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1. INTRODUCTION

THE magnetic susceptibility of iron-pyrites (FeSy) has been determined by
various workers and widely different results have been reported.. Recent
studies on this substance by Sigamony (1944) have shown that the mass
susceptibility values range from 0-2 x 10-¢ to 190 x 10~%, although a majo-
rity of the crystals tend to have values near about the lower limit. It was,
therefore, thought that the study of the magnetic properties of a large num-
ber of crystals and an attempt to correlate the magnetic properties with
other physical properties would be of considerable interest.

‘From the large stock of crystals in the possession of Sir C. V. Raman, .

105 perfect crystals were selected. AR the crystals, axceptmg one which
was a twin, were approximately ¢uibic in form having a bnght metalhc lustre
The crystals were all tin-white in coloyr, , 1

-2, VARIATION OF SUSCEPTIBILITY WITH SPECIMEN °

An appronmate determination of the suscephbxhty of each of the 105 |

crystals was made by observing the deflection producéd in a Curie balance.

The valies of the mass susceptibility varied from 0:2 x 10~ to 300 x 10-¢. . .

Of the 105 crystals, 95 had values between 0-2 x 10-° to 0-7 x 10-%,.seven
between 2:5 X 10~%to 40 x 10~ and three between 100 x 10~ to 300 x 10-*.
Of these, 16 crystals having no flaws or _imperfections were ‘selected and
accurate determinations of the mass susccpt:bxhty were made. For crystals
- having low siisceptibilities Rabx s null method was used with a dilute solu-
fion of MnCl as the bath. The crystal was suspended in the non-homo-
geneous field from one arm of a Curie balance of low torsional constant.
Any deviation from the null point when the field was put on, ¢ould be very
sensitively detected by a lamp and ‘scale arrangement, It was found that
in all cases the susceptnb:hty was higher at a lower field. The crystals were

usually saturated for fields above 5000 gauss, and the baths were adjusted for

exact balance for fields greater than this. The value of mass susceptibility
of crystals 3, 40, 105 and 17 were found by comparison Wwith very strong
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solutions of manganous chloride. The value for crystal No. 17 is on}y
- approximate. The susceptibility values of the 16 crystals are given in
Table 1.

TaABLE [
Crystal No. ] [ 6 1 2 1
X X 108 0-206 0-219 0-236 0-247 | 0312 0-333
Crystal No. 4 8- 16 18 33 35
x x 10¢ 0-360 0-391 0-492 0503 0-630 . 0-627
Crystal No. 3 t 0 [ 106 | 17
: -
X x 109 £-43 ' 28-9 ’ 187 l 280

The field dependence of susceptibility of 7 crystals were determined
and the results arc given in Table II,

TabLE II
X x 108 x x 10¢ X x 10 x x 10°
Crystal No. 2900 gauss 3700 gauss 4500 gauss 6400 gauss
[ . 0-22¢4 0210 0-208 0-208
[} . 0-263 0-244 0-236 0-230
ki .. 0-351 0.340 0-334 0:333
3B - 0-871 0-639 0-628 0-627
3 .e . 287 2-80 2:43
40 . 34:6 29-8 289
17 365 289 .

The dependence of susceptibility on temperature was investigated
for two crystals having low susceptibility values. The usual Curie balance
method was employed. A heater with its coils non-inductively wound was
used. The temperature was measured to an accuracy of one degree with
a copper constantan thermocouple. It was found that if crystals were heated
above 200° C. and cooled, the susceptibility values before and after heating
differed slightly. The susceptibility of crystals increased from 0-206 x 10—¢
to 0:215 x 10~%. This incrcase was absent when crystals were heated to
170°C. Table III gives the variation of mass susceptibility wjth temperas
ture at different ficld strengths,
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TABLE 111

Susceptibllity x x 108
Crystal Tempera-

No. ture
2900 gauss | 3700 gauss | 4500 gauss.

