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AsSTRACT

The systems of Pb-Sn and Sb-Bi chalcogenides were examined for the formation of solid solutions. In the sysrem
PbS - PbSe - SnS - SnSe at 500'C, both cubic (NaCl-type) and orthorhombic (GeS-fype) solid solutions are extensive,
whereas in the system PbSe - PbTe - SnSe - SnTe, the cubic solid-solution is the dominant phase, and the orthorhombic sotd-
solution is limited to the SnSe comer. Between Pb-Sn sulfides and tellurides, ranges of solid solution are restricted. In the
Sb-Bi chalcogenides, the systems Sb2S3 - SbrSq - Bi2S3 - Bi2Sq and Sb2Sq - Sb2Tq - BirSq - Bizft: at 500oC are
characterized by extensive orthorhombic and hexagonal solid-solutions, respectively. Tetradymite is stable in the sysrem
Sb2S, - Sb2Tq - BirQ - Bi2Tq at 500'C. Several ranges of solid solutions that forrn in these systems cannot be successfrrlly
explained by using ionic size and electronegativity, the traditional parameters. Q and Ro of St. John & Bloch (1974) are used
to differentiate between NaCl- and Ges-type structures ia the case of Pb-Sn chalcogenides and between stibnite- and
tetad)'nite-type structures in fhe case of Sb-Bi chalcogenides. The two parameters are defined by r" and ro, the radii of the
s andp orbitals. For a bond between atoms A and B, they can be calculated as follows:

_  RP=$+n |= (d* * t+ (d - f )
ano

Rp =ng +p$ = (d+ d)-(/F + r;).

Keywords: solid solution, Pb-Sn, Bi-Sb, chalcogenide, structure type.

SoNfirtans

Nous avons 6tudi6 1'6tendue des solutions solides dans les systbmes de chalcog6nures I Pb-Sn et b Sb-Bi. Dans le systbme
PbS - PbSe - SnS - SnSe l 500'C, deux solutions solides, cubique (structure du NaCl) et orthorhombique (structure du GeS),
occupent une grande 6tendue, tandis que dans le systbme PbSe - PbTe - SnSe - SnTe, la solution solide cubique est
dominante, et la solution solide orthorhombique est limit6e aux compositions riches en SnSe. Entre les sulfures et les tellurures
i Pb-Sn, l'€tendue des solutions solides est limitde. Dans le cas des chalcogdnures a Sb-Bi, les systbmes SbrS, - SbrSq -
Bi2S3 - BirSq et Sb2Sg - Sb2Tq - BirSq - Bizftl a 500'C montrent une large 6tendue des champs de iolution solide
9{{t9$ombique et hexagonale, respectivemenl La t6tradymite est stable dans le systlme Sb2S3 - Sb2Tq - BrzS: - Bi2Tq d
500"C. Dans plusieurs cas, les paramdtres traditionnels, rayon ionique et 6lectron6gativit6, ne sehblent pas utiles pour
expliquer l'6tendue des solutions solides. Nous nous servons plut6t des parambtres $ et ,Ro de St. John et Bloch (1974)
pour diff6rencier dans les chalcog6nwes i Pb--Sn, ceux qui adoptent les sfiuctures de type NaCl et GeS, respectivemen! er
dans les chalcog6nwes a Sb-Bi, ceux qui adoptent les structues de type stibine et tdtradymite, respectivement. Ces deux
paramdtres d6pendent de r" et r' les rayons des orbites s et p; pour une liaison entre les atomes A et B, ils sont d6finis corlme
slllr:

f f=g+nf =(d*4t+(d- 'P)
RgB =ft9+R| = (f + d) _ (4 + d).

Mots-cl6s: solution solide, Pb-Sn, Bi-Sb, chalcog6nure, type de structure.
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IxrronucrIoN

Pb-Sn and Sb-Bi are two pairs of elements that
exhibit many similalilies in crystallochemical proper-
ties such as ionization potential, electronegativity, and
both ionic and covalent radii (Wells 1984). They are
thus considered in each case as similar cations in the
formation of compounds and solid solutions. There
are, ho'ivever, some differences. The most distinct one
is that Sn exists in both divalent and tetravalent states
and forms SnX, Sn/3 and SnX2 with chalcogenide
elements, whereas PbX is the only type of lead chalco-
genide. Both Sb and Bi form chalcogenides, Sb/3 or
Bi/r, but they crystallize with two distinct structural
fypes.

