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Compounds with the Marcasite Type Crystal Structure

I. Compositions of the Binary Pnictides

HANS HOLSETH and ARNE KJEKSHUS

Kjemisk Institutt A, Universitetet i Oslo, Blindern, Oslo 3, Norway

The compositions of the compounds CrSby, FeP,, FeAs,;, FeSb,,
B-NiAs,;, NiSb,, RuP,, RuAs,;, RuSb,, OsP,;, OsAs,, and OsSb, are
shown to be 1: 2 100 by means of X-ray diffraction and density measure-
ments. None of the compounds has any appreciable range of homo-
geneity. Inconsistencies between the previously reported composi-
tions for some of the compounds are shown to result from the et?ects
of kinetic hindrances in the associated reactions.

In all, 18 binary transition metal pnictides and chalcogenides are known
to crystallize with the FeS,-m (m=marcasite) type structure. Five of
these compounds contain a chalcogen as one of the building elements, the
others being pnictides. In addition, this structure type has also been suggested
for some of the di-pnictides of Co, Rh, and Ir, but these suggestions appear
to be incorrect since recent studies confirm only the monoclinic CoSb, type
structure for these compounds.

The type of chemical bonding in compounds with the FeS,-m type structure
has been the subject of controversial discussions,’® mainly concerning the
question of whether the idealized ionic or covalent model applies. This problem
and in particular its relation to the electrical properties of this class of com-
pounds has recently been considered in detail in review articles by Hulliger
and Mooser %7 and Pearson.! However, many of the arguments entering into
their discussions were based on doubtful literature data and in some cases
even speculative extrapolation of such data had to be utilized. Notably,
the compositions of these compounds are frequently assumed to be stoichio-
metric (1:2) without proof, and in most cases insufficient attention has been
paid to the possible occurrence of homogeneity ranges. Thus, bearing in
mind that little value can be attached to the interpretation of chemical and
physical properties measured on mixtures of two or more phases, the reliability
of some of the previously reported data is somewhat doubtful and accordingly
renders Hulliger and Mooser’s and Pearson’s interpretations meaningless in
part.
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A detailed research programme is being undertaken at this Institute in
order to establish the properties of the compounds with the FeS,-m type
structure. The present article concerns the determination of the compositions
of the binary pnictides by independent experimental techniques. Of the 13
compounds subjected to this study, five have previously been reported to
assume a composition different from the ideal formula 7'X,, i.e. CrSbyge
(Cr1.w8b1_95),9 M00,4A8210 (con‘ected to MOo,sASzn), FePl,gs—-Fepg,oo,m F 6A81,93
at 400°C 8 and FeAs; gs—FeAs, g0 at 800°C,14 and NiSby; —NiSby 515

EXPERIMENTAL

The pure elements used in this study were 99.999 9 Cr (Koch-Light Laboratories,
Ltd.), 99.99+ % Fe (Johnson, Matthey & Co., Ltd.; powder which was H; treated at
600°C for 8 h prior to use, or turnings from rods), 99.995 9, Ni, 99.999 % Ru and Os
(Johnson, Matthey & Co., Ltd.), 99.999 9% P (Koch-Light Laboratories, Ltd.), and
99.999+ 9% As and Sb (Johnson, Matthey & Co., Ltd.). The samples were prepared
by heating weighed quantities of the components in evacuated and sealed silica tubes.
Several samples (cf. Table 1) with different initial compositions were prepared of each
phase, covering both sides of the stoichiometrie 1:2 ratio. During the syntheses the tem-
perature was slowly increased to the maximum value listed in Table 1, the samples
were kept at this temperature for 8 days, and finally cooled slowly to room temperature
over a period of 4 days. All samples were afterwards subjected to crushing and reannealing
according to the scheme recorded in Table 1. The frequent opening of the capsules for
crushing of the samples during the annealing process was found to be essential in order
to avoid non-equilibrium conditions resulting from the kinetics of the reactions. The
temperature of the furnaces surrounding the specimens was kept constant to within
40.56°C during the annealing processes, using Getrosist (Philips) temperature regulators
and a Frigistor reference chamber for the cold points of the Pt/Pt—Rh thermocouples
(0.00 £-0.02°C). The recorded annealing temperatures (Table 1) were measured separately
using a calibrated Pt/Pt—Rh thermocouple. The enclosing silica capsules were made as

Table 1. Heat treatment used in sample preparation.

