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The cation distribution in NiALO, and in the solid solutions Ni,Mg,_.Al,O, with x ranging
from 0.01 to 0.55 has been studied by X-ray analysis, magnetic susceptibility and reflectance
spectroscopy.

The relative X-ray intensities of various reflections for each compound were measured and
compared with intensities calculated for various models of cation distribution. Lattice para-
meters, magnetic moments of Ni2*, and the position of nickel absorption bands have also been
measured. The results show that all specimens have a predominantly octahedral distribution
for their nickel ions, and that there is a small change towards a random distribution when the
quenching temperature is increased from 1273 to 1673°K.

Both X-ray and magnetic results show that the fraction, «, of Ni?* ions on tetrahedral sites
varies with nickel content. For samples quenched from 1273°K, NiAl,O4 is 789 inverse, but
between x = 1.0 and x = 0.25 the value of a decreases from 0.22 towards 0.1. Thus, the fraction of
nickel on octahedral sites in the solid solutions is higher than in NiAl,O4. The effect is linked
with an increase in Dq for the Ni?* ion. Below x = 0.25, there is tentative evidence that o may in-
crease. In nickel-dilute solutions the matrix as a whole is nearly normal, and it is suggested that
Madelung energy may then be more effective in counteracting the octahedral stabilization of

nickel. The same trend is observed in the specimens quenched from 1673°K.

Introduction

The spinel structure affords a particularly
good opportunity to explore the relative
stabilities of ions in octahedral and tetrahedral
coordination. For a binary oxidic spinel
containing divalent, X, and trivalent, Y,
cations, two extreme distributions of cations
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among the available sites are possible: the
“normal” X[Y,]O, and the “‘inverse” distri-
bution Y[XY]O, (/), where the ions in the
octahedral sites are written between square
brackets. These arrangements, however, are
limiting cases (2); intermediate distributions,
such as the particular “random’ or “‘statisti-
cal” distribution X,;3Y5,3[X,;/3Y,,3]0,, are
also known. In the most general case it is
convenient to characterize the cation distri-
bution by the general formula X,_,,Y.,
[X;,Y>_,,]0,, where 1 is the fraction of the
Y trivalent cations on the tetrahedral sites
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and equals zero, 0.5 and 1/3 for normal,
inverse and random distribution, respectively.

The distribution of cations among the
sites in spinels has been experimentally proved
to be an equilibrium function of temperature,
pressure and composition (3, 4). The cation
distribution which results in any given case is
the result of a fine balance of the respective
octahedral and tetrahedral preferences of the
ions concerned. Certain factors which contri-
bute to the octahedral and tetrahedral pref-
erences of cations, such as the effects of ionic
charge and ionic radius (5), are well known.
There are other factors, however, such as
crystal and ligand field effects (6-8), and anion
polarization (9), about which much remains
to be learnt. By making use of the property of
solid solution formation, which is widespread
in the spinel structure, gradual changes in the
solid state chemistry can be effected simply
by varying the composition of the solution
(10). A knowledge of the influence of such com-
positional changes on cation distribution is of
considerable interest for the further develop-
ment of theoretical ideas.

The problem of determining the cation dis-
tribution in spinel solid solutions, however, is
quite difficult, as there are now three cations
to consider. For systems where two of the
cations have similar X-ray scattering proper-
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ties, but where one is a transition metal ion,
magnetic and spectroscopic investigations
can be used to supplement the conventional
X-ray methods. In this paper we illustrate the
combination of the three techniques to evalu-
ate the nickel ion distribution in Ni,Mg,_,
Al O, and its dependence on nickel content.

Ni,Mg,_.ALQ, is of interest because of the
rather similar preferences of Ni**, Mg** and
ARR* for octahedral coordination. This makes
it an attractive choice in which to look for
variations in the partition of individual cations
with composition. The role of the magnetic
and spectroscopic techniques is especially
relevant because of the similar X-ray scatter-
ing powers of Mg?* and AI** ions.

Experimental Procedure

Specimen Preparation and Analysis

Pure NiAl,O,, pure MgAl,0O, and 6
Ni,Mg,_.AlO, solid solutions with x varying
from 0.01 to 0.55 have been investigated.
The starting materials were ‘‘Specpure”
MgO and NiO supplied by Messrs. Johnson
and Matthey, London and a pure grade of
ALO; kindly provided by special request
from Laporte Industries Ltd., Widnes. To
prepare the spinels, the appropriate amounts of
the component oxides were mixed into a paste

TABLE I

LisT OF NI, MG, _;AL,O4 SPECIMENS WITH EXPERIMENTAL NICKEL CONTENTS Xxp,
LATTICE PARAMETERS a (IN A) AND MAGNETIC MOMENTS g (IN /g)