The similarity and contrast of Pb-Sn and Sb--Bi in
chalcogenides were examined in the systems PbS -
SnS - PbSe - SnSe, PbSe - SnSe - PbTe - SnTe, PbS
- SnS - PbTe - SnTe, Bi2S3 - Sb2S3 - Bi2Se3 -
Sb2Sq, Bi2Sq - Sb2Sq - Bizfte - Sb2Te3, and Bi2S.
- Sb2S3 - Bizft: - Sbzfta. End members of the sys-
tems under consideration that occur in nature include
galena (PbS), clausthalite (PbSe), altaite (PbTe),
herzenbergite (SnS), stibnite (Sb2S3), telluroanti-
monite (Sb2Te3) (Chizhikov & Shchastlivyi 1970),
bismuthinite (Bi2S3), guanajuatite and paraguana-
juatite (Bi25e3) (Earley 1950, Chizhikov &
Shchastlivyi 1968), tellurobismuthite (Bi2Te3)
(Chizhikov & Shchastlivyi 1970). Other minerals with
reported compositions in the systems are teallite
(Chang & Brice 1971), tetradymite (Harker 1934),
kawazulite (Miller 1981) and skippenite (Johaa et al.
1987).

E:<prruwNrer Pnocsu,IREs

Starting compositions were prepared from reagent-

grade lead, tin, antimony, bismuth, sulfur, selenium,
and tellurium; all have 99.95Vo purity or better. Heat
treatment was made in electric furnaces in which the
temperatures were conrolled to within t2oC, and
the conventional technique of sealed, evacuated glass
capsule (Kullerud & Yoder 1959) was used.
Generally, the duration of treatment ranged from
60 days at 500'C to 1 day at 900'C and above. At the
end of the heat treatment, the samples were quenched
with compressed air. As a test of equilibrium, some
samples were heated to complete melting, quenched,
ground under acetone, and annealed at the desired
temperatures for the same length of time as their
counterparts. If the final assemblages showed no
differences caused by changing the procedure, equi-
librium is assumed to have been attained.

X-ray powder diffraction, reflected-light micros-
copy and electron-microprobe analysis were used
for phase characterization. Cell dimensions were com-
puted with a least-squares refinement program @enoit
1987). Solidus and liquidus were drawn on the basis of
microscopic observations. The error is estimated to be
less than 2.5'C. Phase boundaries in the subsolidus
region were constructed by both pararnetric and phase-
disappearance methods (Cullity 1956).

Tun Pb--Sn CHarcocrNDss

Phase rebrtons along the binary joins

All PbX have the NaCl-type structure, whereas SnX
chalcogenides crystallize with either GeS- or NaCl-
type structure (Wiedemeier & von Schnering 1978).
For the three PbXl - PbX2 - SnXl - SnX2 monochalco-
genide systems (X1 and X2 are used to represent any
two of the three chalcogen elements, S, Se, and Te),
there are nine boundary joins. Among lead chalco-

Toc

Frc. 1. Phase relations along the
join PbSe-SnSe. Solid circle
and half-filled circle
represent one- and two-phase
assemblages, respectively.
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genides and among tin chalcogenides, equilibrium
relations have been established. Complete series of
solid solutions exist along the joins PbS-PbSe,
PbSe-PbTe (Liu & Chan9 1994) and SnS-SnSe (Liu
& Chang L992), eutecnc relations with and withour
extensive terminal solid-solutions are present along
the joins SnSe-SnTe and SnS-SnTe (Liu & Chang
1992), respectively, and an immiscibil i ty dome
characterizes thejoin PbS-PbTe (-iu & Chang L994).

Equilibrium relations along the join PbS-SnS were
studied extensively because of the presence of teallite
@bSnS) in nature. Krebs & Langner (1964) proposed
fwo range$ ofsolid solution, separated by a two-phase
region with compositions from 90 to 55 molTo PbS.
Kuznetsov &Li (1964) established a solid solurion
series ranging from 30 to 53 mol%o PbS, and con-
firmed the existence of PbSnS2. An equilibrium study
by Chang & Brice (1971) showed that between SnS
and PbSnS2, a complete series of solid solutions
exists, with melting temperature decreasing from
875'C for SriS (herzenbergite) to 725"C for PbSnS,
(teall ite). A eutectic relation exists between
PbSnS2 and PbS (Chang 1987). Above 600'C, SnS
has a nonquenchable phase-transition (Moh 1969).

