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The Sb,S;~PbS phase diagram suggests that Sb,S; is not able to incorporate PbS into its structure to
form nonstoichiometric compounds. This has been verified when Sb,S; is reacted with PbS at 748 K.
However, in samples which were melted and then cooled, powder X-ray diffraction showed that a
nonstoichiometric form of Sb,S; was produced in the composition range between Sb,S; and the eutec-
tic point at approximately 77 mole% Sb,S; : 23 mole% PbS. Transmission electron microscopy showed
that three defect types accounted for this nonstoichiometric region. These were (i) at lowest PbS
concentrations, clusters of new structure coherenily intergrown within the Sb,S; crystals; (ii) at about
15 mole% PbS lamellae of a new structure coherently intergrown with the Sb,S; matrix along (101)
planes; (iii) at the highest PbS concentrations, near to 20 mole% planar faults on (100) planes of the
Sb,S; structure. Beyond the eutectic point X-ray diffraction showed that only ordered material

formed. © 1986 Academic Press, Inc.

Introduction

The increasing use of electron micros-
copy to study the microstructures of non-
stoichiometric compounds has revealed
that point defects are by no means the only
way of accommodating changes in non-
metal-to-metal ratio structurally. These re-
sults have had a wide bearing on crystal
chemistry and have lead to considerable
revision of theoretical models to account
for the formation and stability of non-
stoichiometric compounds. In addition, the
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results are also of relevance to applied re-
search, as many nonstoichiometric mate-
rials are of use as electronic components, as
catalysts, and lately in applications involv-
ing integrated optical engineering.

The experimental data so far assembled
relates mainly to oxides, and in particular
to a group of oxides which form crystallo-
graphic shear structures as their stoichiom-
etry is varied. In order to broaden the base
of experimental results, it is important to
study as many other nonstoichiometric
phases as possible. One family which lends
itself to such a study is the so-called sulfo-
salt group of compounds. These are princi-
pally compounds formed between PbS and
the group V sulfides of As, Sb, and Bi.

The sulfosalts are widespread in nature,
and although usually found as accessory
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Fi1G. 1. Schematic depiction of the structure of Sb,S,
projected onto (010). The structure is composed of
infinitely long ribbons, four half octahedra wide shown
as black or white triangles, in this projection. The rib-
bons outline the positions of the sulfur atoms; the
metal atoms are not shown.
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minerals, they are of considerable interest
to mineralogists as geological indicators.
Thus phase diagram data is available which
shows that a large number of complex
phases form in these systems, many of
which would appear to be ideal for study by
electron microscopy. In order to clarify de-
tail as much as possible, we have chosen to
work with synthetic compounds prepared
from high-purity chemicals rather than to
examine minerals. Part of these studies, on
some aspects of the PbS-Bi,S; and PbS—
Sb,S; systems, have already been published
(1-3). The present paper reports on a high-
resolution electron microscope study of the
Sb;Ss-rich region of the PbS-Sb,S; system.
Despite the fact that previously published
phase diagrams indicated that this part of
the composition range contained no non-
stoichiometric compounds, a number of
new structures have been found, and new
methods of accommodating changes in the
anion to cation ratio in nonstoichiometric
Sb,S; have been discovered and presented
in this paper.

Previous Studies

The system Sb-S was examined by Han-
sen and Anderko (4) who found only one
stable phase, of composition Sb,S;, which

melted congruently at 844 K and appeared
to exhibit no composition range. The struc-
ture of Sh,S; has been refined by Bayliss
and Nowacki (5) and is shown in Fig. 1. Itis
orthorhombic, with a = 1.13107 nm, b =
0.3836 nm, ¢ = 1.12285 nm and is isomor-
phous with Bi,S; (6). The structure can be
described as made up of infinite ribbons of
four square pyramids, running parallel to
the b axis. The square pyramids can be for-
mally converted to octahedra if the lone-
pair electrons associated with the Sb atoms
are considered, for packing purposes, as
anions in the manner described by Anders-
son and Astrém (7). An alternative way of
describing the structure in terms of trigonal
prismatic coordination has also been uti-
lized (8). Only one previous electron micro-
scope study has been made on Sb,S; (9).
This involved examination of thin evapo-
rated films of Sh,S; and so is not of direct
relevance to the present work on massive
crystals. However, it can be noted that a
variety of defects were found, but as the
study was at low resolution, their struc-
tures were not determined.

