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Co-Ni-Fe DIARSENIDES: COMPOSITIONS
AND CELL DIMENSIONS1

EucnNB H. Rosreoour, [/. S. Geologi,cal Suraey, Washington, D. C.2

Assrnect

Analyses of natural Co-Ni-Fe diarsenides have indicated two distinct compositional

groups: the rammelsbergites (and pararammelsbergites), which are nickel-rich, and the

loellingite-safflorite series, which are nickel-poor. The synthetic diarsenides show extensive

sotd solution at 800o C. A solvus interrupts the FeAsrNiAsp series near the NiAsz end and

extends into the ternary solid solution toward CoAs:. This solvus probably interrupts the

NiAsrCoAsz series at temperatures well below 800o C. and hence explains the separation

of rammelsbergites lrom the loellingite-saffiorite series in nature.

At 800. c., synthetic rammelsbergite appears to be stoichiometric with the formula

NiAsz,oo. Loellingite is homogeneous from FeAsz to FeAsr,ee. .[Iomogeneous cobalt saffiorite

was made with the compositions CoAsr,es and CoAsr,sa and appears to have monoclinic

symmetry, in contrast to rammelsbergite and Ioellingite which are orthorhombic. Although

the cell edges of the co, Ni, Fe diarsenides vary as complex functions of the composition,

the cell volumes vary as a linear function.

The cell edges of nine analyzed specimens of loellingite and saffiorite show fair agree-

ment with synthetic diarsenides of equivalent composition, after corrections are made for

the eftect of nickel and sulfur on the cell edges.

INrnopuctroN

In the course of an investigation of part of the system Co-Ni-Fe-As
(Roseboom, 1957, 1958, 1959), the cell edges and composition ranges of

synthetic triarsenides and diarsenides were determined. The triarsenides

(skutterudites) were discussed in a previous paper (Roseboom, 1962)'

The data on the synthetic diarsenides and their correspondence to data

for the natural diarsenides are the subject of the present paper.

The arsenid.es, of Co, Ni and Fe exhibit a wide range of solid solution'

Figure 1 illustrates the nomenclature and the approximate extent of Co,

Fe and Ni substitution in the diarsenides and triarsenides. The most re-

cent and complete classifi.cation of the diarsenides of Co, Ni and Fe is

that of Holmes (1947) which will be followed in this paper. In this classifi-

cation, the nickel-rich diarsenides are the dimorphs, rammelsbergite and

pararammelsbergite. The iron-rich diarsenides are called loellingite.

Cobalt-iron diarsenides with a Co: Fe ratio of about 1: 1 are called

saffiorite. Holmes arbitrarily placed the boundary between saffiorites and

loellingites at 70 mol per cent FeAsz.
In addition to the Co, Ni and Fe substitutions, various workers have

reported diarsenides with less arsenic than that required by the theo-

I Publication authorized by the Director, U. S. Geological Survey.
2 This work was begun at Harvard University as part of a Ph.D. thesis and continued

at the Geophysical Laboratory, Carnegie Institute of Washington'
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retical composition. For this reason the range of arsenic content in some
synthetic diarsenides was also investigated.

No work was done on pararammelsbergite, the low-temperature di-
morph of rammelsbergite. Yund (1961) has investigated the pararam-
melsbergite-rammelsbergite transition in detail.

Ansaxrc CoNrnNr on SyNrnrrrc DrensBNrtrs

Synthesis. The materials used and details of the experimental tech-
niques have been discussed in a previous paper (Roseb oom, 1962).In addi-
tion, spectrographic analyses are given by Swanson et al. (1960) of CoAs2,
FeAs2, NiAs2 and (Co6.5Fe6 5)As2 synthesized by Roseboom.

The maximum arsenic content of Ni diarsenide and Fe diarsenide was
investigated by means of "tube-in-tube,' runs. In these runs, iron or
nickel was placed in a small open tube within the larger sealed tube. The
larger tube contained sufficient arsenic to maintain a vapor phase in
equil ibrium with solid arsenic. The amount of arsenic that reacted with
the iron or nickel was determined from the increase in weight of the inner
tube. The sample was reground and the process repeated unti l a constant
composition was obtained. Homogeneity of the phase was confirmed by
means of the ore microscope.

The maximum arsenic content of Co diarsenide could not be deter-
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Ftc. 1 (A). The extent of Co, Ni, and Fe substitution in synthetic skutterudite solid
solution at 800'C. is shown by shading Almost atl analyzed natural skutterudites fall in
or close to the shaded area.

Fro. 1 (B). The approximate extent of Co, Ni and Fe substitution in the natural diarsen-
ides is shown by shading. At 800'c. the solid solutions cover all of the triangle except for
an area approximately that shown by dashed lines.
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mined in this manner because it is not stable in the presence of crystall ine

arsenic. Instead, samples of different arsenic content were annealed and

the products examined to see whether or not any cobalt skutterudite
(CoAsa-x) was present. When cobalt skutterudite appeared in the sample,

the arsenic content of the sample was greater than the maximum arsenic

content of Co diarsenide.
The minimum arsenic content of Co, Ni and Fe diarsenides were de-

termined in the same way as the maximum arsenic content of Co diar-

senide. In this case, the presence of the monarsenide indicated when the

arsenic content of the sample was less than the minimum arsenic content

of the diarsenide.
Although pure Co and Fe diarsenides could be synthesized readily at

800o C., some diffi.culty was experienced in forming homogeneous ram-

melsbergite. Niccolite (NiAs) formed first and then reacted with arsenic

to make rammelsbergite. This resulted in grains with niccolite cores

armored by rammelsbergite crystals. Similar inhomogeneity in synthetic

Ni arsenides had been noted previously by Beutell (1916), Holmes (1947),

and Heyding and Calvert (1960).In the present study, a single regrinding

and reheating produced a homogeneous rammelsbergite, except for one

very large sample which required additional grinding. In samples with

arsenic in excess, a second regrinding and reheating caused no further

increase in arsenic content of the rammelsbergite.
Range of arsenic content. The range in arsenic content for loellingite at

800' C. is at Ieast FeAsr.sso+o.ooz to FeAsz.o00l0.00r. Three "tube-in-tube"
runs with iron in the inner tube produced loellingite with the composi-

tion FeAsr.ee610.00r alter 12 days, FeAs2.00rt0.00r after 19 days, and

FeAsr.ggs+o.oor after 27 days, respectively. The last of these was reground

and heated for another 12 days with no further change in weight. Runs of

FeAsl.ees+6.662 and FeAsr.seo+o.ooz produced homogeneous loell ingite, but

runs of FeAsr.gzo+o.ooz and lower in arsenic produced loellingite and an iron

monarsenide phase. The limits on aII of these compositions are based on

the precision with which the samples could be weighed. Examination of

polished sections of samples under the polarizing microscope would prob-

ably have detected one part in 10,000 of a second crystalline phase.

Heyding and Calvert (1960) sublimed excess arsenic from an alloy-

arsenic mixture in the Fe-As system at 400o C. The final composition

corresponded to FeAs1.e3. Assuming that their final product was com-

pletely homogeneous, this indicates that at lower temperatures a greater

deviation from stoichiometric proportions is possible than at 800' C.

Rammelsbergite was found to be stoichiometric within the limits of

errors of the investigation. "Tube-in-tube" runs with nickel in the inner

tube contained niccolite armored by rammelsbergite crystals after 19
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days at 800o C. Regrinding and six more days of heating at 800o C. gave
compositions of NiAs1.ee8i0.00r, NiAs1.eee16.60r, and NiAsr.oor+o.oor. A third
grinding and seven more days of heating at 800o C. gave NiAsl.eee+s.s01,
NiAs1.ee31s.661, and NiAsr.ee6l0.00r, respectively, for the same three runs.
Polished sections indicated that these runs were homogeneous. A large
run containing almost a gram of Ni after two regrindings and reheatings
had combined with more than 2 grams of arsenic to give a composition of
NiAs1.eee31s.se65. A simple sealed tube containing material of the composi-
tion NiAs2.s60r0.002 resulted in only rammelsbergite after two regrindings.
A run of NiAsr.ggoro.o62 and runs lower in arsenic content, after two re-
grindings and reheatings, still contained rammelsbergite and niccolite
Thus rammelsbergite is very near NiAs2 in composition.