1673°K 1273°K

Designation  xexp a Aa*® u a Aa® u
Ni-0 — 8.0835 — —  8.0832 — —
Ni-1 0.011 8.0832 0.0001 3.2 8.0828 0.0000 3.2
Ni-3 0.035 8.0827 0.0003 3.1 8.0820 0.0000 3.1
Ni-6 0.070 8.0817 0.0004 3.1 8.0810 0.0003 3.1
Ni-10 0.102 8.0809 0.0007 3.27 8.0797 0.0001 3.23
Ni-25 0.269 8.0758 0.0009 3.21 8.0747 0.0010 3.18
Ni-50 0.555 8.0665 0.0008 3.22 8.0655 0.0019 3.21
Ni-100 1.000 8.0514 — 327 8.0478 — 3.24

7 Extents to which the lattice parameters for solid solutions lie above the
line joining the a values of MgAl,O, and NiALO, (in A).
b The values of u for the Ni-1, Ni-3 and Ni-6 specimens are very ap-

proximate (see text).
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with a small amount of water, dried, pelleted,
and fired in air at 1673°K for 100 hr. For each
composition, one batch of pellets was directly
quenched in water from 1673°K, and a second
batch was cooled to 1273°K, kept at this
temperature for 50 hr and finally quenched in
water from 1273°K.

Although nominal nickel contents could be
specified from the weights of nickel oxide,
magnesium oxide and alumina originally
taken, it was considered desirable to analyse
the spinels obtained for actual nickel content.
The procedure adopted was to fuse a small
sample with KHSO, in a platinum crucible,
dissolve the cooled melt in dilute HCI and
then filter. After the addition of tartaric acid
to complex the aluminium, the solution was
neutralized with ammonia and finally nickel
was precipitated for gravimetric analysis by
adding dimethylglyoxime. Two independent
analyses, which gave reproducibility within
29, were made on each spinel and the averaged
results are given in Table L.

X-ray Investigations and Calculations of
Intensities

Nickel-filtered CuKa radiation was used to
investigate all the compounds both for the
lattice parameters and for the intensity
measurements. For all specimens, X-ray
diffraction patterns showed no lines other
than those belonging to the cubic spinel
structure. For precise determination of lattice
constants a Philips camera (114.6 mm diam)

137

with the asymmetric Straumanis film mounting
method was used. For all specimens the re-
flections were very sharp. The following re-
flections in the region of 6= 60-90° were
read by means of a Norelco measuring device
with an accuracy of +0.005 cm: 911, 664,
931, 844, 933, 10 2 0, 951, and 10 2 2. The
corresponding lattice constants were then
plotted for all samples against the Nelson-
Riley function and the values of a were ob-
tained by extrapolation to 8 = 90°. During the
exposure (about 6 hr) the camera temperature
was observed to vary within only 1-2°K.
All lattice parameters extrapolated to 6 = 90°
were finally corrected for the thermal expan-
sion coeflicient (/ /) and the values of a reported
in Table I are thus referred to 294°K. The error
onais2x 107*A.

The relative integrated intensities of the
220, 311, 400, and 422 reflections were mea-
sured by pulse counting with a Philips
high angle goniometer spectrometer using
a flat-plate sample holder and a scanning rat=
of 20 =0.25°/min. All specimens were run
twice and after correcting for background
a mean value of the intensity was taken.
The Lio0/12205 1311/12205 1a00/1s22, a0d I314/1a22
observed intensity ratios are given in Table II.

According to Bertaut (/2) and to Weil,
Bertaut, and Bochirol (/3) the best informa-
tion on cation distribution inspinels is achieved
when comparing experimental and theoretical
intensity ratios for reflections whose intensities
(i) are independent (or very slightly dependent)

TABLE 11

X-RAY DIFFRACTION INTENSITY RATIOS FROM THE EXPERIMENTALLY DETERMINED INTENSI-
TIES OF THE REFLECTIONS 220, 311, 400, AND 422

1400/1422 131 1/1422

1673°K  1273°K 1673°K 1273°K

Laoo/I220 Iy (/1220
Spinel 1673°K 1273°K 1673°K 1273°K
MgAl,O, 1.70 1.70 2.97
Ni-1 1.80 1.71 3.11
Ni-3 1.78 1.76 3.08
Ni-6 1.78 1.80 3.11
Ni-10 1.83 1.81 3.19
Ni-25 1.86 1.88 3.56
Ni-50 1.89 2.00 4.00
NiALO, 1.69 1.70 4.30

6.13

10.6

3.09 5.89 10.7
3.10 6.25 5.91 10.7 10.6
3.05 6.24 6.20 10.7 10.9
3.17 5.99 6.14 10.7 10.9
3.24 6.27 6.25 11.1 11.1
3.64 6.22 6.16 12.0 11.9
4.09 5.89 6.48 12.2 13.4
4.14 5.34 5.56 13.6 13.1
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on the oxygen parameter «, (ii) vary with the
inversion parameter in the opposite sense and
(ii)) do not differ strongly. The above reflec-
tions and ratios were selected because they
most nearly meet these requirements. For
Ni,Mg,_,ALO,, however, the (422) reflection
is relatively weak and does not satisfactorily
meet requirement ().