All previous studies of the Sb,S;-rich half
of the PbS—Sb,S; system report only a sim-
ple eutectic occurring at approximately 22
mole% PbS with a eutectic temperature
close to 818 K. The only phases found were
Sb,S; itself and PbSb,S,, which corre-
sponds to the mineral zinckenite. The
structure of the phase zinckenite has been
determined by Portheine and Nowacki (10)
as hexagonal with a = 2.2148 nm and ¢ =
0.4333 nm.

Previous work on phase relations, partic-
ularly with respect to the composition
range of Sb,S;, is not altogether of one
mind. A study by Craig et al. (11) showed
Sb,S; not to exhibit any solid solution range
towards PbS. Its melting point was found to
be 853 + 3 K. These results are very similar
to those of Garvin (12) except that Sb,S;
was found to melt at 848 K. In contrast to
these studies, Salanci and Moh (/3) re-
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ported that Sb,S; had a composition range.
Sb,S; was found to show a maximum solu-
bility of PbS of 1.5 mole% at the eutectic
temperature of 819 = 3 K. The melting
point of Sb,S; was found to be 856 = 3 K. A
more recent study by Salanci (/4) intro-
duced no new information for this region of
the PbS—Sb,S; system. The melting point of
Sb,S; was found to be 857 = 5 K.

Experimental

All samples were prepared from ‘‘Spec-
pure’’ grade lead, antimony, and sulfur sup-
plied by Johnson Matthey Ltd. The sulfur
was used as supplied, but both the lead and
antimony had a tendency to tarnish in air
and fresh material was prepared when new
samples were required. For lead this in-
volved paring shavings from the interior of
a lead rod with a clean surgical scalpel. For
antimony, as-supplied lumps were crushed
in a clean percussion mortar and nonsur-
face fragments were selected for use in
sample preparations.

Reactions were carried out by heating a
total weight of 3 g of material in sealed
evacuated silica tubes. In order to control
the sample temperature accurately the
sealed tubes were placed into holes drilled
in a nickel alloy cylinder which served both
as an effective high thermal mass enclosure
and also protected the tubes from direct ra-
diation from the heating elements. By using
a pair of thermocouples in contact with the
metal cylinder, sample temperatures could
be set to within =2 K. During reaction,
temperature variation did not exceed *5 K.

Three series of samples were prepared
between the compositions Sb,S; and ap-
proximately PbSb,S,. The first of these
used the elements Pb, Sb, and S as the
starting materials. The samples were com-
pletely melted by heating to 1473 K for 1 hr
and allowed to cool slowly in the furnace by
turning off the power supply. A second se-
ries was prepared in a similar way, but the

molten material was solidified by quenching
the reaction tubes into iced brine. Both
these sets of samples had overall composi-
tions ranging from 10 mole% PbS to 40
mole% PbS in 5 mole% steps and three
other compositions containing 19, 21, and
22 mole% PbS.

A third series was prepared from mix-
tures of PbS and Sb,S;. These compounds
were prepared by direct fusion of the ele-
ments in 20-g quantities, and checked by
X-ray diffraction after reaction. Subse-
quently these materials were broken into
granules, and mixed in the appropriate
quantities to give samples of overall weight
of 1 g. The mixtures were finely ground in
an agate mortar, and pressed into pellets of
12 mm diameter and 2 mm thickness under
a load of 108 kN for 60 sec. The pellets
were sealed into evacuated silica tubes for
subsequent reaction. Compositions ranging
from 10 mole% PbS to 40 mole% PbS in 5
mole% steps and from 41 mole% PbS to 46
mole% PbS in 1 mole% steps were pre-
pared. The samples were reacted at 748 K
for 7 days.

In addition to these three series of sam-
ples, a few of the melt quenched prepara-
tions were annealed in evacuated silica
tubes at 698 K for times varying between 1
hr and 7 days.

All samples were examined by powder
X-ray diffraction using a Hagg—Guinier fo-
cusing camera and strictly monochromatic
CuKa, radiation, The relative intensities of
reflections were measured using a Joyce-
Loebl double-beam recording microdensi-
tometer. Lattice parameters were calcu-
lated and refined using the computer
programs LAZY and PURUM written by
Nord (15) and Werner (16).