As explained above, simple sealed tubes were used for determining
both maximum and minimum arsenic content of Co diarsenide. Runs of
CoAs1.ee6+e.6or and CoAsr.e80r0.002 compositions produced a single homo-
geneous phase. A run of CoAs2.66616.eoz produced a diarsenide plus a trace
of skutterudite while runs of CoAsr.seo+o.ooz and lower arsenic contenr pro-
duced a diarsenide phase plus a cobalt monarsenide phase.

No change in d-values with the variation in arsenic content of loelling-
ite could be detected. Four specimens of loellingite, one made with excess
crystalline arsenic present, two with compositions of FeAsr.ee and
FeAs1.es, and one sample with both loellingite and a trace of an iron
rnonarsenide phase present, were measured as described in the section on
r-ray measurements. The (120), (101), (210), and the (111) d-values were
measured. If any systematic variation in d-value with arsenic content
exists, it is too small to be detected when superimposed upon the random
errors in measurement. Heyding and Calvert (1960) were also unable to
detect any variation in d-values with arsenic content in loellingites.

Co:Ni:Fe Rarros oF SyNTHErrc DTARSENTDES

Synthesi.s. Homogeheous Co-Fe and Fe-Ni diarsenide solid solutions
were made from the elements or from mixtures of the end-member phases
at 800o C. in runs ranging from 60 hours to 36 days. The Co-Ni diarsenide
phases required one or two regrindings and reheatings before homogene-
ous phases were produced. Care was taken to keep the mechanical loss of
material as small as possible. Because the samples were fine-grained mix-
tures of phases which were similar in their physical properties, any
material that was lost would probably be of about the same composition
as the bulk of the sample. Because of the difficulty mentioned above in
making rammelsbergite, runs of CoAsz mixed with NiAs2 produced
homogeneous solid solutions more readily than the corresponding mix-
tures of pure elemental phases and were used throughout the Co-Ni
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diarsenide series. Even in these runs, cobalt-rich skutterudite and nicco-

lite formed metastably along with the stable Co-Ni diarsenide solid solu-

tion. With regrinding and reheating the skutterudite and niccolite first

diminished and then disappeared. The diarsenide peaks did not change

in position as the amounts of skutterudite and niccolite diminished. Thus

the composition of the diarsenide should be about the same, whether or

not a small amount of skutterudite and niccolite remained undetected.

Range in Co: Ni Fe ratios. At 800o C there is extensive substitution of

Co, Ni, and Fe among the diarsenides. Complete solid solution series

exist between CoAsz and NiAsr and between CoAsz and FeAsz. The series

between NiAss and FeAsz is interrupted by a solvus, which probably ex-

tends into ternary compositions as shown in Fig. 2.

CoAs.

2 2 2
223
224
260

2 t9
220

NiAs .

?21

FeAs.

Frc. 2. Compositions investigated in the system CoAs2-NiAsa-FeAsz. Circles indicate

composition of samples. Numbers correspond to sample numbers used in the text and in

Table 2. The dashed line indicates the possible extent of tlie solvus at 800" C. The solws

is known to +l.o/son the NiAxrFeAsr side but its shape is only guessed at from the fact

that d-values of two diarsenides appear in sampte 139. The d-values of all other samples in-

dicated a continuous solid solution outside of the solws'
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The evidence for the existence of the solid soiution series consists of the
fact that the dimensions of the interplanar spacings (and consequently
the cell edges) are smooth and apparently continuous functions of com-
position. In Fig. 3, the d-values of the (120), (101), (210), and (l l l) r-ray
diffraction peaks are plotted as a function of composition for the three
binary series. The solid solution series between CoAsz and NiAs2 and be-
tween CoAs2 and FeAs2 are complete as shown by the continuous change
in d-values with composition. In the series between NiAsz and FeAs2, the
d-values change continuously from 100 per cent FeAsz to 31 per cent
FeAsr. Beyond this point, the d-values remain unchanged but the in-
tensities of the diffraction peaks decrease toward NiAsz. In addition, the
peaks of a different phase appear and increase in intensity toward NiAs2
but have a constant d-value. If the curves of d-values versus composition
are extrapolated from 31 per cent FeAs2 to 100 per cent NiAsz as shown in
Fig. 3, the d-values of the second phase would intersect them at about
7.5 per cent FeAs2.

The break in the NiAsz-FeAsr series at 800' C. was found to be smaller
at 850o C. and wider at 750' C. Samples from the two-phase region were
reheated at 750" C. and 850' C. for 18 days and 7 days, respectively. The

Frc. 3. The efiect of composition on the (101), (111), (120), and (210) d-spacings of the
Fe-Co, Co-Ni, and Ni-Fe diarsenides. Near CoAsz the (111) Iine splits into (111) and (I1l)
and the (101) Iine splits into (101) and (T01) as the symmetry changes from orthorhombic
to monoclinic. Between NiAsz and FeAs: there is a two-phase region where rammelsbergite
coexists with Ni-rich loellingite. All samples were heated at 800" c. and quenched. com-
positions are in moi per cent.
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rl-values in the 750' C. sample correspond to two phases, one at 6.5 per

cent FeAsz and the other at 33 per cent FeAsz. The d-values in the 850' C.
samples corresponded to a phase with the composition 8.5 per cent
FeAsr and 26 per cent FeAsz.

The fact that the extent of solid solution increased with rising tem-
perature on both sides of the break in the series suggests to the writer a
solvus rather than a transition loop. By projection, the crest of the solvus
should l ie near 900o + 25o C. and 15 * 5 mol per cent FeAs2, the solid solu-
tion being complete above this temperature.

From the extensive solid solution in the binary systems, one would ex-
pect that at 800o C. there is also extensive solid solution among diar-
senides containing all three metals, cobalt, iron, and nickel. The composi-
tions shown in Fig. 2 were investigated. Homogeneous diarsenides were

obtained from runs with the following ratios of Co:Ni:Fe: Run 238,
1 : 1 : 1 ;  R u n  1 9 2 ,  3 : 3 : 1 4 ;  R u n  1 9 3 ,  3 : 9 : 2 8 ;  R u n  1 9 4 ,  9 : 3 : 2 8 .  T h e  l a s t
three were synthesized in the presence of solid arsenic. In addition' pre-
Iiminary r-ray examination of seven other ternary compositions shown
in Fig. 2 indicated a single diarsenide and a small amount of unreacted
skutterudite. These ternary diarsenides also indicated a smooth change
in d values with composition. Had these runs been reground and re-
heated, they would probably have also produced homogeneous diarsen-
ides. Because of the solvus in the NiAsz-FeAsz series, one would not ex-
pect every ternary composition to produce a homogeneous diarsenide.
One run (No. 139) with a ratio of 1:4:l produced two diarsenides not

very different in d-values from those on the solvus in the series NiAsz-
FeAsr. Thus the solvus extends at least beyond that composition toward
the CoAsz-NiAsz sideline.

X-nay Cnvsrar-r-ocRAPHY

Structures and space groups. Ail the Co, Ni, Fe diarsenides, with the ex-
ception of pararammelsbergite, probably possess the marcasite structure
(C18 type) or some slight distortion of it. Buerger (1932) determined that

loellingite had a marcasite structure with space group Pnnm (in the
orientation used here). Peacock (1941) confirmed this space group and

Peacock and Dadson (1940) found the same space group for rammels-

bergite. Kaiman (1946) confirmed this space group for rammelsbergite
and reported that it, l ike loell ingite, had a marcasite structure.

Because complete solid solution series extend from NiAsz to CoAsz and
from FeAsz to CoAs2, CoAsz is almost certain to be isostructural with

rammelsbergite and loellingite and thus have a marcasite structure also.

In the case of CoAsz however, the marcasite structure is apparently dis-

torted enough to change the orthorhombic symmetry to monoclinic.
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Quesnel and Heydin1 0962) report a space group of Phfc for CoAsz
(which would transform to P21f n ior the unit cell used in the present
paper).