To determine the cation distribution and
its variation, if any, with the composition x
it is then necessary to calculate for each
composition the above mentioned intensity
ratios expected for given arrangements of the
cations and compare them with the experi-
mental values. For the calculation of the rela-
tive integrated intensity, 7, of a given diffrac-
tion line from powder specimens, as observed
in a diffractometer with a flat-plate sample
holder, the following formula is valid (14):

Ly = lFlizlkl'P'Lp (1)

where F = structure factor, P = multiplicity
factor, Lp = Lorentz-polarization factor.

It should be added that the calculated
integrated intensities are valid at 0°K. Since
the observed values are obtained at room
temperature a suitable correction to Eq. (1)
isin principle necessary for precise comparison.
Since the spinels are high-melting compounds,
the thermal vibration of the atoms at room
temperature should not differ greatly from
that at absolute zero, and this has been con-
firmed by Datta and Roy (3¢) for NiAl,O,
and other spinels. Hence, in our intensity
calculations no temperature correction was
deemed necessary.

According to Bertaut (/2), for a spinel
X2*Y3*0, the value of the structure factor
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F may be written for a given reflection in the
form:

F=F,+ AAF, 2)
where F, is the structure factor of the normal
spinel, 4 is a parameter describing the degree
of inversion (4 equals zero and 0.5 for a normal
and inverse spinel, respectively), 4 is the
difference between the atomic scattering
factor of the divalent and trivalent cations and
F, is a numerical factor. A4F, is therefore the
correction due to inversion. For the reflections
we have selected, the values of P, F, and F;
(together with the classes to which the re-
flections belong) are given in Table III. In this
Table fy, fy and f,, refer to the atomic scatter-
ing factors of the divalent, trivalent and oxygen
ions, respectively, and » is an integer.

For a spinel containing only two types of
cation X and Y the cation distribution is
conveniently described by the general formula
given already in the introduction:

Xy-2; Y2,[ X2, Y25,]0,. €)
However, because the solid solutions contain
three cations, it is not sufficient to define
only one inversion parameter 1. For the spinel
Ni,Mg,_.Al,0, it is convenient to character-
ize the cation distribution by the general
formula:

Ni,, Mg(i_yy5Alz;

Niy1-ay Mg1-xya1-py Al2—2,] 04 (4)
where o, 8, and A are the fractions of Ni?",
Mg?** and AI** ions on tetrahedral sites,
respectively. This amounts to the addition

TABLE 111

SCATTERING FACTOR COMBINATIONS FOR THE X-RAY REFLECTIONS
USEFUL IN THE DETERMINATION OF CATION DISTRIBUTION

Reflection Class A2+ k2412

P F, F,

311 b 16n+ 11
400 c 162n+1)
220 € 16n+8
422 € 16n+8

24 fi+filV2Z ~(V2-1)
6 2fy—fx+4fox 4

12 fx -2

24 Ix -2
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of only one new parameter, since from (3)
and (4) it follows that

2A=1—xa—(1-—x)p. (5)

The intensities were computed according
to Eq. (1) and Eq. (2) with the following input
data incorporated in the programme:

(i) the molar composition of the spinel;
(ii) the value of q, the lattice parameter;
(iii) the value of u, the oxygen parameter;
(iv) the scattering factors for Ni?*,
Mg?*, AI**, O and their angular
dependences;
(v) the Lorentz-polarization correction;
(vi) adispersion correction for the nickel
scattering factor.

The value of g was taken as the weighted mean
of the values for NiAl,O, and MgAlL,Q,, as
appropriate to the composition. Thus,

a=xa,+ (1 —x)a, (6)
where the suffixes 1 and 2 refer to NiAl,O,
and MgAl,O,, respectively. This approxima-
tion is justified by the almost linear variation
observed (Table I). A similar weighted mean
was used for u, based on the values of u=
0.381 and u = 0.387 for NiAl,O, and MgAl,0O,
respectively (8). International Crystallo-
graphic Tables were used for the scattering
factors and Lp corrections, except that the
value for the scattering factor for O*~ was
taken from Suzuki (/5). The atomic scattering
factors of Ni were corrected for the real part
of anomalous dispersion, Af" = —3.2.

The computer programme was designed to
calculate intensity ratios in 0.1 intervals of
both « and p. This is equivalent to providing
the intensity ratios for 100 different values of
/.for each spinel. Computations were made for
a total of 20 cases, namely the ratios ;p0/ 1530,
Ly1/lhz0, lsoollszzs and I3y /l4,, for the
spinels with x = 0.06, 0.10, 0.25, 0.50 and 1.00,
respectively. The results were displayed in each
case by constructing from the 100 computed
values a family of curves of Intensity Ratio vs
B (0 < f <1) with « varying in steps of 0.1
from O to 1. As an example, we illustrate in
Fig. 1 the family of curves for Iy0/l550 for
the composition x =0.50. The experimental
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FiG. 1. X-ray diffraction intensity ratio, Zs00/I320, fOor
different values of the inversion parameters of nickel
(«) and magnesium (f) ions in Nig sMgo.sAl2O,.

results for Iuo/l50 with Nig sMgy sALO,
are shown as dashed lines in Fig. 1.