Along the join PbSe-SnSe, Woolley & Berolo
(1968) established the boundaries of PbSe-based solid
solutions, Pbr_rSn Se, above 700oC, with.r equal to
0.425 at 870'C, 0.390 at 800'C" and 0.385 at 700'C.
Two terminal solid-solutions were defined above
800'C by Latypov et al. (1971), separated by a two-
phase region extending from 37 to 82 mol%o SnSe. The
join was found to have a peritectic point at 880"C and
approximately 70 molVo SnSe. Results from the
present study (Fig. L) correlate well with previous
determinations, and extend phase relations to 500'C.
The cubic solid-solution has ranges extending to
4l molc/o SnSe at 500'C and 48 mol%o SnSe at 880oC,
the peritectic temperature. The ranges of the ortho-
rhombic solid-solution vary from 78 moT%o SnSe at
500"C to 72 mol%o SnSe at 880'C. The separation
between solidus and the liquidus in the compositions
richer than 75 mol%o SnSe is too narrow to be experi-
mentally detectable.

A complete solid-solution series of the NaCl-type
structure erists along thejoin PbTe-SnTe (Abrikosov
et al. 1958, Hiscocks & West 1968).

Phase relations in the systems of Pb-Sn chalcogeniles

Phase relations in the system PbS - PbSe - SnS -
SnSe at 500'C are shown in Figure 2a. Two series of

Ftc. 2. Phase relations at 500"C in the systems (a) PbS -
PbSe - SnS - SnSe, O) PbSe - PbTe - SnSe - SnTe and
(c) PbS - PbTe - SnS - SnTe. Liquid-solid equilibria at
900'C also are shown and represented by dashed lines.
The "s" denotes the solidus, and the'1", liquidus. Tie lines
in the rwo-phase region are represented by dotted lines.
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solid solution exist, a cubic solid-solution along the
PbS-PbSe series and an orthorhombic solid-solution
along the SnS-SnSe series. The boundary lines that
delimit the ranges of both series in the system demon-
strate tlat substitution between lead and tin in the
presence of both sulfur and selenium follows the same
trend as that established along the binary joins
PbS-SnS and PbSe-SnSe. With an increase in Se
content, the amount of tin in the cubic solid-solution
increaseso and the amount of lead in the orthorhombic
solid-solution decreases. Also shown in Figure 2a are
liquid-solid equilibria at 900'C. The preferred substi-
tution of Pb by Sn in the selenide-rich solid-solution
becomes less significant. Cell dimensions of both
cubic and orthorhombic solid-solutions were calcu-
lated, their variations with composition in the system
are shown in Figure 3. T'he a dimension of the cubic
solid-solution decreases with increase in sulfir and tin
contents. In the orthorhombic series, an increase in S
content causes a decrease n a, b, and c dimensions,
whereas an increase in Sn content causes a decrease
in c. but an increase inb and c.

Phase relations in the system PbSe - PbTe - SnSe -
SnTe are shown in Figure 2b. At 500'C, the system
consists of two solid-solution series, as in the pre-
ceding system. The orthorhombic solid-solution, how-
ever, occupies only a small region restricted to the
SnSe corner. At 900oC, liquid dominates the system,
and forms a two-phase assemblage with the cubic
solid-solution, which reduces its range to the Pb-rich
region. The cell dimension of the cubic solid-solution
decreases l inearly as the content of Sn and Se
increases (Fig.a).
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Frc. 4. Variations of cell dimensions with composition for the
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The system PbS - PbTe - SnS - SnTe is charac-
terized by the presence of a three-phase region that
consists of two cubic solid-solutions and atr
orthorhombic solid-solution at 500"C (Fig. 2c). The
ranges of solid solution,9 moL%o PbTe in SnS and
L9 molVo SnS in PbTe at 500'C, as estimated by
Matyas (1985), were not confirmed. Experimental data
obtained in the present study demonstrate the absence
of solid solution along the join PbS-SnTe, although
Matyas & Borisenko (1990) proposed 30 molTo PbS in
SnTe and 20 molVo SnTe in PbS at 500'C. At 900'C,
cubic solid-solutions are stable only at the PbS and
PbTe corners.