Peacock (1944) studied Weissenberg photographs of a natural saf-
florite intermediate in the CoAs2-FeAsr series and found the space group
tobe P2/m. He reported that it had monoclinic symmetry but with a B
angle of 90o. The structure was probabiy analogous to that of loell ingite
and the lower symmetry was due to iron and cobalt not occuping equiv-
alent sites. Berry and Thompson (1962, p. 129) noted that Peacock de-
tected interplanar spacings which should be absent with space group
Pnnm and these spacings produce lines too weak to be observed by means
of x-ray powder methods.

X-ray measuremenls. For measurements on the diarsenides, four of the
strongest r-ray diffraction peaks were used: the (120), (101), (210), and
(111) peaks. These four were chosen because they could be accurately
measured for ali compositions in the solid-solution series. All four peaks
were between 30o and 41" 20 ior Cu radiation. The dimensions of the unit
cells were calculated from the (120), (101), and (210) peaks. Different
internal standards had to be used for dif ierent compositions to prevent
diarsenide peaks from overlapping the peaks of the internal standards.
The CoAsz-FeAsz series and the iron-rich half of the FeAsz-NiAs2 series
were run on the diffractometer at ] degree per minute, with quartz as an
internal standard. The CoAsz-NiAs2 series and the nickel-rich remainder
of the FeAsr-NiAsz series were run at $ degree per minute, using either
sil icon or sodium chloride as an internal standard, the choice depending
on the spacings in the individual cases. The cell edges used for the
internal standards were those given by Parrish (1953) and are as foilows:
sil icon (5.$A62 A), sodium chloride (5.63937 A), quartz (a:4.981 fi
c:5.4064 A). Two measurements were made on each line, one with the
goniometer driving toward high 20 angles and one with the goniometer
driving toward low 20 angles. The probable precision of measurement is
discussed in the section tit led "Cell edges and volumes of solid solutions."

Cell ed.ges oJ CoAs2, NiAsz and FeAsz. X-ray data for the diarsenides
show good agreement for the Co, Ni and Fe end-members. Table 1 sum-
marizes the cell-dimension data for diarsenides in the l iterature for com-
parison with the results of the present work. The earliest work is that of
de Jong (1926), who claimed that the patterns of loell ingite, rammels-
bergite and safforite were identical. He gave a single set of lattice con-
stants which failed to agree with those of subsequent workers on the three
minerals. The cause of this discrepancy is unknown.

Peacock and Nlichener (1939) presented *-ray data for what they
believed to be rammelsbergite. Later, however, Peacock and Dadson



CO-NI-FE DIARSENIDES 279

'Iasr,a 1. Cnr,r, DrurNsroNs (rN A; ol Reuurrsnrncrrn, Lorr,rrNcrrn, Selrlonrru,
eNn Coeart DtAnsnurno

Reference c Material

Rammelsbergite-NiAs:
deJong (1926)
Peacock and Dadson (1940)
Yund (1961)
Heyding and Catvert (1960)
Swanson ?, al. (1960)
Present work

deJong (1926)
Buerger (1932)
Peacock (1941)
Heyding and Calvert (1960)
Swanson rl ol. (1960)
Berry and Thompson (1962)
Present work

Rosenqvist (1943)
Heyding and Calvert (1960)
Swaonson et al,. (1960)

Quesnel and Heyding (1962)
Present work

4  7 5 5 1 0 . 0 0 3  5 . 8 0 1 + 0  0 0 4
Loellingite-FeAs2

4 8 7  5 8 1 6 36 Natural
2 85 Natural
2 87 Natural
2.882 Synthetic
2 882 Synthetic
2.8802 Natural

2.882tO OO2 Synthetic

3. 10 Synthetic
3 .11r  Synthe t ic

3 127 (P:90o51') Synthetic
3 1672(P:90432') Synthetic

3 .12710 001 Synthe t ic
(B :90o27')

4 8 7
4 7 9
4  7 5 7
4 7 6
4 . 7 5 9

5 . 2 6
5 2 9
5 300
5 .300
s  .3023

5  8 1
5 . 7 9
5 . 7 9 3
5 7 9
5 797

5  . 9 3
5  , 9 8
5 . 9 8 2
5 983
s . 9 8 1 8

6 . 3 6
3 . 5 4
3 544
3 5 4
3 539

3 542+0 003

Natural
Natural
Synthetic
Synthetic
Synthetic
Synthetic

s  3 0 1 t 0 . 0 0 4  5 . 9 7 9 1 0  0 0 5
Cobalt Diarsenide-CoAsr

5 .89
s . 8 7
5 872
s .885

5 0 8
5 005r
5 047
4 894t

5 . 0 5 1 t 0  0 0 2  5 . 8 7 3 1 0  0 0 2

AII measurements prior to 1946 were changed from kX units into Angstrom units. Orientations are not
always those of original papers but follow the recommendations of Buerger (1937). Measurements by Swanson
el al' (1960) were made on materials synthesized by Roseboom. The t values for NiAsz and FeAs: are standard
deviations as described in the text. The t values for CoAsr are standard errors oI tbe means for four samples.

t These values are one-half the values given by Heyding and calvert (1960) in their original paper.
z The original values of Quesnel and Heyding (1962) arc a:5.805, b:5.885, c:5.853, E:114.11,. Their

cell can be transformed to that used bv the miter by means of the matrix (101/0101101).

(1940) compared these data with authenticated rammelsbergite from
r isleben and Schneeberg, Germany, and concluded that the material de-
scribed in 1939 was actually an NiAsz polymorph which they named para-
rammelsbergite. The measurements of Yund (1961), Heyding and Cal-
vert (1960), and Swanson et al. (1960) on synthetic NiAsz are all within
two standard deviations of the value obtained by the writer.

Buerger (1932) analyzed the structure of loellingite, and gave the cell
edges l isted in Table 1 for natural loell ingite from Franklin, New Jersey.
Peacock (1941) gave d-values and cell dimensions for a natural loeil ingite
also from Franklin, New Jersey. Berry and Thompson (1962) gave cell
edges on Franklin loell ingite redetermined by R. J. Trail l . These plus the
measurements of Heyding and Calvert (1960) and Swanson et al. (1960)
on synthetic material are all within two standard deviations of the value
obtained by the writer.

Co diarsenide is apparently monoclinic. T. R. Rosenqvist (1953) in re-
porting the data of A. n{. Rosenqvist (1943) gave only the cell edges
which are l isted in Table 1. Heyding and Calvert (1960) indexed CoAsr
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on the basis of an orthorhombic cell with the a and c edges (c and D in the

orientation in the original paper) approximately twice those of the mono-

clinic cell. By using the larger orthorhombic cell, they obtained addi-

tional hkl's to account for the lines which could not be explained by a

smaller orthorhombic cell. However, even this larger cell only provided

one hkl for the very strong line at 2.41 h. This l ine, which they reported

as broad, is actually two distinct l ines as shown in Fig. 3' Swanson el o/.