Electron microscope samples were pre-
pared by crushing representative pieces of
each sample under n-butanol and allowing a
drop of the resultant suspension to dry on a
holey carbon film. Thin fragments whose
edges projected over holes in the support
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TABLE 1
PowDER X-RAY DATA FOR ANNEALED SAMPLES
OF szS}

dobs dobs

(nm) Intensity’ Akl (nm) Intensity® hkl
0.7940 10 101 0.2271 16 410
0.5640 30 200 0.2245 10 304
0.5597 13 002 0.2227 21 411
0.5035 47 201 0.2197 3 105
0.3973 27 202 0.2178 4 315
0.3622 31 011 0.2098 3 214
0.3565 60 301  0.2093 24 502
0.3543 73 103 0.2083 11 205
0.3448 33 111 0.1987 7 404
0.3168 13 210 0.1938 48 413
0.3122 25 302 0.1933 52 314
0.3102 29 203 0.1924 21 305
0.3044 100 112 0.1914 54 020
0.2757 85 212 0.1867 8 006
0.2717 4 104 0.1842 7 106
0.2673 58 013 0.1789 7 221
0.2600 28 113 0.1724 21 513
0.2523 35 402 0.1719 12 315
0.2509 17 204 0.1687 34 321
0.2420 18 312 0.1684 31 123

Note. Refined lattice parameters are a = 1.1321 nm,
b = 0.3846 nm, ¢ = 1.1468 nm (orthorhombic).
< Estimated from microdensitometer peak heights.

film were examined in a JEM 100B electron
microscope fitted with a goniometer stage
and operated at 100 kV.

Results

Characterization of SbySs

X-Ray diffraction. Three samples of stoi-
chiometric Sb,S; were examined, one was
of fused material quenched from the melt,
one from fused material slow cooled from
the melt and one was of material annealed
at 748 K for 7 days after fusion of the ele-
ments. All three samples gave X-ray pow-
der patterns in good agreement with the
data listed by the ASTM which was origi-
nally recorded by Swanson (/7). However,
our data contained more reflections than
the ASTM data and some single reflections

in this latter listing have been resolved into
several lines in our study. Table I records
the values found for the annealed samples.
The unit cell parameters were refined on an
orthorhombic cell with @ = 1.1321 nm, b =
0.3846 nm, ¢ = 1.1468 nm which compares
well with the ASTM, viz. a = 1.1229 nm, b
= 1.1310 nm, ¢ = 0.3839 nm. The differ-
ence between the designations of the unit
cell axes is because in this study we have
followed the space group setting adopted
by Bayliss and Nowacki (5).

It was noted that there were slight differ-
ences between the powder patterns of the
three samples. The reflection indexed as
{203} in the ASTM listing was found to have
split into two or possibly three lines. Pat-
terns from slow-cooled melt and quenched
melt material showed two reflections which
were indexed as {203} and {302} in this
study. Powder patterns of the annealed ma-
terial showed both these reflections to be
diffuse with possibly a third reflection inter-
posed with d = 0.3110 nm. In addition a
new reflection with d = 0.2178 nm was only
visible on powder patterns from annealed
material and was indexed as {315}.

The powder pattern of material from a
preparation with an overall reduced sulfur
stoichiometry, SbS, 4, showed no indica-
tion of disorder as the reflections were quite
sharp. The powder pattern of this material
was the same as that of annealed Sb,S; with
the same group of diffuse reflections de-
scribed above present. Upon grinding, this
sample revealed a single bead of free anti-
mony of sufficient mass to account for the
reduced stoichiometry, indicating that Sb,S;
has, at best, only a small composition
range.

