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Electrical Conductivity of the Molten Co-S, i -~ , 

Cu-S, and Ag-S Systems 

Edna A. Dancy and Gerhard J. Derge 

The electrical conductivities of Co-S, Ni-S, Cu-S, 
and Ag-S melts were studied as funclions of temper
ature and composition. The sj)ecific conductances of 
the Co-S and Ni-S systems were high, 3500 to 5500 
ohm"l cm-1 and 4500 to 5500 ohm- 1 cm- 1

, res/Jec
tively, with wini111a near the stoichiometric COIII/JO

silions C04S3 and Ni 3Sz. Temperature dependence' lIIa.c; 
small and negative. The specific conductrlllccs of 
melts with compositions apj)roximating CuaS mill ilK2S 
were lower, 60 ohm- 1 cm- l and 200 ohm- 1 Clll- l

• . 

resj)eclively, with very small. positive tempemLtlYC 
coefficiellts, and. close to stoic/Ziornei'YY on the metnl
rich side, negligible c01l1j)osition dej)endence. I m
medintely on the sulfur-rich side of CUzS the conduc
tivity rose rapidly, but no similar change was ob
served in the Ag-S system. It was j)ossible to meas
ure the conductivity of the single liquid j)hase ovey 
the whole composition range AgzS to pure silver. A 
rapid increase in conductance, beginning at about 
30 at. pct S and continuing to pure silver, was oh
served. It was accompanied by a change to a nega
tive temperature dependence. A qualitative energy
level model is proposed in which the systems are 
treated as degenerate semiconductors over most of 
their composition ranges. 

RECENT measurements of the electrical conduc
tivity of the molten Cu-S and Fe-S systemsl

-
4 indi

cated that the conduction was electroniC, and this 
has been interpreted by means of energy-level dia
grams of the type used for solids. The present in
vestigation is part of a series in which an attempt is 
being made to obtain an overall picture of electrical 
conduction in liquid systems of this Idnd, and with 
this end in mind, the specific conductance of molten 
Co-S, Ni-S, and Ag-S has been measured over as 
large a range of temperatures and compositions as 
was found to be practicable, and a few additional 
measurements were also made in the Cu-S system. 

EXPERIMENTAL 

Materials. The sulfur compounds were prepared 
from the elements (reagent grade) by heating to
gether the appropriate proportions in vacuum or in 
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an atmosphere of argon. Care is needed in the 
preparation of the Co-S and Ni-S compounds since, 
once the reaction starts, at 200" to 400°C, it is vio
lently exothermic. 

In the course of a series of measurements, the 
sulfur content of the melt could be increased at will 
by passing H2S through or over the melt; it could be 
decreased by passing argon, or by dropping pellets 
of meta.l into the melt. 

Samples were removed from the Co-S, Ni-S, 
and Cu-S melts by sucking some of the material up 
into 3 mm quartz tubing. The whole sample was ana
lyzed because of a tendency to segregate. This 
sampling technique was not Qntirely satisfactory 
with Ag-S melts of some compositions (particularly 
4 to 11 wt pct) because of separation into two liquids 
as the material cooled, with loss of some of the 
dense liquid from the bottom of the sampling tube. 
This difficulty was overcome by using a silica ladle. 
The samples were analyzed for the metals, and 
sometimes for sulfur also, by standard techniques . 
At high sulfur contents, samples were taken before 
and after conductivity measurements because of 
possible loss of sulfur during the readings, but at 
lower sulfur contents, samples were taken only once, 
either before or after measurements. 

Apparatus. The melt was contained in a straight
side, Do RR Morganite, recrystallized alumina cruci
ble supported on a small inverted crucible in the 
bottom of a closed-end mullite tube. Heating was 
accomplished by means of a Globar furnace, and the 
temperature was measured by a pt-Pt/Rh (10 pct) 
thermocouple which was protected by a McDanel 
sheath which dipped into the melt at the time of 
measurement. Auxilliary equipment allowed the 
passage of pure, dry argon or dry HzS as required. 

Conduc tivity Cell. The conductivity was meas
ured USing a four terminal ce1l1

-
4 and a dc potenti

ometer circuit. The cell, with two current carrying 
electrodes and two null current probes, all of 
graphite, and enclosed in double-bore clear silica 
sheathes with a short, single bore capillary at the 
lower end, was essentially the same as that used in 
previous work. 4 However, a slight modification was 
incorporated so that argon or HaS could be blown 
via sidearms through the electrode sheathes be
tween measurements in order to get fresh material 
from the bulk of the melt into the capillaries for 
each conductance measurement. The electrode 
sheathes were held at the upper ends in a rubber 
stopper together with the thermocouple and a gas 
outlet tube. This rubber stopper fitted into a glass 
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Fig. I-Specific conductance vs sulfur content for Co-So 

tube, about 9 in. long and with a gas inlet sidearm, 
and which passed through a large rubber stopper 
fitted into the top of the McDanel reaction jacket, 
which was cooled by a fan. When the glass tube 
was lubricated with silicone grease, it slid readily 
through the large stopper, enabling the cell to be 
l::>wered into or raised from the melt at will. 

