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The chemical diffusion coefficient in nonstoichiometric manganous sulfide, Mn l_yS, was measured as 
a function of temperature (1073 - 1373 K) and sulfur pres sure (10- 2_ 103 Pa) using the electrical conductiv- 
ity reequilibration kinetic method. It has been shown that the mobility of doubly ionized cation 
vacancies in Mn~_yS is independent of their concentration and can be characterized by the following 
empirical relationship describing the temperature dependence of the defect (vacancy) diffusion coeffi- 
cient: 

Dv 1.3 • 10 -2exp ( 76.4 + O.5 k J/molt = ~ -  / .  

Using these data, the activation entropy and enthalpy of defect migration in Mnl_yS have been 
calculated: AS m = 10.4 J/mol deg and AH m = 76.4 -+ 0.5 kJ/mol. �9 1992 Academic Press. Inc. 

Introduction 

The high temperature form of manganous 
sulfide, a-MnS, is the only stable compound 
in the M n - S  system above 473 K (1, 2). In 
contrast with manganous oxide, MnO, (3, 
4) and many other transition metal sulfides, 
this compound shows very small deviations 
from stoichiometry and thereby defect con- 
centration, being even smaller than those of  
manganous oxide, MnO, (3, 4). 

It has been shown (5, 6) that over the 
major part of  the phase field, corresponding 
to higher sulfur activities, c~-MnS is a metal 
deficit p-type semiconductor with the pre- 
dominant defects being double ionized cat- 
ion vacancies and electron holes (Mnl_yS). 
The concentrations of these defects as a 
function of  temperature and sulfur activity 
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can be described by the following empirical 
equation (6): 

[ v~z ]  = �89 [h ] 

- 2  l/6 ( = 4 . 7 7  • 10 ps 2 exp 
41.5 kJ /mol)  ). 

(1) 

However ,  the mobility of  point defects in 
Mn l_yS has not been determined so far. 

The aim of the present paper is an attempt 
to get preliminary information on this prob- 
lem by determining the chemical diffusion 
coefficient in the discussed sulfide as a func- 
tion of  temperature and sulfur activity. 

Chemical Diffusion Coefficient 

The chemical diffusion is a process of  mi- 
gration of  defects under their concentrat ion 
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gradient (7-9). In the case of nonstoichio- 
metric oxides and sulfides, the chemical dif- 
fusion coefficient can be obtained from ther- 
mogravimetric or electrical conductivity 
measurements of a given sample as a func- 
tion of time when going from one thermody- 
namic equilibrium state to another. 

In the case of manganous sulfide, the ap- 
plication of the thermogravimetric method 
is problematic, as the maximum deviations 
from stoichiometry of Mn I _yS, even at very 
high temperatures (-1473 K) are rather low 
(y < 10 3). Consequently, the determina- 
tion of mass changes of a given specimen as 
a function of time in a sulfur vapor environ- 
ment is virtually impossible with acceptable 
accuracy. However, the reequilibration ki- 
netics of manganous sulfide can be followed 
with sufficient accuracy using the electrical 
conductivity method (10, 11), because the 
concentration of electron holes in Mnl_yS 
changes proportionally with the concentra- 
tion of cation vacancies (Eq. (1)). Assuming 
that the mobility of electron holes remains 
independent of their concentration (12-15), 
it is evident that these two tech- 
niques--gravimetric and electrical conduc- 
tivity methods--should yield the same re- 
sults. 

To obtain the chemical diffusion coeffi- 
cient from electrical conductivity data for 
a flat rectangular sample, two appropriate 
solutions of Fick's second law were used 
(16): 

1. For the semi-infinitive case, i.e., short 
reequilibration times, where Dt/a 2 < 0.25 
(2a is the sample thickness, and t is time). 
The solution is 

(a 4 2 - (2) 4b___~t 
~x~J rra 2' 

where Ao- t is the change of the electrical 
conductivity after time t, and Acr~ denotes 
the total change of o- when the new equilib- 
rium state is established. 

2. For the finite case, i.e., long reequili- 
bration times, where Dt/a 2 > 0.15: 

[(<18 (o< 
1 - \6a-J  J ~.---7 exp ~ a  2 j .  (3) 

It follows from these two relationships 
that for short reequilibration times the kinet- 
ics of this process should be parabolic and 
in later stages the logarithmic behavior 
should be observed. 

It should be noted that Eqs. (2) and (3) are 
valid for oxidation and reduction runs, since 
the boundary conditions in the solutions of 
the Fick's second law are identical for both 
cases. 

Results and Discussion 

The starting materials for the electrical 
conductivity measurements have been ob- 
tained by complete sulfidizing of the spec- 
trally pure manganese plates (10 x 1 x 0.1 
ram) at 1373 K in pure sulfur vapor at a 
pressure of 103 Pa. The sulfide was then 
powdered and cold-pressed (1000 kg/cm 2) to 
obtain rectangular specimens (35 x 7 x 5 
mm). These were subsequently annealed for 
150 hrs at 1373 K in sulfur vapor (Ps2 = 103 
Pa) in order to obtain the dense and coarse- 
grained material. It has been found that after 
such a treatment the density of the ~-MnS 
samples was higher than 98% with an aver- 
age grain size of 1 mm. The samples were 
polished using A1203 powder to obtain 
mirror-like surfaces. 

