

h) the preparation of powder and the elimination of stress in quenched samples
were carried out in the same manner as in case of samples in initial state (not quenched).

After this procedure the samples were subjected to quantitative chemical analysis
as well as to phase analysis by means of X-ray method. The contents of the particular
elements were determined using the following methods: lithium by flame photometry [2]
iron by complexometry [3], and chromium by the biamperometric method [4]. The
results of the chemical analysis were consistent with the assumed chemical compositions.

X-ray phase analysis of samples both in initial state and quenched from the particular
temperatures has shown pure spinel phase without any admixtures of the initial material
which had not entered into the chemical reaction. The X-ray analysis was carried out
using a GDR-produced HZG-1 counter goniometer. Samples with low chromium contents.
were analysed using the K, line of ¢°Co (4 = 1.7902 A) while those with high chromium
contents using the K, line of Cr (4 = 2.20092 A) This procedure permitted the back-
ground due to fluorescence to be decreased.
~ The chemical homogeneity of samples was checked by determining the distribution
of iron and chromium in the grains with the use of a CAMECA microprobe. The chemical
homogeneity of the samples turned out to be good thus confirming the validity of the
adapted technology.
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3. Crystallographic - structure of samples in initial state

a. Cation arrangement

The distribution of cations in the investigated series of samples can be described by
means of the formula

FexLil —x(Lix—O.SFCZ.S —x—t(CrJ)04

where the cations located in the tetrahedric sublattice are written before and those located
in the octahedric lattice inside the brackets. These two types of sublattice are denoted in
the further text by 4 and B, respectively.

When the ratio of the number of iron and chromium to that of lithium ions in sublat-
tice B is close to 3.00, the arrangement of cations established in the sublattice is of the type
1:3. In such a case the distribution of ion in the spinel lattice is described by the space
group P4;32 (No 208 in Ref. [5]).

The permissible positions of ions in this space group are the following:

Sublattice 4:
Fe in 8(c) =x,x,x, x=0+4;

Sublattice B:
B, Liin 4(b) 5(8,5(8,5)8,
By(Fe, Cr) in 12(d) 1/2+x" 1/4+x",7/8 x' = 3/8+4,
Oxygen sublattice:
O, in 8(c) x"x", x" x" =3/8+4,
O, in 24(e) x'"",y,z x" = 3/8+4+4,
y=1/8-4;
z=1/8—4,
“where 4,, 4,, 45, 4,, A5, Ag are variable parameters.

The extinction conditions for this group are listed in International Tables for X-Ray
Crystallography [5] and permit super-structure patterns e. g. (210) and (211).

If, however, the ratio of the number of iron and lithium ions to that of iron in tetra-
hedric sublattice is close to 2.00, then the arrangement of cations becomes of the type 1: 1
in this sublattice which is described by the space group F4 3 m (No 216 in Ref. [5]). The
positions of ions in this group are the following: origin at 43 m and translation FC (0, 0, 0;
0,%,%;%0,4;4,4,0).

Sublattice 4:

A, Fe in 4(a) 0,0, 0)

A, (Li, Fe) in 4(c) 44,2

Sublattice ‘B:

(Li, Fe, Cr) in 16(a) r,r,r; r,r,7;
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The extinction conditions in. the F4 3m group allow the existence of the superstruc-
ture pattern (200). If the above ratios of the ion contents deviate from 3.00 in the octa-
hedric and 2.00 in the tetrahedric sublattice, then the orderly arrangement of cations decays
and their distribution in the spinel lattice is described by the space group Fd3m (No 227
in Ref. [5]).

By making use of the appearance cf super structure patterns of the type (210) and
(211) in the group P4332, and (200) in the group F4 3m it was possible to determine the
limiting values of composition at which an arrangement of a given type occurs. Fig. 1

Fd3m
|1 200
=0 o
P4,32 lm Co/Fe t=155
‘270
m -
F43m
P4;32 |71 t=035
Co/Fe
[270
Fd3m t=0.40
|m | 210
a s A I A A
Fig. 1 Fig. 2
Fig. 1. Determination of the limiting composition # for the P4,32 group by means of the X-ray diffraction
method )
Fig. 2. Determination of the limiting composition ¢ for the F43m group by means of the X-ray diffraction
method :

shows some X-ray diffraction patterns for compositions representing the transition from
the group P4,32 to Fd3m, while Fig. 2 illustrates the determination of the limiting composi-
tion of the F4 3m group. .