Number of Maximum Annealing Annealing | Number of
Phase samples temperature | temperature period intermediate
P (°C) (°C) (days) crushings

CrSb, 30 700 615 180 9
FeP, 15 1000 800 30 1
FeAs, 17 700 650 60 5
FeoSb, 30 700 615 180 9
«-NiAs, 3 700 560 180 9
B-NiAs, 18 700 650 60 5
NiSb, 30 700 615 180 9
RuP, 15 1000 800 25 1
RuAs, 15 800 750 30 4
RuSb, 156 1200 800 50 5
OsP, 15 1000 800 25 1
OsAs, 156 800 750 30 4
Os8b, 156 1200 800 50 5
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short as tpossible and furthermore surrounded by quartz sand in, order to minimize the
effects of thermal gradients in the furnaces.

It proved to be impossible to prepare homogeneous samples of the FeP, phase by a
direct reaction from the elements using the fairly coarse turnings from iron rods as
starting material. FeP, was, however, easily obtained from sufficiently powdered iron.
For the syntheses of the «-NiAs, and -NiAs, phases crucibles of pure alumina had to be
placed inside the silica tubes in order to avoid crystallization of the quartz which appears
to be catalysed by & mixture of these elements.

In addition to the phases listed in Table 1 a.ttemgos have also been made to prepare
phases with the following compositions: CrPy, Crge,P3s CrAs,, Cryee,Asy, and Mo, ¢6,AS,.
A variety of different thermal conditions were tried during these syntheses, but this
endeavour failed. (All attempts to prepare the Mo, As, phase reported by Brown 101!
invariably led to a mixture of MoAs, and As in accordance with the results of Taylor
et al.'® and Jensen et al.*”) It should be noted, however, that some of these phases may
be obtainable, e.g. by application of the high pressure high temperature technique.

X-Ray powder photographs of all samples were taken in a Guinier type camera of
80 mm diameter with monochromatized CuKa,-radiation (A=1.54050 A) using KCl
(@=6.2919 A 1) as internal standard. The lattice dimensions were refined by applying
the method of least squares to the diffraction data.

The density measurements were made pyenometrically at 25.00°C with kerosene as
displacement liquid. To remove gases adsorbed by the sample (weighing ~2 g), the
pycnometer was filled with kerosene under vacuum.

RESULTS

(i) Homogeneity ranges. The X-ray powder method was used to investigate
the possible existence of composition ranges for these phases, since a range
of homogeneity is in most cases detectable by a corresponding change in the
lattice dimensions. The lattice dimensions have been extracted from the
primary diffraction data for a large number of samples with different initial
proportions of the components. The values of a, b, and ¢ obtained after least
squares refinements are listed in Table 2 together with their corresponding
standard deviations. As a, b, and ¢ are found to be almost invariant for each
phase, independent of the initial compositions of the specimens, consideration
of average values appears to be justified. Weighed averages and corresponding
standard deviations were accordingly calculated (Table 3), using standard
statistical methods and weight factors based on the standard deviations in
Table 2. On comparing the data in Tables 2 and 3 it will be appreciated that
the numbers of observations in Table 2 are small from a statistical point of
view and furthermore that the number of degrees of freedom in the problem
is unknown. However, common statistical experience suggests that 68.39%,
of the observations in Table 2 should be within one standard deviation from
the corresponding mean value in Table 3, 95.5 9%, within two standard devia-
tions, and 99.7 9, within three standard deviations from this value. These
expectations are remarkably well borne out by the data in Tables 2 and 3,
confirming that the unit cell dimensions of these phases are constant, indepen-
dent of the composition of the investigated sample. Their homogeneity ranges
must accordingly be rather narrow and they ought indeed to be considered
as compounds with well defined compositions. The exact compositions of the
compounds are, however, subjected to further considerations, vide ¢nfra.

Acta Chem. Scand. 22 (1968) No. 10



3276

Table 2. Unit cell dimensions with associated standard deviations for various samples

HOLSETH AND KJEKSHTUS

of the T'X, phases, as determined using least squares refinements.

