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i The crystal structures of the spinels Co;04, NiCo,0,, Co5S,, and NiCo,S; were refined from X-ray
and neutron powder data. Their lattice parameters at room temperature and the positional parameters of
the oxygen and sulfur atoms were: Co;04, 8.0835 + 6 A, 0.2640 + 8; NiCo0,0,, 8.114 + 14 A,0.2583 +
34; C05S4, 9.4055 + 12 A, 0.2591 + 5; NiCo,S4, 9.3872 £ 7 A, 0.2591 + 3. The thermal stabilities of
the two oxides inair and in oxygen at | atm were investigated by thermogravimetric analysis and differen-
tial thermal analysis, and the magnetization of NiCo,O, was measured down to 4.2 °K in fields up to
11.70 kOe. From neutron diffraction NiCo,0, was found to be inverse, while NiCo0,S, was shown to be
! normal. The results of the magnetization measurements and the neutron-diffraction patterns at 111 and
393 °K were found to be equally consistent with the magnetic structure proposed for NiCo,O4 by
Blasse, Co2+ [Ni**tCo03*]04 (Co2* in a high-spin and Ni*+ and Co?* in low-spin states), and with Co3+-
[Ni2*Co03* 104 (Co®>* in 8(a) in a high-spin and Co3" in 16(d) in a low-spin state). The sublattice mag-
i netizations were not completely aligned even at 4.2 °K; the net magnetic moment derived from the
i magnetization measurements was only 1.25 g, which is lower than the value of 215 expected from either
model. At 111 °K the moments of the ions in the tetrahedral and octahedral sites were estimated to be

1.9 + 0.2and —0.5 + 0.1 bohr magnetons respectively.
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‘Nickel in the cubic n phase CogNiSg shows no
noticeable preference for octahedral coordina-
tion (1). It is of interest to know how common
this lack of preference is in other sulfide structures
based on a f.c.c. framework of sulfur atoms. The
structure of the sulfospinel NiCo,S, is of this
type. It contains tetrahedrally and octahedrally
coordinated metal atoms, but the distribution of
Co and Ni in this compound has not been pre-
viously studied. An investigation of this sulfoco-
baltite was therefore undertaken. For comparison
a similar investigation was carried out on the
corresponding oxide, NiCo,0,, which is mag-
netic at room temperature (2-4), and on the
binary compounds Co,S, and Co;0,. All four

'For part V see ref. 21. A preliminary account of this
work was read at the Chemical Institute of Canada Sym-
posium on Structural Inorganic Chemistry in Halifax,
N.S., September 1-3, 1965,

2Present address: Mineral Sciences Division, Mines
Branch, Department of Energy, Mines and Resources,
Ottawa, Canada.

3NRCC Postdoctorate Fellow in the Neutron Physics
Branch, Atomic Energy of Canada Limited, Chalk River,
Ont., 1962-63.

compounds have been described before, and
some of them have been known for a long time
(cf. Table I), but except for Co,0, the positional
parameters of the nonmetal atoms have never
been determined.

Experimental

Preparation and Thermal Stability of the Oxides

Co30, was prepared by calcining reagent-grade cobalt
carbonate at 700 °C in air and allowing the product to
cool slowly. The composition of cobalt carbonate is
always uncertain, but thermogravimetric analysis (t.g.a.)
showed that the carbonate was completely decomposed
into Co30, between 550 and 600 °C (Fig. 1). There was
no further loss of weight until Co;O4 began to lose
oxygen and decompose into CoO at about 950 °C.

The diffraction pattern of the product, which was a
very fine jet black powder, was well defined and contained
no foreign lines. However, differential thermal analysis
(d.t.a.) runs in stagnant air indicated onset of an endother-
mic process at about 660 °C. Thc process was charac-
terized by a composite peak terminating at about 1030 °C
(Fig. 1). Consequently the decomposition of Co030, into
CoO cannot be simple, and Co30O4 may undergo some
transformation below the calcining temperature, 700 °C.
At first glance the peak seems to consist of a small broad
peak centering at about 900 °C and a much narrower
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Fic. 1. T.ga. and d.t.a. curves of cobalt carbonate
and Co;0, in stagnant air and in flowing oxygen. The
t.g.a. curves are not on the same scale. D.t.a. peaks are
cut off at half-widths. Weight changes in the t.g.a. curves
refer to 1 CoO {final state on heating). Rate of heating,
6 °C/min; rate of cooling, 6 °C/min, then natural cooling.

main peak positioned at about 982 °C. However, the
profile of the composite peak is less symmetric than would
correspond to an overlap of the two component peaks.
In this the composite peak resembles somewhat the cor-
responding peak for NiCo,0, (Fig. 2), the asymmetry of
which is much more pronounced. A d.t.a. run in flowing
oxygen gave a similar result, but the main peak was
shifted to about 1010 °C, while the broad peak remained
essentially unchanged. The indications of fine structure of
the broad peak are probably real, since they reappeared
on cooling. The increased separation of the component
peaks in oxygen showed that the main peak was
symmetric.

There was no change in weight (within about +1 mg
on a 0.5 g sample in stagnant air) that would correspond
to the endothermic d.t.a. peak in the 660-920 °C range,
even when the usual uncertainties in correlating t.g.a. and
d.t.a. curves are taken into account.

Even though the thermal hysteresis of the main d.t.a.
peak in oxygen amounted to about 100 °C, reoxidation of
the CoO ultimately formed appeared to be fast and pro-
ceed through essentially the same stages as the decom-
position of Co30,. This must also be the case on heating
in air, as tlie final product obtained by the decomposition
of the carbonate was single-phase Cos0.. The calcining
temperature employed in the preparation, 700 °C, may
perhaps have been too high, but the product reoxidized

completely during the slow cooling, and calcining at
700 °C may have improved the crystallinity of the result-
ing oxide.

NiCo,0, was prepared by dissolving the requisite
amount of dried Co;04 and NiO (reagent grade) in nitric
acid, evaporating to dryness, and decomposing theresidue
on a hot plate till no more nitric fumes were given off.
The resulting magnetic powder was ground and thor-
oughly mixed by repeated screening through a 325-mesh
screen. To establish a maximum safe firing temperature
the mixed oxide was investigated by t.g.a. in stagnant air
and in flowing oxygen (Fig. 2). In air the loose powder
(not dried) began to lose weight almost as soon as the
heating started. A poorly defined plateau was reached at
about 200 °C; at about 350 °C a steady loss of weight set
in. From there on there was a continuous and significant
loss of oxygen till about 940 °C. In oxygen the weight loss
became appreciable at ca. 400 °C, the shape of the t.g.a.
curve being similar to that obtained in air but shifted by
approximately 50 °C towards higher temperatures. The
composition of the final product above 950 °C in air
corresponded to NiCo,0j, i.e. (Niy;3C0,,3)O.