(1960), starting with monoclinic cell dimensions given by the writer

(Roseboom, 1958) indexed a sample of the writer's synthetic CoAsz and

obtained the values given in Table 1. Quesnel and Heyding (1962) in-

dexed CoAs: by direct comparison of the five or six strongest lines with

RhPz and RhSb2. This produced a monoclinic cell which is related by a

simple transformation matrix (lU/010/1O1) to the cell of Swanson et al.
(1960) and the writer. Swanson et at. (196O) indexing accounts for all of

the observed lines except six very weak ones. Quesnel and Heyding ob-

served two of these six l ines, their (102) and (213)_lines. These ind_ices

transform by means of the above matrix to (3/2O 1/2) and (5/2I I/2)

which suggests that perhaps the o and c axes given in Table 1 should be

doubled. I{owever, the smaller cell of Swanson and the writer wil l be

used in this paper to facil i tate comparisons with the orthorhombic

diarsenides. This cell is similar to the cells of the orthorhombic diarsenides

but is slightly distorted (B:go' 27') ' rJntortunately, no crystals of

CoAsz suitable for single crystal studies were synthesized during the

present study.
The present study indicates that aithough the Co-rich diarsenides are

probably monoclinic, they form a complete solid solution with the ortho-

rhombic Ni and Fe diarsenides at 800" C. The evidence for this was found

in the solid solution series between FeAsz and CoAsu and between NiAsz

and coAsz. In both series, the (101) and the (111) peaks were observed to

split into two peaks of equal intensity near the cobalt end of the series as

shown in Fig. 3 and Table 2. In x-ray powder photographs of cobalt

saffiorite, the (101) and the (111) l ine each appeared as a single broad

and somewhat dif iuse l ine. However, with the *-ray diffractometer, split

peaks of about equal intensity were clearly observed. One can interpret

this splitt ing of l ines as a degeneration of the orthorhombic cell to a

monoclinic cell. Such a symmetry change would cause all peaks with the

indices (h)l) anc) (hkl) to split into (h}t) and, (k}l), (hht) and (ilkl), rc'

spectively. Thus the_(101) peak of the orthorhombic phases would split

into the (101) and (101) peaks, and the (111) peak would split into the

(111) and lttt;. fne size of the observed split would correspond to a 0

angle of abort 9Ao27' for CoAsz. The accuracy of this frgure for the B angle

is uncertain due to the overlapping of the split peaks on the difiractom-
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eter charts and. the consequent uncertainty in locating the true position

of their center l ines. Swans on et al. (1960) indexing shows that in addition

to the (101)  and (111)  peaks,  the (121) ,  (2 l l ) ,  (22I) ,  (131) ,  and the (122)

peaks each split into (hkl) and (irkl) oI similar intensity.

The cell edges obtained by Swanson using a tungsten internal standard

and a least squares fit for all of the indexed lines agree within two stand-

ard deviations of the cell edges obtained by the writer using only the

(101),  (101) ,  (111) ,  (111) ,  (210)  and (120)  l ines wi th quar tz  as an in ternal

standard. Because the indexing of Quesnel and Heyding (1962) corre-

sponds to that of Swanson (after transformation) on 25 l ines and dis-

agrees on only two lines, the measurements should have given closer

agreement than that shown in Table 1.
Ventriglia (1957) presented an indexed set of d-values for what he be-

lieved was Co2As3. However, the d-values are clearly those of CoAsz. His

indexing is based on a hexagonal cell with a:6.16 A and c:15.40 A. The

writer could find no transformation relating this hexagonal cell to the two

unit cells just described and believes that it is a fortuitous indexing made

possible by the large value of c. In the present work it was found that

runs of CozAss composition made at 500o-800o C. produced a mixture of

CoAsz and CoAs. Good evidence for the existence of the supposed phase

CorAsa is lacking.
Cell edges and, volumes of solid' solutions. The cell dimensions of the

Fe-Co. Co-Ni, and Ni-Fe diarsenides as functions of composition are

shown in Fig. 4. One interesting feature is the inverse relationship be-

tween the a and c dimensions. The rate of change of o with composition is

about the same as that of c but opposite in sign. The 6 dimension follows

the a dimension. Because of the inverse relationship, the d-values change

rapidly with composition, some increasing and some decreasing How-

ever, the maximum difference in volume is only about 7 per cent. The

smallest cell volume is that of FeAsz, whereas the largest is that of NiAsz'

The plot of measured cell volumes against composition in Fig. 4 suggests

a straight-l ine relationship.
The hypothesis that there is a l inear relationship between cell volume

and composition was tested by fitt ing straight l ines to the data by the

method of least squares. The results were as follows:

(2) Co-Fe series
(3) Co-Ni series
(4) Fe-Ni series

V : 0 . 0 1 3 8 X + 9 1 . 4 4 + 0 . 1 3
v:0.0504Y +92.76 + 0.O7

v : 0 . 0 6 5 0 Y + 9 1 . 2 3 + 0 . 1 1

Where V:cel l  vo lume in At ,  X:mol  rat io ,  100 Co/(Co*Ni f  Fe)  and

Y is the mol ratio, 100 Ni/(Co*Xi*Fe). The last f igure in each equation

is the standard error of the estimate. The standard error of the estimate is:
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Standard error of estimate : l/ -"!-
N - n

Where R is the difference between calculated and measured cell
volume, 1/ is the number of samples, and z is the number of constants in
the equation. Thus (lil-z) equals number of degrees of freedom.

The linear relationship apparently holds for ternary compositions also.
A least squares plane was fitted to the samples used in calculating equa-
tions (2), (3) and (4) above with the following result:

( 5 )  V :0 .01s1X  +O.06+2v  +9 r . s3  +  0 . r2

Equation (5) was then used the calculate cell volumes for samples No.
238, 194, 192, and 193 in Table 2. The measured cell volumes less the
calculated cell volumes were -0.02, +0.15, -0.22, and *0.95 At, re-
spectively, for the four samples. The large difference for sample No. 193 is
probably due to the overlapping (210) and (111) peaks.

Statistical lreatment. An examination of the precision of the r-ray meas-
urements on the diarsenides should answer two related questions. How
much reliance can be placed on the data? Is there a l inear relationship be-
tween cell volume and composition? If the hypothesis of a linear relation-

-
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Frc.4. The efiect of composition on the cell edges and cell volumes of Fe-Co, Co-Ni and

Ni-Fe diarsenides. CeII edges were calculated from the data illustrated by Fig. 1 and given

in Table 2. Compositions are in mol per cent.
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ship is correct. the amount of scatter in the cell volumes about the least
squares plane should be approximately equal to the scatter in the cell
volumes of a large number of samples with the same composition. Thus
the standard error of the estimate of equation 5 should be about equal to
the average standard deviation obtained when a number of different sam-
ples of diarsenides with the same composition are measured by the
method described; that is, one complete oscil lation of the diffractometer
over  the (120) ,  (101)  and (210)  peaks.

Unfortunately, statistically rigorous conclusions cannot be drawn from
the data because of the small number of repeated measurements and the
many sources of error. However, the writer feels that an attempt to esti-
mate the error is better than none at all. Some sources of error are certain
to be relatively small when compared with others and will be neglected in
the following analysis. With repeated measurements, each of the three
internal standards would probable give slightly different average cell
edges for the same diarsenide but these systematic errors are relatively
small. If the errors in weighing out the materials altered the composition
by as much as 0.05 per cent, the errors in cell edge that could result
would ra-nge from about 0.0005 A in the NiAsz-FeAsz series to about
0.00002 A. Thus, weighing errors might make a small, though noticeable
contribution, to the scatter in the measurements of the o and c edges in
some composition ranges. However, for simpiif ication, all errors are
assumed to be in the r-ray measurements. The relative intensity of the
peaks varied to some extent with composition as can be seen from Table 2.
Similarly, the background radiation was lowest with NiAsz and highest with
CoAsz. However, in all cases the peaks were strong and easy to measure.

Standard deviations for the o-ray data were estimated in three ways.
Each of these estimates admittedly has some undesirable feature. The
usual method of calculating a standard deviation was used for four sam-
ples of CoAs2 and four samples of loellingite (but with difierent arsenic
contents). These standard deviations do not invoive factors such as
weighing errors which would cause additional scatter in samples of solid
solutions. Also, four samples are too few for a reliable estimate. The
second method provides an average standard deviation based on all 32
samples of diarsenides. This average standard deviation can then be ap-
plied to individual samples if we assume that the standard deviation does
not vary greatly with composition. The average standard deviation for
the cell volumes can be compared with the standard error of the estimate
of equation (5) to see if the cell volumes change linearly with composition.
Finally, a maximum value for the average standard deviation for each
cell edge and d-value can be derived from the standard error of the esti-
mate of equation (5).
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A standard deviation for the cell volume of CoAsz was obtained from
measurements of four difierent samples, each sample having been given a
single complete oscillation on the diffractometer. Standard deviations for
the four oscillations across each peak were used to calculate standard
deviations for the cell edges and the cell volume by the usual methods for
combining independent random errors according to the law of propaga-
tion of errors (for example, Scarsborough, 1955, Beers, 1953). The results
are shown in a of Table 3.