Sample

a (&)

b (A)

¢ (A)

CrSb, 14

T

T

CrSb

1.851
1.883
1.904
1.920
1.922
1.940

CrSb,,

CrSby yre
CrSby 400
CrSby,g0

bl 010

CrSb,,
CrSbyyys
CrSby g4,

CrS

bl-500

6.0274 4-0.0007
6.0273 +0.0006
6.0269 +-0.0007
6.0266 +0.0004
6.0279 4-0.0005
6.0286 4-0.0007
6.0271 4-0.0007
6.0281 4-0.0007
6.0271 4-0.0006
6.0281 4-0.0005
6.0281 4-0.0007
6.0285 -+ 0.0006
6.0271 4+ 0.0006
6.0272 4-0.0006
6.0273 +-0.0005
6.0283 +0.0005

6.8732 4:0.0007
6.8724 +0.0006
6.8734 +0.0007
6.8730 +-0.0005
6.8753 +0.0008
6.8759 +0.0007
6.8733 +0.0007
6.8748 +0.0007
6.8743 +0.0007
6.8733 40.0006
6.8745 +0.0008
6.8738 +0.0007
6.8738 +0.0009
6.8737 +0.0008
6.8729 4 0.0008
6.8741 4+ 0.0005

3.2712 40.0007
3.2714 +0.0004
3.2705 4-0.0004
3.2707 4-0.0003
3.2718 +-0.0004
3.2721 4-0.0004
3.2706 +-0.00056
3.2721 4-0.0004
3.2719 40.0004
3.2722 4-0.0004
3.2719 4-0.0004
3.2700 +0.0006
3.2713 4-0.00056
3.2711 4-0.0006
3.2718 +0.0004
3.2720 1 0.0005

FeP, 10
FeP, o5
FeP, 409

O~ .010
©X'1 038
eP) 059

FeP, g6
FeP; 000
FeP,;.000
FePy g5
FoP,, 046
FeP, 095
FeP, 500

4.9737 4-0.0008
4.9734 +0.0007
4.9723 £0.0005
4.9732 4 0.0005
4.9736 3-0.0008
4.9737 4+ 0.0008
4.9738 4-0.0003
4.9727 £0.0005
4.9726 4-0.0005
4.9736 4-0.0006
4.9732 +0.0005
4.9730 4 0.0006
4.9722 +0.0005

5.65675 +0.0008
5.6566 1-0.0007
5.6563 1-0.0006
5.6567 4-0.0006
5.6579 £-0.0009
5.6576 4+-0.0006
5.6571 £0.0003
5.6564 1-0.00056
5.6565 +0.0006
5.6573 +0.0006
5.6669 1+-0.0005
5.6569 +0.0006
5.6572 1-0.0005

2.7239 4 0.0005
2.7235 4+0.0004
2.7231 40.0003
2.7234 40.0003
2.7237 +0.0006
2.7233 +0.0003
2.7237 +£0.0002
2.7240 1:0.0003
2.7228 +0.0004
2.7238 4-0.0004
2.7234 4+0.0003
2.7236 -+£0.0004
2.7232 4-0.0003

FoAs, 459

FeAs
FeAs

e

FeAs
FeAs
FeAs

1.800
1.923
1.838
1.961
1.979
2.000

FeAs, 400
FoAs; 5

FeAs
FeAs,
FeAs

3.059
'3:099
2:188

5.2997 +0.0006
5.3017 4-0.0008
5.3018 4-0.0004
5.3003 3-0.0004
5.3005 +0.0004
5.3019 +0.0004
5.3012 4-0.0005
5.3014 +-0.0003
5.3014 4-0.0002
5.3014 4-0.0003
5.3020 4-0.0004
5.3015 +0.0006

5.9853 +-0.0007
5.9866 4-0.0008
5.9867 +0.0004
5.9854 +0.0005
5.9851 +-0.0004
5.9862 4-0.0004
5.9868 +0.00056
5.9852 4+ 0.0003
5.9861 +0.0003
5.9857 1-0.0004
5.9866 +0.0005
5.9862 +0.0006

2.8821 4-0.0004
2.8823 1 0.0004
2.8824 1+0.0002
2.8819 4-0.0003
2.8818 4-0.0002
2.8823 4-0.0003
2.8820+0.0003
2.8822+4-0.0002
2.8826 1+0.0002
2.8821 +0.0002
2.8820 +0.0003
2.8829 1+0.0003

FeSb, 419
FeSb, 400
FeSb, 490
FeSb, ¢4s
FeSb, 450

FeSb.