Magnetic Susceptibility

Magnetic susceptibilities were measured
using an enclosed Gouy balance. The speci-
mens with the higher nickel contents (Ni-10
and greater) were studied over the range of
temperature from 98 to 290°K. In evaluating
the paramagnetic susceptibility due to Ni**
ions, a correction was made for the diamag-
netism of the sample. The susceptibility of our
MgAl,0,, measured for this purpose, was
y=-0.303 x 107%. No curvature was de-
tectable on the plots of 1/y vs T, and only a
small value was observed for the constant
0 in the Curie-Weiss expression y = C/(T —
0). A check was made that the susceptibilities
were independent of magnetic field strength.
Less attention was paid to the magnetic
properties of the nickel-dilute specimens
(Ni-1, Ni-3 and Ni-6) on account of the
larger errors incurred in dealing with such
weakly paramagnetic material. A single
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measurement of susceptibility at 290°K. was
made in these cases.

Reflectance Spectra

Reflectance spectra in the range 350-
2000 nm (28,500-5000 cm™?) were taken with
a Beckman DK-1A spectrophotometer fitted
with a reflectance attachment. MgAl,O,
served as standard for comparison.

Results

Lattice Parameters

The lattice parameter a of the cubic unit
cell of each of the spinels studied is given in
Table 1.

There is a decrease in lattice parameter with
increasing nickel content. The values of g
for the specimens quenched from 1673°K are
significantly higher than those of the corre-
sponding specimens quenched from 1273°K.
The variation of a with nickel fraction x
is almost linear; the extents, 4a, to which the
points for solid solutions are different from the
ideal values corresponding to Vegard’s law
are reported in Table 1.
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X-ray Diffraction Intensities

In principle the comparison of the experi-
mental and calculated results for two different
intensity ratios is sufficient to determine both
aand B, and thustheiondistributionis uniquely
determined. For many spinel solid solutions
this would be true in practice. In Ni,Mg,_,
Al,O,, however, two of the cations (Mg?**
and AI**) have such similar scattering factors
that the exchange of them between tetra-
hedral and octahedral sites (x constant, f
varying 0 — 1) produces very little change in
intensity ratio (see Fig. 1). The difficulties of
solving the cation distribution in MgAl,Q, by
X-ray methods has long been recognised (7).
The situation is well illustrated by Fig. 2
in which the available field of « and S values
for I,00/1550 1 represented for the whole range
of solid solutions. The convergence of the field
towards the MgAl,0, axis (x = 0) illustrates
the precision necessary in both calculation and
experiment to obtain definitive information
about f in this particular solid solution.
The experimental results from Table II for the
set of 1273°K-quenched specimens are entered
in Fig. 2. They not only fali entirely within the

1
0 0.25

| >

0.50 1.00

Fi16. 2. Calculated X-ray diffraction intensity ratio for L0/ L5120 as a function of composition (x) and of inversion
parameters (« and f) for Ni;Mg,_,Al;O, solid solutions.
O Experimental values of 1273°K-quenched specimens.
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Fic. 3. Nickel inversion parameter (x) vs nickel
fraction (x) in Ni,Mg,_,Al,O, quenched from 1273°K..

calculated field, but the fact that the points
define such a well-developed maximum shows
that o cannot be constant across the range
x=0 to x=1.0, whatever the value of
B. Moreover, the data imply that B is much
more nearly equal to unity than to zero; in
fact for § = 0 all the experimental points below
x=0.25 would fall outside the calculated
field. Using plots of the type of Fig. 1, Table
IV shows the results for a of our comparisons
between observed and calculated intensity
ratios (I;00/1220 and I3,,/1,5,) for the assumed
case of § = 1. The mean values of a from Table
IV and for the set of 1273°K-quenched speci-
mens are shown graphically in Fig. 3. The
errors on the mean «, evaluated on the basis
of those derived from both the experimental
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and calculated intensities (/6), are estimated at
~10%,.

The results from the comparisons with
both 1,99/1529 and I5,,/1,,, are in good agree-
ment, and the main conclusions which can be
drawn from them are as follows.

(i) Ni?* ions are primarily occupying
octahedral sites, but there is some
tetrahedral nickel in all specimens.

(i) For a given nickel concentration in
the solid solution, there is more
nickel on octahedral sites in the case
of samples quenched from 1273°K
if B is assumed constant.

(iit) The fraction of Mg?* ions in tetra-
hedral sites is much more nearly
equal to unity than to zero.