Measurements. Before use, the conductance cells, 
which usually had a cell constant of about 15 cm-t, 
were calibrated using mercury at room temperature. 
In this calibration, and in the measurements on the 
melts, direct current of about 5 amp from a lead 
storage battery was used, and the potential drop 
across the cell was compared with the potential drop 
across a standard 0.001 ohm resistor, using a Leeds 
and Northrup K2 potentiometer. 

AT. % SULFUR 
30 35 ------, 

IE 
u 

~ 300 o 
w 
u 
z 
~ 
I-
g 200 
o 
z 
o 
u 
u 
lJ.. 100 
u 
W 
0... 
(f) 

bo II 50°C. 
X 1200°C. 
o 1250°C. 
+ 1300°C. 
v 1350°C. 

1100-1300oC. 
~ 1200-1350°C. 

18 20 22 
WT. % SULFUR 

24 

Fig. 3-Spec!flc conductancc vs sulfur contenl for Cu-S. 

TRANSACTIONS OF 
THE METALLURGICAL SOCIETY OF AIME 

AT. % SULFUR 

'E 30 35 40 45 50 
<> t I 1+ I + 

'e Ni 3 S2 NIS 
.r:. 6000 I- -
0 

w 
u 
z 
<t 
~ 

~ g 5000 r-
_...0, 

eoooe:-- .... 1' + x .-0 ..... x-X""" , 
900°C. z / V 

0 '" o looooe. u 
u 
li: 4000 I- : :~~~:~~ 
u 
w I I I I 
a.. 20 25 30 35 en 

WT. % SULFUR 

Fig. 2-Speclf!c conductance vs sulfur content for NI-S. 

When taking measurements on the melts, the po
tential drop was measured, the polarity was reversed, 
the measurements were repeated, and an average 
value of the two readings was used to calculate the 
conductivity. This technique eliminated errors 
caused by thermal electromotive forces produced at 
the junctions of the graphite electrodes and the 
molybdenum leads. Although these junctions were 
constructed identically, and were in the same tem
perature zone, it was found, in practice, that con
Siderable error could be introduced if readings 
were taken with the current passing in one direc-
tion only. 
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Conductance measurements were performed over 
as wide a range of temperature and composition as 
phase diagrams, upper operating temperature limit 
of the apparatus (1350°C) and partial pressure of 
sulfur over the melt at the sulfur-rich end would 
allow. With the Ag-S system, it was possible to ex
tend measurements from sulfur-rich Ag2S to almost 
pure silver, but investigations in the Co-S, Ni-S, 
and Cu-S systems were more limited by the above 
considerations. 

Temperature coefficients were determined over 
at least a lOO°C interval for the whole composition 
r ange . At the sulfur-rich end of all four systems it 
was necessary to allow the temperature to drop very 
r apidly so that the sulfur content of the melt would 
not change significantly during the measurements. 

RESULTS 

The experimental results are shown graphically 
in Figs. 1 through 4. The Co-S and Ni-S results, 
Figs. 1 and 2, have been idealized because of the 
very large number of pOints obtained and because 
of the rather wide scatter. In each case, all the re
sults in a 1 pct composition range were plotted as 
specific conduc tance vs temperature. This was re
peated over the whole composition r ange, and typical 
examples a re given in Figs. 5 and 6. From these 
plots, conductances at various temperatures could 
be read off and replotted as conductance :tt.:'ainst 
composition. The Cu-S and Ag-S results, Figs. 3 
and 4, were plotted as they were oblained wilh inler 
polation only where necessary to give res ults at 
suitable temperatures. 

The Co-S and Ni-S results can be described to
gether . In each case, specific conduclance was high, 
3500 to 5500 ohm- 1 cm- 1 for Co-S, and 4500 lo 5500 
for Ni-S, and showed a minimum at or near lhe 
stoichiometric composition, C04 SS or Ni:JS2' The 
temperature coeffiCients, which wer e negative over 
the whole range, were slightly larger near the stoi
chiometric compositions on the metal-rich side. 
Precise behavior of temperature coefficients on the 
sulfur-rich side was uncertain because of difficulties 
encountered while making the measurements. At 
these high s ulfur contents, and at the experimental 
temperatures, the partial pressure of sulfur over 
the melts was almost atmospheric and a great deal 
of bubbling occurred at the graphite electrodes, 
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even under an atmosphere of pure H2S. 
The only specific conductance value quoted in the 

literature for either of these molten systems is 4540 
ohm- 1 cm- 1 and a small negative coefficient for Ni-S 
at 900°C . 5 The order of magnitude is in agreement 
with the present results, but it is difficult to be
lieve that the composition was Ni-S, since the par
tial pressure of sulfur over Ni-S at 900°C would be 
considerably above atmospheric,6 and measurements 
would be impossible unless a high- pressure sys
tem was used. 