The electrical conductivity measure- 
ments have been performed using the con- 
ventional four-probe AC method at temper- 
atures ranging from 1073 up to 1373 K and 
sulfur pressures 10-2-10  3 Pa. In order to 
determine the dependence of the defect mo- 
bility on the concentration, the conductivity 
relaxation curves were obtained for small 
steps in Ps2, traversing the phase field of 
Mnl_yS. In every experiment the sample 
was first equilibrated at a certain partial 
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FIG. 1. Reequilibration kinetic curves for two different pressure intervals and four different samples 
for Mnl_yS. 

pressure of sulfur vapor and temperature. A 
step change in Ps2 was then created, and 
electrical conductivity was recorded contin- 
uously until no further observable conduc- 
tivity changes occured, (i.e., sample in equi- 
librium with the new atmosphere). The 
apparatus and the details of the experimen- 
tal procedure were described elsewhere (17, 
18). 

Figure 1 shows the typical oxidation 
curves obtained at 1273 K for two different 
pressure intervals. As can be seen, the re- 
producibility of the data was excellent. Fig- 
ure 2 illustrates the kinetics of conductivity 
changes determined at several temperatures 
during the early stages of reequilibration. In 
agreement with Eq. (2), the straight lines 
were obtained in a parabolic plot, enabling 
the chemical diffusion coefficient to be cal- 
culated from the slope of these lines using 
Eq. (2). Figure 3, in turn, shows the results 
in a semilogarithmic plot obtained in the 
later stages of the relaxation process (long- 
term experiments). As can be seen, again 
straight lines were obtained in agreement 

with Eq. (3). The analogous results were 
obtained at other temperatures and different 
pressure intervals. 

Using all these data, the chemical diffu- 
sion coefficient has been calculated as a 
function of temperature and equilibrium sul- 
fur pressure through Eqs. (2) and (3). The 
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FIG. 2. Parabolic plot of early stages of conductivity 
change kinetics for Mn1_yS. 
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FIG. 3. Semilogarithmic plot of later stages of con- 
ductivity change kinetics for Mnl_yS. 

results of these calculations are collected in 
Fig. 4. Two important conclusions can be 
drawn from these plots. First, calculated dif- 
fusivities from short- and long-term experi- 
ments are virtually the same, which clearly 
indicates that the rate-determining step in 
the overall reequilibration kinetics of 
Mn~_yS is the solid-state diffusion. Thus, 
the fundamental assumption of the method 
is fulfilled. Second, it follows from Fig. 4 
that the chemical diffusion coefficient in 
Mn l_yS does not depend on sulfur pressure 
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FIG. 4. Pressure dependence of the chemical diffu- 
sion coefficient in Mni_yS for several temperatures 
(log-log plot). 
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FIG. 5. Temperature dependence of the chemical 
diffusion coefficient in Mnl_yS for several sulfur pres- 
sures (Arrhenius plot). 

and thereby on defect concentration. The 
temperature dependence of this coefficient 
can, then, be represented by a single plot 
for all sulfur pressures, as illustrated in Fig. 
5. As expected, this dependence is a linear 
function in the Arrhenius system of coordi- 
nates, enabling the calculation of the activa- 
tion energy of the chemical diffusion and the 
expression of the chemical diffusion coeffi- 
cient for Mn~_yS by the following empirical 
equation: 

DMnS 

= 3 . 9 x  10 -2 exp ( -  76.4 -+ 0.5 kJ/mol] 
\ RT /" 

(4) 

The fact, that the chemical diffusion coef- 
ficient in a given solid is independent of its 
composition does not imply directly that the 
same holds for the defect mobility. The de- 
fect diffusion coefficient, D d , cannot be de- 
termined directly from nonequilibrium 
thermodynamical experiments, but it can 
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readily be calculated if the chemical diffu- 
sion coefficient and the dependence of de- 
fect concentration are known. All of these 
three important quantities are interrelated 
by the equation, which for the case under 
discussion assumes the form 

(dlntV q 
Dv = 2b~anS \ d In Ps2 ] '  (5) 

where Dv denotes the vacancy diffusion co- 
efficient. As the concentration of cation va- 
cancies in Mnl_yS is a simple power func- 
tion of sulfur activity (Eq. (1)), from the Eq. 
(5) it follows clearly that the defect diffusion 
coefficient is pressure independent. From 
Eq. (1) it follows that the differential in Eq. 
(5) is equal to ~, and consequently Eq. (5) 
reduces to the following simplified form, en- 
abling the defect diffusion coefficient to be 
calculated from chemical diffusion data: 