When the t.g.a. residue was allowed to cool in the
thermobalance from 1100 °C in air, perceptible reoxida-
tion began at ca. 830 °C. The amount of oxygen absorbed
in the reoxidation was less then 10, per formula unit of
NiCo0,0;. Powder photographs of thc¢ cooled product
contained strong but diffuse lines of a B1 pattern and
reasonably sharp lines corresponding to the Co3O04
pattern. This would point to reoxidation of a homoge-
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Fig.2. T.g.a.and d.t.a. curves of NiCo, O, (not dried)
in stagnant air and in flowing oxygen. Weight changes in
the t.g.a. curves refer to 1 (Niy;3Co0./3)O (final state on
heating). Rate of heating, 6 °C/min; rate of cooling,
6 °C/min to about 500 °C, then natural cooling.
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neous solid-solution NiCo,0; phase of the rock-salt type
to a mixture of NiO, CoO, and Co0,0,, the lower oxides
forming at least a limited solid solution.

From these results it was concluded that 300 °C in
oxygen at atmospheric pressure would be a reasonable
preparation temperature, Pressed disks of the nitrate
calcine were fired for 7 days at 300 °C in flowing oxygen
followed by slow cooling in the furnace. They crumbled
readily to a very fine jet-black, strongly magnetic powder
which gave a diffuse spinel pattern that could not be
measured with satisfactory accuracy. The firing was
repeated but the resulting patterns were still of poor
quality. Both Co304 and NiCo,04 were so fine that there
was no need of grinding the powders to pass 400 mesh.

These results were in general agreement with the findings
of Holgersson and Karlsson (2) who obtained, by firing
the mixed nitrate at 850 °C in air, a homogeneous solid
solution of CoO and NiO, while gentle heating over a
Bunsen flame produced a spinel phase. However, Lot-
gering (4), who fired the nitrates at 300 °C in oxygen,
remarks that though NiCo,0Q, is unstable above about
400 °C, he was able to determine a reversible 1/ vs. tem-
perature curve up to about 800 °C. Gocan (20) reported
that he obtained magnetic spinel phases by calcining the
mixed nitrates at 400, 500, 600, and 700 °C for 4 h, while
at 800 °C a mixture of NiO, CoO (two separate phases),
and Co0,0, resulted*.

To see if reversible reoxidation does take place on slow
cooling, a specimen of NiCo,0O, was heated as loose
powder at 700 °C for 2 days in flowing oxygen and then
cooled to room temperature over 10 days without stop-
ping the oxygen flow. The powder pattern of the product
showed strong lines of a B1 phase as well as a weaker line
pattern that appeared to correspond to that of Co50,.
Considering that at 700 °C the main loss of oxygen in our
t.g.a. experiments had not yet taken place, our results are
at variance with the findings of both Gocan and Lot-
gering.

Differential thermal analysis curves, in stagnant air
and in flowing oxygen, of a NiCo,0, specimen used for
neutron diffraction showed similarities with the curves
for Co;0,, but the composite endothermic peaks were
much more asymmetric, and even in oxygen there was no
separation of the component peaks (Fig. 2). A puzzling
feature, not present in the d.t.a. curves of Co30,, was a
weak exothermic peak in the vicinity of 220 °C which
appeared in air, oxygen, and purified argon, but only
when virgin material was used. It was not observed on
recycling. With the aid of infrared spectra of the oxide
dispersed in KBr pellets it was eventually traced to smalt
amounts of residual nitrate which was present even after
the prolonged calcination. It seems that the initial loss of
weight in the t.g.a. experiments (below say 300 or 350 °C)
had its origin in the undecomposed nitrate and moisture.

Preparation of the Sulfides
Co3S, and NiCo,S, were prepared from Co0,Sgz or

*The lattice parameters of these spinels are given as
8.292, 8.316, 8.258, and 8,280 A for the four temperatures
employed, and that of Co,0, is quoted as 8.180 A. All
these values are higher than any reported by other authors.
They will be even higher when the wavelength used by
Gocark MCuKa) = 1.537 A, is converted to M(CuKg) =
1.542

CogNiSg, which were available in sufficient quantities
from previous neutron-diffraction work (1), by adjusting
the compositions with requisite amounts of sulfur and
nickel and reacting the mixtures in evacuated silica
ampuls. The reacted sulfides were ground to pass 100
mesh, mixed thoroughly by repeated screening, and re-
sealed for homogenization (cf. ref. 1). This procedure
was repeated when necessary. The resulting moderately
sintered compacts were crushed to pass 100 mesh, except
for the small amounts that were used for X-ray diffrac-
tion. These were ground carefully to pass 325 mesh.

X-Ray and Neutron Diffraction

X-Ray powder photography and measurement of
integrated X-ray diffractometer intensities were carried
out in a manner described elsewhere (18). Smear mounts
were prepared by mixing the powders with silicone
grease to a thick paste, pressing the paste into a shallow
counterbore (0.4-0.6 mm deep) in a lucite slug, facing the
paste with dry powder, and smoothing the resulting sur-
face by gentle pressing against a microscope slide. Com-
parison with a pressed disk of NiCo,04 showed that
there was no gain in intensity on pressing, and smear
mounts were used throughout. There was no evidence of
preferred orientation. The wavelengths used were FeKo,,
1.93597 A; FeKa, 1.93728 A; CoKa,, 1.78892 A; and
CoKa, 1.79021 A.

The neutron-diffraction experiments were performed
at the NRX reactor of Atomic Energy of Canada Limited
at Chalk River, Ont. As the investigation extended over
4 years, the diffraction patterns were obtained under a
variety of conditions, not always strictly comparable.
The neutron beam was monochromatized by Bragg
reflection through 40° from the (111) plane of either an
Al (A = 1.60 A) or a Ge crystal (A = 2.234 A). A single-
crystal quartz filter 6 in. thick reduced the second-order
(Al) and third-order (Ge) contents of the incident beam
to less than 29%,. A double-wall aluminium cryostat per-
mitted measurements to be made at liquid-nitrogen and
higher temperatures. Absorption corrections were deter-
mined from transmission measurements. In the more
recent runs (Fig. 4) higher angular collimation was used.
Other details are given in refs, 18 and 19.

The raw neutron-diffraction patterns were reduced to
DpF? patterns (19, 28). Overlapping peaks were resolved
and Gaussian profiles fitted to all the peaks by a least-
squares program written for the IBM 1620 (40K).