(iv) Within each series at different tem-
peratures, there is a minimum in «a
at about x=0.25-0.50, if g is
assumed constant in all the solid
solutions.

The ratios involving the (422) reflection
(Table 11) are of less quantitative value than the
others. Because of the relatively weak intensity,
(422) in Ni,Mg,_,Al,O, does not adequately
fulfil the third requirement listed by Bertaut
(see above), and, being weak, it is also mea-
sured with less accuracy. Secondly, because it
occurs at relatively high angle, there are in-
creased errors in the theoretical calculation

TABLE 1V

THE INVERSION PARAMETER FOR N12* IN N1,MG,_,AL,04 SOLID SOLUTIONS®

From Lo/ 20 From Is,,/1530 Mean «
a(forf=1) a(for f=1) (for p=1)

Ni-6 0.23 0.24 0.24

Specimens quenched N%—IO 0.18 0.26 0.22
from 1673 K. N%—ZS 0.15 0.12 0.14
Ni-50 0.17 0.12 0.15

Ni-100 0.22 0.20 0.21

Ni-6 0.18 0.26 0.22

Specimens quenched N¥—10 0.17 0.21 0.19
from 1273°K. N{«ZS 0.14 0.07 0.11
Ni-50 0.13 0.10 0.12

Ni-100 0.22 0.22 0.22

7 4 = fraction of Ni** on tetrahedral sites; f = fraction of Mg?* on tetrahedral sites.
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of its intensity, due to the greater uncertainty
in the atomic scattering factors and their
angular dependences. These drawbacks more
than offset the advantage accruing from the
strong dependence of (422) on the inversion
parameter. The trend of the (422) data never-
theless matches that of the corresponding data
involving the (220) reflection, which belongs to
the same class (Table III), and thus affords
added confirmation to our conclusions about
the variations of a with x.

Magnetic Susceptibility

Although magnetic studies are less satis-
factory than X-ray analysis for absolute
measurements of nickel distribution on ac-
count of the uncertainty in the exact magnitude
of the crystal field and spin-orbit coupling
contribution to the magnetic susceptibility,
there is the compensating advantage that the

42 -
T T T T T T T T T T T ey T T T T T T T T
40
1 1
33
[}
g\ —:::,__»—/:"‘O
e —
\D/e
E N
BE T T T T T T T T T Roety T T T T T T T
28 -
w (spin only) ]
2.7 L I

L
(] Q.25 0.50 0,75 1,00
X

FiGc. 4. Magnetic moments z (in ug) of Ni%* in
Ni,Mg,_.Al,O, solid solutions; O Experimental
values of 1273°K-quenched specimens, 0 Experimental
values of 1673°K-quenched specimens.
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interpretation is quite unaffected by uncer-
tainties in the magnesium distribution, no
other ion in the solid solution besides nickel
being paramagnetic.

The results of the magnetic measurements
are presented in Table I and in Fig. 4, where the
theoretical values of u for Ni2* in octahedral
and tetrahedral coordination are also shown.
The data for Ni-1, Ni-3 and Ni-6 are very
approximate, owing to the low nickel content,
and are of limited value. The complete set of
results nevertheless serves to show that the
magnetic moments are all in the range to be
anticipated for a nickel distribution which is
predominantly octahedral. If we take into
account the more accurate of the data (Ni-10
to Ni-100), it can be seen that there is some
evidence for a minimum moment at Ni-25
(maximum of octahedral occupation). This
trend in the 1673°K-quenched specimens is
independently confirmed by the results on the
separate set of specimens quenched from
1273°K. Furthermore, there is a consistently
higher magnetic moment for the specimens
quenched from 1673°K than for those quen-
ched from 1273°K (increased tetrahedral
nickel withincreasing quenching temperature).
Thus there is a very close parallel between the
magnetic results and the X-ray results.

From the intercept on the plot of 1/yx
vs T, the Weiss constant 8 was found to be
around —20° for all specimens.

Reflectance Spectra

Reflectance spectra are a very convenient
means of detecting octahedrally and tetra-
hedrally-coordinated nickel ions in solids.
'We observed 4 bands in the region 5000-28,500
cm™!, some of which were only discernible as
shoulders. Our spectra accorded very closely
with those of Schmitz-Du Mont et al. (17)
and with nickel aluminate spectra published
by Stone and Tilley (/8). The respective band
positions for Ni-10, for example, were as
follows (results of Schmitz-Du Mont et al. (17)
in parentheses): (i) 8900 (8900), (ii) 10,000
(9800), (iii) 15,800 (15,800), (iv) 17,000
(16,800), (v) 18,200 (18,300), (vi) 23,200, and
(vii) 27,000 (26,900) cm™'. As pointed out by
Schmitz-Du Mont et al. (/7), band (i) is the
3T—24, transition of tetrahedrally-coordi-
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3 -1
v, 10 cm

FiG. 5. Reflectance spectra of Ni,Mg,_,Al,O, solid solutions;