Four different samples of loellingite were handled in a similar way (see
d of Table 3). The four samples of loell ingite differed in arsenic content,
ranging from FeAs2.6e to between FeAsl es and FeAsr.sz. However, as
mentioned in the section on arsenic content, the d-values of these four did
not differ significantly. A standard deviation calculated from these four
specimens should be either equal to or larger than any standard deviation
for stoichiometric loell ingite, depending on whether or not the four sam-
ples really have the same cell edges.

Two methods of estimating an average standard deviation for all 32
samples were employed and both gave very similar results. Both methods

TnerE,3. Esuuarro SrlNoant DnvreuoNs (S.D.) ron e Srwcro
Oscrrlerror ol rrm DrrlnacroMETER

(An oscillation consists of the average of two measurements, one with the goniometer
driving toward larger values of 20 and. one toward smaller values)

S.D. for d-values
(x10-3 A)

S.D. for cell edses
(x10-s A) 

" b'u'  lor
volume

(x1o-3 A3(2ro) (101)(120)

FeAs:
a. S.D. of 4 samples 0.43
b. Using average S.D. 0.59
c. Using standard error

of estimate 1.48

CoAsz
d. S.D. of  4 samples 1.2
e. Using average S.D. .53
f. Using standard error

of  est imate 1.24

NiAsz
g. Using average S.D. .49
h. Using standard error

of estimate 1.02
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are described by Wilson (1952, p.244-245).In the first method the rela-
tionship between range and standard deviation in a normal population is
used. For a pair of measurements the standard deviation should be equal
to 0.886 times the range. Although the range of individual pairs of meas-
urements varies widely, an average value for the range can be calculated
from the 32 samples. The second method makes use of a formula which for
pairs of measurements reduces to:

where D is the difference between the two measurements in each pair and
n is the number of pairs. Inasmuch as this standard deviation applies to
single measurements, it must be multiplied by l/ t/2 to obtain the stand-
ard deviation for a complete oscil lation (two measurements).

The average standard deviations in degrees 20 for the (210), (120) and
(101) peaks were then converted into Angstroms for FeAs2, CoAsr and
NiAs2, and standard deviations for the cell edges and volumes were calcu-
lated according to the law of propagation of error. The results are shown
in b, e and g of Table 3. The above estimates of the average standard
deviation are probably too low. Oscil lation of a single slide produces a
smaller scatter in the measurements than duplicate measurements of two
difierent slides of the same sample. In 15 pairs of measurements on a syn-
thetic digenite (CueS6), the writer found that remaking the slide after
each measurement increased the standard deviation by about 50 per cent
over that obtained from repeated oscil lations of the same slide. Probably
some similar factor should be applied to the values in l ines b, e and g of
Table 3.

In view of this and the additional sources of scatter previously men-
tioned, the difierences between the estimated standard deviations of the
volume (a, b, d, e, g, of Table 3) and the standard error of the estimate for
the least squares plane are of doubtful significance. If the cell volumes do
not vary l inearly with composition, measurements of greater precision
than those of the present study wil l be necessary to detect the discrep-
ancy.

Maximum values for the standard deviation of the cell edges and d-
values can be approximated by assuming that the standard error of the
estimate for the cell volumes oI 0.12 A3 equals the average standard devi-
ation; that is, all of the scatter is random error. The standard deviations
of the (120), (101) and (210) peaks (and consequentlv the cell edges)
should be in the same ratios as in b, e and g of Table 3. Consequently, the
standard deviations in the cell edges and peaks that would produce a
standard deviation in the volume of f l.12 A (th. standard error of the

7 /zDz
tv -;



CO.NI-FD DIARSENIDES 287

estimate) can be easily determined. These values are given in c, f and h

of Table 3. In Table 1, the standard deviations for the cell edges given for

FeAsz and NiAsz correspond to c and h of Table 3, respectively' Those for

CoAs2 correspond to one-half of the values in d or f of Table 3 because

these cell edges are the average values from four samples of the same

composi t ion.
Retationship to loellingite and marcasite struclules. Buerger (1937) and

Rosenqvist (1953) have recognized two distinct divisions of compounds

with the marcasite structure, a marcasite group and a loell ingite group'

The marcasite group all have cfb ratios of 0.60 to 0.63. Whereas the

Ioell ingite group all have ratios between 0.47 and 0.53, rammelsbergite

belongs to the marcasite group with a ratio of 0.61. Cobalt saffiorite has a

ratio of 0.53 and belongs to the loell ingite group if i ts small departure

from orthorhombic symmetry is ignored. The ratios intermediate be-

tween the two groups fall in the region of the solvus in the Ni-Fe series

and in the middle of the Co-Ni series. The solvus probably intersects the

middle of the Co-Ni series at lower temperatures. Thus it appears that

the phases with ratios intermediate between the loell ingite and marcasite

groups require higher temperatures to be stable than those within the

groups.

Narunar, Drensnwrpos

Composition range. Some chemical analyses of natural diarsenides of

Co, Ni, and Fe have indicated the presence of small amounts of S, Sb' Bi,

Cu, Ag and Pb. Such "impurit ies" could be due to either the presence of

small amounts of other minerals in the diarsenide or atoms of these ele-

ments proxying for other atoms in the structure. At present, only the sub-

stitution of S for As has been demonstrated. The remaining elements

listed above rarely aggregate more than one or two weight per cent.

The extent of substitution of Co, Ni, and Fe among the natural diar-

senides can be seen from Fig. 5 which contains the analyses collected by

Holmes (1947), those made by Jouravsky (1959), and those summarized

by Godovikov (1960). one group of analyses l ie near the NiAsz corner.

These represent the rammelsbergites and pararammelsbergites. The re-

maining analyses are distributed near the CoAsr-FeAsz side and represent

saffiorites and loellingites. No saffiorites containing more than about 80

per cent CoAsz have been reported. AII but one of the saffiorites contain

less than 8 mol per cent NiAsr, while a few loellingites apparently run as

high as 30 per cent NiAs2, if one assumes that the analyzed material was

homogeneous. The distribution of the analyses does not indicate a break

between saffiorite and loell ineite. It was for this reason that Holmes'
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placement of the boundary at the 70 per cent FeAs2 line was necessarily
arbitrary.

The natural separation of the diarsenides into rammelsbergites on the
one hand and the loell ingite-saffiorite series on the other is probably due
to the expansion at lower temperature of the solvus which was observed
at 800o C. in the synthetic diarsenides. Assuming that the three deter-
minations of the loell ingite side of the solvus at 750o, 800o and g50o were
near equil ibrium, one could reasonable expect the loell ingite field along
the NiAsrFeAsz side to extend from FeAsz to about $ to $ of the way to
NiAsz at room temperature. The inversion of rammelsbergite to pararam-
melsbergite might further reduce the loell ingite field because the solubil-

Co+Nl+FB

- \ .

+

o

I

\av
\

I
I
I
I\

I

50 '! 7
' / o

Ni
Co+Ni+Fc

435
t4a

re
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Frc. 5. Co'Ni'Fe atomic ratios of analysed natural diarsenides. Black circles with num-
bers are after Godovikov (1960). Black circle labeled ,,P" is from Peacock (1944). Open
circles are from Holmes' (1947) compilation. Crosses are Jouravsky,s (lg5g) analyses.
Short dashes show approximate extent of sclrrus observed at 800o C. Long dashes suggest
the extent of the solvus at a much lower temperature as a possible explanation for the con-
centration of analyses near the Ni corner and near the Co-Fe side.
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saffiorite or loell ingite. Eilsworth (1916) made a similar observation on ore
from the Kerr Lake Nline, ontario. His etched specimen showed three
minerals and the chemical anaryses (after subtra.l ing urr.no-pyrite) in-
dicated a diarsenide composition near 2r per cent coAs2, 7i per cent
FeAsz for the remaining two minerals. No nickel was present.