Electron microscopy. When projected
down [010], Sb,S; shows ribbons of the
rocksalt structure related by glide reflection
symmetry. Each ribbon is built up from half
octahedra and four of these can be seen

cross the width of the ribbon. Because the
electron scattering power of antimony is
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Fig. 2. Electron micrograph of Sb,S; projected
down the b axis. The ribbons of half octahedra are
resolved as dark lozenge-shaped regions. The com-
puted image of Sb,S; is inset at bottom left.

much greater than that of the surrounding
sulfur atoms, one can expect to see groups
of darker intensity representing the four an-
timony atoms per ribbon unit. This was
never achieved with the JEM 100B and the
best image obtained of Sb,S; from this in-
strument is shown in Fig. 2. The image
clearly shows lozenge-shaped dense re-
gions representing a cross section of each
ribbon unit, but the antimony atoms are not
resolved. Computei-simulated images for
the (010) projection of Sb,S; using experi-
mental parameters relevant to the JEM
100B showed that the nearest match with
the known arrangement of the antimony at-
oms occurred when the instrument was de-
focused in the region of —70 to —80 nm and
this is shown inset in Fig. 2. Although it is

clear that the metal atoms have not been
resolved, it is possible to image the ribbon
units and their arrangement.

Despite its inability to give atomic resolu-
tion, the JEM 100B was most useful for the
purposes of phase analysis. In the context
of undoped Sb,S3, this instrument was used
to search for any planar defects intrinsic to
this material. Despite a careful search, cov-
ering all three Sb,S; samples prepared in
this study, no faults were found. This
search was extended to material originating
from a sample with reduced sulfur stoichi-
ometry, SbS; 4, with identical results.

Phase Analysis of $b,S5 Reacted with
PbS: Material Prepared by Sintering
Sb2S3 and PbS

X-Ray diffraction. Examination of the
powder patterns showed that a two-phase
equilibrium existed between Sb,S; and
Sb,S; doped with approximately 45 mole%
PbS. Powder patterns of material contain-
ing 43-45 mole% PbS revealed a pure
phase. This was identified as the synthetic
counterpart to the mineral zinckenite,
PbSb,S,, by reference to the ASTM index
(18) which is in reasonable agreement with
the powder pattern obtained in this study.
At PbS concentrations in excess of 45
mole%, a new set of reflections was ob-
served together with those of zinckenite.
No lattice parameter shifts or stoichiometry
ranges were observed in the powder pat-
terns of Sb,S; from these preparations. The
phase analysis is summarized in Table II.

Electron microscopy. A number of sam-
ples containing up to 50 mole% PbS were
selected for examination by electron mi-
croscopy. This confirmed that a two-phase
series existed up to approximately 43
mole% PbS. The electron diffraction pat-
terns showed that only Sb,S; and zinckenite
occurred across this range of PbS concen-
tration. Many crystals were examined at a
relatively low magnification in order to seek
for defects such as planar faults. Despite an
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Fi1G. 3. (a) Diffractometer trace of the X-ray powder pattern of Sb,S; reacted with 20 mole% PbS
cooled slowly from the melt, compared to that of pure Sb,S; shown in (b).

extensive search, no crystals were found to
contain faults or intergrowths between
Sb,S; and zinckenite. However, the diffrac-
tion patterns of crystals of zinckenite pro-
jected down (001) revealed the presence of
a weak superlattice which is reported in
more detail in a separate publication (19).

Material Prepared by Slow Cooling from
the Melt

X-Ray diffraction. Compared to material
which had been prepared by the solid-state

reaction of Sb,S; with PbS, this series of
samples showed marked differences in their
powder patterns. At low (approximately 10
mole% PbS) doping levels new reflections
were observed but these could not be as-
cribed to the phase zinckenite or any other
previously reported phase in the system.
Although no overall lattice parameter shift
could be observed, some slight relative
shifts between reflections could be detected
in the Sb,S; powder pattern.

At approximately 20 mole% PbS concen-
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TABLE II
X-RAY PHASE ANALYSIS OF SINTERED Sb,S;-PbS
MATERIALS
mole% PbS Phases present Comments

10 Sb,S3 + zinckenite

15 Sb,S; + zinckenite

20 SbyS3 + zinckenite

25 Zinckenite + Sb;S;  Zinckenite now the major phase
present

30 Zinckenite + Sb;S;  The zinckenite reflections now
appear to be slightly more
diffuse than in previous sample

35 Zinckenite + SbyS:  The zinckenite reflections are not
quite so diffuse as in the 30
mole% sample

40 Zinckenite + trace  All zinckenite reflections are now

SbaS3 sharp

42 Zinckenite No observable Sb;S3;

43 Zinckenite No observable Sb,S3

44 Zinckenite No observable SbyS;

45 Zinckenite No observable SbsS3

46 Zinckenite No observable Sb;S;, but

reflections from another
unidentified phase observed

tration, the powder pattern revealed a very
disordered material. Although the overall
appearance of the pattern was similar to the
pattern of pure Sb,S;, the reflections were
very broad and diffuse. A densitometer
trace of the powder pattern of this material
is shown in Fig. 3a together with a trace of
pure Sb,S; in Fig. 3b.