TnE Bi-Sb Cuar,cocsNrDEs

Phase relations along the boundary joins

The six simple stoichiometric chalcogenides of Sb
and Bi can be divided into two groups: the ortho-
rhombic stibnite-type (Sb2S3, Sb2Se, and BirSr) struc-
tures and the hexagonal, tetradymite-type (Sb2Tq,
BirSe, and BrzTq) structures.

SbrS3 and SbrSe, form a complete solid-solution
series; a minimum on its solidus and liquidus at 550.C
and 70 molTo Sb2S3 was found in the present study,
which correlates well with results of Ivl ieva &
Abrikosov (1964). Variations of cell dimensions show
that a has a linear relation, bhas a positive deviation,
and c has a negative deviation with composition.
Phase relations along thejoin Sb2Sr-Sb2Te3 from the
present study illustrate a simple eutectic relation with
a eutectic point at 82.5 molTo SbrS, and 480oC, which
are different from previously published results of
Ivlieva (1971) and Gospodinov et al. (1974). The
former proposed the existence of a "6"-ph!tse that has
an excess of Sb over that in stoichiometric Sb,Te. in
equilibrium with liquid, whereas the latter reported"the
existence of a solid solution that extends from Sb,S"
to 30 mol%o SbrTe, at 450oC. The join Sb2se3-Sbrfq
has been studied by several investigators. Ivlieva &
Abrikosov (1964) established a eutectic relation with a
eutectic point at L8 molVo Sb2Te3 and 500"C. Two
solid-solution series exist at 560'C, one from Sb"Se"
to Sb2(Ses.e5Teo.os)>: and the other from SbrTe. t6
Sbr(Seo.uuTeo.s)>a. Palkina & Kuznetsov (1965)
reported a miscibility gap between 46.5 and 97 mol%o
SbtSe, at 500'C along this join. An ordered phase of
composition Sb2SeTe2 was reported by Molodkin
et al. (L979) on the basis of measurements of thermal
conductivity and electrical conductivity, although
superlattice reflections were not observed in X-ray
powder diffraction. Andriamihaja er al. (1985) found
fwo solid-solution series over the ranges of 0 3 I < I
and I S x 3 2 of. the SbrSe"Ter_", both based on the
Sb2Teu structure but differing in space groups (R3m
and R3m). Results obtained in tle present study are
shown in Figure 5a, with the Sb2Tq-based solid-

solution series extending to 45 molTo Sb2Sq, and the
Sb2Se3-based solid-solution series extending to
l0 mol%o Sb2Tq. Both a and c dimensions decrease
with increasing So conlent and show a tregative devia-
tion from Vegard's law.

Phase relations along the join Bi2S3-Bi2Sq are
shown in Figure 5b. Between two series of solid solu-
tions, tlere exists a eutectic relation with a eutectic
point at 680'C and 23 mol%o Bi2Sr. The orthorhombic
series extends to 70 molvo Bi2Sq at 690'C and to
63 molc/o BirSe, at 300oC, whereas the ranges of the
hexagonal series are from BirSe, to 19 mol7o Bi2S3
and from Bi2Se3 to 15 mol%o Bi2S, at 690" and 300'C,
respectively. The phase reldtions established correlate
in general with published results of Beglaryan &
Abrikosov (1959), Godovikov & Nenasheva (1966)
and Neumann & Scheidegger (1967). Cell dimensions
of both orthorhombic and hexagonal solid-solutions
show a linear dependence on composition. Tetra-
dymite is a stable phase along the join BirS,-Bi2Ter;
its composition varies from Bi2S1.2Te1.s to Bi2STe2.
It forms a eutectic relation with each of Bi2S3
and Bi2Tq. Invariant points occur at 620"C alo.d
45.5 molVo Bi2S3 and 580"C and 90 molVo Bi2Te,
(Fig. 5c). Results match well with published data of
Beglaryan & Abrikosov (1959) and Kuznetsov &
Kanishcheva (L970), but are at variance with Glatz's
(1967) results. The join Bi2S3-Bi2Te3, as interpreted
by Glatz, consists of two compounds, a congruently
melting y-phase (y-tetradymite) and an incongruently
melting p-phase (p-tetradymite). Between Bi2Se3 and
Bi2Ter, a complete solid-solution series exists without
marimum or minimum on the liquidus and solidus.
Both a and c decrease from Bi2Tq to Bi2Sq, but a
linear relation exists only in the a dimension. Several
members of the solid-solution series have been
reported in nature, including Bi2Te2Se, Bi2TeSer,
Bi2Te1.5Se1.5, 8i2Te1.55Se1.45 and Bi2Te1.e6Sel.no
(Miller 1981). Kawazulite is an ordered tetradymite-
type mineral of composition Bi2Te2Se, with Se occu-
pying the S position (Bland & Basinski 1961).
Although its crystal structure has not been determined,
skippenite may have an ordered arrangement of Te
and Se of the type Bi2(Tee.5See.r)rSe. Neither
kawazulite nor skippenite was synthesized in the
present study at temperatures above 500oC.