D v = �89 DM, s. (6) 

According to Eq. (4) one obtains finally 
the empirical relationship describing the va- 
cancy diffusion coefficient in metal deficient 
manganous sulfide as a function of temper- 
ature, 

Dv 

= 1.3 x 10 2exp 
_ 76.4 +- 0.5 kJ/mo!~ 

R T  / 

(7) 

The temperature dependence of the de- 
fect diffusion coefficient for simple metal 
oxides and sulfides is described by the theo- 
retical equation (7, 8) 

By comparing this relationship with em- 
pirical Eq. (7), the activation entropy (ASm) 

and enthalpy (2XHm) of the diffusion can be 
calculated. From this comparison it follows 
directly that AHm = 76.4 kJ/mol. Assuming, 
in turn, a and K = 1, a0 = 5.30 A (1), and 
calculating the vibration frequency of cat- 
ions according to the relation (19) 

v = (2/r 1/2 = 1.35 • 1012 s -1, 
(9) 

(where M is the atomic weight of manga- 
nese) one obtains by combining Eqs. (7) and 
(8), AS m = 10.4 J/mol deg. 

Conclusions 

The results obtained in the present work 
concerning the defect mobility in metal de- 
ficient manganous sulfide allow the follow- 
ing conclusions to be formulated: 

1. The independence of chemical and de- 
fect diffusion coefficients with the departure 
from stoichiometry confirms the defect 
model of Mnj_yS, according to which dou- 
bly ionized cation vacancies and electron 
holes (the dominant disorder in this com- 
pound) do not interact and are randomly 
distributed in the crystal lattice. 

2. As the diffusion coefficient of defects is 
a measure of their mobility, it can be stated 
further that the diffusional transport of cat- 
ions in Mnl_yS occurs by a simple vacancy 
mechanism, consisting in the jumping of 
Mn 2+ ions from the lattice sites into the 
neighboring cation vacancies. 

D v = a a  2 K v e x p  exp - R T /  

(8) 

where a is the geometrical factor, K is the 
transmission coefficient, v is the vibration 
frequency, and a0 is the jump distance of a 
cation from the lattice site to the neighboring 
vacancy. 

References 

1. S. FURUSETH AND A. KJEKSHUS, Acta Chem. 
Scand. 19, 1405 (1965). 

2. J. WAKABAYASHI, H. KOBAYASHI, H. NAGASAKI, 
AND S. MlNorIuaA, J. Phys. Soc. Jpn. 25, 227 
(1968). 

3. A. Z. HED AND D. S. TANNHAUSER, J. Electro- 
chem. Soc. 114, 314 (1967). 

4. S. MROWEC ANDJ. JANOWSKI, in "Selected Topics 



226 s. MROWEC 

in High Temperature Chemistry (Studies in Inor- 
ganic Chemistry 9)," p. 55, Amsterdam (1989). 

5. H. RAU, J. Phys. Chem. Solids 39, 339 (1978). 
6. M. DANIELEWSKI AND S. MROWEC, Solid State 

lonics 17, 29 (1985). 
7. P. KOFSTAD, "Nonstoichiometry, Diffusion and 

Electrical Conductivity of Binary Metal Oxides," 
Krieger, New York (1972). 

8. S. MROWEC, "Defects and Diffusion in Solids," 
Elsevier, Amsterdam (1980). 

9. P. CHILDS, L. W. LAUB, AND J. B. WAGNER, 
Proc. Br. Ceram. Soc. 19, 29 (1971). 

10. V. CHOWDFIRY AND R. L. COBLE, J. Am. Ceram. 
Soc. 65, 336 (1982). 

11. J. DEREk, Z. JARZEBSKI, S. MROWEC, AND T. 
WALEC, Bull. Acad. Pol. Sci. Ser. Sci. Chim. 19, 
153 (1971). 

12. K. FUEKI, Y. OGURI, AND T. MUKAIBO, Denial 
Kagakuoyobi Kogyo Butsuri Kagaku 38, 758 
(1970). 

13. H. LE BRUSQ AND J. P. DELMAIRE, Rev. Int. 
Haates Temp. Refract. 11, 193 (1974). 

14. J. RASNEUR AND D. CARTON, C.R. Acad. Sci. 
Paris, Ser. H 290, 405 0980). 

15. J. RASNEUR AND N. DHERBOMEZ, C.R. Acad. Sci. 
Paris, Ser. H 292, 593 (1981). 

16. J. CRANK, "The Mathematics of Diffusion," Ox- 
ford Univ. Press, Oxford (1975). 

17. S. RVS~ECKI, A. WOJTOWICZ, AND S. MROWEC, 
Solid State lonics 21, 273 (1986). 

18. S. MROWEC, A. W6JTOWICZ, AND M. DANIELEW- 
SKI, Oxid. Met., in press. 

19. M. O'KEEFFE AND W. J. MOORE, J. Chem. Phys. 
36, 3009 (1962). 