When the doping level was increased to
30 mole% PbS, the powder pattern revealed
a mixture of zinckenite and Sb,S; with the
former as the major phase. In these mate-
rials, however, no trace of disorder could
be detected and all reflections appeared
quite sharp.

When the amount of PbS reached greater
doping levels, 40 mole% and beyond, nei-
ther zinckenite nor Sb,S; could be detected.
The powder patterns appeared multiphase
with sharp reflections which were not iden-
tified. The phase analysis of this series of
samples is summarized in Table III.

Electron microscopy. At low PbS con-
centrations of approximately. 10 mole%, all
crystals gave diffraction patterns corre-
sponding to Sb,S;. No crystals of the phase

zinckenite were found. Some local disorder
was found in the crystals of Sb,S; in the
form of small, roughly spherical regions of
darker contrast when projected down the b
axis. These faults or ‘‘cluster’’ defects were
approximately 1.5 nm across and were rela-
tively sparsely distributed. Figure 4 shows
such a cluster isolated within a crystal of
Sb,S;. Fragments of Sb,S; projected down
[001] appear to show these clusters in ele-
vation and measurements reveal that they
are some 10-12 nm long. When the PbS
concentration was raised to 20 mole%,
many highly disordered crystals were
found. Certain clues as to the nature of the
disorder were given in crystals projected
such that their diffraction patterns were of
the systematic type. The medium resolu-
tion images then showed heavy planar
faulting with some partial ordering as
shown in Fig. S. The corresponding diffrac-
tion patterns were heavily streaked.
Comparison of such diffraction patterns
with similar patterns from undoped Sb,S;
showed that it was still possible to recog-
nize the basic Sb,S; pattern even in the
most disordered cases, as seen in Figs. 6a
and b. Examination of these two diffraction
patterns showed that the disorder appears
to have concentrated intensity into the
same positions as the subcell modulations
seen in the pattern from undoped Sb,S;, sug-
gesting that the nature of the disorder is

TABLE III
X-RAY PHASE ANALYSIS OF SLOW-COOLED
MATERIAL
mole% PbS Phases present Comments
10 8b,S; + unknown Several very faint and diffuse
reflections appearing at low
angles
20 SbyS3? Very diffuse, some resemblance
to the pure Sb,S; pattern
30 Zinckenite + SbyS; No evidence of disorder—sharp
reflections
40 Complex, muitiphase  Phases not identified. No
zinckenite or SbyS;
50 Complex, multiphase  As 40 mole% sample
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FiG. 4. Electron micrograph, viewed parallel to
(010) of a crystal fragment from a sample of overall Fi1G. 5. Electron micrograph of a heavily faulted
composition 90 mole% Sb,S;:10 mole% PbS slow crystal from a sample of overall composition 30 mole%
cooled from the melt, showing a cluster defect cen- Sb,S;:20 mole% PbS slow cooled from the melt. Par-
trally. tial ordering of the faulting is apparent.

F1G. 6. (a) Electron diffraction pattern of Sb,S; projected down (001) compared to (b) the electron
diffraction pattern from the crystal shown in Fig. 5. The similarity between the patterns is striking.
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closely related to the structure of Sb,S; it-
self. The direction of the streaking occurred
along (100)* indicating that faulting lay on
{100} planes. Comparison of medium-reso-
lution images for both Sb,S; and disordered
crystals taken with the same type of orien-
tation appear to show an intergrowth of
Sb,S; with unknown material as shown in
Figs. 7a and b, respectively. At this stage it
was impossible to say whether this repre-
sents a genuinely new structure or merely a
quasiordered intergrowth of Sb,S; with the
phase zinckenite.

The maximum level of PbS concentration
studied by electron microscopy for this se-
ries of preparations was 30 mole% and in
these only Sb,S; and zinckenite crystals
were found with no evidence of disorder.
Crystals of zinckenite projected down (001)
did not show diffraction patterns having the
weak superlattices as found in the sintered
preparations.