1.960

FeSb, ga,
FeSby o0

5.8328 +0.0006
5.8322 1-0.0007
5.8329 4-0.0006
5.8335 +0.0006
5.8329 4+ 0.0005
5.8321 4-0.0006
5.8335 4-0.0007
5.8332 4-0.0004

6.5376 +0.0009
6.5367 4-0.0009
6.5384 1-0.0007
6.56376 -+0.0007
6.5376 +0.0006
6.56369 +0.0007
6.56379 +0.0009
6.5378 +0.00056
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3.1970 4-0.0004
3.1971 40.0004
3.1976 +0.0004
3.1971 +0.0003
3.1974 +0.0004
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Table 2. Continued.

FeSby.e00

FeSb, o4
€Dy, 099

MARCASITES I

5.8325 1+ 0.0005
5.8327 +0.0006
5.8328 +-0.0005

6.5383 +0.0008
6.56375 4-0.0009
6.6373 4-0.0006
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3.1969 4-0.0003
3.1975 +0.0004
3.19756 +0.0003

NiAs,,
NiAs, s

!Asl.ozo
118 941

NiAs, 46
N!A'sn.nso
LAS;.000
12385.900
NiAs, o4
1A8; 060
!Ass-oss
14383998

2109

4.7693 +0.0004
4.7596 +0.0003
4.7586 +0.0004
4.7590 +0.0004
4.7582 +0.0006
4.75674 4 0.0004
4.7671 40.0005
4.7581 +0.0003
4.7579 £0.0003
4.7587 4.0.0004
4.7593 4-0.0005
4.7576 +0.0003
4.7579 4-0.0004

5.7966 4-0.0006
5.7966 4-0.0004
5.7946 1-0.0004
5.7965 4-0.0005
5.7956 +0.0007
5.7954 1-0.0005
5.7950 +0.0007
5.7956 4-0.0004
5.7952 4-0.0004
5.7958 4-0.0005
5.7954 1 0.00056
5.7947 4-0.0003
5.7952 +0.0005

3.56453 +0.0004
3.6454 1-0.0003
3.5442 10.0003
3.5449 +0.0004
3.5447 4-0.0004
3.5446 1-0.0004
3.5442 1 0.0004
3.56452 4 0.0003
3.5448 +0.0003
3.5452 10.0004
3.5464 4-0.0003
3.56446 +0.0003
3.5450 £0.0003

NiSb, 4,
NiSb, s
!be.ns
NESbl.nu
150, 963
NiSb,.000
g‘:ggzmo
1504000
NiSby.00
!Sb:.oao
NiSby g5
NiSb, 104
NiSb, .6
NiSby,,ys6
NiSbyg 41,
NiSby.g46

5.1837 4-0.0009
5.1829 4 0.0004
5.1845 1-0.0006
5.1845 4-0.0005
5.1838 4-0.0005
5.18394-0.0004
5.1834 4-0.0003
5.1843 4-0.0005
5.1833 1+ 0.0005
5.1840 4-0.0004
5.1826 4-0.0004
5.1840 4-0.0005
5.1839 4-0.0006
5.1843 +0.0004
5.1839 4-0.0005
5.1841 4-0.0006

6.3204 +0.0009
6.3181 4+0.0006
6.3197 4-0.0007
6.3176 +-0.0009
6.3198 £0.0007
6.3189 4-0.0005
6.3174 4-0.0005
6.3186 +0.0006
6.3175 +0.0008
6.3184 10.0005
6.3173 4 0.0005
6.3182 1-0.0005
6.3199 4-0.0008
6.3179 4-0.0005
6.3189 +0.0007
6.3198 +0.0009

3.8393 £0.0010
3.8410 4-0.0004
3.84104-0.0006
3.8413 4-0.0005
3.8415 40.00056
3.8408 1-0.0004
3.8403 +0.0004
3.8414 4-0.0005
3.8407 4 0.0005
3.8404 +0.0004
3.8400 1 0.0004
3.8407 +0.0004
3.8422 +0.0006
3.8403 +0.0004
3.8412 4 0.0004
3.8423 +0.0006

