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Abstract

We report the structures of Mn,_Bi,.,S; (0<x<0.3; y=0.667x) and Mn,_,Bi,,,Se, (0.1<x<0.14; y=0.667x).
Both compounds are defect structures of the HgBi,S, structure type. In the case of Mno_7Bk2$4 we report a

single crystal structure. The cell parameters are a =12.869(2) A, b=3.9546(6) A, c=14.771(2)

, B=116.690(9)°

and the space group is C2/m. Final refinement gave the values R/R, =3.3/3.7%. This crystal was grown in an
alkali halide flux. The reported compounds belongs to the family of chemically twinned face-centered cubic
(f.c.c.) structures. Unlike most members of this family, they exhibit both extended defects and point defects.

1. Introduction

One recent theme in crystal chemistry is the interplay
between crystalline defects and extended superstruc-
tures [1]. A family in which this interplay takes on
striking form is the lead and bismuth sulfides or sulfosalts
[2]. In these compounds, defects appear as glide re-
flection twinning planes. The Mn,_,Bi,,, S, and
Mn, _,Bi,, Se, (y=0.667x) compounds reported in this
paper have structures which belong to this family. These
compounds have particular interest in that, unlike other
members of this family, they contain both extended
defects which change the overall space group symmetry
and point defects which cause no change in the long-
range order of the materials. Indeed, these compounds
test our understanding that it is the exact stoichiometry
which solely controls the type of glide twinning su-
perstructure present in crystalline solids.

2. Experimental details

Both the Mn,_,Bi,,,S, and Mn,_Bi,, Se, com-
pounds were prepared from mixtures of the elements.
In general, all mixtures were prepared such that the
overall stoichiometry of the reaction was Mn,Bi,Q, . 1 55
(Q=S, Se). This initial composition corresponds to
having respective oxidation states for the Mn, Bi and
Q atoms of +2, +3 and —2. Reactions were carried
out in sealed evacuated quartz tubes with 1-2 g samples.
We heated the tubes slowly to final temperatures which
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ranged from 600-1000 °C (100-200 °C/day) and then
annealed the sample at that temperature for several
days. Room temperature powder X-ray investigations
showed the appearance of new ternary phases. (A
previous study [3] reported the existence of a tetragonal
MnBi,Se, phase (cell volume, 319 A’) but we were
unable to find this in the current work.) However,
repeated attempts to produce single crystals of these
ternary phases by vapor transport techniques (using I,
or Br, as transport agent) failed to produce suitable
crystals for X-ray study. Indeed, all crystals isolated by
vapor transport methods proved to be of the BiQ,
type. The implication is that, at the temperatures re-
quired for crystal growth by vapor transport, these
ternary phases decompose. Finally, we were able to
isolate single crystals of the ternary compounds using
a lower temperature flux for crystal growth. The flux
we used was an LiCl-RbCl (45% LiCl, 55% RbCl)
eutectic mixture (which melts at 312 °C) [4]. Good
crystals were obtained when the reaction mixture was
cooled over a 1-2 week period from 800 to 400 °C.
Generally 2-3 g of flux were included in these flux
syntheses.

The final product was washed with water to remove
all salt. It should be noted that the use of alkali metal
halide fluxes to grow chalcogenides is somewhat unusual.
Such solvents are generally used in oxide crystal growth
[5a) and for hard cation sulfide phases, eg. KI-KCl
has been used to grow crystals of LaS, [Sb]. However,
it may well be that the use of hard cation—anion fluxes,
such as alkali metal halides, may prove to be of general
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interest in soft cation—anion chalcogen crystal synthesis.
This is so as only small levels of contamination of the
relatively soft Mn-Bi chalcogenide by the hard LiCl
and RbCI salts are found. A single crystal prepared
by this flux method was first studied by Weissenberg
techniques before being mounted on a four-circle dif-
fractometer. Room temperature Guinier photographs
(Enraf-Nonius camera) were taken using an Si standard.
In the compounds reported in this paper the samples
were further examined by electron microprobe to ensure
the composition of the products (Cameca MBX au-
tomated electron microprobe with Kevex 8000 mi-
croanalyzer applied to single crystals). An independent
chemical analysis was carried out for two samples
(Galbraith Chemical). These latter analyses showed no
trace of Li (less than 0.15%) in our final products.