Material Prepared by Fast Quenching
Jrom the Melt

X-Ray diffraction. The X-ray powder
patterns of melt quenched material differed
from the patterns obtained for material of
similar compositions prepared by sintering.
No trace of the phase zinckenite was de-
tected over the range of PbS concentration,
which was from 0 to 40 mole%.

For material containing 10 mole% PbS, a
definite and uniform lattice parameter shift
was observed in the pattern of the Sb,S;
reflections. This indicated a clear increase
in all three cell parameters. All of the reflec-
tions observed in the pattern of undoped
Sb,S; were present in the pattern of the
doped material. There was no evidence for
any disordering of the Sb,S; structure,
although the {101} reflection was now
weaker. In contrast to slow-cooled material
of similar composition, no new reflections
were observed.

At the slightly higher concentration of 15

mole% PbS the comparison between
quenched alloy and Sb,S; powder patterns
was more complex. Although the overall
appearance of the powder pattern from
doped material appeared very similar to
that of the pattern of undoped Sb,S;, the
reflections were now weaker and more dif-
fuse in character. It was also noticed that
for d < 0.25 nm the quenched alloy pattern
differed from the undoped Sb,S; pattern.
Although many high angle reflections
were either absent or too diffuse to measure
accurately, enough low angle reflections
were indexed to refine the unit cell parame-
ters. This is presented in Table IV showing
d values for the doped (15 mole% PbS) and
undoped materials. It is clear that the unit
cell has contracted along the ¢ and ¢ direc-
tions by 0.34 and 1.88%, respectively,
while the b parameter has remained rela-
tively unchanged (—0.03%). However,
more data will be required to establish

TABLE IV

X-Ray PowDER DATA AND REFINED CELL
PARAMETERS OF THE Sb,S; REFLECTIONS IN THE
SAMPLE 85 mole% Sb,S;: 15 mole% PbS MELT

QUENCHED, COMPARED WITH THOSE IN PURE Sb,S;

Pure szSJ,
hkl dops (nm) 85 mole% Sb,S;: 15 mole% PbS
101 0.7940 0.7906
200 0.5640 0.5642
002 0.5597 0.5583
201 0.5035 0.5028
202 0.3973 0.3967
011 0.3622 0.3637
301 0.3565 0.3563
103 0.3542 0.3545
111 0.3448 0.3460
112 0.3044 0.3050
212 0.2757 0.2763
013 0.2673 0.2678
402 0.2523 0.2518

Note. Refinement of the orthorhombic unit cell
gave: (a) for pure Sb,S;; @ = 1.1321 nm, b = 0.3846
nm, ¢ = 1.1408 nm; (b) for 85 mole% Sb,S;: 15 mole%
PbS; a = 1.1276 nm, b = 0.3845 nm, ¢ = 1.1194 nm.



TILLEY AND WRIGHT

YR N Y Y FEEIT LT

e RN Y YL

iy .
TR PR R I ]

like regions with new material.

®
Gy
5
[
(3
=
(%
2
g
a
8
=
£
n
=
)
-
=
g
[
3
2
3
=
g
%)
Q
k3
1l
a
-
a4
2,
pa)
7]
Uy
S
=
=
@\
[
3]
Gy
e
&
B
2
£
g
=]
3]
2
m
<
S’
~
g
N

crystal from a sample of overall composition 80 mole% Sb,S; : 20 mole% PbS, showing intergrowth of

Sb,S,




NONSTOICHIOMETRIC FORM OF Sb,S; 11

TABLE V
X-RAY ANALYSIS OF QUENCHED Sb,S;—PbS

mole% PbS Remarks

10 Appears to be pure Sb,S; but with a
small positive lattice parameter shift.
All reflections appear sharp

15 Pattern of Sb,S; is still visible but all
reflections are diffuse

19 Similar to the Sb,S; pattern in intensity
and position but reflections are very
diffuse

20 Similar to 19 mole% sample

21 Similar to the 19, 20, and 21 mole%
samples

25 Still a very diffuse and weak pattern

but looks less like Sb,S, than the
powder patterns from material of
lower PbS concentration

30 Quite different to the powder patterns
described above. Some diffuse inten-
sity remains but most reflections are
sharp. There appears to be more
than one ordered phase present.
These were not identified

35 Very similar to the 30 mole% sample

40 Powder pattern shows unidentified
ordered phases unlike those ob-
served in the 30 and 35 mole%
samples

whether this varied systematically with
nominal dopant concentration.