The Cu-S system, which has been studied exten
sively by Bourgon, Derge, and Pound,S was only 
briefly studied in the present investigation. While 
showing good agreement with the previous workers' 
results, lhe present work indicated that there might 
be a Vf'ry s light composition dependence of conduc
tivity on the metal-rich side of CU2S, In a ddition, the 
rapid rise in conductivity on the sulfur-rich side 
appea~' ed to begin more gently than was previously 
reported. The present work also showed that the 
temperature coefficient of specific conductance be
comes immeasurably small on the sulfur-rich side 
of lhe rapid rise in conductivity. Two sets of meas
urements were made over temperature intervals of 
more than 1500C, and in neither of them could an 
appreciable change in conductivity be detected. These 
results, at 1200° to 1350°C and 1100° to 1300°C, do 
not lie on the curve as drawn in Fig. 3, but it should 
be realized that at these suliur-rich compositions, 
loss of s ulfur from the melt is rapid, and therefore 
U1C experimental error on values quoted for the 
com position is potentially high, in spite of the pre
caution of taking samples for analysis before and 
after the conductivily readings and averaging the 
analyses . Thus, although these two pOints may be 
sl ightly wrongly placed along the composition axis, 
it is felt that each of them undeniably demonstrates 
Uw temperature independent nature of the conduc
tivity in this composition range. Finally, a single 
set of measurements, not shown on the graph, was 
made on the copper-rich side of the two-liquid re
gion at 3 at. pct S. Conduction was metallic, in
creaSing from 14,090 ohm- 1 cm- 1 at 1307°C to 
18,150 ohm- 1 cm- 1 at 1112"C. 

With the Ag-S system, because of lower melting 
points and a lower critical temperature of the im
miscibility region, it was possible to exa mine a 
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much wider composition range than in any of the 
other systems. Measurements were made from 
sulfur-rich Ag2S to almost pure silver, and Fig. 4 
shows that around stoichiometry the conductivity 
was fairly low, 200 ohm- 1 cm-\ and was almost in
dependent of composition. However, as the im
miscibility region was approached, the conduction 
of the single liquid phase developed a marked com
position dependence, which continued all the way to 
almost pure silver. Fig. 7 shows details of the re
gion around the composition Ag2S. On the sulfur
rich side of stoichiometry, readings were very dif
ficult to obtain because of the high sulfur pressure, 
but there might be a slight upward slope. On the 
silver-rich side, as in the copper system, there 
also seemed to be a very slight composition de
pendence until very close to the boundary of the 
immiscibility region at about 30 at. pct S at 1000°C. 
At compositions slightly on the sulfur-rich side of 
this boundary, the conductivity increased rapidly 
with increases in the silver content of the melt. 
Across the almost horizontal portion of the plot, 
the temperature coefficient was small and positive, 
but when the region of sudden increase in conduc
tivity was reached, the temperature coefficient be
came immeasurably small and remained thus until, 
at about 15 a t. pct S, it became definitely negative. 
This negative dependence on temperature became 
progressively larger as the silver content increased. 

The conductivity of the solid Ag-S system, around 
the composition Ag-S, has been investigated by a 
number of workers, and the available data are sum
marized by Hebb.7 Essentially, the high tempera
ture, O!, form exhibits predominantly electronic con
ductivity of between 30 and 70 ohm- 1 cm- l, with the 
conductance of the sulfur-rich material showing a 
positive temperature coefficient and that of the 
metal-rich material a negative temperature coeffi
Cient at temperatures between 177° and 500°C. The 
conductivity of molten Ag~ has been investigated 
by Velikanov 8 and was found to fit the equation 
loga = 1.6245 + 553 .72/7' . This equation gives val
ues in rough agreement with the data obtained in 
the present investigation, but, of course, the tem
perature coefficient carries the opposite sign. No 
explanation can be offered for this. 

H should be men tioned Ulat it is unlikely that any 
of the measurements reported above for any of the 
systems studied were inadvertently taken at tem
peratures below the melting pOints or other phase 
boundaries. ACCidental passage through a phase 
boundary, if it did not cause the silica sheaUls to 
break, was always detectable because of a very 
definite and sudden change in the conductivity, and 
such readings have not been included in the results 
quoted in this paper. 