3. Results

The compounds reported in this paper are all iso-
structural with HgBi,S, [6]. In the case of manganese
bismuth sulfides we were able to prepare this phase
in or near the exact MnBi,S, stoichiometry. It was also
possible to prepare phases in which the metal content
was defective with respect to this exact stoichiometry.
In Table 1 we report the stoichiometry and cell constants
for both the manganese bismuth sulfide and selenide
phases. It should be noted that all attempts to prepare
stoichiometric MnBi,Se, failed. In this case we were
only able to produce non-stoichiometric phases. Mi-
croprobe analyses on single crystals showed no trace
of the elements of the flux medium (i.e. neither Rbn
or Cl). Chemical analysis of the Mn,,Bi,,S, sample
(from which the single crystal used in our X-ray structure
determination was selected) showed 0.16% Rb, 0.69%
Cl and no lithium (i.e. less than 0.15%). As the mi-
croprobe analysis shows no trace of Rb or Cl, the small
quantities of these elements found in the chemical

analyses could be due to the presence of a small amount
of a second phase. The amount of such additional
phases would perforce be quite small, as no extra
products are observed in the X-ray powder analysis
when the LiCI-RbCl flux is used. In this respect the
salt flux reactions differ markedly from reactions without
flux. In the non-flux reactions MnQ and Bi,Q, are both
observed, while in the flux reactions the ternary phases
are produced quantitatively and without such impurities.

Analysis of the X-ray powder spectra is given in the
supplementary material accompanying this paper (for
data please write to authors). These X-ray analyses
are complicated by the fact that the monoclinic cells
are generally similar to the dimensions of a twofold
larger end-centered orthorhombic cell. In the case of
Mn, 45Bi, 0sS, and Mny 6oBi, oS€, there is indeed a fusing
of the monoclinic X-ray diffraction lines in a pseudo-
orthorhombic pattern. Thus, for example the following
pairs of reflections merge into each other in the afore-
mentioned samples: (3,1,0)/(3,1,—3), (3,1,1)/(3,1,—4),
(1,1,4)/(1,1,-5), (5,1,—5)/(5,1,0) and so forth. These
four pairs of reflections are particularly important as
their calculated intensities are very different from one
another. For example the (3,1,1) reflection is six times
stronger than the (3,1,—4) reflection in the case of
MnBi,S,. We can therefore assign the correct unit cell
(in samples in which the lines are distinct) due to our
ability to associate the diffraction lines correctly within
each of the above pairs.

It would appear that the pseudo-orthorhombic merg-
ing of the X-ray powder lines in the case of Mng g5Bi, 0554
is not associated with the formation of a new structure
type since no extra single crystal diffraction spots were
observed at this stoichiometry. In addition, our solved
structure is compatible only with a monoclinic cell.
Finally, it may be seen that the evolution of the mon-
oclinic B angle progresses in a steady fashion on going
from MnBi,S, (115.05°) to MnggsBi, 0sS4 (115.69°) and
Mny 50Bi, 203, (116.69°). Such a change in angle au-

TABLE 1. Mn,_,Bi,,,Q, (Q=S, Se) phases and crystallographic cell constants

Compound  Microprobe Single crystal Starting a (A) b (A) c (A) B0 Volume
analysis X-ray refinement composition (A’)

MnBi,S, Mng.1303)Bio. 287010y S0.5740000 — Mnyg3;Big15S0se  12.744(1) 3.9048(4) 14.735(1) 115.048(8) 664.27

MnggsBiy 0s8s  MngiosayBiozoaySossiy — Mnyg 14Big26S0s0  12.799(2) 3.9268(5) 14.764(2) 115.69(1) 668.70
+ LiCI-RbCl

Mno.-,oBiz‘zoS" Mn0.109(3)Bi0.29(2)SO.60(2) Mno.mz(])Bio;zo(z)So_ss(l) MnolloBiongo_sg 12.869(2) 3.9546(6) 14.771(2) 116.690(9) 671.57
+LiCHRbCl

MngoBiygs5€s Mng1104Bio2o)S€osoqry — Mny 14BigasSe0so 13.357(1) 4.0730(3) 15.301(1) 115.887(8) 748.87
+LiCl-RbCl

MnggsBiy09S€s Mng.114Big265€0.62 -

Mnq,10Big3,Se0ss 13.374(4) 4.081(1)
+LiCI-RbCl

15.301(5) 116.26(2) 749.02
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tomatically ensures the fusing of X-ray powder lines
at some intermediate value and therefore there is no
reason to believe that a true orthorhombic phase is
formed.