Quenched from 1673°K, ———~— Ni—50 speci-

men quenched from 1273°K. Numbers indicate nominal nickel content.

nated nickel. Band (v) is also to be associated
with tetrahedral nickel, as it occurs in Ni,
Zn,_,0. Bands (ii) and (vi1) are respectively the
34,-T,, and 34,,>T,, (P) transitions
of octahedral nickel. Bands (iii), (iv) and (vi)
cannot be uniquely attributed, but are pre-
dominantly tetrahedral. Bands (i), (i), (iii),
(iv) and (v) are shown in Fig. 5 for Ni-10,
Ni-25, Ni-50 and Ni-100. Bands (i), (ii),
(iii), (iv), and (vii) were observed in all our
specimens, and bands (v) and (vi), which are
weak, were observed in all cases except Ni-1,
Ni-3 and Ni-6. The results confirm conclu-
sively that both tetrahedral and octahedral
nickel are present in all our specimens. The
tetrahedral bands dominate the spectra, but
this is due to the less forbidden character of
tetrahedral absorption relative to octahedral
absorption, and does not signify a preponder-
ance of tetrahedral nickel.

The bands moved to lower energies with
increasing nickel content in the composition
range Ni~10 to Ni—100. Figure 5, restricted to
the most diagnostic part of the spectrum in

ordertoenlarge the scale, shows this behaviour.
The effect was small, amounting to 3 9; or less,
and both octahedral and tetrahedral bands
exhibited similar shift. Inspection of the
relative intensities of tetrahedral and octa-
hedral bands as a function of nickel content
revealed no consistent variations. With in-
creasing nickel content the tetrahedral bands
increased more rapidly than the octahedral
bands. This is simply due to their greater
intrinsic absorption intensity. The effect is
sufficient to mask any subtle differences due
to changes in the inversion parameter with
increasing nickel content. In contrast to this,
the effect of temperature on inversion is
easily observed, since in this case the compari-
son of band intensities can be made at con-
stant nickel content. It was found that a rise
in the quenching temperature from 1273 to
1673°K increased the tetrahedral absorption
relative to the octahedral absorption. The
effect is most readily seen in the region 7000-
12,000 cm™!, where tetrahedral band (i) is
conveniently adjacent to octahedral band (ii).
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The comparison for Ni-50 is illustrated in
Fig. 5, and all other compositions showed
a similar behaviour. Since the relative ab-
sorption intensity per Ni2* ion in octahedral
and tetrahedral sites is not precisely known,
quantitative information about the magnitude
of a cannot be obtained; however, it is clear
that, at least 1273°K, a« must be less than the
random value of 0.33 in order to account for
the direction of the change observed. This
effect of temperature on inversion had already
been observed by Schmitz-Du Mont et al.
17).

Comparing the band energies in spinel as a
solvent with those fornickelionsinNi Mg,_ O
and Ni,Zn,_,O, we confirm with Schmitz-
Du Mont et al. that both the octahedral and
tetrahedral bands move to higher energies
in the spinel. Expressing the effect as an energy
ratio (vspinel/ngO and vsplnel/vZn05 reSPCCtiVCIY)a
we found a mean value of 1.14 for the octa-
hedral bands and 1.04 for the tetrahedral
bands. The effect is due to the coordination
polyhedra being more compact in the spinel,
thereby increasing Dgq, the strength of the
crystal field. The effect is much greater on the
octahedron than on the tetrahedron.

Discussion

The distribution of cations in the spinel
structure is influenced by various energy terms,
such as the Madelung energy, the Born
repulsive energy, the individual site-prefer-
ence energy and anion polarization. For
NiAl,O, the octahedral site-preference energy
makes a significant contribution to the total
lattice energy and this accounts (7) for the
highly inverse character of this spinel (78 %
inverse) as compared with other aluminium
spinels. In the absence of site-preference
energy, the Madelung energy and anion
polarization terms favour the normal distri-
bution (8). In “normal” aluminium spinels
with small AI3* ions in octahedral sites the
radius ratio (AI**/O?~ =0.39) is such that
that there is anion—anion contact with a high
repulsion term; thus unit cells are larger for
“normal” spinels than for “inverse” spinels
(5). MgAl,0, is a case where there is no site-
preference energy to contribute to the lattice
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energy: accordingly it will be a more normal
spinel than NiAl,O, and, although the radii
of Mg2* and Ni?* are so close to one another,
MgAl,O, has a larger unit cell than NiAL,O,
(Table I). For a solid solution series of spinels,
such as Ni,Mg,  Al,O,, deviations from
Vegard’s law can be interpreted as reflecting
the variation of the cation distribution with
x. The deviations, however, have to be sub-
stantial, e.g., LiCr,Fe, s_,0, (19), before one
may use this method with confidence.