Least-Squares Refinerment

The origin of the unit cell of the spinel structure (space
group Fd3m) was taken at the center of symmetry. For a
normal AB,X, spinel there are 8 A atoms in 8(a): +(1/8,
1/8, 1/8) etc.; 16 B in 16(d); and 32 X in 32(e): + (xxx)
etc., with x in the vicinity of 3.

An ad hoc full-matrix program written for IBM 360/50
and weighting scheme W3 of ref. 21 were used in the
refinements, A three-function interpolation scheme (22)
was employed to compute the X-ray scattering factors
from the equidistant values listed in refs. 23 (self-consis-
tent field) and 24 (O?~) after they had been corrected for
dispersion (both parts) (25)°. Ionic scattering factors

5The dispersion correction for oxygen was taken from
ref. 23 (CrKo).



3466 CANADIAN JOURNAL OF CHEMISTRY. VOL. 46, 1968

TABLE 1
Lattice parameters of the spinel cobaltites

Com-
pound a0, A Preparation Reference
Co0,30.4 8.05* 5
8.07* From nitrate; 700 °C 6
8.124* From nitrate by gentle heating; one diffuse doublet not indexed 2
8.126* 7
8.09 8
8.070 3
8.092 From nitrate; 750 °C/5 h in oxygen 4
8.084
(24 °C) From fluoride; 850 °C/24 h, M{CoKa,) = 1.7889 A 9
8.083% 10
8.0855+5 From nitrate; calcined at 500 °C, ignited at 900 °C/240 h 11
8.065 From CoO at 860 °C in oxygen; AMCoKa) = 1.790 A 12
8.0835+6 This work
Co0,S, 9.38* 13
9.401* 14
9.416 From Co+S; 600 °C/24 h, 500 °C/60 h 4
9.399+2 From Co+S; 600 °C/24 h, 700 °C/70 h 15
9.4055+12 550 °C/4 days, 620 °C/3 days, slow cooling in furnace This work
NiCo,0O, 8.128* From nitrates (see footnote in text) 2
8.098 3
8.121 Fr(om(r)litr)ates; 300 °C/5 hin oxygen. Pattern not sharp, traces of a second phase
NiO ? 4
8.114+14 This work
NiCo,S, 9.392 From Ni+Co+ S; 500 °C/10 h, 1000 °C/4 h, 1000 °C/4 h, (+ S) 500 °C/48 h 4
9.384+2  From Ni+Co+S: 500°/24 h, 1000 °C/4 h, 500 °C/48 h 15
9.3872+7 500 °C/7 days, cooled to room temperature over 5 days (final heat treatment) This work

* Adjusted to wavelengths used in this work. In refs. 2 and 7 it is not clear whetherthe units were A or kX,

tCo oxalate dihydrate calcined in air at 500-750 °C/5 h. The product gave reproducibleresults, although gravimetric analysis and determination
ofthe oxidizing power indicated a slight oxygen deficiency of the orderof 1 %4 (16).

were normally applied to the oxides and neutral to the
sulfides. The neutron scattering amplitudes were taken
from ref. 26 (for 5(Co), however, see under Co30s4).

The same abbreviations are used in this paper as in ref.
21. The X-ray powder intensities of all four compounds
have been submitted to the ASTM X-ray powder data
file.

Magnetic Measurements

Intensities of magnetization of NiCo,O4 were mea-
sured, in the temperature range 4.2-533 °K, by the Fara-
day method using a magnetic balance. The balance was
similar to that described by Hirone ef al. (27) except that
the deflection was detected by a mirror-photocell instead
of a parallel-plate condenser system. At liquid-helium
temperaturc the maximum magnetic field was limited to
8.60 kOe because of the larger pole gap required to
accommodate the cryostat. At higher temperatures fields
up to 11.70 kOe were used. The temperature of the pow-
der specimen, which weighed about 10 mg, was measured
with a calibrated AuCo-Cu thermocouple, ensuring good
contact of the thermocouple with the powder. The
balance was calibrated by measuring the magnetization
of pure nickel powder.

Results and Discussion
Co,0,
Thelattice parameter of our preparation agreed

well with, most of the recent determinations
(Table I). The possibility that ¢, depends some-
what on the method of preparation cannot be
excluded (cf. ref. 3), so that the slight differences,
within the range 8.08-8.09 A, may be real.

A refinement from X-ray data based on the
normal distribution, Co?*[Co,*>*]0,*", and
using individual isotropic temperature factors
gave a physically reasonable result, though the
temperature factors of both Co atoms were
higher than one might expect (Table ITI). How-
ever, the same results were obtained when the
refinement was started from widely different sets
of initial parameter values or when a linear com-
bination of B(O) and x(O) was introduced as an
independent parameter to counteract the B(O)-
x(0) correlation, which had the largest correla-
tion coefficient, —0.65.

No significant difference resulted when the
structure was refined for an overall temperature
factor (Table 1I) or when the inverse structure,
Co3*[Co**Co®>* 10,27, was assumed. The x(O)
value, 0.2637 + 13, compared favorably with
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) TABLE I
Results of the least-squares refinements from X-ray data (FeKa)*

BEX),  esd

After B(A),  B(B),
cycle B(overall), A? Al Az A? x(X) K R, % (W)
Co?* [Co; “]042‘ (n=15)
0 0.20 0.20 0.60 0.2600 1.000 10.47 7.42
10 1.02+13 0.84+10 1.16+29 0.2637+13 1.004+13 2.01 1.17
0 1.00 0.2600 1.000 3.8 1.92
10 1.02+6 0.2642+10 0.995+6 2.37 1.16
C03+[N12+C03+]O42‘ n=110
0 0.20 0.20 0.60 0.2600 1.000 12.69 10.87
10 1.62+63 1.00+61 1.994+127 0.2570+45 0.987+38 S5.37 4.40
0 1.20 0.2600 1.000 6.20 4.22
3 1.164+23 0.25934+38 1.002+25 6.25 4.19
Co[C02]S4 (n = 15)
0 0.45 0.20 0.45 0.2600 1.000 3.19 3.32
10 0.11+18 0.27+27 0.39+27 0.2587+6 0.987+12 1.8 1.76
0 0.45 0.2600 1.000 3.94 3.91
8 0.25+9 0.2594+6 0.991+9 2.31 1.83
Ni[CoalS, 1 = 16)
0 0.20 0.20 0.2600 1.000 2.83 2.64
10 0.50+14 0.14+17 0 57i17 0.2589+3 0.990+7 1.55 1.20
0 0.30 0.2600 1.000 2.82 2.26
10 0.33+7 0.2592+3 0.993+7 1.65 1.28

*Only results for the best modelsare listed here. For other models tried see text. First line, initial parameter values;second line,

final parameter values.

that obtained by Roth (12) from CoKa intensi-
ties, 0.263°.