Todd's analyses and observations on his specimens 5 and 11 indicate a
possible second break in the series near 60 per cent coAsz and 40 per cent
FeAs2. Both specimens consist predominantly of saflorite and loell ingite
according to Todd. Thompson (1930) re_examined specimen 5 and stated
that he "was able to confirm his (Todd's) impression that the cobalt min-
eral was orthorhombic and that the other predominant mineral was
loell ingite." After subtracting the chemical compositions of the other ob-
served minerals, one is left with a total composition near 61 per cent
coAs2, 39 per cent FeAs2 for the saffiorite and loellingite. This ca., be e*-
plained by the presence of one minerar richer in cobariand another poorer
in cobalt than the total given.

x-ray d'ata on naturar sffiorite and. roeilingila. Sampres of anaryzed
saffiorite and loell ingite for which the cell edges have been determined are
rare. Eight such samples have been described by Godovikov (1960) and
one by Peacock (1944). The measured cell edges and some atomic ratios
for these samples are given in table 4

rn Fig. 6, the cell edges of the minerars and the synthetic phases have
been plotted as a function of 100.co/(cofF"). ihe ceil edges of the
minerals are shown as crosses and the cell edges of the synthelic phare,
are open circles connected by a solid l ine. The solid circles are the cell
edges of numbers 3095 and 3119 as determined by Godovikov. These
specrmens appear to have been incorrectly indexed and the revised cell
edges derived from Godovikov's d-values are shown as crosses for the
same composition.

- 
The a and b cell edges of the natural diarsenides, with the exception of

Peacock's specimen, are smarler than the cell edges of synthetic pirases of
equivalent Co/(Cof Fe) ratios. Similarly, the c edges oi tt" natural
diarsenides, with the same exception, are iarger than those of the equiv-
alent synthetic phases. rn addition to the major constituents, the ele-
ments, Ni, S, Sb, Bi, Cu and Au are reported in some of the analyses. We
will attempt to evaluate the reiative effect of the first four of these ele-
ments on the cell edges. Cu is present in only one analysis (3119). Au is
present in three (486, 519, 520), but the maximum amount is onlv 0.2
weight per cent.
r The effect of nickel on the cell edges of saffiorite and loelringite can be
determined from'the data of Fig. 4 and rable 2. rf one plots-these cell
edges on a eoAsz-NiAs2-FeAs2 mol per cent triangle o.r" .un draw lines of
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equal cell edge that within the l imits of accuracy are straight l ines. These
iines are essentially parailel but are more closely spaced as one moves
away from the FeAsz corner. As a consequence, the efiect of a given per_
centage of NiAsz on a cell edge is not constant but depends on the
Co/(Cof Fe) ratio. This can be seen in Fig. 6 where the dashed lines in-
dicate the cell edges of loellingite and saffiorites, with eight per cent of the
Co and Fe atoms replaced by atoms of Ni. On the CoAsz-NiAsz-FeAsz
triangle, the slope of the lines of equal a dimension is such that the change
in cell edge due to an increase in nickel content of one per cent is equiv-
alent to an increase in the cobalt content of 1.6 per cent. For the b and. c
dimensions, the change of one per cent in nickel content is equivalent to
changes of 1.5 and 2.0 per cent cobalt respectively. Thus one can make a
correction for each cell edge by multiplying the molecular amount of
NiAs2 by the appropriate factor and adding it to the value of l00Co/
(Co*Niff 'e) determined from the chemical analysis. The resulting
value of "equivalent CoAsz" is the content of CoAs2 which, in a Ni-free
co-Fe diarsenide, would result in the same cell edge as that of the Ni-
bearing diarsenide. Thus values of ,,equivalent cobalt,,, determined
separately for each of the three cell edges, can be applied to the curves of
Fig. 4 or 6.

The effect on the cell edges of sulfur substituting for arsenic can be
handled in a similar way. Neumann et al. (1955) observed that surfur con-
tent affected the d-values of loell ingite. clark (1960) determined the
effect of sulfur and cobalt on the (101), (111), (120), and (210) d-values of
synthetic loell ingite. using cobalt content as one axis and sulfur content
as the other, clark contoured the d-values for the four spacings above.
He found that the contours were straight l ines. rf one converts clark's
data from d-values into cell edges, one finds that contours drawn on the
a (or b or c) edges are also nearly straight lines. These contours are not
parallel, however, but tend to converge. rf the contours for each cell edge
are extended beyond the l imits of the diagram, one can locate an approxi-
mate focal point. Hence one can closely approximate any contour by a
straight l ine passing through the focal point. Therefore, given a particular
co and S content, one can draw a l ine through it and the focal point along
which the cell edge is approximately constant. rf one takes the composi-
tion at which this l ine intersects the co axis and uses it as an "equivalent
CoAs2" value, one can then determine the value of the cell edge from Fig.
3 or Fig. 5. Thus the value of the "equivalent CoAs2', (C") corrected for
S can be expressed as follows:

(6) C " :
a z - b x



CO-NI-FE DIARSENIDES 293

The letters a and b are the coordinates of the focal point in terms of Co

and S contents respectively, whereas x and z represent the ratios 100

Col(Co*Ni*Fe) and 100 S/(As*S) respectiveiy.
One can correct for both Ni and S by replacing x of the equation (6) by

expressions for the "equivalent CoAsz" content for Ni bearing diarsenides.

For each cell edge, these expressions are simply:

(7)  CNi :  mY

where Y is equal to 100 Ni/(Co*Ni*Fe) and m is 1.6, 1.5, and 2.0 f 'or

the a, b and c edges respectively. Thus equating x of equation (6) with

CNr of (7) and replacing a and b with the appropriate constants, one ob-

tains the following equations:
(8) a edge:

C " :

(9) 6 edge:

?t  <*  r  <1 . ,  J -  )11 .
J - . \ t ^ t ! - J t - e - 4

(10) c edge:

C o :

C C :

32.5  *  z

l4x I 2ly -f l48z

1 4  l z

6 5 x * 1 3 0 y - | 2 0 0 2

In  these equat ions,  x  is  the mol  rat io ,  100 Co/(Co*Ni*Fe) ,  y  is  the
mol  rat io ,  100 Ni / (Cof  Ni*Fe) ,  and z is  the mol  rat io ,  100 S/(As*S).
The values of "equivalent CoAs2" (C,, Ca and C") which one obtains are
then used on the appropriate curves of f igure 4 or Fig. 6.

One may visualize these corrections geometrically by considering a tri-
angular prism resting on its base as shown in Fig. 7 . Co, Ni and Fe

diarsenides l ie at the corners of the triangular base and CoAsS, NiAsS
and FeAsS at the corners of the top. Within this prism, one may visualize
families of surfaces, each composed of all compositions that have the same

value for the a (or b or c) edge. The intersection of such a surface and the
CoAsz-FeAsz-CoAsS-FeAsS side of the prism is a straight l ine as shown
from Clark's data. Similarly the intersection of the surface and the base
is a straight l ine as can be shown from the data in Table 2. These two lines
intersect at some point along the CoAsz-FeAs2 edge. Thus it seems reason-

able, lacking any information to the contrary, to assume that the surface
approximates a plane near the CoAsz-FeAsz edge and is defined by the two
intersecting straight l ines. This is the only assumption involved in equa-
tions (8), (9) and (10). Given the composition coordinates of any point

on any plane of constant cell edge, one can determine by means of these
equations where that plane intersects the CoAsz-FeAsz edge of the prism.

With this information (i.e., the "equivalent CoAs2") one can obtain a
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numerical value for the cell edge from the data on the series, CoAs2-
FeAsz.

In Table 4, the cell dimensions labeled "calc." were calculated by
means of equations (8), (9) and (10) from the chemical analyses. The
differences between the measured values and the calculated values are
sti l l  relatively large in many cases. Furthermore, there is no obvious rela-
tion between the differences and the Co, Ni or S content. Similariy, if
one contours these differences against any pair of these three elements,
one finds no clear relation.

It remained to be seen whether Bi or Sb substituting for As would ex-
plain the differences. One can crudely estimate the effect of Sb on the dif-

NiAsS CoAsS

( CoAs.

