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Self-diffusion of manganese in nonstoichiometric manganous sulphide
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Self-diffusion of manganese in nonstoichiometric manganous sulphide, Mn16yS, has been studied as a
function of temperature~1073–1373! K and sulfur activity (10211– 103) Pa using radioactive54Mn isotope as
a tracer. In agreement with the defect model of Mn16yS it has been shown that at very low sulfur pressures,
close to the Mn/MnS phase boundary, self-diffusion of cations in metal excess Mn11yS proceeds by an
interstitial mechanism, consisting of pushing a cation from its normal lattice site into neighboring interstitial
position. At higher sulfur activities, on the other hand, cation self-diffusion in metal-deficit Me12yS proceeds
by a simple vacancy mechanism, consisting of Mn21 ions jumping from the lattice sites into neighboring
vacancies. It has been demonstrated that not only the temperature and pressure dependence of cation self-
diffusion in metal-excess and metal-deficit manganous sulphide, but also absolute values of self-diffusion
coefficients of this process are in excellent agreement with those calculated from manganese sulfidation and
evaporation kinetics. This agreement clearly indicates that both these methods can successfully be utilized in
studying the transport properties of transition-metal sulfides and oxides.@S0163-1829~97!07237-8#
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INTRODUCTION

Physicochemical properties of manganous sulphide h
been extensively studied by different authors using vari
experimental techniques. In particular, nonstoichiometr1,2

and electrical conductivity3–6 were investigated as a functio
of temperature and sulfur activity over the whole homoge
ity range of this compound. Further, the kinetics and mec
nism of manganese sulfidation was the subject of deta
investigations7–11 over a large temperature and sulfur pre
sure range. Finally, the rate of manganese evaporation
vacuum from the surface of MnS scale in equilibrium w
the metallic phase has been studied as a function
temperature12,13 using Kofstad’s method.14

Based on nonstoichiometry and electrical conductiv
data, a defect structure model for Mn16yS has been
developed.2,13 Sulfidation and evaporation rate measu
ments, in turn, have been utilized in calculating the se
diffusion coefficients of Mn in Mn16yS over the phase field
of this compound. It should be noted, however, that the
sults of these calculations have not been proved experim
tally because the self-diffusion measurements in sulfide
equilibrium with sulfur vapor are much more difficult than
corresponding oxides. In fact, the only sulphide in which
self-diffusion rates of cations and anions have been stu
systematically is the nonstoichiometric ferrous sulphide.15

The aim of the present paper is an attempt to determ
the self-diffusion coefficient of manganese in mangan
sulphide as a function of temperature and sulfur activity
ing the radioactive tracer method, and to compare the
tained experimental results with those calculated from m
ganese sulfidation and evaporation kinetics.

GENERAL REMARKS

It has been shown1,2 that over the major part of the phas
field, corresponding to higher sulfur activities,a-MnS which
560163-1829/97/56~14!/8695~7!/$10.00
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has the rocksalt structure, is a metal-deficitp-type semicon-
ductor with the predominant defects being doubly ioniz
cation vacancies and electron holes (Mn12yS). At very low
sulfur activities, on the other hand, near and at the MnuMnS
phase boundary, this sulphide has been found to be a m
excessn-type semiconductor with doubly ionized interstiti
cations and quasifree electrons as predominant def
(Mn11yS).2,12,13In the intermediate part of the phase field,
turn, near and at the stoichiometric composition, the de
structure of manganous sulphide is more complex a
strongly dependent on temperature. It has been shown
nally, that the anion sublattice in the discussed sulphide
virtually ordered, the concentration of anion vacancies a
interstitial anions being negligibly small as compared to
degree of cation sublattice disorder.7

Thus, all important defect equilibria in Mn16yS can be
described by the following quasichemical equatio
~Kröger-Vink16 notation of defect is used throughout this p
per!:

MnMn1SS�Mni
••12e211/2S2~g!, ~1!

1/2S2~g!�VMn
i

12h•1SS , ~2!

MnMn�Mni
••1VMn

i ~3!

‘ ‘zero’’�e21h•. ~4!