Only 9 single |F, | could be extracted from the
neutron-diffraction pattern of Co;0, (Fig. 3) by
Gaussian analysis. Correction for second-order
contamination was obtained from 400/2, which
is a wholly second-order peak. It amounted to
about 0.8 % of the first-order reduced intensity.
Refinement from these limited data was rendered
even less favorable by the uncertainty in the value
of b(Co). Shull and Wollan’s value, 0.28 (29),
had been revised from CoO to 0.25 (30), from
Co metal and Co;0,t00.250 £ 10 (31), and from
Co;0, to 0.232 + 25 (12) (all values in 10712
cm). Both 0.235 (also quoted in ref. 12) and 0.250
were tried in our refinement. An attempt was also
made to include &(Co) as a parameter of refine-
ment.

The results of a number of refinements can be
summarized as follows. Refining for K and x(O)
only, and putting B(overall) = 1.00, b(Co) =
0.250, gave an overall agreement which was
oetter than for H(Co) = 0.235 at a significance

$There is a misprint in Roth’s Table 1: the I. and I, of
622 (X-rays) cannot be 105 and 112 respectively, The
values should probably be 10.5 and 11.2,

BI" RAW PATTERN R § $
L |
g oL ! H H }\
z . ! 1 g !
g Ty d 8§ = \ " i, ' \
d =g g v N
’ sl I"! 8 > , l 3 23 '” ,{ \ :
AN S AN I
N A
H
E REDUCED PATTERN
Pl ,
g 8 {
z 3§ 3 “
Pl 3 LT Il
1+ ) - i [Il - H i A i \
2 3 3 = e 3 o [
g -3 ¢F nll;;\n &) h
LI A A
obh e ™ bt G end Do
L} 20 !IO : 40

Frc. 3. Raw and reduced neutron-diffraction pat-
terns of Co;0,4 at room temperature (monochromator,
Al(111); A = 1.60 A average counting time per point,
20 min).

level close to 10 % (33), but x(O) was the same in
both cases, 0.2621 + 6. The same was true when
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refining for K, x(0), and B(overall): x(0) =
0.2624 + 6, B(overall) = 0.89 + 8, R = 1.84Y,
e.s.d.(w) = 0.062.

Attempting to refine b(Co) and K using best
x(0O) and B(overall) from the X-ray data gave
b(Co) = 0.257+ 11, while with best x(O) and
B(overall) from the neutron data, and starting
from b(Co) = 0.235, gave 0.248+ 5.

Even though the present data are insufficient to
establish a reliable value of #(Co), they tend to
confirm Moon’s value of 0.250 + 10. The strong
parameter correlations in Co;0, render b(Co)
values derived from this compound unsatisfac-
tory (ref. 12 and this work); Moon’s results ob-
tained with Co metal are not discussed in ref. 31
in sufficient detail to judge their reliability. Thus
the value of 5(Co) cannot be considered as settled
even within the accuracy expected from such de-
terminations.

Our best x(O) from neutron data, 0.2624 + 6,
does not significantly differ from Roth’s value,
0.2632 + 4 (12), and its 20 range overlaps with
that of x(O) from our X-ray data.

NiCo,0,

The high-angie lines of the NiCo,0, powder
photograph were not sharp enough for a Nelson-
Riley extrapolation. A 3:2 mixture by weight of
NiCo,0, and NiO (g, = 4.1765 + 5 A) was
therefore used to provide internal calibration.
The resulting lattice parameter was within the
range of values reported in the literature (Table I.

Refinement of the structure from X-ray
data was less satisfactory than for Co;0,. The
powder pattern yielded only 11 sufficiently well-
defined single reflections. Refinements based
on the models Co** [Ni2*Co®**10,2~ (s = 0),
Co** [Ni**Co**10,27, and Ni**[Co,%*]0,2~
(s = 1), with individual isotropic temperature
factors as well as with an overall temperature
factor, gave results that did not significantly differ
among themselves?. An exception was the refine-
ment for s = 1 and B(overall). This was found
rejectable, on Hamilton’s £ criterion (33), at
the 59 significance level when compared with
the refinement for s = 0 and B(overall).

7The.inversion parameter s is defined by f(Miatedrat)

= Xf(Nl) + (l = .Y)f(CO) and Azf(Moclahcdml) = (l - .Y)

f(N1) + (1 + 5) f(Co), and similarly for neutron diffrac-

tion. That is, s = 1 corresponds to the normal; s = 0, to

the inverse; and s = 1/3, to the random (i.e. 8(a) + 16(d))

?istrcibution. For Co30,, read Co** for Ni and Co3*
or Co.

The unexpectedly close similarity of the ex-
ploratory neutron-diffraction patterns of the
oxide obtained at room and liquid-nitrogen tem-
peratures and at 120 °C made it evident that the
magnetic contribution to the total diffracted
intensity was rather small and that unless an
effort was made to ensure adequate counting
statistics, attempts to interpret the magnetic
structure would fail. Diffraction patterns were
therefore obtained at —162 and 120 °C using
counting times of about 25 min per point (Fig. 4).
These were judged reasonably satisfactory for
Gaussian analysis, by which 10 |F,| were ex-
tracted.

The R factors calculated from the high-tem-
perature |F,| and a reasonable set of unrefined
parameter values were 129, for s = 0, 22%, for
s = 1/3,and 519 for s = 1. The best refinement
of the inverse model (using b(Co) = 0.250)
resulted in x(0) = 0.2594 4+ 30, B(overall) =
0.83 + 42, R = 9.08 %, e.s.d.(w) = 0.279. When
B(overall) was fixed to 1.00, the same x(O) and R
values were obtained. The values of xX(O) and
B(overall) agree well with the corresponding
values for s = 0 from the X-ray data (TableII).

Attempts to refine for K and s only did not give
meaningful results.

Co;S,

The x(S) for Co[Co,]S,, 0.2587 + 6, was very
close to Lundqvist and Westgren’s trial-and-error
value, 0.260 (converted from —0.135 for a differ-
ent choice of origin) (14). There was no significant
difference between the refinement for the neutral
model and for Co'*[Co!*Co?* ]S,! ™ regardless
of whether individual isotropic temperature
factors or B(overall) were used, except that B(Co)
of both Co atoms were positive indefinite.