T----:_l_r+-
7___--____-__===>A

Frc. 7. Illustration of method used to calculate cell edges for saffiorites and loellingites
containing some Ni and S in solid solution. The shaded planes represent typical surfaces of
constant cell edge within the solid figure. The intersections of the planes with the coAsa
NiAs5FeAs2 base are parallel straight lines. The intersections with the coAsz-FeAsz-
FeAsS-CoAsS side are straight lines that converge at point A as basecl on calculations ol
cell edges from the data of clark (1960). If the surfaces are planes, they should all converge
along a line A-A', parallel to the lines on the base. rf one knows the composition of the
diarsenide, he can calculate by means of equations (s), (9) and (10) (he intersection of the
plane containing that composition with the CoAg-FeAsz edge. The value of this intersec_
tion, called here "equivalent coAs2," is applied to the solid curves of Fig. 6 to obtain the
cell edge.
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Specimen No. 486 3095 3119

100 Co

Co*Ni lFe

100 Ni

Co*Ni *Fe

100 s

As*S

100 sb

As*S*Sb*B i

100 B i

As*S*Sb*B i

100 (As+s)

Co*Ni*Fe

1 . 9 2  1 0  6 5

2 . 9 4  2  0 r

1 2 2

? 2 . 3 5

7  . 7 5

0 . 3 4

2 8 2  4 . 3 5 20 90 20 95 22 93

8 . 8 . 1  3 . 1 5  6 5 4

0 1 9  0 4 10 002

4 4 8

?

?

?

1 . 9 6

6 1 . 5 0

3 . 9 6

4 . 4 4

72 66

3  . 6 4

6 7 1

o  42  0 .84

0 0 7  0 0 7

1 . 8 5  2 0 1  2 0 8  1 . 7 8  1 . 8 8 1  . 8 4  2 . O 7

d meas,

a calc.

Ditr.

D meas.

D calc.

DifI.

6 meas.

c calc.

Ditr.

Cell edges (in A)

5 . 2 3 8  5  2 8 5  5  2 7 1  5 . 2 1 4  5 . 2 4 r  . 5 . 1 8 3  5 . 2 5
1 0  0 0 4  1 0 . 0 0 4  t 0  0 0 7  + 0 . 0 1 3  1 0  0 0 8  + 0  0 0 7

5 . 2 2 8  5 . 2 7 4  5  2 3 3  5 . 1 9 6  5 . 2 4 7  5  2 2 9  5 . 2 4 2

+ 010 + .011 + .038 +  018 -  006 -  046 + .008

5 971 5 .967 5  964 5  938 5  959 5  972 5  97
t 0  0 0 8  1 0  0 0 5  + 0  0 0 8  + 0 . 0 0 9  1 0 . 0 0 8  j 0 . 0 0 6

5 942 5  967 5 .946 5  927 5 .9 .55  5 .950 .s .957

+  o 2 9  - . 0 0 0  + . 0 1 8  + . 0 1 1  + . 0 0 4  + . 0 2 2  + . 0 1 3

2 900 2  909 2  916 2  949 2 .956 2 .986 2 .93
t0 .004 t0  002 :10 .004 +0 003 +0 006 t0  003

2 . 9 3 1  2  8 9 8  2 . 9 3 3  2  9 7 8  2  9 3 4  2 . 9 6 8  2  9 5 3

-  0 3 1  +  0 1 1  - . 0 1 7  -  0 2 9  + . 0 2 2  +  0 1 8  -  O 2 3

5 .  1 3 1  5  0 9 7

5 113 -5.O22

+  0 1 8  + . 0 7 5

5 919 5  88s

5 893 -5  .872

+ 026 +  017

3.036 3  094

3 080 -3 137

-  04+ - .043

All cell edges except those of "P" have been converted from kX units to Angstroms. Specimens Nos, 143,
486,49, 52O,519 and 50 are from Mikheyev (1952) as reported in Godowikov (1900).  r 'P" is f rom Peacock
(1944).  Nos. 3095 and 3119 are from Godovikov (1960).  The cel l  e{ses of 3095 and 3119 are not those of the
original paper but have been calculateC after reindering Godovikov's d-values. For specimens 1-lJ and 49, the
above rat ios were calculated from the atomic rat ios (Co*Ni)/Fe, (As*S)/(Co*NifFe),  and S/As, which
were the only chemical data available. Only the ratio, Co,lFe/As, was gir.en for specimen "P."

ferent cell edges by assuming that the cell edges are a l inear function of
composition between CoAsz and CoSbz, and between FeAsz and FeSbz as
these phases all have the marcasite structure. From this one finds that
Sb increases all three cell edges. For a saffiorite near the middle of the
CoAsz-FeAsz series, substituting one- per cent of the As by Sb would in-
crease each cell edge by about 0.005 A. In Table 4,two analyses, 3095 and
3119, report about 0.4 and 0.8 mol per cent Sb respectively. However, the
differences between calculated and observed a ar'd b cell edges are several
times the magnitude one would expect from the amount of Sb present.
Furthermore, the c edges are much smaller than the calculated values.
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As there are no phases in the systems Co-Bi, Ni-Bi, or Fe-Ri in which
the Co:  Bi ,  Ni :  B i ,  or  Fe:  Bi  rat io  is  l :2 ,  one cannot  evaluate the ef iect  of
Bi substitution for arsenic in the way used for Sb. However, the efiect
should be similar to that of antimony in increasing all three cell dimen-
sions, but perhaps somewhat greater in magnitude. The maximum
amounts of bismuth substituting for arsenic reported in the analyses for
Table 4 are 0.41 (no. 50) and 0.34 (no. 520) mol per cent. However, the
measured values for the a edge of no. 50 and the c edge of no. 520 are
0.46 and 0.29 Asmaller than the calculated values while all of the other
measured edges of these two sampies are larger than the calculated values.

As the relatively large differences between calculated and measured
values cannot be appreciably diminished by correcting for Sb or Bi con-
tent, one must conclude that either the r-ray ot chemical data on the
natural saffiorites and loell ingites is at fault or that the relation between
cell edges and composition expressed in equations (6), (7) and (8), al-
though adequate lor either Ni or S substitution, is too simple for the
combinations of the two substitutions. Thus additional work should be
done on synthetic diarsenides containing both nickel and sulfur.

An error in Godovikov's (1960) indexing of specimens 3095 and 3119
was suspected when it was observed that the b and c edges of these speci-
mens (shown by black circles on Fig. 6) were well over on the opposite side
of the curves of cell edges for pure CoAs2-FeAsz solid solutions, as com-
pared with the other specimens. Thus none of the substitutions discussed
above could account for these cell edges. In discussing the changes in d-
values with Co content in the loell ingite-saffiorite series, Godovikov noted
that in certain cases pairs of l ines in the Fe-rich specimens apparently
converged in 3095 and 3119, with a concurrent change in,i,ndices.In addi-
tion he stated that some converging pairs separated again with a change
in indices. The writer decided to consider an alternative possibil i ty that
the converging l ines did not change their indices but crossed as in Fig.3.
A  p lo l  o f  d - va lues  ve rsus  compos i t i on  was  cons l ruc ted  us ing  the  i ndex ing
of Swanson et al. (1960) for CoAs2, CoFeAsa, and FeAsz plus two addi-
tional sets of d-values calculated from the cell edges in Fig. 2. This
diagram revealed that a large number of l ines rvhich are clearly separated
in the Fe-rich diarsenides cross each other in the vicinity of the composi-
tions of 3095 and 3119. Thus a number of Godovikov's l ines actually rep-
resent two closely spaced iines. However, among the l ines of smaller d-
value, the 221, 321, 312, and 341 were unambiguous. From these lines,
the cell edges given in Table 4 were calculatec.

One might suppose that if equations (6), (7) and (8) can be shown to be
valid when both S and Ni are present, then one couid determine the com-
position of saffiorites and loell ingites by measuring the cell edges, deter-
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mining Co, Ca and C" from Fig. 2 or Fig. 4, and solving the three simul-

taneous equations in three unknowns. Unfortunately, unique solutions

cannot be found for x, y and z when Co, C6 and C" take on certain values

which are described by equation (11):

( 1 1 ) C '  -  1 .859 C6 +  0 .1001 C" :  -  62 '76

When equation (11) is satisfied, the three equations' (6)' (7) and (8)

are not independent and an infinite number of solutions exist. For ex-

ample' this occurs when C": 70, C6:7 6, and C": 85' Unfortunately' as

this situation described by equation (11) is approached, very large errors

in the Co. Ni. and S content result from small errors in measurement of

the cell edges. For this reason, the method is unsatisfactory for deter-

mination of composition over the whole composition range of saffiorite

and loell ingite, the errors being especially large in the co and Ni content.