As the nonstoichiometry and thereby the defect concen
tion in manganous sulphide is very low,1 their behavior
could have been satisfactorily described in terms of po
defect thermodynamics.17,18 Thus, for metal-deficit
(Mn12yS) and metal-excess (Mn11yS) manganous sulphid
8695 © 1997 The American Physical Society
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the following relationships describe the temperature and
fur pressure dependence of predominant defects in
material:2,13

@Mni
••#>

1

2
@e2#

52.27pS2

21/6 expS 2
151.0 kJ/mol

RT D ~5!

and

@VMn
i

#>
1

2
@h• #

56.9931023pS2

1/6 expS 2
41.5 kJ/mol

RT D . ~6!

As can be seen, the pressure dependence of point-d
concentration in the discussed sulphide changes with incr
ing sulfur activity. In a very narrow range of low sulfu
pressures, close to the MnuMnS phase boundary doubly ion
ized interstitial cations are the predominant point defects,
~1!, and their concentrationdecreaseswith increasing sulfur
activity, Eq. ~5!. At higher pressures, in turn, correspondi
to the major part of the Mn12yS phase field, doubly ionized
cation vacancies constitute the prevailing point defects,
~2!, the concentration of whichincreaseswith increasing sul-
fur activity, Eq. ~6!.

In the transient pressure range, where the sulphide c
position changes from metal-deficit (Mn12yS) to metal-
excess (Mn11yS) the defect situations are strongly depe
dent on temperature because the enthalpy of Frenkel de
pair formation, Eq.~3!, is considerably lower than that o
intrinsic electronic disorder, Eq.~4!. Consequently, at lowe
temperatures (,1100 K) intrinsic ionic disorder prevails
being independent of sulfur activity, Eq.~3!, and at higher
temperatures (.1100 K) intrinsic electronic defects pre
dominate, Eq.~4!, being again pressure independent. Th
two defect situations are described by the followi
relationships:2,13

FIG. 1. Concentrations of ionic and electronic defects
Mn16yS as a function of sulfur activity.
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KF5@VMn
i

#@Mni
•• #

53.93310210 expS 2
13.7 kJ/mol

RT D ~7!

and

Ke5@h• #@e2#

54.023102 expS 2
281.4 kJ/mol

RT D , ~8!

whereKF andKe denote equilibrium constants of defect r
actions described by Eqs.~3! and ~4!, respectively. The in-
fluence of temperature on defect situations in Mn16yS is
shown in Figs. 1–3.

As the maximum deviation from stoichiometry o
Mn16yS—even at very high temperatures (T.1473 K)—is
very low (y,0.01) it could have been assumed that the m
bility of point defects in this sulphide is independent of the
concentration. Thus, the self-diffusion coefficient of Mn
Mn16yS, which is the product of the defect-diffusion coef

FIG. 3. Concentrations of ionic and electronic defects
Mn16yS as a function of sulfur activity.

FIG. 2. Concentrations of ionic and electronic defects
Mn16yS as a function of sulfur activity.
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56 8697SELF-DIFFUSION OF MANGANESE IN . . .
cients and their concentration,17,18should depend in the sam
way on sulfur activity as the concentration of defects. Co
sequently, in agreement with Eq.~5!, at very low sulfur pres-
sures, near the MnuMnS phase boundary, the self-diffusio
coefficient of manganese in metal-excess Mn11yS (DMn

5DMn
i ) should be the following function of sulfur pressu

and temperature:

DMn
i 5Di@Mni

•• #

5Di
0pS2

21/6 expS 2
ED

i

RTD , ~9!

whereDi denotes the defect-diffusion coefficient~diffusion
coefficient of interstitial cations! which is only temperature
dependent, andED

i is the activation energy of Mn self
diffusion being the sum of the enthalpy of defect~cation
interstitials! formation and the activation enthalpy of the
migration in Mn11yS lattice.13,18

At higher pressures, in turn, in agreement with Eq.~6!, the
self-diffusion coefficient of manganese in metal-defi
Mn12yS (DMn5DMn

n ) should be described by the followin
relationship:

DMn
n 5DV@VMn

i
#

5DV
0pS2

1/6 expS 2
ED

V

RTD , ~10!

whereDV denotes vacancy diffusion coefficient andED
V is

again the activation energy of Mn self-diffusion, being t
sum of the enthalpy of cation vacancy formation and
activation enthalpy of their migration in the Mn12yS lattice.

The self-diffusion coefficient of Mn in Mn12yS could be
calculated as a function of temperatureand sulfur activity
from the parabolic rate constants of manganese sulfida
and in agreement with Eq.~10!, the following empirical re-
lationship was obtained:13

DMn
V 59.8131025pS2

1/6 expS 2
121.0 kJ/mol

RT D . ~11!