To test the effect of the dispersion corrections
the structure was also refined employing uncor-
rected neutral and singly ionic scattering factors.
The results could be rejected at the 0.59 signi-
ficance level when compared with those of the
preceding paragraph. Thus the assumed degree
of ionicity appears to affect the refinement much
less than omission of the dispersion corrections.

NiCo,S,

Three models were used in the refinement from
X-ray data: Ni[Co,1S; (s =1), Co[NiColS,
(s = 0), and (NiCo,)S; (s = 1/3). Since the
ionicity did not appear to produce a significant
difference in the refinement of Co,S,, only
neutral atoms were used for NiCo,S,.
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cation distributions.

Assuming s = 1 to be the best model, the ran-
dom structure (s = 1/3) could be rejected, on the
4 criterion, at a significance level between 10 and
259 and the inverse structure (s = 0), at the 5%
level. The corresponding figures for the B(overall)
refinements were 2.5% and <2.59,. There was
nosignificant difference between the B(individual)
and B(overall) refinements for s = 1.

In refining the structure from neutron data
(12 |F,|; Fig. 5) both 0.235 and 0.250 were used
for b(Co), and beside the usually quoted b(S) of
0.31 (26) the value proposed by Menyuk et al.

(32), 0.28 + 1, was also tried (all values in 10712
cm). R computed from a reasonable set of initial
parameter values was between 12 and 159 for
s = 1, while for s = 1/3 and 0 it amounted to
409, or more and could not be reduced by refining
below 24 %;. Different combinations of 5(Co) and
b(S) values and B(overall) = 0.4 did not lead to
x,K-refinements significantly different at the 259
level, although the lowest R and e.s.d.(w) values,
10.049, and 0.279 respectively, were obtained
with 5(Co) = 0.25 and b(S) = 0.31; the resulting
x(S) was 0.2548 + 44. A three-parameter refine-
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Fig. 5. Neutron-diffraction pattern of NiCo,S, at room temperature (monochromator, Al(111); A = 1.60 A;
average counting time per point, 7 min). The second-order contribution has been removed from the pF,? histogram.

ment gave x(S) = 0.2561 + 47, B(overall) =
—~0.39 + 55, R=10.69%, and e.s.d.(w)=
0.288.

Attempts to refine the normal structure for X
and s were inconclusive. If anything they seemed
to indicate that s might be somewhat smaller than
unity. Further treatment did not appear justified
because of the uncertainties in the neutron-
diffraction patterns, the smaller number of usable
reflections, and the relatively low scattering
amplitude of S.

Magnetic Measurements

Magnetization curves of NiCo,0, were mea-
sured with decreasing magnetic field at different
temperatures (Fig. 6A). Hysteresis was found at
low fields, i.e. the magnetizations measured with
increasing fields were somewhat smaller. The
temperature dependence of magnetization at
11.70and 7.88 kOeis shown in Fig. 6B. The values
of magnetization were lower than those obtained
by Lotgering (4).

The magnetization was not completely satu-
rated even in a field of 11.70 kOe, and the mag-

netization vs. T curve was of unusual shape.
Since both Lotgering’s and our preparations
were contaminated with small amounts of
foreign phases of uncertain identity?®, it is rather
difficult to estimate the “true” saturation mag-
netization and the Curie point. When the magne-
tization vs. T curve at 7.88 kOe is extrapolated to
0 °K, the magnetization reaches 29.0 e.m.u./g,
which corresponds to 1.25p5 per NiCo,0, for-
mula unit. Blasse (34) obtained, from Lotgering’s
data, the value of 1.5p, and also estimated, by
extrapolating a linear portion of the magnetiza-
tion vs. T curve to zero magnetization, the Curie
point as 350 °K. This value seems, however,
incorrect because the magnetizations at 460 °K
are not yet proportional to magnetic fields (Fig.

81 otgering suggests that the foreign phase in his speci-
men may have been NiO. If so, Co;0, would also have
been present, and possibly CoO as well; the lower oxide
may in fact have been a solid solution (INi,Co)O. Quite
apart from the presence of foreign phases the magnetic
properties of NiCo,O, itself may depend on its exact
stoichiometry and on the details of preparation. Lot-
gering’s report that the 1/y vs. T curve was reversible up
to 800 °C further complicates the situation.
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6A). The true Curie point would be expected to
lie in the vicinity of 500 °K.

There islittle doubt that NiCo, 0, is not simply
ferromagnetic but ferrimagnetic. The anomalous
magnetization vs. T curve suggests the occurrence
of Néel’s R-type of ferrimagnetism (35), in which
one of the two sublattice magnetizations is not
completely aligned®.

Magnetic Contribution to the Neutron-Diffraction
Pattern of NiCo,0,

Compared with the corresponding NiCo,0,
pattern at 120 °C the reduced (pF,?) pattern at
~ 162 °C showed the expected overall increase
in intensity, and the 331 and 422 maxima were
sharper, but no separate magnetic peaks were

Strictly speaking Néel’s theory of R-type ferrimag-
netism is incomplete. Either the triangular spin configura-
tion proposed by Yafet and Kittel (36) or the ferrimag-
netic spiral configuration similar to that of MnCr,0, (37)
may be realized in the present case. The results of neutron-
diffraction experiments, however, are insufficient to
establish these nonlinear spin arrangements. Néel’s R-
type arrangement may be regarded as the first approxi-
mation of such arrangements.

observed (Fig. 4). The magnetic unit cell at
— 162 °C thus appears to coincide with the chem-
ical unitcell.

To determine the magnetic contribution to the
total diffraction intensity at —162 °C, the inte-
grated reduced intensities at the two tempera-
tures of 5 reflections at low Bragg angles were
evaluated by Gaussian analysis and the second-
order contributions were removed. The values of
the ratio r = F,(111 °K)/F,%(393 °K) are shown
inTableIV.