1 25° 0-287 0-285 0-247
65° 0-252 0-251 0-237

92° 0-250 0-236 0+220

122° 0-247 0-230 0-218

163° 0-245 0-228 0-218

2 26° 0-339 0-326 0.312
61° 0-329 © 0319 0-302

87° 0-323 0-312 - 0-295

115° 0-317 0-307 0-200

144° 0-315 0-305 0+285

All the 10 crystals having higher susceptibilities were tested for remanent
magnetism. The periods of oscillation in the earth’s magnetic field before
and after the crystals were magnetised in a strong magnetic field (17000
gauss) were determined. The periods were the same within 0-005% indicat-
ing that there was practically no remanent magnetism. The crystals having
high susceptibility (No. 17 and No. 105) were found to be shghtly aniso-
tropic.

3. CHEMICAL, ANALYSIS

An estimation of the sulphur content of some typical crystals was made
by chemical analysis. The mecthod adopted is the one advocated by Hille-
brand (1929). FeS, is oxidised by a solution of bromine in CCl, and HNO,
to FeSO,. The sulphur is prccipitated out as BaSO, and weighed. An
accuracy of 0-5% could only be achxcved Table 1v glves the sulphur con-
tent of some of the crystals.

TABLE IV
Sulphur%
Ctal X x-108
' Determi- Determi- M i
nation I nation I ean

2 5357 53-40 . 5348 0-312 i

5 53-42 53-37 53:40 0-208

7 53-62 53-38 8350 0332

66 5342 53.22 53:32 20-0

The results indicate that there are some stochiometric variations in
sulphur content but the evidence is not conclusive owing to the inaccuracies
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in the determination. It must be mentioned here that there was soine
insoluble component (most probably silica) in cach of the crystals, the
amount of this component being never more than 0-47%;. N

4. SPECIFIC GRAVITY DETERMINATION

As the chemical analysis was not very conclusive, a systematic determi-
nation of the specific gravity was undertaken. Each crystal was suspended
from the arm of a chemical balance by means of a very fine quartz fibre.
The weight of the crystal in air and in distilled water (25° C.) were determined
from which the specific gravity was calculated. Table V and Fig. 1 give
the specific gravity and magnetic susceptibility of 12 typical crystals. It is
gstimated that the error in the specific gravity determination could not be
more than 2 or 3 units in the 3rd place of decimal. The letter (A) indicates
the values of susceptibility that have been determined only approximately.

TABLE V
Crystal No. Specific Gravity x x 108
-1 5-001 0-247
4 4997 0:358
10 « 4-996 0-230
8 4-990 0-391
3 4-002 2:43
103 4-980 7 §A)
11 4-973 - 180 (A)
86 4982 20-0 (A)
40 4-970 3.9
45 4-943 138 (A)
_ .108 4930 187 : :
17 4919 “ ”9 - )

5. DISCUSSION OF RESULTS

_ The density of pure FeS, has been observed (1912, 1932) to be. between
5-00 and 5-02 which is higher than the values of density of the different
crystals used in this investigation. It will be noticed from Table V that the
magnetic susceptibility is higher for crystals having lower densities. This
precludes the possibility of the paramagnetic susceptibility arising out of
iron as impurity; for in that case the density should increase with suscepti-
bility. The lower values of the density could only be due to the absence of
" atoms of iron or sulphur or both from the lattice of iron-pyrites. The
magnetic data, however, seem to favour the idea that the number of atoms
of sulphur absent from the structure is more than .twice the number of atoms
of iron absent. In such a case the Fe: S ratio would be greater than 1:3.
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In this connection the work of Juza and Blitz (1932) is of great interest.
These workers have prepared a series of compounds of the formula FeS,,
n having values between 1 and 2, by heating pure iron pyrites under different
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Fic. 1. Variation of magnetic susceptibility with density