In Table 2 the atomic positional parameters are listed
for a single crystal of composition Mng 7Bi; 25, We
refined this structure using, as an initial starting point,
the atomic positions of the HgBi,S, structure [6] for
which Mn atoms were placed in the positions originally
occupied by mercury atoms. The thermal parameters
for one of the sites (site M in Table 2) were unusually
small. We therefore allowed Bi atoms to also occupy
the M site. We constrained the Bi and Mn occupations
so that the M site was fully occupied. In the final stage
of our refinement we allowed all other atomic occupation
factors to refine. In the final refinement all thermal
factors were found to be of near equal size (U,, ranging
from 0.014 to 0.022). The largest remaining peak in
the Fourier difference map is a peak of 2.5 ¢ A3
which lies 0.90 A away from a bismuth position. The
final R/R,, value of the refinement is 3.3/3.7%. Bond
distances are reasonable and are reported in Table 3.
It can be seen in Table 3 and Fig. 3 (see below) that
the metal atoms adopt either an octahedral environment
(Bil, M and Mn) or a distorted monocapped trigonal
prism (Bi2). It is interesting that the Mn atom adopts

TABLE 2. Parameters for Mng,Bi,,S,

Atom x y z Occupancy U,

Bil 0.21382(3) 0  0.36436(3) 0.990(4) 0.0191(2)
Bi2 0.35275(3) 0  0.13777(3) 1.004(4) 0.0190(2)
M* 0 ¢ 05 1.00 0.0180(4)
Mn 0 6 0 0.79(1) 0.022(1)
S1 0.6602(2) 0  0.0418(2) 0.95(3) 0.013%9(9)
S2 0.0112(2) 0  0.1724(2) 1.00(1) 0.0160(9)
S3 0.6020(2) 0  0.4422(2) 1.00(1) 0.0187(10)
S4 0.8204(3) 0  0.3136(2) 1.00(1) 0.022(1)

"M is 40.0(5)% Bi and 60.0(5)% Mn.

TABLE 3. Bond distances in Mny;Bi,,S,

Atom Atom Distance (A)
Bil 182 2.8363(2)
183 2.7742)
283 2.965(3)
254 2.698(3)
Bi2 181 2.582(3)
281 2.984(2)
282 2.719(2)
254 3.431(2)
M (60% Mn/40% Bi) 483 2.714(2)
284 2.684(2)
Mn 481 2.720(2)
282 2.480(3)

a distorted octahedral environment with four coplanar
short equatorial Mn—S bonds and two longer axial Mn-S
bonds.*

The occupation factors of the various atomic
positions lead to an overall stoichiometry of
Mng 102¢1)Blo 3202)50.581)- This corresponds closely to the
initial composition of the reaction mixture which was
Mn, ;Big5:S0.5e- It can be seen that the charges of the
cations and anions are balanced if we assign +2,
+3 and -2 oxidation states to the Mn, Bi and S
atoms respectively (0.102X2+0.320x3=1.164~=1.16
=(0.58x2). As it appears safe to assume that the
oxidation states of the stoichiometric compound
MnBi,S, are also the same (as 1X2 (Mn)+2X3
(Bi)=8=4X2 (S)), we conclude that, over the entire
range of stoichiometries found in Mn,_.Bi,, S,
(0<x<0.3), the oxidation states of the Mn, Bi and S
atoms are constant. We therefore used the relative
concentrations of the Mn and Bi atoms (as deduced
from the microprobe analyses) to assign the nominal
compositions of all the phases reported in Table 1.

4. Discussion

The MnBi,S, structure is a member of the family
of structures which have glide plane twinned cubic
closest packed arrangements. These structures have
been extensively reviewed [1, 2]. It is useful to summarize
briefly the overall findings.

The parent structure for the entire family is the NaCl
structure. This structure has a cubic closest packed
array of Cl atoms in which all the octahedral holes are
filled. It is important to note that MnS adopts the
NaCi structure. The glide plane twinning is best under-
stood when the MnS structure is viewed down the [110]
crystallographic axis. This is shown in Fig. 1. It can be
seen that the sulfur atoms lie at either height 0 or
height §. Sulfur atoms at any given height form infinite
linear chains. These chains are shown at the top of
Fig. 1. At the bottom of Fig. 1 we show that these
chains together form sulfur octahedra which are filled
with Mn atoms.