It follows from Figs 1 and 2 that the samples with f-parameter ranging from 0.40
to' 1.55 exhibit no cation arrangement in any sublattice which means that the distribu-
tion in such samples is described by the space group Fd3m.
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The permissible positions of ions in this group are the following: origin at 43m and

translation FC (0,0,0; 0, 3, 35 370, 3; 3. %, 0).
Sublattice 4:
(Fe, Li) in 8(a) 0,0,0 4, % %;
Sublattice B:
L FeCH 166 #5% 35 Bid B3E
Oxygen sublattice:
Oin 32() w,u,u; w,u,u;  F—u F—u F—u;E—u, ttu, u;
TATRHENTATI AN ERT BTE SN T A SR Sy

b. Determination of structural parameters

For the whole investigated composition range the authors have determined the lattice
constant, the inversion parameter, and the oxygen parameter. The measurement of the
lattice constant was made using a counter goniometer (HZG-1).

lattice constant a [A J
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Li,0(5- 2r)Fe 0,2t Cr,0,

05 7.0 75 S 20

chromium contents t

Fig. 3. Dependence of the lattice constant on chromium contents in a series of lithium ferrites-chromites.

present work, — ——— Gorter’s work [1]

Flg 3 shows the comparison of the dependence of the lattice constant on the composi-
tion according to our data and those of Gorter [1] It can be seen that there is qualitative
agreement between the results of these two papers; the quantltatlve differences may be
due to differences in the tcchnology of the preparation of samples.
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The measurement of other structural parameters, i. e., the inversion parameter and
the oxygen parameter « have been made using the neutron diffraction method. Unfortu-
nately the iron and chromium ions cannot be distinguished in X-ray analysis owing to
very close atomic numbers. On the other hand the amplitudes for neutron scattering on
these two nuclei differ considerably (bFe = 0.96 - 10-*2cm~! and b, = 0.35 - 10-12 cm™?),
which permits accurate determination of the position of iron, the x-parameter and the
oxygen parameter u. A detailed description of the method of determination of these two
parameters is given in Ref. [6]. For samples with cation arrangement described by the
group F4 3m the values of the oxygen parameter, the inversion parameter, the Debye-

>
N Li,0(5-2t) Fe,0, 2t Cr, 0,
% 1.00% % : 273 273
E
§ T i N
< 080 x
=
"
§ L
< 060 -

N x
. 0401

0.20 -
0 1 1 1 1
0 0.5 70 15 2.0 chromium contents t

Fig. 4. Dependence of the inversion parameter 'on chromium contents in a series of lithium ferrites-
-chromites. @ present work, x Gorter’s work [1]

‘Waller factor and the parameter r which is free in this group have been determined with
the help of the UMC-1 computer. The accuracy of these quantities has been computed
on the basis of statistical errors.

The measure of the goodness of the fit was the R-index defined as follows:

e
Z II xp calcl
Z Icalc

The results of the fits for the particular samples in initial state are given in Table 1.
The compositions # for which the values of the parameters have been fitted by the com-
puter are marked by asterisks.

The dependence of the inversion parameter on the composition is shown in Fig. 4.
For the sake of comparison the results of Gorter 1] have also been plotted in the figure.

It follows from Fig. 4 that the ferrites of the investigated series of samples are com-
pletely inversed up to ¢ = 0.70, and become slowly normal with increasing chromium con-
tent. The oxygen parameter for these ferrites has been determined for the first time in the
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present paper. Using the determined distribution of cations and the ionic valence which
is known, we have determined the average charge in the tetrahedric sublattice. The know-
ledge of this charge permits the check of the applicability of the semiempirical formula
for oxygen parameter. According to Ref. [7] this formula has the following form:

u = 0.407=0.012 g, +10-3 ¢2

where g, is the average charge. v
A comparison of the value of the oxygen parameter measured with those calculated
by means of the above formula is shown in Table II.