Although the overall pattern of intensi-
ties was still similar to that of undoped
Sb,S; for PbS concentrations of between 19
and 25 mole%, the powder patterns showed
very diffuse reflections. Some reflections,
notably {020}, appeared to remain relatively
sharp and intense across this range of dop-
ing while others such as {101} had virtually
vanished.

The powder patterns of Sb,S; reacted
with 30, 35, and 40 mole% PbS showed lit-
tle similarity to those patterns obtained
from material having lower PbS concentra-
tions. The reflections were once again seen
to be sharp with little sign of diffuse inten-
sity. The complexity of the patterns sug-
gested that more than one phase was

present but these phases could not be char-
acterized.

The X-ray phase analysis is summarized
in Table V. Because no ordered discrete
phases were identified, only general re-
marks are given.

Electron microscopy. This material con-
tained the greatest variety of defect struc-
tures encountered in the study. When Sb,S;
was reacted with 10 mole% PbS, the crys-
tals appeared to show a relatively high den-
sity of the cluster type of defect as ob-
served to occur in slowly cooled material of
similar composition. The clusters appear to
be of similar shape and size as those re-
ported for the slow-cooled sample. The av-
erage cluster spacing is of the order of 8 nm
and appears to be randomly distributed.
The clusters appear somewhat variable in
contrast, which may reflect some variabil-
ity in their internal structure. It can also be
noted that, in some crystal fragments, short
lengths of planar faults have formed on
{100} planes of Sb,S;. No crystals of the
phase zinckenite were found in this sample.

Increasing the PbS concentration to 15
mole% resulted in a sample containing a va-
riety of different defect structures. Some
crystals showed only the cluster type of de-
fect as represented earlier. The average di-
ameter of the clusters was gauged to be ap-
proximately 1.5 nm, much the same as
those observed in samples of lower PbS
concentration. However, the spacing of
these clusters is now reduced to the order
of 5 nm. Such a crystal is shown in Fig. 8.
The contrast of these clusters can be seen
to change from light to dark between the
thinner and thicker parts of the crystal. Al-
though the lattice image does not show di-

ect atomic resolution of the metal posi-
tions, the ribbon type structural units of
Sb,S; can be discerned where the crystal is
thinner at the edge. The appearance of the
defective areas gives rise to the suggestion
that certain ribbon units have become ex-
tended in width for a limited region of crys-
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Fi6. 8. Cluster defects in a crystal fragment from a sample of overall composition 85 mole% Sb,S; : 15
mole% PbS, rapidly quenched from the melt, projected down [001]. The contrast of the clusters is seen
to change from light, near the crystal edge at the bottom of the micrograph, to dark in the thicker

regions near the top.

tal. These observations would appear to
show that it would be unreasonable to inter-
pret such entities as mere holes in the Sb,S;
matrix.

The most common faults found in crys-
tals from material containing 15 mole% PbS
were observed on {101} planes of the Sb,S;
matrix. A good example of this kind of
faulting is shown in Fig. 9a. The accompa-
nying diffraction pattern shown in Fig. 9b
reveals a well-defined superlattice. A few
cluster defects can be seen in the image but
the main feature is the rather broad bands
of different contrast alternating with layers
of Sb,S;. Because of this appearance, such
faults would be better regarded as inter-
growths as they seem to constitute slabs of

new material intergrown between layers of
Sb,S;. Measurements of many individual
intergrowths show that they always have
the same width but that their spacing varies
from a minimum of about 2 nm up to ap-
proximately 9 nm.

Many of the crystals found in material
containing 15 mole% PbS appeared to be
Sb,S;, but heavily faulted on {100} planes as
shown in Fig. 10. The diffraction patterns
obtained from such crystal fragments
showed a marked resemblance to that of
the (010) projection of perfect SbyS;. Al-
though the subcell reflections of Sb,S;
could be recognized, the finer details of the
pattern varied from streaking to superlat-
tice spotting, always along [100]* as seen in
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F1G. 9. (a) Electron micrograph of a crystal fragment from a sample of overall composition 85 mole%
Sb,S; : 15 mole% PbS showing Sb,S; intergrown with a new structure along (101). The intergrowths are
partly ordered. Two cluster defects show as dark patches within the SbS; matrix. The axes marked
refer to this part of the crystal. (b) Electron diffraction pattern of the crystal in (a). The axes marked
refer to the Sb,S, cell. The superlattice reflections along (101) reveal the intergrowths to be well
ordered over much of the crystal.