Along the join Sb2S3-Bi2S3, there is a complete
solid-solution series with monotonic solidus and
liquidus (Bondar 1966, Springer & Laflamme 1971).
Members of the solid-solution series along the join
Sb2Tq-Bi2Te, melt over a very narrow interval of
temperatures between 625'C (Sb2Tq) and 587'C
(BirTer). The melting curve seems to be monotonic
and stghtly convex. Bekebrede & Guentert (1962) nd
Abrikosov et al. (1979) reported comparable results.
Smith er al. (L962), however, observed that the
liquidus and solidus coincide at 33.3 and 66.7 molVo
Sb2Tq. Linear relations were observed between
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cell dimensions and composition along the
joins SbrS3-Bi2S3 and Sb2Te3-Bi2Te3. The join
Sb2Sq-BirSe3 consists of two solid-solution series,
wittr the orthorhombic one ranging from SbrSe, to
53 mol%o Bi2Sq and the hexagonal one from Bi2Se3
to 25 mol%o Sb2Sq. A peritectic point was established
at 64O"C and 30 molTo BirSe, (Fig. 5d). The cell
dimensions in both series show a linear dependence on
composition.

Phase rehrtons in thz systetns
of Sb-Bi chalcogenides

Phase relations in the system Sb2S3 - Sb2Sq -
Bi2S3 - BirSq at 500"C are shown in Figure 6a. The
orthorhombic solid-solution, including three (Sb2ft,
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Solld
Solutton

Frc. 6. Phase relations at 500oC in the systems (a) Sb2S, -
Sb2Sq - Bi2S3 - Bi2Sq, (b)Sb2sq - Sb2Tq - Bi2Sq -
Bi2Tq and (c) Sb2S3 - Sb2Tq - Bi2S3 - Bi2Tq.

Sb2Sq, and Bi2S3) of the four end members, domi-
nates the system with an extensive single-phase
region, the limits of which may be represented by a
line connecting Bi2(Ss.35Seo.os): along the join
BirSr-Bi2Se, to (Sbe.a7Bie.sr)zSel. The hexagonal
solid-solution and a two-phase region exist beyond
this line toward Bi2Se3. The cell dimensions of the
orthorhombic solid-solution in the system were mea-
sured along the joins Sb2Sq-Bi2S3 @ie.7a).

In the system Sb2Sq - SbrTg - Bi2Sq - Bi2Tq,
members have the hexagonal structure except for
Sb2Se3. Therefore, the hexagonal solid-solution is the
dominant phase (Fig. 6b), and its range may be
delimited by a line connecting (Sb6.TBis.7t2S% and
Sbr(Ses.65Tee35)3. Thus three solid solutions exist
beyond this line toward Sb2Se3. The cell dimensions
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were measured along the join Sb2(See.5sTes.5q)3
-Bi2(See.5sTe.0.5s)3 to assess their dependence on com-
position. Both curves as shown in Figure 7b illustate
a negative deviation from linearity.

