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T H E  MAGNETIC PROPERTIES OF IRON-PYRITES 

RocelvSa January 20, 1947 

(Communicated by Sir C. V. Ramie, IR, F.R.u, N.L.) 

TRB magnetic susceptibility of iron-pyrites (FeSJ 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 lo-" to 190 x lo-", 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 propmica 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. lSfl the crystals, cxce&ing-Xhe . - . . . .- . which .- . - . , 
was a twin, were approximately cubic in fonn having a biight metallic lustre. 
The crystals were nlI tin-white in coloQr. . I 

&I approximate determination of the suscepti€&& of eaih of the 105 , 

crystals was made by observing the deflection produced in a Curie balance. 
The values of the mass susceptibility varied from 0.2 x 1 f P  to 300 x 104. . 
Of the 105 crystals, 95 had values between 0-2 x i03 to 0.7 x lW,.stven 
between 2.5 x 10-a to 40 x l (r  and three between 100 x lW t p  300 x 1 P .  
Of these, 16 crystals having no flaws or-imperfections were selected and 
accurate determinations of the mass susceptibility were made. For crystals 
having low skceptibilities Rabi's null method was used with a dilute solu- 
tion of MnCI, as the bath.' The crystal was suspended in the non-homo- 
geneous field from one arm of a Curie balance of low torsional conatant. 
Any deviation from the null point when the b l d  was put on, Could be very 
rinsitively detected by a lamp and scale arrangement. It was found that 
in ill cases the susceptibility' was higher at a lower Sleld. The crystab were 
usually saturated for fields above 5000 gauss, and the baths were'kljusfed for 
exact balance for fields greater than this. The value of mass swqtibility 
gf crystals 3, 40, 105 and 17 were found by comparison with very strong 
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solutions of manganous chloride. The value for crystal No. 17 is only 
approximate. The s~lsceptibility values of the 16 crystals are given in 
Table I. 

The field dependence of susceptibility of 7 crystals were determined 
and the results arc given in Table 11. 

Cry'talNa I 5 1 9 I 6 1 1 I 7 

X X loe I 0.208 1 0.219 I 0.B6 i 0.247 1 0.311 ' 1 0-))I 
I 

Crystal No. 

Crystal N a  I 4 / 8 I 16 / 18 

X X I@' 1 0-366 1 0.391 I 0.492 1 0.603 

X x lo' 
2900 gauss 

31 ( S6 

0.630 I 0.m 

The dependence of susceptibility on temperature was: investigated 

Cv.W NO. ( 3 i 1 106 ( 17 

- 
X X lo6 I 9.43 ( 28.9 / I 7  1 280 

for two crystals having low susceptibility values. The usual Curie bahncc 
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 l (r  
to 0-215 x 10-6. This increase was absent when crystals were heated to 
170" C. Table I11 gives the variation of mass susceptibility with tempera- 
ture at different field strengths. 



Susceptibility x x 10' 
Crystal Tempera- 

No. ture 
2900 gauss 3fOO gauss 4600 gauss I 

0.245 0.228 0.218 

2 0.839 0.328 0.312 
0.3.29 0.319 0.302 
0-323 
0.317 0.307 0.280 

144' 0.316 0.306 0.28a 

All the 10 crystals having higher susceptibilities were testcd 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 slightly aniso- 
tropic. 

An estimation of the sulphur content of some typical crystals was made 
by chemical analysis. The mcthod adopted is the one advocated by Hille- 
brand (1929). FeS, is oxidised by a solution of bromine in CCl, and HNOI 
to FeSO,. The sulphur is precipitated out as BaSO, and weighed. An 
accuracy of 0.5% could only be achieved. Table IV gives the sulphur con- 
tent of some of the crystals. - 

TABLE IV 

The results indicate that there are some stochiometric variations in 
sulphur content but the evidence is not conclusive owing to the inaccuracies 

X x.10' 

0.312 
0.206 
0.332 

20.0 

Crystal 
No. 

2 
6 
7 

86 

Sulphur% 

Determi- D e t e d -  
nation I I nation 11 I MU 

113.67 
63-42 
63-62 
63.42 

63-40 
63.37 
63.38 
63.22 

63.48 
63.40 
53.60 
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in the determination. It must be mentioned here that there was soine 
insoluble component (most probably silica) in each of the crystals. the 
amount of this component being never more than 0.4%. 

- 

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 
%timated 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 

The density of ,pure FeSy has been observed (1912, 1932) to be. between 
5-00 and 5.02 which is higher than the values of density of thC different 
crystals used in this investigation. I t  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- 
bitity. The lower valdes 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. I n  such a case the Fe: S ratio would be greater than 1 : 2. 

Cry~ta l  No. 

1 
4 
10 
8 
0 

103 . 
91 
66 
40 
46 

. I06 - 17 4091s , 289 

Specific Gravity 

. 6.001 
4-m7 

• 4.996 
4.090 
4.993 
4.980 
4.973 
4.982 
4.970 
4.843 
4.930 

0.247 . 
0.a86 
0.230 
0.301 
2.43 

Ii.0 I:; 
20.0 (A) 
28.9 
I39 (A) 
187 



In this connection the work of Juza a(nd Blitz (1932) is of great interest. 
These workers have prepared a series of compounds of tbe formula FeS, 
n having values between 1 and 2, by heating pure iron pyrites under different 
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Fro. 1. Variation of magnetic susceptibility with dmsity 

conditions of temperature and pressure. The results of their studies on the 
X-ray structure, magnetic susceptibility and density or these substances are 
summarised in Table VI. The results of X-ray and magnetic investigations 
are particularly interesting. Cbmpounds lying between FeS and FeS1.la 
have the hexagonal crystal structure of Pyrrhotite, wbile those between 
FeS1.ro and FeS, have the cubic structure of iron-pyrites. Compounds having 
formula bet~een Fe&.la and FeS1.,,, 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-a to 5 5 0  x 10-a as the 
iron: sulphur ratio decreases, but it drops to a very low value when the 
composition corresponds to FeG.,. The curve given in Fig. 1 corresponds 
app~oximately 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 FeS; 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 



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 Fe&. 
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Fro. 2 Variatioas of magwtic susceptibility wi& composition (Jam & Blitz) 

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

\ 

FeSn rr - 
1.042 
IeWn 
1 - 7 9  
1.460 
1.345 

X-ray structura 

FeSz 
Pest 
FeSt +FeS 
FeSI+FeS 
FeSz+FeS 

Density Mol. Vol. X X 10" 

4.978 

I 
a3.7 

I 
0.46 

4.076 28.6 283 
4.804 22.7 l22a 
4.760 21 -4 a180 
4.721; 20.B 41 70 

dew 
6680 

1.187 
1.118 FeS 4.(185 

20.4 
10.96 , 1.060 Fe S 18.4 a 4 4  
18.1 ( 14-1 



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 FeS, (0.2 x 10-9 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 uncornpensation of the spins in three Fe-S 
and one S-S 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. Summy 
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 x 1Q' to 0.7 x lo-', seven between 2.5 x 10-1 and 40 x lo-' and 
three between 100 x 1V' and 300 x 1W. 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 havibg compositions intermediate between 
F e h  and FeS. 
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