TABLE II

Composition ¢ x I q4 : Ueale Umeas .

0 - 1.00 r 3.00 0.380 0.379

0.50 1.00 | 3.00 0.380 0.379

0.70 0.98 ‘ 2.96 0.380 0.381

1.00 0.90 o280 0.381 0.382

1.25 0.88 \ 2.76 0.382 0.383

1.50 0.74 248 0.383 0.384

1.60 0.68 235 0.384 0.385

1.70 0.58 ‘ 2.15 0.386 0.383

! Error of oxygen parameter measurement +0.002.

It can bz seen from Table II that the agreement of the calculated values of  with
experiment is-good. -

4. The crystallographic structure of quenched samples

a. Study of. the order-disorder transformation

'The thermal treatment consisted in quenching samplés of some chosen composmon
from the temperatures 600°C, 700°C, 800°C, and 1000°C.

Three compositions representing three different types of cation arrangement were
subject to quenching:

t = 0.10 (arrangement 1:3 in octahedrons described by the P4;32 group)

t = 0.70 (no arrangement in any sublattice described by the Fd3m group)

t = 1.60 (arrangement of the type 1: 1 in tetrahedrons described by the F43m group).

The influence of the quenching process on the crystallographic structure of samples
with the above-listed compositions was investigated using mainly the X-ray diffraction
method. The signal for the occurrence of arrangement of a specific type was the ap-
pearance of additional patterns which are extincted in the Fd3m group, e. g. the (210 peak
in the P4,32 group and (200) peak in the F43m group. X-ray measurements made, have
shown that long range cation order in both sublattices decreases with increasing quench-
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ing temperature. It was found that for the composition ¢ = 0.10 the temperature of the
order-disorder transformation was about 800°C and for the composition t = 1.60 the
corresponding temperature amounted to 1000°C. The measurements for 7 = 1.70 with
a sample quenched from 1000°C have shown that long range order in the tetrahedric
lattice remained. For this particular z-value we have observed, however a considerable
weakening of superstructure patterns in quenched samples in comparison with those

210 P4y32
0.710w
CofFe 211

160w
Cr/v.

111

210 Péy32
0105900
Co/fe 211

Fd3m
0.70g99
210 Co/Fe o § 7604000
: l Fd3m
ML AR A NN p g
Fd3m.
010

1000°C
270 CO/FE
21

]

—_200

Fig. 5 Fig. 6
Fig. 5. Sample with ¢ = 0.10. Transformation from the P4,32 group to Fd3m due to thermal
treatment |
Fig. 6. Sample with ¢ = 1.60. Transformation from the F43m group to Fd3m due to thermal
treatment

in initial state. This would mean that the orderly arrangement phase is considerably dimin-
ished for the former. These facts permit the conclusion to be drawn that the temperature
of order-disorder transformation increases with increasing chromium contents.

Figs 5 and 6 show X-ray diffraction patterns of samples with # = 0.10 and ¢# =1.60
illustrating the transformation from the P4$32 group to Fd3m, and from F43m to Fd3m.

b. Determination of structural parameters of quenched samples

For three representative compositions of samples quenched from the temperatures
600, 700, 800 and 1000°C we have determined the lattice constant, the inversion para-
meter and the oxygen parameter. The method of the determination of the lattice con-



698

stant was the same as in case of samples in initial state. The estimated error of this
constant does not exceed 0.001 A.

The two remainig structural parameters were fitted using the ODRA 1303-computer.
The R-index of the structure did not exceed 7%, in any sample.