The self-diffusion coefficient of Mn in metal-excess ma
ganous sulphide (Mn11yS) could be calculated only as
function of temperature from evaporation ra
measurements12 carried out in equilibrium of Mn11yS with
manganese metal. Assuming, however, thatDMn in Mn11yS
should decrease with increasing sulfur pressure in agreem
with Eq. ~9! the following quasitheoretical relationship ha
been obtained:12

DMn
i 51.72pS2

21/6 expS 2
269 kJ/mol

RT D . ~12!

The overall self-diffusion coefficient of cations i
Mn16yS, DMn , is at any sulfur pressure equal to the sum
self-diffusion coefficients due to the presence of both
fects:

DMn5@VMn
i

#DV1@Mni
••#Di

5DMn
V 1DMn

i . ~13!
-

t

e

n,

ent

f
-

Thus, assuming relationship~13! and considering quasiem
pirical Eqs.~11! and ~12!, a diagram ofDMn vs sulfur pres-
sure for several temperatures has been constructed, Fi
From the comparison of this diagram with those of the def
structure of Mn16yS constructed for different temperature
~Figs. 1–3! it follows clearly that there is a very good agre
ment between the minimum concentration of point defe
and the lowest diffusion rate of cations in the discussed
phide. This fact may be considered as an indirect proof of
correct way of the calculations. However, allDMn values
have not been determined experimentally and the dep
dence of this coefficient on sulfur activity is purely theore
ical. In particular, the dependence ofDMn on pS2 in the low
sulfur pressure region, where interstitial cations and qu
free electrons predominate, results only from theoretical
sumption and not from calculated values ofDMn in Mn11yS,
becauseDMn in this pressure range could have been cal
lated from Mn-evaporation kinetics for only one~lowest!
sulfur pressure at a given temperature, equal to the disso
tion pressure of the sulphide.12,13

Thus, not only the absolute values of the manganese s
diffusion coefficient in Mn16yS but also its dependence o
sulfur activity should be proven experimentally. This is t
main purpose of this paper.

MATERIALS AND EXPERIMENTAL PROCEDURE

The starting material~a-MnS! has been obtained by su
fidation of spectrally pure manganese~Johnson & Matthey
Ltd! in an apparatus described elsewhere.19 Rectangular
manganese samples of dimensions 2.031.530.3 cm have
been sulfidized completely at 1273 K in pure sulfur vapor
102 Pa. Under these conditions compact, coarse-grai
a-MnS scales have been formed, with grain size rang
from 400 up to 1800mm. This material was ground an
cold-pressed to get compact pellets 2.0 cm in diameter
0.2 cm thick. They were then annealed at 1273 K for 48 h
sulfur vapor atmosphere at 53103 Pa in order to obtain
dense, coarse-grained samples. The average grain siz
such well sintered, polycrystalline samples, with the dens
of 3.79 g cm23, was about 170mm. Subsequently, the

FIG. 4. Calculated dependence of manganese self-diffusion
efficient in manganous sulphide upon equilibrium sulfur press
for several temperatures.
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8698 56J. GILEWICZ-WOLTER, M. DANIELEWSKI, AND S. MROWEC
samples were polished to get the surface flatness wi
61 mm. Finally, all the samples were preannealed at
same temperature and sulfur pressure at which the follow
diffusion experiment was to be carried out. This was done
order to establish the required defect concentration throu
out the sample from the very beginning of subsequent di
sional annealing.

As the source of the radioactive manganese isoto
54Mn, a carrier-free solution of54MnCl2 in ethyl alcohol was
used. This isotope emitsg radiation with an energy of 0.83
MeV. The surface of the MnS samples, prepared in the w
described above, was coated with54MnCl2 solution and
dried under infrared radiation. The activity obtained in t
sample was about 11mCi which corresponded to abou
1 ng cm22 of the 54Mn isotope. Such a mass per unit surfa
area fulfilled the conditions of thin layer geometry. The d
fusion experiments were performed by annealing the sam
within evacuated and sealed quartz ampules at several
peratures~1073–1373! K and sulfur pressures (10211– 104)
Pa. The experimental procedure has been descr
elsewhere.20 The source of the sulfur vapor in low-pressu
experiments constituted the FeS2-FeS mixture, and in high-
pressure annealing it was liquid sulfur. After diffusional a
nealing the ampules were rapidly cooled and sample ed
were cut to eliminate the possibility of additional radioact
ity, originating from the sides of the specimen.