conditions of temperature and pressure, The results of their studies on the
X-ray structure, magnetic susceptibility and density of these substances are
summarised in Table VI. The results of X-ray and magnetic investigations
are particularly interesting. Cepmpounds lying between FeS and FeS,.p4
have the hexagonal crystal structure of Pyrrhotite, while those between
FeS,.9 and FeS, have the cubic structure of iron-pyrites. Compounds having
formule between FeS,.;5 and FeS,.q are composed of a mixture of FeS and
FeS,. The magnetic behaviour of these compounds is given in Fig. 2. The
susceptibility gradually increases from 0-4 x 10~ to 5500 x 10-* as the
iron: sulphur ratio decreases, but it drops to a very low value when the
composition corresponds to FeS;.,. The curve given in Fig. 1 corresponds
approximately to the part of the curve in Fig. 2 enclosed within dotted lines.
As only very few observations of density and susceptibility of compounds
having composition very near FeSy have been made by Juza and Blitz, no
comparison can be made between their results and those obtained in the
present work. But a study of Tables V and VI and Figs. 1 and Fig. 2 shows
clearly that the phenomenon observed in natural crystals of iron-pyrites
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TAnLE VI
Preparation FoSy n = X-ray structure Density Mol. Vol. x % 108
1 1-942 FeS,y 4-978 23.7 0-45
2 1.907 FeS;, 4-975 s.5 283
3 1.720 FeS;+FeS 4894 22.7 1220
4 1-450 FeSy+FeS 4-769 21-4 3180
5 1-348 FeS3+FeS 4728 . 20-9 4170
[ ] 1.187 FeSy+-FeS 4-605 2004 4030
7 1.118 FeS 4-503 10-96 5590
] . 1-060 ~ FeS 4-637 19-4 -2
] 1-028 FeS 4-738 - 18-2 14-2

observed in this investigation is generally analogous to that observed by
Juza and Blitz in artificially produced sulphides of iron. It may be men-
tioned here that the slight anisotropy observed in crystals having higher
susceptibility may be due to the presence of hexagonal FeS in cubic FeS,.

ase o T 7% 740 725 =04
F-Feé',*!- FeSgtFeS —_—_——'l‘"“—" -
Fic. 2. Variations of magnetic susceptibility with composmon (Juza &. Blitz) o

It is easy to qualitatively understand the appearance of paramagnet:sm
due to the absence of sulphur atoms in the FeS, lattice. In the iron-pyrites

LY
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structure each iron atom is octahedrally surrounded by six sulphur atoms
and each sulphur atom tetrahedrally by three iron and one sulphur atom,
If the small residual paramagnetism of FeSy (0-2 x 10-%) be neglected,
one could consider all the spins of the electrons in the Fe—S and S —S bonds
to be completely compensated. The removal of one sulphur atom from
the FeS, structure results in the uncompensation of the spins in three Fe—$§
and one S$—S8 bond giving rise to paramagnetism. It is hardly likely how-
ever that this elementary consideration would be sufficient to explain the
high susceptibility values obtained by Juza and Blitz. Approximate com-
putations show that while calculated and observed values are of the same
order when the Fe: S ratio is nearly 1: 2, they are widely different as the ratio
increases.

In conclusion, the author wishes to thank Professor Sir C. V. Raman
or the loan of the crystals of iron-pyrites and for the keen interest he took
during the course of this investigation. '

6. SUMMARY

Determination of the magnetic susceptibility of 105 crystals of iron-
pyrites have been made and it is found that 95 crystals have values between
0:2 x10~* to 0-7 x 10~%, seven between 2-5 x 10~* and 40 x 10~* and
three between 100 x 10-* and 300 x 10~%, A definite correlation between
susceptibility and density has been established, crystals with higher suscepti-
bility having lower density. The lowering of the density may be attributed
to the absence of iron and sulphur atoms from the crystal lattice. If the
number of sulphur atoms missing from the lattice is much greater than the
number of iron atoms thus increasing the iron:sulphur ratio, the magnetic
data obtained with natural crystals of iron-pyrites in this investigation would
be analogous to those obtained by Juza and Blitz with artificially prepared
compounds of iron and sulphur having compositions intermediate between
FeS, and FeS.
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