Phase relations in the system Sb2S3 - Sb2Te, -
Bi2S3 - BirTe, are characterized by the presence of
tetradymite @ig. 6c). With a constant S/Te ratio, Sb
replaces Bi in tenadymite, to an extent of 83 molVo,
which forms equilibrium assemblages with Sb2S3,
Sb2Tq and the liquid phase stable along the join
Sb2S3-Sb2Te3. A tetradymite-based solid solution
edsts in equilibrium with (Sbpi,_,)2S3 solid solution
in the sulfir-rich region, and with (Sbpi1_)2Tq solid
solution in the tellurium-rich region. The variation of
cell dimensions with composition of the tefiadymite
solid-solution is shown in Figure 8.

DrscussroN or Rrsurrs

The phase relations established have demonstrated
tlat Sn and Pb do substitute for each other in their
sulfideso selenides, and lellurides, as expected from the
similarities in their crystallochemical parameters.

However. there are distinctions in the extent of their
substitutions. Along the join PbS-SnS, SnS can take
up to 55 molTo PbS, whereas only 5 molTo SnS can be
accommodated by PbS (Fig. 2a). These extents of
substitutions are not expected, judgrng from the rela-
tive sizes of Pb2+ and Sn2+. because Sn2* is smaller
than Pb2+ and should more easily go into the structure
of PbS than Pb2+ into the structure of SnS.

In the systems Sb2S3 - Sb2Sq - Bi2S3 - Bi2Sq and
Sb2Se, - Sb2Tq - Bi2Sq - Bi2Te3 @gs. 5, 6), the
phase relations established illustrate the fact that in
the presence of a similal pair of cations (Sb-Bi) and
anions (S-Se and Se-Te), extensive ranges of solid
solutions can be expected. Distinct features estab-
lished are: (1) the solubility of Bi2Sq in Sb2Sq is
greater than that of Sb2Sq in Bi2Sq, altlough the
ionic radius of Bi is larger than that of Sb, (2) the solu-
bility of BirSq in Bi2S3 is greater than that of Bi2S3 in
BrzS"l, although the ionic radius of Se is larger than
that of S, and (3) the solubility of BirSq in SbrS, is
greater than that of Sb2$ in Bi2Sq, although the ionic
radii of Bi and Se are larger than those of Sb and S,
respectively.
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Ftc. 8. Variations of cell dimensions a (top) and c (bottom) with composition for
tetradymite-based solid solutions: (A) Bi2STe2-"Sb2STe2" series, and (B)
B12Sl.2Tgl.8-"Sb2Sl.2Tel.8- series. Estimated standard erors are <0.003 A for a and
30.005 A for c.

The 'oabnormal" substitutions illustrated in the
systerns cannot be successfully explained by utilizing
the raditional parameters, i.e., ionic radius and
electronegativity. Ionic size has been successfully
used in prediction of coordination number of the
atoms in ionic compounds, but not so for covalent

compounds, especially when fractional bonds are
involved. The difference in electronegativity (AE) has
been used in estimating ionocovalent character of the
bonds, with a smaller AE for a higher covalency
(Megaw 1973, Wells 1984).

On the basis of calculated radii of the s and p

A
.B
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orbitals, St. Johtr & Bloch (1974) introduced two para-
meters, Ro and R . For a bond between atoms A and
B, the two parameters are calculated as:

RP =R$+nB = (4 + "i) 
- (f +'l) (1)

and
RP =4 + RBn = @l+ri) + (ro"-f) (z)

where r" and r, are the radii of the s and p orbitals.
According to equation (l), Ro (R$ and R3) in-

creases with the size of an atom and is a measure of its
ability to capture available electrons. Therefore, Rfl
reaches a maximum when the bond is sfiongly ionic
and should chnactetize the ionocovalent character of
a bond. Its function is thus analogous to nF.. nf and
Rf; in equation (2) measure the difference in raarnus of
the s andp orbitals and can be used to characterize the
degree of s-p hybridization. Where Rp is large, s-p
hybridization is difficult, and the bond will be of
p-type. Where these p-orbitals are not fully filled,
resonance occurs. The bonding may thus be con-
sidered as delocalized and covalent" as an electron-
density map of Pbs shows (Noda et al. 1983), or it has
some metallic character. Therefore, Rfl can be used
as a measure of the covalometallic character, where
only s andp orbitals are involved. By using Rn and Ro,
Pote (1983) consffucted a structural map to differen-
tiate NaCl-, GeS-, P(black)-, TII- and CsCl-type com-
pounds.