The 54Mn penetration curves were obtained by the ser
sectioning technique. The samples were mounted in p
acryline resin together with three steel spheres having w
known diameter~0.4988 cm! as illustrated in Fig. 5.21 The
thin layers of the sulphide were then removed from
specimen surface by stepwise abrasion. The steel sph
were ground together with the specimen. To calculate
thickness of the removed sulphide layer the diameter of
cross section of the spheres were measured with the accu
of 61 mm. The residual activity of a specimen was count
in a constant geometry following the removal of each s
tion. The NaJ~Tl! crystal scintillation counter was used. Th
statistical error was less then 1%. The counting rates w
corrected for background and counter dead time. In orde
avoid the influence of probable instability of the appara
the counts were standardized to the counting rate of54Mn
standard source.

RESULTS AND DISCUSSION

The duration of diffusional annealing have been chose
such a way that the thickness of the samples was alw

FIG. 5. The sample mounting unit, where: 1 indicates a me
tube; 2 indicates the resin; 3 indicates the sample; 4 indicate
abrasive disk, and 5 is the steel spheres.
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greater than the penetration depth of the tracer. This allo
us to consider the discussed system in terms of the appr
mation to a semi-infinite solid. Thus, the solution of Fick
second law gives the following simple equation:22

C5
C0

2ApDTt
expS 2

x2

4DTt D , ~14!

where C is the concentration of the tracer at a distancex
from the sample surface;C0 is its concentration on the sur
face before diffusional annealing,t is the time of the anneal
ing, andDT is the tracer-diffusion coefficient.

From Eq.~14! one obtains the linear relationship betwe
lnC andx2:

lnC5 ln
C0

2ApDTt
2

x2

4DTt
, ~15!

which is convenient for graphical interpretation.

FIG. 6. Penetration depth profile of54Mn tracer atoms in
Mn16yS after 47 h annealing in equilibrium with sulfur vapors.

FIG. 7. Penetration depth profile of54Mn tracer atoms in
Mn16yS after 639 h annealing in equilibrium with sulfur vapors.
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TABLE I. Diffusion coefficients of Mn in Mn16yS.

DMn ~cm2 s21!

~measured! DMn ~cm2 s21!

pS2 ~Pa! T ~K! DT ~cm2 s21! f 50.7815 ~calculated!

4.33103 1073 (2.2660.05)310210 (2.8960.07)310210 5.03310210

4.33103 1173 (1.1960.05)31029 (1.5260.06)31029 1.6031029

4.33103 1173 (7.560.05)310210 (9.660.07)310210

4.33103 1273 (2.760.10)31029 (3.560.20)31029 4.2431029

4.33103 1253 (2.2360.08)31029 (2.8560.10)31029 3.5331029

4.33103 1323 (4.6160.08)31029 (5.9060.10)31029 6.5331029

4.33103 1373 (7.5560.05)31029 (9.6660.06)31029 9.7431029

4.33103 1373 (7.9760.05)31029 (1.0260.06)31028

6.23102 1273 (1.8060.06)31029 (2.3060.08)31029 3.0731029

53 1273 (1.2160.05)31029 (1.5560.07)31029 2.0431029

53 1253 (1.160.10)31029 (1.460.20)31029 1.7031029

10 1273 (8.760.60)310210 (1.1160.08)31029 1.5431029

f 50.6666 f 50.970
10210 1253 (2.560.12)310210 (3.7560.20)310210 (2.660.12)310210 5.08310210

10210 1210 (1.1560.09)310210 (1.760.10)310210 (1.1960.09)310210 2.20310210

10210 1172 (5.560.20)310211 (8.260.30)310211 (5.760.20)310211 1.10310210

10210 1123 (1.4260.06)310211 (2.1360.09)310211 (1.4660.06)310211 5.28310211

10211 1253 (3.660.25)310210 (5.460.40)310210 (3.760.26)310210 7.42310210

10211 1273 (5.760.20)310210 (8.660.30)310210 (5.960.20)310210 1.1031029
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As the concentration of the radioactive tracer is direc
proportional to its specific activity,C5const(]I/]x)t , the
tracer-diffusion coefficient may easily be calculated from
slope of such straight lines, Eq.~15!, using the following
relationship:23