DISCUSSION 

The copper and silver systems will be discussed 
first, and in each case it will be assumed that the 
molten material would behave as an intrinsic semi-
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Fig. 7 -Details of speCific conductance vs sulfur content I 
in the region of the stoichiometric composition Ag2S. 

concluc lor at the stoichiometric composition M2S. 
Practical and statistical conSiderations at these 
elevated temperatures make it extremely unlikely 
that any measurements were made with the melt 
precisely at the stoichiometric composition. No at
tempt will be made to speculate whether electron 
or hole conduction is predominant, since only the 
relative mobilities of electrons and holes are in
volved, and these are immaterial to the present 
discussion . 

As metal is added to the stoichiometric material, 
assuming that excess metal atoms act as donor im
pur ilies, some of the electrons from the ionized 
donors go into Ole conduction band and the others 
pru!-:'ressively reduce the number of holes in the 
valence band. Meanwhile, as more donor atoms are 
added, Ule Fermi level rises, and at a composition 
only slj~htly on the metal-rich side of stOichiometry, 
lhe conce ntration of free electrons becomes sufn-

o 1010 - 3 f d ciently large, at 1100 C, 3 x cm, or egeneracy 
to begin to appear. 9 From this composition onwards, 
U1e addition of more metal causes the Fermi level to 
rise in the conduction band. The number of conduc
ting electrons increases and the number of holes de
creases. The very nearly constant conductivity over 
a considerable composition range, in both the Ag-S 
and Cu-S systems, bears out this postulation, i.e., 
electron conduction is increasing while hole conduc
tion is decreasing. The approximately constant value 
of the positive temperature coeffiCient across the. 
same range is also conSistent, since it implies that 
the energy of the gap is large compared with the dis
tance the Fermi level moves in the conduction band. 
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Eventually, a metal-rich composition is reached 
at which the Fermi level is sufficiently high in the 
conduction band for there to be no further excitation 
of electrons from the valence band, and hence no 
further production of holes. Thenceforth, the con
ductivity is metallic in nature. It would be expected 
that the conductivity would begin to rise rapidly, 
and would continue to do so all the way to the pure 
metal, and that the positive temperature coefficient 
would disappear and be replaced by a negative one. 
These changes were observed in the Ag-S system. 
Phase diagram difficulties precluded similar obser
vations on the Cu-S system, but there is no reason 
to doubt that it would behave similarly. 

A similar explanation can probably be offered for 
the sulfur-rich side, with sulfur acting as an ac
ceptor impurity close to stoichiometry, and the 
Fermi level moving down until it is in the valence 
band, when the system becomes degenerate. At 
some more sulfur-rich composition a rapid increase 
in conductivity would be expected; this was observed 
in the Cu-S system but not in the Ag-S system, even 
at the most sulfur-rich composition that could be 
studied. Of course, the distance from stoichiometry 
at which the discontinuous rise in conductivity oc
curs depends on the shape of the bands and will be 
specific to each case. It is hoped that current meas
urements on Cu-Te and Ag-Te melts will clarify 
the behavior on the metalloid-rich side of stoichio
metry. 

The suggestions made in the above paragraphs 
will be discussed rigorously by W. R. Bitler 10 in a 
forthcoming paper. 

Considering next the Co-S and Ni-S systems, it 
will be assumed, as with Fe-S,4 that the stoichiO
metric compounds, C04 Ss and N~S2' are intrinsic 
semiconductors where the forbidden gap between 
valence band and conduction band is small. This 
assumption is supported by the high conduclivities 
and small negative temperature dependellce; the 
latter would indicate that thermal promotion of elec
trons is more than offset by loss of mobility of the 
conducting species through thermal scattering. The 
minima in specific conductance in the region of 

. stoichiometry can be explained qualitatively using 
the model proposed for the Cu-S and Ag-S systems. 
However, a rigorous examination of the cobalt and 
nickel systems would probably be difficult because 
of the complicated band structure of Ule transition 
metals. 

One fact emerges clearly from the above con
siderations. In none of the systems studied would 
it be legitimate to attempt to describe the behavior 
of the donor or acceptor impurities in the manner of 
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Baumbach and Wagner. ll These workers were con
Sidering only very small deviations from stoichiO
metry, and hence only low concentrations of car
riers , where classical statistics are applicable and 

n = 2 C1T:~k Ty/2 e-€/kT 

In the present investigation and in the work of 
Argyriades, Derge, and Pound4 on the molten Fe-S 
system, vastly larger composition ranges were 
covered and the classical approximation would be 
inapplicable to all but a minute portion of the range 
since, for example, at 1100°C this approximation 
breaks down when the total number of free electrons 
is greater than 3 x 1019 cm -3. This number would be 
exceeded when the composition deviated from stoi
chiometry by less than 0.001 wt pct Ag in the case 
of Ag2S, and the system would then begin to become 
degenerate. Thus the Baumbach and Wagner treat
ment can be applied only in a very small composi
tion range on either side of the stoichiometric 
compound, and measurements within such small 
limits would be virtually impossible with these 
molten materials. 
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