Since the two patterns were not obtained under
the same conditions, the two sets of pF,> were
normalized to 440, in which the magnetic contri-
bution to the observed intensity should be negli-
gibly small: rq = (r/1)(tya0/raa0) = F,**(total)/
F,**(nuclear), where F* are temperature-inde-
pendent structure factors and ¢ = exp [— (B, —
Byg;) sin? 0/A%]. The temperature factors were
estimated by assuming the oxide to behave like
an isotropic Debye solid with a characteristic
temperature @ of 400 °K., This value would
correspond to a B,o; of approximately 0.6 AZ; 1
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TABLE III
Observed and calculated structure factors (X-ray and neutron data)

Co?*[Coy*+1042~ Co**[Ni?*Co**+]0,2~ Co[Co:]S. Ni[Co,]S.
| hkl 10{F, | 10 F, 10|F,| 10 F. 10| F, | 10 F, 10| F,} 10 F,
! X-Rays (individual temperature factors)
111 793 799 754 761 918 939 856 879
: 220 1599 — 1631 1420 —1516 1746 — 1740 1879 —1831
‘ 311 2426 —2415 2388 —2470 2600 —2640 2669 —2703
| 222 1186 1136 1371 1252 433 — 566 505 —~524
! 400 2739 2793 3023 2956 4983 4935 4865 4839
' 331 — —84 — —318 — 37 — 81
422 1105 1133 1026 1089 1296 1340 1420 1403
440 4044 3992 4171 3972 6563 6523 6508 6544
. 531 397 —357 403 —440 597 — 566 479 —547
. 442 — 103 — 25 — 132 — 135
: 620 818 836 * 813 1074 1077 1101 1114
‘ 533 1537 — 1496 + — 1460 1781 - 1874 1902 — 1916
' 622 1068 1103 il 1145 — —262 — —164
444 1489 1475 1472 1581 3402 3455 3510 3390
5511 559 550 * 468 1012 1022 990 1014
642 782 —781 616 — 659 1060 —1110 1129 —1132
800 2427 2489 2224 2419 5076 4998 4999 4969
: 733 * — 550 * —521
! 644 — 106 — 106
| 662 — —318 — —183
1 840 2758 2776 2671 2728
\] 911§ 883 855
Neutrons (K, x, B(overall))
! 111 29 27 47 53 27 -33
1 20 2 —24 23 -21 86 —~84
| 311 24 -26 51 —56 82 -77
222 133 —133 86 —77 47 —59
400 185 186 239 249 64 57
331 24 26 50 49
422 12 15 18 15 81 84
440 205 204 273 266 220 227
i - 531 23 -23 55 —48 37 34
Q 620 108 84
i 533 75 —53
| 622 50 —61
l 444 68 56
| 642 72 —90

|
i
!
i
{
i
i
|
t
i
i
i
i

*Qbserved but not counted.
4533 and 622 could not be resolved.

$Actually 551 + 711, but 1(711) negligible.
§Actually 911 + 753, but I(753) negligible.

is relatively insensitive to variations in @. The
experimental value of F *(magnetic) can then be
obtained from g~ %(ro, - 1) F,**(nuclear), where
g* = 2/3. Instead of F,**(nuclear) the corre-
sponding calculated values were employed (Table
1V).

The magnetic scattering amplitudes used in the
calculation of the theoretical values of F*(mag-
netic) were p, = 0.269 f, M, for the cations in
the 8(a) sitesand py = 0.269 f5 My, for the cations
in the 16(d) sites. The magnetic form factors, f,
and fg, were tentatively chosen to be the mean
values of f(Ni?*) and f(Co®*) given by Scatturin

et al. (38), so that f, = fi = f. Little difference
resulted when Watson and Freeman’s theoretical
({jo> only) form factors (39) were employed.

The saturation magnetization at 111 °K was
found from the magnetic-balance measurements
to be approximately 0.9 up per formula unit
(Fig. 6). The effective magnetic moments must
thus satisfy the relation M, + 2Mgz = 0.9 . In
order to obtain reasonable results they must be
assumed to have opposite signs (M, > 0,
My < 0), i.e. NiCo,0, is ferrimagnetic.

The theoretical values of F**(magnetic) for
three combinations of M, and My values are
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TABLE IV
Comparison of theoretical and experimental magnetic structure factors for NiCo,Q, at 111 °K*

F*?(magnetic)/16
Theoretical

My=1.5 1.7 1.9
hkl  f r ro F.*?(nuclear)/16 Exptl Mp=-03 -0.4 -0.5
111 0.91 1.51+0.02 1.22 1.86 0.61+0.06 0.44 0.61 0.81
220 0.80 3.66+1.30 2.90 0.29 0.83+0.57 0.42 0.53 0.67
311 0.74 1.40%£0.01 1.10 2.10 0.30+0.03 0.09 0.10 0.11
222 0.73 1.36+0.01 1.06 3.92 0.35+£0.06 0.06 0.10 0.15
400 0.68 1.34+0.01 1.03 42.6 1.91+0.64 0.59 0.83 1.12
440 0.52 1.36+0.01 1.00 53.7 0.0 +£0.8 0.06 0.06 0.06

*The uncertainty limits of » are based on the assumption that the estimate of the second-order contamination of the diffracted

beam was in error by 12%.

shown in Table 1V. The uncertainty limits of the
corresponding experimental values were esti-
mated from an assumed error of 129 in the esti-
mate of the second-order contamination, but
there are other sources of uncertainty. The mag-
netic form factor is approximate; x(O) may vary
with temperature; the exact degree of inversion is
not known; and as the discrepancy in Lotgering’s
and our magnetization curves shows, the value of
the saturation magnetization at 111 °K must be
viewed with caution. The poor crystallinity of the
oxide and the presence of small amounts of
impurity phases in both investigations must have
affected all the measurements to a varying degree.

Taking all these factors into account, the
agreement of the F*¥(magnetic) at 111 °K
(Table 1V) is not unreasonable. The best values
of M, and My would appear to be 1.9 + 0.2 and
—0.5 4+ 0.1 bohr magnetons. They would be
larger at lower temperatures.

Blasse (34) suggested that the ionic structure of
NiCo,0, might be Co?*[Ni**Co**]0,, with
Co?* in a high-spin state (M, = 3 ug) and
Ni** and Co** both in low-spin states (Mg =
0.5 pg). Assuming the spin moments at 0 °K to
be antiparallel and completely collinear, the net
magnetization would be 2 pug. The values found
by experiment, however, were only 1.5 ug (4, 34)
and 1.25 py (this work) respectively. Even if the
estimates of the saturation magnetization at 0 °K
are in error by as much as 209, the alignment of
the spin moments cannot be complete.

Another possible structure is Co®* [Ni2*-
Co3**]0,, with the Co®* ions in 8(a) and 16(d)
in high (4 pg) and low (0 ) spin states respec-
tively. The Ni?* ion has a moment of 2 pg regard-

less of the strength of the crystal field. The net
magnetization would be the same as that of the
arrangement proposed by Blasse.

The results of the neutron-diffraction study are
not inconsistent with either model. The numerous
unfavorable factors inherent in an investigation
of NiCo,0, preclude other models of the mag-
netic structure to be meaningfully tested. But
the applicability of such models (e.g. Y afet—Kittel
triangular arrangement or screw-type ferrimag-
netism) might be investigated on an improved set
of experimental data. It should be possible to
increase the crystallinity of the oxide by high-
pressure annealing in oxygen above 300 °C. The
magnetic contribution could be increased and
evaluated with more certainty from neutron-
diffraction experiments at 4.2 and 500 °K on
reducing the second-order component of the
beam to a negligible value, and it could be sepa-
rated, at liquid-helium temperatures, from the
nuclear contribution by applying an external
magnetic field.

