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S-HgS forms solid solutions with MnS while retaining the sphalerite structure. The solubility limit
as determined from lattice constant measurements is 37.5 mole%; MnS at 600°C. No detectable
solubility of HgS in rocksalt type MnS was observed. Small single crystals 0.1 to 2.0 mm in size
of «-HgS, Hg,_.Mn,S, a-MnS, and y-Mn$S were obtained by hydrothermal syntheses in aqueous

solutions of HCI/H,S, NH,Cl, and NH,SCN.

1. Introduction

Investigations of the systems ZnS-MnS (/)
and CdS-MnS (2, 3) have been reported in
the literature. In both cases MnS has an
extended range of solubility in the respective
group IIB sulfide. In this paper results on the
HgS-MnS system are given together with
hydrothermal growth experiments.

The tetrahedral structure (8-HgS, sphaler-
ite), common to IIB sulfides, is stable at high
temperatures and transforms to the red cin-
nabar structure («-HgS) at 345°C (4). The
melting point of §-HgS is reported to be 825°C
(4). The equilibrium pressure at this tempera-
ture as calculated from the curve of solubility
of HgS in Hg () is about 70 bar.

Manganese sulfide occurs in three modifi-
cations: the stable green a-MnS with rock-
salt structure and two pink metastable tetra-
hedral structures, S-MnS (sphalerite type), and
y-MnS (wurtzite type). The melting point of
a-MnS is given as 1610°C (6).

Crystals of «-HgS have been obtained by
hydrothermal syntheses, e.g., from HCI solu-
tions (7, 8) and Na,S solutions (¥). Chemical
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transport reactions have been used to grow
a-MnS above 800°C (10). y-MnS crystals have
been obtained from silica gels (/7).

2. Experimental Methods

Finely powdered a-HgS and a-MnS (99.9
Cerac) were thoroughly mixed in molar
ratios and pressed into pellets at a pressure of
approximately 13 kbar. Coarse pieces of the
pellets were introduced into fused silica
ampoules, avoiding free space as much as
possible in order to decrease the influence of
the vapor phase formed during annealing. The
evacuated and sealed ampoules were sub-
jected to heat treatments at 300 and then 600°C
each for 3 days. After each cycle the samples
were quenched in water. The sintered material
was ground, examined by powder diffrac-
tion, and again pressed into pellets. The sam-
ples were assumed to be in equilibrium
if in two successive cycles no changes in the
lattice constants were observed. A few ad-
ditional cycles were run with the maximum
temperature of 300°C, the region of stability
of a-HgS (cinnabar).

Lattice constants were determined by X-ray
powder technique, using Ni-filtered CuKo
radiation. Silicon was used as a standard (Si,
do = 5.43086 A). The uncertainty in the
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SYSTEM HgS-MnS 45

measurements was calculated by means of the
least-squares method.

The technique described in detail by
Rabenau and Rau (7/2) was used for hydro-
thermal syntheses. Experimental data are
given in Tables I and II. Besides «-MnS and
a-HgS, a mixture of f-MnS and y-MnS was
used as starting material, the latter being
obtained by coprecipitation (/3). The com-
position of the mixed crystals was derived from
the lattice constants and confirmed by atomic
absorption analysis and electron micro-
probe. A precession camera and a single-
crystal diffractometer were used for the identi-
fication of the crystals obtained by hydro-
thermal syntheses. For an estimation of
T-P-C-V values, data of solvents, pub-
lished by Ikornikova, were considered (14).

3. Results

X-Ray Measurements

Whereas the sphalerite phase of pure -
HgS could not be quenched, it was found to be
possible for the solid solution Hg,_ Mn,S.
The measurements could, therefore, be per-
formed at room temperature.

With increasing manganese content the
lattice parameter g, of the Hg;_.Mn,S
sphalerite type mixed crystal was observed
to decrease (Fig. 1). The linearity of the curve
is in accord with Vegard’s law. From the
extrapolated value of the curve and the a,
value in the two-phase region the limit of
solubility is found to be 37.5 mole %, MnS at
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FiG. 1. Lattice parameter vs composition in the
HgS-MnS system at 600°C.

600°C. Within the limits of error no change of
the lattice parameter of rocksalt type MnS
was observed, indicating a negligible solubility
of HgS in a-MnS.

The results of the 300°C annealing experi-
ments within the stability range of a-HgS are
not included in Fig. 1. Changes in lattice para-
meters were within the limits of error. Since
the lines of a-MnS disappeared after annealing
in the 5 and 10 mole %, MnS sample but were
detectable at 20 mole %, MnS, it can be con-
cluded that the solubility limit for cinnabar,
a-HgsS, is around 10 mole %, MnS.

Two types of crystals were formed in the
hydrothermal experiments with pure MnS
(Table II): platelets, <0.2 mm which were
orange-yellow in transmitting light, and green
platelets and pyramids <0.5 mm. The orange-
yellow crystals proved to be p-MnS (wurtzite
type) grown along the ¢ axis, some of them
being twinned. The green crystals were a-MnS
(rocksalt type). Both platelets and pyramids
exhibit [111] faces. The lattice parameters
are in agreement with literature data (/5). No
crystals of p-MnS (sphalerite type) were
observed.