RuP, 710

UX'y.g70
uP; 500
RuP,
RuP, 4
uP, 47
uPy 00

RuPy 400
RuP, g,
RuP,,50
RuP, 450

uP;y 10

Uk's.070

5.1165 +0.0004
5.1171 +0.0006
5.1168 4-0.0008
5.1172 4-0.0006
5.1177 4-0.0009
5.1173 +£0.0004
5.1166 4-0.0005
5.1168 1-0.0006
5.1180 4-0.0004
5.1175 4-0.0008
5.11854-0.0006
5.1184 4+ 0.0008
5.1174 4-0.0006

5.8933 4-0.0004
5.8931 4-0.0008
5.8931 1-0.0008
5.8925 4 0.0008
5.8942 4-0.0009
5.8926 4-0.0005
5.8929 4-0.0005
5.8930 +0.0005
5.8924 4-0.0005
5.8939 +0.0010
5.8939 +0.0006
5.8942 1-0.0008
5.8941 +0.0006

2.8706 +0.0002
2.8710+0.0003
2.8712 +0.0004
2.8710 4 0.0003
2.8709 4-0.0004
2.8711 40.0002
2.8712 £0.0003
2.8711 40.0003
2.8715 +0.0002
2.8708 £0.0004
2.8712 +0.0003
2.8725 +£0.0004
2.8714 40.0003

RuAs, g4
RuAs, g4
81.926
RuAs, 45
RuAs, 45
RuAs, g7
U184 00
RuAs, 44
RuAs, o7

5.4305 4-0.0006
5.4301 4+-0.0006
5.4306 +£0.0005
5.4296 1-0.0007
5.4314 4 0.0006
5.4306 +0.0006
5.4309 4-0.0004
5.4303 4-0.0006
5.4303 4-0.0005
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6.1845 + 0.0006
6.1832 1+ 0.0006
6.1836 1 0.0005
6.1833 10.0007
6.1838 10.0006
6.1820 +0.0007
6.1839 & 0.0004
6.1828 1+0.0007
6.1835 + 0.0005

2.9719 4+ 0.0004
2.9718 £0.0004
2.9715 40.0003
2.9706 --0.0004
2.9713 4-0.0003
2.9710 40.0004
2.9717 4-0.0002
2.9713 +0.0003
2.9716 £0.0002
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Table 2. Continued.

RuAs, o
RuAs; ¢
RuAs, o5
RuAs,, 400
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5.4297 4 0.0006
5.43104-0.0004
5.4291 4-0.0003
5.4298 +0.0007

6.1830 +0.0005
6.1841 4-0.0005
6.1824 4 0.0004
6.1838 +0.0006

2.9718 4-0.0003
2.9715 4+ 0.0002
2.9706 +-0.0002
2.9712 4+0.0003

RuSb, 4,

uSb; 74
RuSb, g,
RuSb, 44,
RuSb, 44,
RuSb, 440
RuSby, g4
RuSb, g6
RuSb, g4
RuSb,.;0

5.9525 +0.0005
5.9524 4-0.0004
5.9532 -+ 0.0004
5.9520 +0.0006
5.9512 4-0.0006
5.9529 1 0.0006
5.9529 4-0.0006
5.9521 4-0.0005
5.9524 1 0.0006
5.9518 4-0.0006

6.6740-+0.0006
6.6729 +0.0005
6.6739 4-0.0005
6.6735 +0.0006
6.6723 +-0.0006
6.6756 +0.0007
6.6736 +0.0007
6.6742 4-0.0005
6.6746 4-0.0007
6.6728 4-0.0007

3.1805 +0.0003
3.1798 £0.0003
3.1804 4 0.0004
3.1800 4+ 0.0004
3.1797 +0.0004
3.1810 4-0.0004
3.1810 +0.0004
3.1803 +0.0003
3.18104-0.0004
3.1801 +0.0004

08P) 300
OsP) g50
08Py 47
OsP, 4
OsP) 956
Osgx.no
940
OSP, s
OsP, 000
0O8P; 000
8Py 048
5P, 070
08P, 10
O8Py.90,