On the other hand, if one of the three composition variables, cobalt,

nickel, or sulfur content is determined by some other method, equations

(6), (7) and (8) could be used to determine the other two composition

variables.

AcrNowr-BocMENTS

This work was begun as part of a Ph.D. Thesis at Harvard University

and continued at the Geophysical Laboratory of the Carnegie Institution

of Washington and at the U. S. Geological Survey. The author wishes to

thank Professors James B. Thompson, Jr., Clif iord Frondel, and H' E'

McKinstry of Harvard University and Gunnar Kullerud of the Geo-

physical Laboratory for much advice and criticism. Brian J. Skinner and

Phil ip Bethke of the U. S. Geological Survey kindly crit icized the manu-

script. D. C. Alverson of the U. S. Geological Survey translated some

Russian publications. D. E. Appleman aided the writer in making least

squares computations.

RnrrnrNcrs

Bnnns, Y. (1953) Introducti.on Lo the theory oJ error. Addison-wesley Publishing co.
Bnnnv, L. G. eNo R. M. TrrourscN, (1962) X.ifay powder data for ore minerals. Geol'.

Soc .  Am.  Mem.85 .

Bnurrrr, A. (1916) Synthese der Nickelarsenide. central,b. Mineral. Geol. 1916,49-56-

BurRcrr., M. J. (1932) Thecrystal structure of loellingite: FeAs2, Zeit. Krist.32,165-187.

-- (1937) Interatomic distances in marcasite and notes on the bonding in crystals of

loellingite, arsenopyrite, and marcasite types. Zeit. Kri'st. 97, 504-513'

cr-mr, L. A. (1960) Annual Report oi the Director of the Geophysical Laboratory, 1959-

6O. Carnegie Inst.W ash. Year Book 59,131-133.

Dnnsou, A. S. (1935) The influence of potential in ore deposition. Unia. Toronto Slttd,ies,

GeoL Ser.38.  51-61.
--- (193?) A potential series of some minerals from the Timiskaming district, Ontario.

LInits. Toronto Stuilies, Geol. Ser.40' 115-150.



298 EUGENE H. ROSEBOOM

--- (1938) The influence of electrical potential in ore deposition in the Timiskaming
district, Ontario. Unizt. Toronto Studies, Geol,. Ser.4lr 23-32.

nn JoNc, W. F. (1926) Bepaaling van de absolute Aslengten van Markasiet en daarmee
isomorfe mineralen. Physica, 6, 325-332.

Elrswonrn, H. V. (1916) A study of certain minerals from Cobalt, Ontaric. Onlario
Bur. Mines, Ann. Rept.25,Pt. 1,200-243.

Gonovr<ov, A. A. (1960) Isomorphism in diarsenides of cobalt, nickel, and iron. Trud.y
Mineral,. Muzeya, Akad.. Nauh..SSSR, 10, 74t-85.

Hrvnrrc, R. D. ,lxn L. D. C.q.lvnnr (1957) Arsenides of transition metals.'I'he arsenides of
iron and cobalt. Canadian Iour. Chem.35, M9457.

L. D. Calvrnr (1960) Arsenides of the transition metals. III. A note on the
higher arsenides of iron, cobalt, and nickel. Canailion. Jour. Chern..38, 313-316.

Hor.MEs, Rer.rn J. (1947) Higher mineral arsenides of cobalt, nickel, and i;'or'. GeoI. Soc.
Am. Bul l .58,299-392.

Jouuvsxv, G. (1959) Composition chemique et nomenclature des bi- et triarseniures
de cobalt nickel et fer. -lfoles.Sent. geol,. Maroc.,18, 161-178.

Karuex, S. (1946) The crystal structure of rammelsbergite, NiAs2. LInia. Toronto Stud.ies,
Geol .  Ser.5 l ,  49-58.

MrKnevrv, V. L (1952) The x-ray investigation of natural tri- and di-arsenides. In sym-
posium, "Crystallography," Moscow-Leningrad, Ugletekhizdat.

NrumaNN, HnrNnrcr, KNur Hrron, axn Jacr Henrmy (1955), On loellingite (FeAs).
N orsh. Geotr. Ti.ilssh. 34, 157-165.

Oncnl, J. aNo G. Jounevsrv (1935) Le minerai de cobalt de Bon Azzer (Maroc), sa com-
position mineralogique et sa structure. Cong. Int. Min. Met. Geol,. Appl., Sec. Geol.
A ppl. 2o7 , 216.

Pannrsr, W. (1935) X-ray reflection angle tables for several standards: Phil,ips Lob. Teck.
Rpr.  No.68.

Pucocx, M. A. (1941) On the identification of minerals by means of x-rays. Trans. Roy.
Soc.  Can.,3d ser. ,  sec.  IV,35,  105-113.

- - (lg44) On loellingite and saffiorite (abs.). Ro;v. Soc. Can., Pr0c.,38,155.
A. S. DlosoN (1940) On rammelsbergite and pararammelsbergite: distinct

forms of nickel diarsenide. Am. Mineral,.25.56l-577.
C. E. Mrcnnnen (1939) On rammelsbergite from Ontario. IJnil. Toronto Stud.-

ies, Geol. Ser. 42, 95-172.

QursNrr,, J. C. .lNn R. D. HsyorNc (1962) Transition metal arsenides. V. A note on the
rhodium/arsenic system and the monoclinic diarsenides of the cobalt family. Canad.ian
J our. Chem. 40, 814-817 .

Rosneoou, E. H. (1957) in Annual Report of the Director of the Geophysical Laboratory,
1956-57. Carnegie Inst. Wash. Yeor Booh 56,201-204.

--- (1958) in Annual Report of the Director of the Geophysical Laboratory, 1957-58.
Cornegie Inst. Wash. Year Book 57,232-234.

--- (1959) in Annual Report of the Director of the Geophysical Laboratory, 1958-59.
Cornegie Inst.Waslt. Year Boofr 58, 153-155.

--- (1962) Skutterudites (Co, Ni, Fe)As3:1: Composition and cell dimension. Am. Min-
eral,. 47, 310-327 .

RosrNqvrsr, A. M. (1943) Paper read at the 8th Inter-Scandinavain Chemistry Conler-
ence, Oslo. Data in Rosenq vist (1953) .

RosrNqvrst, T. R. (1953) Magnetic and crystallographic studies on the higher antimonides
of iron, cobalt, and nickel. Tech. Uni,o. Noruay, NTH-TRYKK,Trondheim.

Scetroroucn, J. B. (1955) Numericol, Mathematical, Analysis, Johns Hopkins Press, 3rd
ed.



CO-NI-FE DIARSENIDES

Swerson, H., M. I. Coor, E. H. EveNs ero J. H. nB Gnoor (1960) Standard x-ray pat-
terns, vol. lO. Natl,. Bw. Stonil. Circ.539,21-24.

TnoursoN, Er.r,rs (1930) A quantitative and qualitative determination of the ores of co-
balt, Ontario. Econ. Geol,.2s, 470-505, 627-752.

Toor, E. W. (9126) Gowganda vein minerals. Ontario Bw. Mines, Ann. Rept. 35 (3),62-7 8.
VeNrnrcr-rA, Uco (1957) Studi structturali sugli arseniuri di cobalto: Perioil. Mineral'.26,

345-382.
Wlnnrn, H. V. .ryn R, M. TnolpsoN (19a5) The mineralogy of two cobalt occurrences in

British Columbia. Inst. Min. Met.,8u11.,470.
Wtrson, E. 8., Jn. (1952) An Intrroiluction to Scientif,c Research. McGraw-Hill Book Co.
YuNo, R. A. (1961) Phase relations in the system Ni-As. Ecoz. Geotr.56, 1273-t296.

Monuscript receited, Sept. 22, 1962; aacepteil Jor publi,cation, Norember 13, 1962.