Hydrothermal Syntheses of Mixed Crystals

The experiments show (Table I) that hydro-
thermal syntheses and growth of mixed crystals
of different compositions within the range of
solid solution Hg; .Mn,S is possible. An
aqueous solution of 5 wt% NH,Cl+ 5 wt%,
NH,SCN proved to be a suitable solvent. As
in the case of the dry process the sphalerite
phase is retained although the cooling rate is
much slower. Again, the pure phase f-HgS
could not be obtained (runs 1 and 2). The
composition of the mixed crystal was found to
be different from that of starting material.
The experiments show, however, that a
relation must exist between the composition
of the liquid phase and that of the correspond-
ing mixed crystal (runs 3-8). Under these
conditions the limit of solubility is found to
be 31 moleY, MnS. The kind of solvent
seems to have no influence on the liquid—
solid equilibrium (runs 9-11). It is more prob-
able, however, that the temperature has an
influence on the equilibrium (run 11 as com-
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pared with run 5).! Although no efforts have
been made to optimize the size of the crystals,
run 8 compared with run 7 shows that longer
heat treatment results in larger crystals (Fig.
2).

YIn order to get comparable pressures at the
temperatures involved, the degree of fill has to be
adapted.

FiG. 2. Crystals of Hg, ;Mn, »S; mm scale.

Hydrothermal Syntheses of y-MnS

During the hydrothermal experiments meta-
stable y-MnS (wurtzite type) was occasionally
observed (Table I, run 10). In order to clarify
the situation runs with the pure MnS phases
were made. The most significant results of
these experiments are summarized in Table
1I. Aqueous solutions of NH,Cl as solvents

FiG. 3. Crystal of »~Mn§; 0.1 mm in length.
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showed this effect. After the experiments,
the walls of the ampoule in the somewhat
colder part above the nutrient were covered
with platelets of «-MnS and y-MnS in ap-
proximately the same amount. The remaining
part of the nutrient was always o-MnS,
either from the beginning or by transforma-
tion of - and y-MnS into a-MnS. The forma-
tion of y-MnS crystals did not seem to be
quantitatively influenced by the nutrient (x-
B-, »-MnS), the concentration of the NH,Cl
solution, the degree of fill, or the temperature.
The quality and size of the crystals (Fig. 3),
however, depends on these conditions.

4. Discussion

With this work the last of three IIB sulfide-
manganese sulfide systems has been investi-
gated. A discussion of the phase studies
should also include, therefore, the systems
ZnS-MnS and CdS-MnS. At 600°C the IIB
element can bte replaced by manganese to
43, 44.3, and 37.5 at 9 for ZnS (/), CdS (3),
and HgS, respectively, while retaining a
tetrahedral structure of the IIB,_ Mn_S solid
solution. The quantitative difference in these
figures may be understood by comparing the
ionic radii of the IIB elements with that of
manganese. MnS is least soluble in HgS since
the Hg radius matches least favorably the Mn
radius. The tetrahedral coordination which
manganese exhibits in these solid solutions is
not found for the stable form a-MnS which
has a rocksalt structure but is realized in two
metastable modifications, f-MnS, sphalerite
type, and y-MnS, wurtzite type. This co-
ordination is stabilized, however, in the IIB
sulfide host lattice and this stabilization is
maintained to a high manganese content, as
shown by the figures.

A detectable solubility of the 1IB sulfide in
the rocksalt-type manganese sulfide has been
observed only for CdS. It has been found to
6 mole% CdS in «-MnS at 600°C
and increases strongly with increasing tem-
perature (3). Cadmium is the only IIB ele-
ment for which an octahedral coordination in
chalcogenides has been observed. For ex-
ample, for the high-pressure phase of CdS

(16) as well as for CdO under normal condi-
tions, both have the rocksalt structure. This
may be the reason for the exceptional situa-
tion in the CdS—MnS system.

Nothing is known yet about the physical
properties of the solid solution Hg,_,Mn,S.
Such measurements require crystals of de-
fined composition. It could be shown that
hydrothermal syntheses in an aqueous solu-
tion of NH,Cl + NH,SCN fulfills this neces-
sary requirement. This method has the ad-
vantage that it allows crystal syntheses and
growth at temperatures below 500°C. In this
way experimental difficulties can be avoided
due to the increasing decomposition pressure
of mercury sulfide at higher temperatures.

The formation of crystals of the metastable
wurtzite (y-MnS) modification under hydro-
thermal conditions has up to now teen ob-
served only in pure NH,CI solutions. The
crystals grow from the solution, that is, from
that part of the nutrient which has been dis-
solved together with crystals of a-MnS. In
the case for which the nutrient consists of f3-
MnS and y-MnS, the undissolved part has
transformed to «-MnS. It is, therefore, un-
likely that y-MnS is the stable phase under
these conditions. The occurrence of meta-
stable phases under hydrothermal conditions
has been reported occasionally. Christensen
and Brcch (/8) obtained metastable rhombo-
hedral In,0; in the system In,O;-H,0-
Na,O. Also in this case, it was not possible
to draw conclusions from the experiments as
to how parameters should be chosen to avoid
the formation of the stable modification.
y-MnS crystals have also been grown in
sodium silicate gels (/7). The authors con-
clude that this phase is stabilized by the
incorporation of silicon. In the hydrothermal
experiments the addition of silicon had no
influence on the results. At the present state of
investigations the growth of metastable 7-
MnS is still an open question.
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