6.1006 4-0.0007
5.1002 +0.0005
5.0988 +0.0009
5.1008 +0.0006
5.0995 +0.0007
5.1011 +0.0007
5.1017 4-0.0004
5.0993 +0.0006
5.0998 -+ 0.0006
5.1010+0.0008
5.0997 £ 0.00056
5.0981 +0.0006
5.0983 4-0.0007
5.1003 +0.0008

5.9021 4+ 0.0008
5.9020 £0.0005
5.9028 +0.0008
5.9017 £0.0007
5.9003 +0.0008
5.9016 +0.0009
5.9029 +0.0005
5.8992--0.0008
5.9000--0.0008
5.9018 +0.0007
5.9000 -4-0.0006
5.8990 +0.0006
5.8993 4-0.0008
5.9026 +-0.0007

2.9178 £ 0.0006
2.9185 4-0.0004
2.9182 4+0.0003
2.9191 +£0.0004
2.9171 £0.0005
2.9180 4-0.0004
2.9189 1-0.0002
2.9170 4-0.0004
2.9181 4-0.0004
2.9184 +0.0003
2.9173 +0.0004
2.91704-0.0003
2.9170 £0.0004
2.9187 +0.0002

OSASI 800
O8AS, g4

1.903
1.012
8AS) g4
OsAs, g4
B8, gg
3,000

OsAs, g5
OsAs, g4y
OsAs, o7

O 3.058

OSA'SS.OW

<200

5.4129 1+ 0.0006
5.4135 4-0.0006
5.4138 +0.0007
5.4137 4-0.0007
5.4130 +0.0006
5.4115+0.0007
5.41204-0.0008
5.4128 +0.0006
5.4136 1+-0.0006
5.4140 +0.0005
5.4118 +0.0009
5.4116 +0.0009
5.4128 +0.0008
5.4113 4-0.0007

6.1908 4-0.0007
6.1902 1+ 0.0005
6.1920 4-0.0007
6.1917 4-0.0008
6.1906 +0.0005
6.1902 +0.0007
6.1899 4-0.0008
6.1913 +0.0006
6.1921 4-0.0007
6.1920 4-0.0005
6.1900 4-0.0008
6.1920 4-0.0008
6.1914 1+ 0.0007
6.1891 1+0.0007

3.0122 4-0.0003
3.0121 £0.0003
3.0127 4 0.0004
3.01304-0.0003
3.0127 +0.0002
3.0120 +0.0005
3.0125 4:0.0004
3.0130 4:0.0003
3.0132 4-0.0005
3.0127 4:0.0002
3.0120 +0.0004
3.0126 4-0.0005
3.0128 +0.0003
3.0123 +0.0005

OsSb

068, sos
0s8b, 44
0s8Sb, ge0
OsSb, yg5

8 b1.990
8503 900

088b; 40
Os8b,,q19
Os8bs,, g9
Os8by, 055
Os8by, 150

5.9396 1-0.0007
5.9411 4 0.0005
5.9429 +0.0004
5.9412 40.0003
5.9405 4+ 0.0006
5.9407 +0.0005
5.9403 0.0006
5.9403 +-0.00056
5.9397 4 0.00056
5.9409 4+ 0.0004
5.9410 4 0.0006
5.9403 4-0.0005

6.6877 +0.0008
6.6891 +0.0006
6.6873 +0.0005
6.6889 1-0.0003
6.6879 -+0.0007
6.6877 £ 0.0005
6.6889 1-0.0005
6.6868 1-0.0006
6.6871 4-0.0005
6.6881 4-0.00056
6.6872 4-0.0008
6.6871 +0.0006

3.2109 +0.0004
3.2114 4-0.0003
3.2112 +0.0003
3.2116 4-0.0003
3.2111 +0.0004
3.2110 £0.0003
3.2114 +0.0004
3.2107 +0.0004
3.2108 +-0.0003
3.211340.0003
3.2113 4£0.0003
3.2110 +0.0003
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Table 3. Mean values of lattice dimensions for T'X, phases, together with their correspond-
ing standard deviations. (See text.)