DT52
1

4t S ]x2

] ln~]I /]x! D
t

, ~16!

whereI is the counting rate. Figures 6 and 7 illustrate so
of the obtained penetration depth profiles for the diffusion
the 54Mn tracer in Mn16yS.21,24 As can be seen, at all tem
peratures and sulfur pressures straight lines have been
tained enabling the self-diffusion coefficients of mangan

FIG. 8. Pressure dependence of54Mn tracer-diffusion coeffi-
cient in Mn16yS ~double logarithmic plot!.
e

e
f

b-
e

in metal-excess and metal-deficit manganous sulphide to
calculated from Eq.~16!. The results of these calculations a
summarized in Table I and plotted as a function of tempe
ture and sulfur pressure in Figs. 8 and 9. It follows clea
from these plots that in agreement with the defect mode
Mn16yS the mechanism of Mn self-diffusion at very lo
sulfur pressures is different from that observed in the hi
pressure region. At low pressures, namely, the rate of s
diffusion decreaseswith increasing sulfur pressure, as pr
dicted for metal-excess Mn11yS sulphide, Eq.~9!, and at
higher pressures itincreases, that is again in agreement wit
the defect-structure model for metal-deficit Mn12yS, Eqs.
~10! and ~11!. In addition, the activation energy of Mn sel

FIG. 9. Temperature dependence of the54Mn tracer-diffusion
coefficient in Mn16yS for two different sulfur pressures.
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8700 56J. GILEWICZ-WOLTER, M. DANIELEWSKI, AND S. MROWEC
diffusion in Mn11yS is much higher than that in Mn12yS,
being in excellent agreement with the value calculated fr
evaporation kinetic measurements, Eq.~12!. This energy in
the high-pressure region (Mn12yS) is also in qualitative
agreement with that calculated from manganese sulfida
kinetics, Eq.~11!. Finally, the pressure dependence of t
self-diffusion coefficient in metal-excess and metal-defi
manganous sulphide determined experimentally is in g
agreement with that calculated from evaporation and sulfi
tion kinetics, Eqs.~11! and ~12!.

The question then arises, whether not only tempera
and pressure dependence of the self-diffusion rate, but
absolute values of the manganese self-diffusion coeffic
calculated from kinetic experiments are in agreement w
those determined experimentally. In order to make suc
comparison, diffusion coefficients obtained from tracer e
periments, i.e., tracer-diffusion coefficientsDT must be re-
calculated into ‘‘real’’ self-diffusion coefficientsDMn by tak-
ing into account the correlation effect.25–27 These two
diffusion coefficients are interrelated by the correlation fa
tor:

DMn5DT / f , ~17!

where f denotes the correlation factor, which values depe
on mechanisms of diffusion and the crystal structure o
given solid. In the case under discussion the different co
lation factors should be applied for vacancy andinterstitial
mechanisms of diffusion~a simple interstitial mechanism o
diffusion consisting of successive jumps of interstitial c
ions from one initial position to another shoulda priori be
excluded because of purely geometrical reasons18!. In the
case of the vacancy mechanism, consisting of Mn12 ions
jumping from the lattice sites into neighboring cation vaca
cies, the correlation factor for a face-centered-cubic lattice
a-MnS assumes the value:f 50.7815.28,29 In the case of in-
terstitial diffusion, the situation is more complex, because
least two different mechanism of this process are possible
both of them the elementary act of diffusion consists of d
placement of a lattice atom by its interstitial neighbor in
the interstitial position. However this process may take pl
in two ways. The displacing and displaced atoms can m
along the straight line~collinear interstitialcy! and the corre-
lation factor for the discussed crystal structure assumes
value f 50.6666.28,29 If, on the other hand, the displace
atom moves to the interstitial position at an angle to
direction of the displacing atom~noncollinear interstitialcy!
the correlation factorf 50.970.30 Using these three correla
tion factors and Eq.~17! tracer-diffusion coefficients o
54Mn in Mn16yS have been recalculated into self-diffusio
coefficients of cations in this sulphide. The results of the
calculations have been plotted as a function of tempera
and sulfur activity in Fig. 10 on the background of data o
tained from sulfidation31 and evaporation kinetics.12 As can
be seen, over the whole phase field of Mn16yS the calculated
values ofDMn in this sulphide are in agreement with tho
determined experimentally. It should be stressed howe
that DMn values obtained from tracer data by assuming
collinear interstitialcy mechanism (f 50.6666) in metal-
excess Mn11yS are in better agreement with calculatedDMn
coefficients from the manganese evaporation kinetics, t
n
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those obtained for noncollinear diffusion mechanismf
50.970). These results strongly suggest that the s
diffusion of cations in metal-excess manganous sulfide p
ceeds by the collinear interstitialcy mechanism. The satis
tory agreement between calculated and experiment
determinedDMn values, and the fact that the pressure dep
dence of the self-diffusion rate in both metal-excess a
metal-deficit manganous sulphide agrees very well with
defect model of this sulphide, strongly suggests that at h
temperatures (T.1000 K) grain-boundary diffusion doe
not play an important role in the overall matter transport
this polycrystalline material. Consequently, self-diffusion c
efficients of cations reported in the present work descr
volume~lattice! diffusion. In order to support this conclusio
autoradiographs of surfaces normal to the diffusion direct
have been taken from several samples at different penetra
depths. If grain-boundary diffusion would prevail, the ne
work of grain boundaries would be visible on the autorad
graphs taken on highly sensitive films. The autoradiogra
showed uniform blackening of the film, clearly indicatin
that in agreement with the above conclusion, grain-bound
diffusion of cations in Mn16yS can be neglected. In fact, th
conclusion follows also from the character of54Mn-tracer
distribution in a-MnS samples after diffusional annealin
Fisher32 showed that when diffusion along grain boundar
predominates, the logarithm of tracer concentrationC is a
linear function ofx and not ofx2, as it has been found in ou
experiments~Figs. 6 and 7!.