Interatomic Distances

The apparent M—QO and M—S distances in
the cobaltites are compared with similar dis-
tances in simple oxides and sulfides of Co and Ni
in Table V. The effective size of the 34 atom (or
ion) depends not only on its oxygen or sulfur
coordination but, as would be expected, also on
its spin configuration (cf. ref. 48). The distances
cannot be meaningfully compared unless the
spin states are known with certainty and the
respective spin sublattices are clearly defined.
Unfortunately the compounds for which this
information is available and which are otherwise
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TABLE V
Interatomic distances, in A, in the cobaltites and other compounds*

Distance Tetrahedral coordination Octahedral coordination
Co2+—0 Co%*[C0,3+]04 (hs): 1.946+34 CoO (B1, h.s.): 2.1290+5 (40)
(this work) 2.1301+5 (41)
Co3+—0 Co2+[C0,2*)0, (I.5.): 1.915+18 (this work)
Ni?+—0 NiO (B1, hs): 2.0973+5 (275°C) (42)
2.0894(x 6) (300 °K) (43)
Co—S Co[C0,1S,: 2.184+23 (this work) Co[Co0,1S4(1.5.7Cf. refs. 15 and 49): 2.268 + 13 (this work

CogSs (1 §+38):2.13+5;2.21+2 (44
2.119; 2.212 (45)

Ni—S Ni[Co021S4:2.179 + 12 (this work)
NisS,: 2.28 (kX ) 47)

Ni[Co,]S4: 2.265+ 7 (this work)
C06S5:2.39+3 (44)

2.392 (45)
CoS, (C2, Ls. ? Ct. ref. 51): 2.317(+ 7) (46)
NiS, (C2): 2.396(% 15) (46)

*h.s,, high spin; l.s., low spin. Values quoted as *“this work’ have not been corrected for thermal motion. They are based on weighted averages
of x(X) from X-ray refinements for B(individual) and B(overal}) and their uncertainty limits refer to 3o(x) and 2o(ag).

suitable for comparisons are few, but some
observations can still be made (Table V):

(1) The Co?*—O distance (Co** in a high-
spin state, ds5dy2) for octahedral coordination
(in CoO) is about 0.185 + 55 A, i.e. ca. 9%,
greater than for tetrahedral coordination (in
Co,0,).

(2) The difference in the lattice parameters of
Co,3S, and Ni[Co,]S, is only 0.019 + 4 A, and
the x(S) values are identical. The M—S dis-
tances in the two spinels thus cannot be signifi-
cantly different, and the spin states of the Co(VI)
atom will be the same.

(3) Co;0, at room temperature is known to
have the ionic arrangement (h.s., high spin; Ls.,
low spin) Coy, ¢ 2*[Co, 3% 1,0, (12). If the dis-
tribution Coy, 2% [Ni,,>*Co,,2*]0, proposed
by Blasse is correct, the M(IV)—O distances in
Co,;0, and NiCo,0, should be closely similar,
but the M(VI)—O distance in NiCo,0, should
be greater than the corresponding distance in
Co,0,, the low-spin Ni®** jon being larger than
low-spin Co** (48). If on the other hand the dis-
tribution is Co, 3" [Ni, 2" Co,,3*]0,, the
M(IV)—O distance in NiCo,0, should be
shorter than the corresponding distance in
Co30,, and the M(VI)—O distance in NiCo,0,
should be longer than in Co,0,, Ni, ;** being
larger than Co, >*. The observed distances in
NiCo,0, were 1.874 + 127 A for M(IV)—O
and 1.963 + 81 A for M(VI)—O, but because
of the large uncertainty limits neither value can
be invoked in support of a particular distribution.

(4) The Co(IV)—S distance in Co,S,, 2.184

, is the same as the average of the four Co(IV)

—S distances in Co4Sg, while the Co(VI)—S dis-
tance in the spinel, 2.268 A, is more than 5%
shorter than the corresponding distance in
Co4Sg, but only about 29 shorter than the
Co(VI)—Sdistance in the pyrite-ty pe CoS,.

Conclusions

The combined results of the X-ray and neutron-
diffraction investigation of the two ternary spinels
show that NiCo,O, is inverse, while NiCo,S, is
normal. It was surprising to see that refinements
of NiCo,S, from the rather limited volume of
data provided by X-ray powder diffractometry
were capable of distinguishing between models
based on normal and inverse distributions.

The best values of the positional parameters of
the oxygen or sulfur atoms obtained from the
present X-ray data were: Co,0,, 0.2640 + §;
NiCo,0,, 0.2583 + 34; Co,S,, 0.25%1 %+ 5;
NiCo,S,, 0.2591 + 3 (weighted averages from
B(individual) and B(overall) refinements).

The volume of diffraction data was too small
for a reliable determination of the degree of
inversion in NiCo0,0, and NiCo,S,. When
NiCo,0, and NiCo,S, were refined for assumed
values of the inversion parameter s, the x(Q) and
B(X) tended to vary with s but they moved in the
opposite directions. The importance of this
behavior is obscured by the large e.s.d.’s of the
final parameter values of NiCo,0,, but in future
refinements from more accurate intensity data
the interdependence of the positional and thermal
parameters and the degree of inversion will have
to be recognized. A related problem has been



KNOP ET AL.: CHALKOGENIDES OF THE TRANSITION ELEMENTS. Vi

considered by Aniskchenko et al. (50), who inves-
tigated the effect of the-shape of the fcurves (as
dependent on the effective crystal radii) on the
determination of x(O) and the degree of inversion
in MgFe,0,. They have pointed out that in order
to determine these two quantities the experimen-
tal intensities must be accurate to 0.1 %, and the
location of all the ions must be known (i.e. occu-
pancy of sites other than the classical spinel
equipoints 8(a) and 16(d) must be investigated).

The segregation of the Ni atoms in the tetra-
hedral sites of the NiCo,S, structure contrasts
with the indifference of the Ni and Co atoms in
the cubic n phase CogNiSy to a particular type of
coordination. It may be just as much the result
of a strong preference of Ni in the sulfospinel for
tetrahedral coordination as a manifestation of a
tendency of Co to occupy octahedral sites.

As regards the choice between the alternative
cation distributions in NiCo,0, that have been
considered in this work, the present evidence is
inconclusive. The results of magnetization mea-
surements and the magnetic contribution to
Bragg scattering at 111 °K are compatible with
both models. Additional work is needed to clarify
this point.