Phase a (A) b (A) ¢ (A)
CrSb, 6.0275 4-0.0006 6.8738 +0.0009 3.2715 +0.0007
FeP, 4.9732 4 0.0005 5.6570 +0.0005 2.7235 4-0.0003
FeAs, 5.3013 £ 0.0007 5.9859 +0.0006 2.8822 +0.0003
FeSb, 5.832840.0005 6.5376 +0.0005 3.1973 +0.0003
B-NiAs, 4.7583 +0.0008 5.7954 +0.0007 3.5449 +0.0004
NiSb, 5.1837 +0.0006 6.3184 4+ 0.0010 3.8408 +0.0006
RuP, 5.1173 10.0006 5.8932 10.0007 2.8711 £0.0005
RuAs, 5.4302 4 0.0007 6.1834 +0.0007 2.9714 +0.0004
RuSb, 5.9524 4 0.0006 6.6737 4 0.0009 3.1803 -0.0005
OsP, 5.1001 +0.0010 5.9012+0.0014 2.9182 4 0.0008
OsAs, 5.4129 +0.0010 6.1910 +0.0010 3.0126 4-0.0004
OsSb, 5.9409 4 0.0009 6.6880 -+ 0.0008 3.2112 +0.0003

It is also proposed that the mean values (with the appropriate error limits,
e.g. twice the standard deviation) listed in Table 3 give very good values for
the lattice dimensions of these compounds. (The data in Table 3 agree reason-
ably well with most of those found in the literature 9:13-15,19-36 within the limited
accuracies of the various studies.)

(if) Determination of the composition of the compounds. Several methods are
available for the determination of the composition of a binary compound.
Every method has a certain limiting accuracy, however, which introduces
error limits in the determination, but such error limits must be distinguished
from the limits of composition ranges.

Four different methods have been used to determine the compositions of
the compounds subjected to this study. Two of the methods concentrate on the
minor phases in mixtures and the others on the major phases. The two former
(here referred to as the visual and X-ray powder methods) are based on qualita-
tive measurements and use of the disappearing phase principle. The two
methods concentrating on the major phases are based on quantitative measure-
ments of densities and X-ray diffraction intensities and comparisons with
calculated data for these parameters.

Table 4 presents the limits which the various methods give for the com-
positions of the compounds. These limits vary somewhat according to the
sensitivity and limitations of the method. Visual inspection of the samples is in
this case only suitable for determinations of the upper composition limits,
whereas the X-ray powder method leaves the upper limits undetermined
for the phosphides and arsenides.
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Table 4. Compositions of the phases, as determined by the various methods described
in the text. The numbers give extreme outer limits for the compositions.

Minor phase examined l Major phase examined

Phage isuall by X by density by X
visually y X-rays measurements y X-rays
CrSb, u—2.056 1.95—2.05 1.94—2.02 1.94—2.08
FeP, u—2.07 1.90—u 1.91—-2.02 1.96—2.04
FeAs, u—2.06 1.86—u 1.95—2.03 1.94—2.08
FeSb, u—2.05 1.95—2.05 1.95—2.02 1.94—2.08
B-NiAs, u—2.06 1.94—u 1.93—2.02 1.94—2.08
NiSb, u—2.06 1.96—2.04 1.94—2.02 1.94—2.08
RuP, u—2.08 1.90—u 1.88—2.03 1.96 —2.04
RuAs, u—2.07 1.85—u 1.92—2.02 1.94—2.08
RuSb, u—2.07 1.90—2.02 1.95—2.03 1.94—-2.08
OsP, u—2.09 1.93—u 1.83—2.07 1.96—2.08
OsAs, u—2.08 1.95—u 1.90—2.03 1.96—2.04
OsSb, u—2.06 1.97—2.03 1.93—2.04 1.94—2.08

u = undetermined

Comparison (Table 5) of the pycnometrically determined densities with
those calculated from the unit cell dimensions in Table 3 and an assumed
formula T'X,, confirm an agreement of within 1 9,. (This agreement is good,
since the two sets of data compared are obtained by completely independent
experimental techniques.) In order to be able to judge upper and lower limits
for the compositions of the compounds according to the density data the model
for the defects in the crystal lattice has to be introduced as a new variable.