CONCLUSIONS

The results obtained in the present work allow the follo
ing conclusions to be formulated:

~1! Self-diffusion of cations in nonstoichiometric mang
nous sulphide at temperatures exceeding 1000 K proce
mainly through point defects, i.e., by volume diffusion.
agreement with the defect structure model of Mn16yS two
different mechanisms of self-diffusion may be distinguishe
In the very narrow part of the phase field, close to the M
MnS phase boundary, i.e., at very low sulfur activities, do
bly ionized interstitial cations and quasi-free electrons are

FIG. 10. The calculated and measured values of the manga
self-diffusion coefficient ina-MnS at 1253 and 1273 K.
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56 8701SELF-DIFFUSION OF MANGANESE IN . . .
prevailing defects in Mn11yS and the self-diffusion proceed
by the collinear interstitialcy mechanism, consisting of pu
ing the cations from their normal lattice sites into neighb
ing interstitial positions~both the displacing and displace
ions moving along a straight line!. At higher sulfur activities,
when doubly ionized cation vacancies and electron ho
constitute the predominant disorder in Mn12yS the self-
diffusion of cations proceeds by simple vacancy mechan
consisting of Mn21 ions jumping from the lattice sites int
neighboring cation vacancies.

~2! The satisfactory agreement between experiment
determined self-diffusion coefficients of Mn in Mn16yS and
those calculated from manganese sulfidation and evapora
kinetics clearly indicates that these kinetic methods can s
cessfully be utilized in studying the transport properties
transition-metal sulfides and oxides. The first of these t
methods, called in the literature the Fueki-Wagner meth
consisting of calculating theDMe values from parabolic ki-
netics of sulfidation or oxidation of a given metal, has
ready been proved on Fe-Fe12yS-S ~Ref. 33! and
Co-Co12yO ~Ref. 34! systems. However, this method cann
be utilized at low oxidant pressures, close to the dissocia
pressure of the compound forming the scale. The diffusi
o

ac

im
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ke

c-
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-

s

m

ly

on
c-
f
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-

t
n
-

evaporation method, on the other hand, developed
Kofstad,14 enables the self-diffusion coefficientDMe to be
calculated for equilibrium pressure only, equal to the dis
ciation pressure of the compound forming the scale. T
method has been used by Kofstad35 in determining the self-
diffusion coefficient of manganese in manganous oxide
by Danielewski and Mrowec12 in manganous sulphide. How
ever, none of these results have been confirmed experim
tally by direct-tracer experiments. Thus, the results descri
in the present paper constitute an experimental verificatio
Kofstad’s diffusion-evaporation method. Excellent agre
ment of DMn values calculated from the kinetics of mang
nese evaporation with those determined experimentally
Mn11yS clearly indicates that this method can successfu
be used in studying the transport properties of transiti
metal sulfides and oxides.
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