Acknowledgments

We wish to express our gratitude to the staff of
the Neutron Physics Branch, Atomic Energy of
Canada Limited, for placing at our disposal their
neutron diffraction facilities; to Dr. F. Brisse,
Mrs. E. J. Payne, and Mr. H. Nieman for assis-
tance with the experimental work; to Mr. H.
Suzuki, Institute for Solid State Physics, Tokyo,
for the measurements at liquid-helium tempera-
tures; and to Dr. N. F. H. Bright and Mr. R. H.
Lake, Mineral Sciences Division, Mines Branch,
Department of Energy, Mines and Resources,
Ottawa, Canada, for obtaining the d.t.a. curves
of the oxides.

This investigation was supported by grants in
aid of research from the National Research
Council of Canada and the Geological Survey of
Canada to the first-named author.

1. O. KnoP and M. A. IBraHM. Can. J. Chem. 39,
297 (1961).

2. S. HoLGerssoN and A. Karrsson. Z. Anorg. All-
gem. Chem. 183, 384 (1929),

3. J. Roemv and C. BENARD. Compt. Rend. 232, 1830
(1951); 234, 734, 956 (1952).

4, 5 K. LorGerING. Philips Res. Rept. 11, 190, 337

956).

LA

10.
11.

12,
13.

14.

16.
17.
18.
19.

20.

21.
22

. M. TOKONAML
. D. T. CROMER.

. L. M. CorLiss and J. M. HASTINGS.

3475

. S. B. Henpricks and W. H. ALBRECHT,
2153 (1928).

. G. NaTTA and M. StrADA. Gazz. Chim. Ital. 58,
419 (1928).

. S. HoLGERssON, Lunds Univ. Arsskr. Avd. 2. 23,
9 (1929); Kgl. Fysiograf. Sallskap. Lund Handl. 38, 1
(1929).

. O. KrRAUSE and W. THIEL.
15, 101 (1934).

. H. E. SwansoN, M. 1. Cook, T. Isaacs, and E. H.

Ber. 61B,

Ber. Deut. Keram. Ges.

EvaNns. Natl. Bur. Std. U.S. Circ. No. 539, 9, 29
(1960).

P. Cossee. Ph.D. Thesis, Leiden. 1956 (quoted from
ref. 17).

R.J. MAKKONEN, Suomen Kemistilehti, B, 35, 230
(1962).

W. L. RotH. Phys. Chem. Solids, 25, 1 (1964).

W. F. DE JoNG and H. W. V. WILLEMS.

Allgem. Chem. 161, 311 (1927).

D. Lunpgvist and A. WESTGREN. Z. Anorg. All-

gem. Chem. 239, 85 (1938).

. R.J. BoucHARD, P. A. Russo, and A. WOLD.

Chem. 4, 685 (1965).

P. Cossee.  Private communication.

G. Brasse. Philips Res. Rept. Suppl. 3, (1964).

0. Knop, F. Brissg, L. CasSTELLIZ, and SUTARNO.

Can. J. Chem. 43, 2812 (1965).

F. Brisst and O. KNop. Can. J. Chem. 45, 609

(1967).

S. GocaN. Acad. Rep. Populare Romine, Filiala

lasi, Studii Cercetari Stiint. Fiz. Stiinte Tehn. 14(2),

393 (1963).

Sutarno, O. Knop, and K. I. G. REID. Can. J.

Chem. 45, 1391 (1967).

F. R. AHMED, E. J. GaBE, G. A. MAIR, and M. E.

Pipry. A unified set of crystallographic programs

for the IBM 1620 computer. September 1963. Un-

published.

. International tables for X-ray crystailography. Vol.
III. Kynoch Press, Birmingham. 1962.

Acta Cryst, 19, 486 (1965).

Acta Cryst. 18, 17 (1965).

. G. E. BacoN. Neutron diffraction. 2nd ed. Oxford
University Press, Oxford. 1962.

. T. HIRONE, S. MAEDA, and N. TSuYA.
Instr, 25, 516 (1954).

. F. Brisse and O. Knop. Can. J. Chem. 46, 859
(1968).

. C. G. SuuLL and E. O. WoLLAN. Phys. Rev. 81

527 (1951).
Phys. Rev. 110, 1333 (1958).

Z. Anorg.

Inorg.

Rev. Sci.

. W. L. RoTtH.

. R. M. Moon. Phys. Rev. 136, A195 (1964).

. N. Menvyuk, K. DwicHrt, and A. WoLp. J. Appl.
Phys. 36, 1088 (1965).

. W. C. HamiLTON. Acta Cryst. 18, 502 (1965).

. G. BrLasse. Philips Res. Rept. 18, 383 (1963).

. L. NEEL. Ann. Phys. [12] 3, 137 (1948).

. Y. Yarer and C. KitTeL. Phys. Rev. 87, 290 (1952).

Phys. Rev 126,
556 (1962).

. V. SCATTURIN, L. M. Coruiss, N. ELLIOTT, and J. M.

HastiNgs. Acta Cryst. 14, 19 (1961).

. R. E. WaTtson and A. J. FREemaN. Acta Cryst. 14,
27 (1961).

. N. C. ToMss and H. P. Rookssy. Nature, 165, 442
(1950).

. R. E. CARTER and F. D. RicaarDsoN. J. Metals, 7,
336 (1955).

. H. P. RooksBy. Acta Cryst. 1, 226 (1948).

. V. S. Kogan and T. G. Omarov. Zh. Eksperim.

Teor. Fiz. 47, 789 (1964).



|
|
|
i
|
|
i
|
!

3476 CANADIAN JOURNAL OF CHEMISTRY. VOL, 46, 1968

44, S. GeLLER. Acta Cryst. 15, 1195 (1962).
45, Sutarno. Ph.D., Thesis, Nova Scotia Technical
College, Halifax, N.S. 1965.
46. N. Eruiort. J. Chem. Phys. 33, 903 (1960).
47. a VV)ESTGREN. Z. Anorg. Allgem. Chem. 239, 82
938).

48. G. Brasse, J. Inorg. Nucl. Chem. 27, 748 (1965).

49. G. Brasse. Phys. Letters, 19, 110 (1965).

50. R. 1. ANISHCHENKO, E. G. BOGACHEVA, and A. N,
MEN’, Dokl. Akad. Nauk SSSR, 171, 573 (1966).

51. A. F. ANDRESEN, S. FURUSETH, and A. KIEKSHUS.
Acta Chem. Scand. 21, 833 (1967).