Table 5. Comparisons of observed and calculated densities (for compositions 7'X,).

dpycn dX —ray dpycn dX—my

Phaso (g cm~) (g em™) Phase (g em™) (g om™)
CrSb, 7.16 7.24 RuP, 6.19 6.25
FeP, 5.06 5.11 RuAs, 8.28 8.35
FeAs, 7.43 7.47 RuSb, 9.01 9.06
FeSb, 8.09 8.15 OsP, 9.47 9.53
B-NiAs, 7.02 7.08 OsAs, 11.10 11.19
NiSb, 7.90 7.98 OsSb, 11.23 11.29
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The limits listed in Table 4 refer to the assumption of a general formula
T11:X,, t.e. interstitial T-atoms or vacant 7T'-sites are allowed in the crystal
lattices. (This appears to be the only reasonable physical and/or chemical
defect model in this case.)

The good agreement obtained on comparing observed and calculated X-ray
intensities (powder diffractometer data; see the succeeding paper 37) suggest
that the compositions of the compounds are very close to 7X,. In order to
obtain upper and lower composition limits from these data the above defect
model has been utilized with the additional specification that the interstitial
T-atoms occupy randomly the octahedral holes in the FeSy-m type crystal
structure. (The vacant T-sites were also assumed to be randomly distributed.)
Sets of calculated intensities were evaluated for all compounds for
0.00<1¢<£0.08 using the values for the structural  and y parameters of the
X atoms listed in the succeeding paper. Any value |¢| >0.00 leads to an increase
of the structural correlation factor R=73||F |—|F ||[/>|F,|. The limits given
in Table 4 have been extracted from these data on the assumption that a
relative increase of R by 10 % is significant.

It is seen from Table 4 that all the four independent methods give results
which group around a common composition 1:2.00. The conclusion is accord-
ingly that TX, is the correct formula for all these compounds.

(iii) On the formation of CrSb,, FeSby, and NiSb,. CrSb, and NiSb, have
previously been reported %1% to adopt compositions significantly different
from 1:2.00 (see Introduction). This discrepancy is consistent with the fact
that the nature of the starting material of the metal component is of funda-
mental importance in the formation of these compounds. Control experiments
in which the intermediate crushings of the samples (see Experimental) during
the annealing processes were omitted, showed that such samples failed to
reach equilibrium states.

Another factor which greatly influences the reaction rate is the temperature.
The maximum reaction temperatures for CrSh,, FeSb,, and NiSb, are limited
by their eutectic temperatures, which ought to be approached as closely as
possible without being exceeded. Differential thermal analysis verified the
previously reported 3840 eutectic temperatures, their redetermined values
being 619.84-0.5, 627.9+40.5, and 615.74-0.5°C for CrSb,, FeSb,, and NiSh,,
respectively.

Reaction kinetical experiments on the formation of CrSb,, FeSb,, and
NiSb, at 605°C were carried out using sheets of the three metals as starting
materials. (For a description of the experimental technique used, reference
is made to Furuseth and Kjekshus.4!') Transverse metallographic sections of
the specimens were studied at different lengths of the reaction period, showing
firmly adherent coatings which did not spall from the metal nucleus during
or after cooling of the specimens to room temperature. The coatings consisted
of two layers, i.e. inner layers of the mono-antimonide phases CrSb, FeSb,
and NiSb (identified according to Kjekshus and Walseth 42) which separate
the metal nuclei from the corresponding di-antimonides. After initial reaction
periods of about 10 days the thickness of the layers were found to be essentially
constant, showing that the reactions had reached apparent equilibrium
states. The completion of the reactions are obviously being hindered by low
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diffusion of the atoms within the layers. This result emphasizes the importance
of the intermediate crushings during the annealing processes.

(iv) The a-NiAs, phase. In accordance with the results of Bennett and
Heyding,?® annealing experiments at 560°C confirmed the existence of the
“low”” temperature modification «-NiAs,. The exact composition of this phase
could not, however, be determined during this study, since all our samples
turned out to contain f-NiAs, and/or NiAs in addition to «-NiAs,.

The unit cell dimensions (with the corresponding standard deviations)
a=5.77174-0.0005, b=>5.83804-0.0006, and c=11.42644-0.0013 A found in
this study are in good agreement with those previously reported for a-NiAs,.
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