Another method to look for changes in the
distribution of paramagnetic ions, such as
Ni**, between octahedral and tetrahedral
sites is magnetic susceptibility since there is a
much greater contribution of spin-orbit
coupling to the magnetic moment of Ni?* in a
tetrahedral field than in an octahedral field.
Infact for Ni?* in octahedral field (ground state
34,,) Herr = (1-4A/10Dq) s ., Where A is the
spin-orbit coupling constant, Dgq is the crystal
field strength and . is the spin-only value
of the magnetic moment (2.83 up) (20). From
the values of Dg and 1 given in the literature
(980 cm™! and -245 cm™!, respectively)
(17, 21), we can derive a value of 3.11 ug for
the magnetic moment of octahedral Ni?* in
the Ni,Mg,_,AL,Q, spinel series. The ground
state of Ni%* in a tetrahedral field is, instead,
an orbital triplet 37, (°F) and its magnetic
moment is accordingly appreciably increased
by the orbital contribution. Experiment has
shown that u = 4.08 u; in the spinel phase of
NiRh,0, (8), which has Ni** only on tetra-
hedral sites and p = 4.1 g in the tetrahedrally
coordinated Ni,Zn,_,O (22). Spin-orbit
coupling will not cause the moment in ZnO
to differ much from that in MgAl,0,, and in
any case Dgq is similar (Vepiner/Vzoo = 1.04), so
we may assume y = 4.1 for tetrahedral nickel
in MgAlL,O,. An increase in the magnetic
moments will then indicate in the Ni,Mg;_,
AlL,O, spinel series an increase in Ni?*
tetrahedral occupation.

The other methods, namely intensity vari-
ations of some X-ray reflections and reflect-
ance spectra, which also give information on
the cation distribution, have already been
described in some detail earlier in the paper.

The reflectance measurements (Fig. 5),
the magnetic moments (Fig. 4) and the X-ray



diffraction intensities (Table IV) show a defi-
nite trend towards less inversion of Ni?* with
increasing temperature. The lattice parameters
(Table 1) are higher in the 1673°K gquenched
specimens, which agrees with the above con-
clusion since the lattice parameter of a spinel
will increase with increasing quenching temp-
erature (at constant composition) if the spinel
as a whole becomes less inverted. Schmalzried
(4), Datta and Roy (3) and Schmitz-Du Mont
et al. (I7) have already demonstrated that in
all nickel-magnesium spinels studied by them
there is an increased tendency of N12Jr ions
to move to tetrahedral sites with increase in
temperature. The observed eflect is to be
expected for any spinel in which the enthalpy
difference between normal and inverted states
of a component ion is small and which, at
low temperatures, is predominantly inverted
in that species. The interchange enthalpy

for the equ111br1um XL+ YS=X% + Y?;;

oct

in NiAlL,O, is only about —8.368 kJ mole™!
23).

The analyses of diffraction intensity and
magnetic susceptibility (Figs. 3 and 4, re-
spectively), show that the distribution of

nickel ions between octahedral and tetrahedral
sites of the anpl structure depends on nickel

concentration. Our work shows conclusively
that the nickel inversion parameter « is lower
in Ni-25 and Ni-50 than in Ni-100 and in the
nickel-dilute solid solutions (x — 0). The
X-ray results would be consistent with o
decreasing progressively to zero as x is de-

creased across the range x=1 to x=0 if
B <0.7, but this extreme conclusion (@ — 0

and B < 0.7) is emphatically ruled out by the
fact that tetrahedral nickel has been proved to
exist in Ni-6, Ni-3 and Ni-1 by refiectance.
To account for tetrahedral nickel in Ni-6
sufficient to show up in reflectance, we must
postulate that f is significantly greater than
0.7. For 0.7< f < 1.0, the data require a

minimum to dr—\\/r—\lnn in the variation of «

with x. It should not be a serious approxi-
mation to infer that the § value for MgAl,O,
is appropriate also to the magnesium-rich
solid solutions. MgAlL,O, used to be widely
regarded as a normal spinel (f = 1), both on
theoretical grounds and on the basis of neutron
diffraction analysis (24). More recently,

145
however, NMR (25) and infrared spectroscopy
(26) have been applied to this problem, and
the results from both techniques have pointed
decisively to a partly inverted distribution.
Reexamination by neutron diffraction has
confirmed that MgAl,O, is partly inverse
{27) and the fraction of Mg?* ions on octa-
hedral sites has been estimated as 10-159;.
This very interesting result provides us with a
value of f = 0.85-0.90, which places the solu-
tion for « just inside the range where a mini-
mum can be present and at the same time is
consistent with our seeing tetrahedral nickel
by reflectance in all the specimens

Let us now consider why the octahedral
occupation by nickel should reach a maximum
value around x = 0.25, Granted that NiAL,O,
is as inverse as it is because of octahedral
nickel being stabilized by the surrounding
0%~ ion field, it is surprising at first sight that
the fraction of nickel in octahedral sites at an
intermediate composition in Ni,Mg,_ ,,A1204
{where the lattice parameter is mrger than in
Ni-100) should be more than in NiAl,O,.
Our reflectance spectra, however, provide the
clue to this anomaly. They show that Dg
does not decrease between Ni—100 and Ni-25

but, on the contrary, the bands move to hmhpr

energies in Ni-25. Thus the preference energy
for Ni** in octahedral sites is greater at Ni-25
than at N1—-i00. There is a second important
consideration. The oxygen parameter u is
0.381 in NiAl,O, (/0), but increases to 0.387
in MgAL,O, (27). This change means that the
octahedral sites in MgAl,0, (and presumably
in -25) are smaller than in NiAlLQ,

aic =iiallel Liiall 1 LW 5.