The structure types, coordinations, AIi and ionic
radius ratios of Pb& SnX, Sb2X3 and Bi/, (X S, Se
and Te) are listed in Table L. The values of AE (Bloch

TAIIE ].. STII'CN'BE TI?88, COOBDINATION NOUBESS, VALIES OT AE.
AND X.ADMs BATIOS OI' 8[. Fb. 8b AND Bt ffiMES

& Schatteman 1981) of the pairs PbS-SnS,
PbSe-SnSe and Sb2Sq-Bi2Se3 are nearly tle same,
and their respective ratios of ionic radii (Shannon &
hewitt 1969) also are very close. Yet each pair shows
different coordination numbers and crystal structures.
PbS and PbSe have the NaCl-type structure, whereas
SnS and SnSe crystallize with the GeS-type structure.
In the GeS-type structure (Wiedemeier & von
Schnering 1978), a 3+3+1 coordination in the form of
a distorted octahedron exists. Sn has three sulfur
atoms ?t 2.665,2.665,2.627 L, three at 3.290,3.290,
3.388 A, and one at 4.O93 A in SnS, and tbree seleni-
um atoms at ?.793, 2.793, 2.7M A, three at 3.343,
3.343,3.468 A, and one at4.L03A in SnSe. In relation
to the NaCl-type, the GeS-type structure can be trans-
formed by a shift of al2 to a NaCl-type arrangement.
Sb2Se3 has the stibnite-type structure (Bayliss &
Nowacki 1972), whereas Bi2Sq crystallizes with the
tetradymite-type structure (Harker 1934). In Sb2Se3
(Iideswell et al.1957, Voutsas et al.1985), Sb occu-
pies fwo structural positions. The lnt Sb-polyhedron
has three selenium atoms at 2.66 A. tlree at 3.22 to
3.26 L, and one at3J4 A., which is identical to the Sn
polyhedron in SnS and SnSe;^the second Sb^-polyhe-
dron has one Se atom ar2.58 A,two at2.78 A, two at
2.98 L, and two at 3.46 4,, which may be considered
as a 5 + 2 coordination. In the tetradymite structure, Bi
has an octahedrally coordinated group.

Figure 9 illustrates the Rfl - rRp relationship of
these chalcogenides. As shown, the structural transi-
tions in ttrese compounds are mainly caused by the
change in covalometallic character, and ionocovalency
may not play even a minor role in tlre transition from
the GeS- to the NaCl-type. Therefore, AF. is not suffi-
cient to characteize the structure and bonding of the
compounds in these cases. Figure 9 also shows that
the metallic character of the bonding increases from
stibnite- to galena-type sftuctures. In these sffuctures,
the nature of the bonding changes from sp3 hybridiza-
tion to delocalized p-bonding, which is manifested by
the three bonds + one lone-pair coordination in the
former case @ayliss & Nowacki 1972) and the regular
octahedral coordination in the latter case (Wells 1984,
Olivier-Fourcade et al. 1990\. The GeS- and
tetradymite-type Structures have similar range of RP
values. The difference in their coordination numbers is
also very small.

The ftansition between NaCl- and GeS-type struc-
tures in Pb-Sn chalcogenides is mainly caused by
covalometallic character (Rfl), with the bonding in
the NaCl-type structures being more metallic. Because
of the small RP value for Sn-S, it is very dfficult for
SnS to be accorrmodated by the NaCl-type structure.
On the other hand, PbS is at tle boundary between
NaCl- and GeS-type structures. Therefore, it readily
goes into the solid solution based upon the SnS struc-
ture.

The transition between tetradymite- and stibnite-

Sa Stdctua Ttp€

c . N .
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3+3+1
o.77
0 . 5 r

CaS

3+3+1.
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0.39
o,42

Pb Stdcture Typ6
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NsCl

6

o . 7 6

0 . 6 5

NeCL

0 . 5 0
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0 . 3 8

0 . 5 4
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0 . 3 6  0 . 1 9
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Bi Stnc$re Type Stllll.te TelladJEXte TetladFlte
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0.54

o.Q

o.38

type structures is also mainly caused by the covalo-
metallic character (,qs). Bi2S% must have a value of
Rp close to the structural boundary, so it crystallizes
with the tetradymite structure and can be readily
accornmodated by the stibnite-type shucture.
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