*It should be noted that a Dy, distortion close to that observed
here is well known for Mn(III). However, this oxidation state
is not compatible with the stoichiometry derived from either our
single crystal X-ray work or the microprobe analysis. It should
also be noted that the Mn(III) D,, distortion generally has four
short and two long bonds [7]. We therefore do not believe that
the distortion in the Mn environment in Mng;Bi,,S, is due to
an Mn(II1) Jahn-Teller effect. Furthermore, it has been noted
(by the referee of this paper) that the short Mn-S bond is to
the four coordinate S2 atom while the longer Mn-S bond is to
the five coordinate S1 atom. This increase in coordination number
should induce a change in bond length of the type observed
here.
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Fig. 1. The MnS structure (NaCl structure type) viewed down
the [110] crystallographic axis. At the top of this figure we
emphasize the infinite linear chains of atoms running in the
horizontal direction. Underneath we show the sulfur octahedra
present in the crystal.

Fig. 2. The Bi,S; structure (Sb,Se; structure type) viewed down
the [010] crystallographic axis. At the top of this figure we
emphasize the infinite zigzag chains of atoms. At the bottom we
emphasize the distorted octahedral and monocapped trigonal
prismatic environments of the Bi atoms. The octahedra are highly
distorted in this picture. In the case of the monocapped trigonal
prisms the Bi atom has shifted away from the center of the
trigonal prism to allow closer approach to the capping S atom.

In Fig. 2 we show the structure of Bi,S;, the other
binary sulfide which is relevant to this study. It can
be seen that the infinite linear chains present in the
MnS structure have now taken on a zig-zag form (see
the top portion of Fig. 2). As the number of sulfur
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atoms that remain in a single line segment is three,
this zigzag pattern is generally called (3,3). It has been
discussed [2] that this (3,3) zigzag pattern can be related
to the change in stoichiometry on going from MnS to
Bi,S;. To understand this it should be noted that each
zig or zag converts two octahedra into three tetrahedral
and a trigonal prism. The tetrahedral sites are small
and remain unoccupied. Thus the overall number of
available cation sites is reduced by the zigzag pattern.
If the average length of the zigzag line segments is »
then the ratio of cation sites to anion sites is (n—1):
n. For example, in the case of Bi,S, the average zigzag
line segment is n=3. This corresponds to the 2:3
stoichiometry found in these phases (as n =3 and hence
n—1=2). Similarly, in the case of MnBi,S, the average
zigzag length should be n=4 as the ratio of cations
to anions is 3:4. In Fig. 3 we show that this is indeed
the case. The overall zigzag pattern for MnBi,S, and
MnBi,Se, is in fact (5,3) (i.e. the (5,3) pattern has a
value of n=4 as four is the average of five and three).
It is of particular interest though, that this overall
pattern is maintained even when the compound is quite
defective in Mn. For example, in the case of the
Mn,_,Bi,, S, phases the overall ratio of cations to
anions ranges from 0.75 to 0.725. By contrast, in the
case of Pb,_,Bi,.,S, compounds there are three dif-
ferent compounds formed in this range. These are

Fig. 3. The Mn, _,Bi,,,S, (0 <x<0.3; y=0.667x) structure {(defect
HgBi,S, structure type) viewed down the [010] crystallographic
axis. At the top of this figure we emphasize the infinite zigzag
chains of atoms and at the bottom we show the octahedral and
monocapped trigonal prismatic arrangements of the sulfur atoms.
Bond distances are given in Table 3. The similarity between the
monocapped trigonal prismatic Bi atoms here and those of Bi,S,
shown in Fig. 2 should be noted.
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PbBi,S, (0.75 ratio), Pb,BisS,; (0.727 ratio) and
Pb3Bi, S, (0.722 ratio) [8]. In the lead bismuth sulfides
there are certain discrete line phases with fixed cation
to apion ratios. Intermediate phases will then dispro-
portionate into the neighboring line phases in the
PbS-Bi,S; phase diagram. By contrast the MnS-Bi,S,
phase diagram is (at least at the temperature of crystal
formation) not composed of compounds with a precise
stoichiometry. Instead there is an interplay of extended
defects, which lead to specific zigzag line segments,
and point defects which allow play within a given
structure type.
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