ThlS tsa clear proof that a factor operating to
increase octahedral stabilization of nickel is at
work as NiAl,O, is diluted with Mg?* ions.
The result is a decrease in a as x changes from
1.0t00.25. We have very little knowledge about
the extent to which molecular orbital formation
is contributing to octahedral stabilization in

this system. Blasse (8) has pomted out that

anion polarization is greater in normal
spinels than in inverse spinels and that ligand
field effects may then contribute to octahedral
stabilization of transition metal ions. Assum-
inga ~ 0.1and f ~ 0.9, Ni-25 is approximately
709, normal (Eq. (5)), so there may indeed be
a favourable factor from this source.
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On the other hand, as x decreases, the
spinel as a whole becomes more normal.
The electrostatic energy is the primary source
of the crystal energy in spinels, and the Made-
lung constant is higher for a normal spinel
than for an inverse one (for u > 0.380) (8).
In the present case, there will not only be a
rise in the Madelung constant as the spinel
achieves greater normality (x — 0), but the
effect will be accentuated near x = 0, because
of the high u parameter of 0.387 in MgAL,O,.
Thus towards x=0 we propose that the
Madelung energy term begins to predominate
over crystal and ligand field terms in deter-
mining the nickel distribution, and thereby
leads « towards the value of f. Such an effect
could account for the minimum in a. Our
results indicate that there is not much change
in B in the nickel-dilute region. Thus so far as
the quantity of nickel in tetrahedral sites is
concerned (i.e., the product of the inversion
parameter « and the mole fraction x), there is
probably a continuously increasing value
between x =0 and x =1 in all the solid solu-
tions we have studied, irrespective of the
minimum in o.

This important result found by us, ie.,
the dependence of nickel octahedral occu-
pation on composition, seems at first sight to
be in contrast with the findings of Datta and
Roy (3b) and Schmitz-Du Mont et al. (17)
on the same Ni,Mg, _ Al,O, system. However,
the elegant studies of Datta and Roy were
more devoted to the variation of cation
distribution with femperature than with
composition. The constancy of nickel distri-
bution with x was merely inferred by these
authors from the constancy of one intensity
ratio and from the linear variation of g with
x. Our study has shown that the variation of
cation distribution with composition cannot
be determined very certainly by means of
only one intensity ratio nor can it be reliably
deduced from the small deviations from line-
arity observed on the lattice parameters of the
Ni,Mg,_.Al,O, system. Schmitz-Du Mont
et al. (I7) have affirmed that there was no
criterion from their data to suggest that the
ionic distribution depends strongly on x
We indeed agree with these authors that this
question cannot be answered on the basis of
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reflectance spectra. However, in the light of our
results, their data give a key to explain the
minimum in «. In fact from their reflectance
studies it can be concluded that: (i) the most
shortwave octahedral band, which is the most
diagnostic for recognizing octahedral nickel,
has a pronounced maximum in energy around
x = 0.1-0.3, and (ii) a maximum value of the
interelectronic repulsion Racah parameter B
also occurs around x = 0.1-0.3. These obser-
vations point to a higher ionicity of the bonded
Ni2* ions in this nickel region; this implies
a higher octahedral crystal field strength for
the spinels at x ~0.1-0.3. Since one of the
energy terms contributing to the cation distri-
butionin spinels, the octahedral site-preference
energy, is dependent on 4, (6, 7), the maxi-
mum in nickel octahedral occupation de-
duced by us at x ~0.25 finds an explanation
also in the variation of Dg observed by
Schmitz-Du Mont et al. (17).

A synthesis of several experimental and
theoretical methods has been necessary in
order to draw conclusions about the nickel
inversion parameter. The individual princi-
ples which have been used are sufficiently
general to be applied to other spinels in which
a knowledge of the variation of inversion
parameters with composition would be of
theoretical interest. Many would be easier to
investigate by X-rays than Ni,Mg, ,Al,O,;
further related work on spinels is continuing
in our laboratories. There are also other
structures in which the site location of cations
is finely balanced between more than one co-
ordination, including solids such as clays and
zeolites which contain cations in positions
extraneous to the main structure. The search
for crystal and ligand field effects in such
inorganic compounds deserves much more
attention than it has hitherto received.
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