For samples with the z-values 0.70 and 1.60 quenched from 1000°C neutronographic
measurements have been made in order to investigate whether the ions migrating between
the A and B sublattices are Li and Fe or Li, Fe, and Cr. The suggestion of Ref. [8] is
that both processes are possible. The results of the fits for the particular compositions are
listed in Table IIIL

TABLE III

Parameters defining the structure of lithium ferrites-chromites quenched from 1000°C. Li;_xFex_yCry
(Lix—g.5F€9.5—x+y—tCri—y)0;. The values given at the particular Akl correspond to the intensities

- [ 2W sin?0
JjF?exp =\- —12~

Composition # 0.70 1.60
hkl Icarc Ineas ’ Leate Imeas

111 0.72 0 27.68 20.10
220 747.060 740.00 282.24 279.15
311 1854.24 1820.00 752.62 756.50
222 1987.20 1960.10 1152.00 1130.00
400 2009.40 2100.20 2281.20 2275.10
331 361.20 350.10 244.32 234.15
422 1296.48 1276.00 411.36 405.10
511.333 2780.80 2800.00 2757.92 2740.82
440 13548.10 13510.00 7440.00 7415.10
R 1.50% 1.00%
x 0.94+0.02 0.65+0.02
¥y 0 +0.02 0.01 +0.02
u 0.385+0.002 0.386+0.002
w 0.92 0.88

The data contained in Table III indicate that in samples with both high and low
t-values only the Li* and Fe3* ions migrate between the two sublattices. This is consist-
‘ent with the fact that the chromium ions have a rather high binding energy to octahedric
coordination.

Figs 7, 8, and 9 shows the dependence of the inversion parameter in the quenching
temperature and of the lattice constant on the inversion parameter for z-values: 0.10,
0.70, and 1.60. The errors of the parameters are indicated in the figures.
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The results indicate that thermal treatment exerts similar influence on the structural
parameters in the whole investigated z-range. Below 600°C the diffusion of ions is insignif-
icant. As the temperature. increases the diffusion rate becomes higher. On the other
hand the inversion parameter decreases with increasing temperature, and the ferrites
become more normal.

N s 8324
5 Lip0 48Fe,0502050, & f Li,048Fe,0,0.2Cr,0,
S5 (t=070) S (t=010)
v g [
g8 P332 B, S 8322 P4,32
€8 o
= S
S i
7.00 8320,
0.98 8316 -
096 8316
1 ! 1 L 1 1 1 L I 1 | I 1 20
200 400 600 800 17000 096 098 Y00 x

quenching temperature [°C]-

inversion parameter

Fig. 7. Sample with ¢ = 0.10. Change of structural parameters due to thermal treatment

X ~
S8 ‘ =z :
SE|  Lp0usr0, 14Cr,0, s Li,0 36Fe,0,74Cr,0,
gg (t=0.70) E 8301 (t=070)
S Fd3m g 'j_ 1000°C Fd3m
0.98 o 8299
8
K]
8297
0.97
8295
0.96 8293 600°C
8291
0.95 I TN NN (N DU NN I W | | 1 20°C| L
0 200 400 600 800 ‘7000 096 0l98 700 x

quenching temperature [°C]

Fig. 8. Sample ¢ = 0.70. Change of structural

inversion parameter

parameters due to thermal treatment



700

~ N N e i .
< Liy0 18Fe,0,3.2Cr,0, x Liy0 18Fe,0, 3.2Cr0,
S oo (t=160) % (t= 7.60)
5 § F43m
58285 g
S s
S 8283 g
0.67
8.281
0.66
8.279 600°c .
1 1 200q =} 1 ) S I L1 ¢
066 Noes 1.00 x 0 200 400 600 800 7000
inversion parameter ’ quenching temperature [°C]

Fig. 9. Sample with ¢ = 1.60. Change of structural parameters due to thermal treatment

5. Conclusions

In the investigated series of ferrites there are three r-regions with different types of
arrangement of cations: X-ray diffraction measurements permitted the limiting composi-
tions to be determined for the particular types of arrangement. The quenching of samples
from the particular temperatures gives rise to phase transformation from order to
disorder. It was found that for any -value the character of the diffusion of ions between
A and B sites is the same and consists in the dislocation of Fe and Li ions only, where-
as the Cr-ions are completely fixed at their octahedric sites.

The authors are much indebted to Professor L. Koztowski for suggesting the subject
of this investigation and many helpful discussions. They are also grateful to Dr A. Ole$
for the possibility of neutronographic measurements, to Mr E. Jarocki for helpful remarks
and discussions during the course of the work, and to Dr A. Szwaja for chemical analyses.
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