Figs. 11a, b, and ¢. Such variability may be
explained as an array of closely spaced
faults or intergrowths, sometimes ordered,
on {100} planes in an Sb,S; matrix. The fact
that the Sb,S; subcell modulations are al-

ways easily visible suggests that such fault-
ing takes the form of intergrowths of new
material closely related in structure to that
of Sb,S; and is in keeping with earlier ob-
servations.
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F1G. 10. Electron micrograph of a crystal fragment from a sample of overall composition 85 mole%
Sb,S;: 15 mole% PbS, heavily faulted on (100) and containing many cluster defects. The crystal is
projected down the b* axis.

A few crystals found in the 15 mole%
PbS sample appeared to show considerable
disorder as shown in Fig. 12. Ordered re-
gions of Sb,S; can be seen away from the
fragment edge but complex disordering of
the Sb,S; ribbon units appears to have
taken place over part of the crystal. It
would be reasonable to suggest that order-
ing in the direction of crystal projection,
i.e., along (010) Sb,S,, still existed.

When the PbS concentration was raised
to 20 mole% most crystals found were
Sb,S; heavily faulted on {100} planes al-
though a few fragments of Sb,S; containing
quasiordered intergrowths on {101} were re-
corded. Some crystals contained alternate
bands of {101} intergrowths and cluster de-
fects in an Sb,S; matrix. All three types of
defect can be seen in Fig. 13. A number of
clusters have joined along (001) to form a

pseudoplanar fault, as seen in this photo-
graph.

At the 25 mole% PbS concentration the
only crystals found were those heavily
faulted on {100} planes of Sb,S;. A typical
fragment of this material is shown in Fig.
14. Although the image does not permit di-
rect interpretation of the structure, the po-
sition of the faults appears to be delineated
by the darker wavy fringes. The diffraction
patterns of these crystals, although heavily
streaked, still show a strong resemblance to
the pattern of Sb,S; when projected down
{010).

The most heavily doped sample of Sb,S;
examined by electron microscopy, 30
mole% PbS, showed that about half the
crystals found were of the disordered Sb,S;
variety, mostly with faulting on {100} planes
as shown in Fig. 15. Limited ordering of the
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FiG. 11. Electron diffraction pattern from (a) Sb,S; compared to diffraction patterns from crystals of
the type shown in Fig. 10, with smaller, (b), or greater, (c), degrees of faulting on {100}. In (c) quite well
formed superlattice spots are to be seen, indicating that the faults are reasonably well ordered.

faults occasionally occurred. The other ma-
terial in this sample was found to be a previ-
ously unreported phase, free of defects.
The structure of this compound will be re-
ported elsewhere.

Finally we record that in these rapidly
cooled materials, a glass sometimes formed
in samples of composition 20 mole% PbS,
which is close to the eutectic (3).

Discussion

X-Ray Diffraction

The X-ray powder diffraction results are
complex, and although the X-ray camera
used was a high-resolution instrument, it
was impossible to interpret the data in
terms of real structures. However, a great
deal of information at an intermediate level



FIG. 12. Micrograph showing a very disordered crystal from a sample of overall composition 85
mole% Sb,S; : 15 mole% PbS quenched from the melt. Well-ordered Sb,S;, projected down the b axis,
is seen in the lower right. Disordered intergrowths on {101} can be found in other parts of the micro-

graphs.

i ' 20nm

Fic. 13. Micrograph of a disordered crystal from a sample of overall composition 80 mole%
Sb,S; : 20 mole% PbS, projected down b. Partly ordered defects on {101} can be seen on the right, and
{100} faults, two of which are marked, on the left. Cluster defects, (dark patches) occur in the Sb,S,
matrix.

16



FiG. 14. Micrograph of a crystal from a sample of overall composition 75 mole% Sb,S;: 25 mole%
PbS containing a large concentration of {100} faults.

F1G. 15. Micrograph of a crystal from a sample of overall composition 70 mole% Sb,S;: 30 mole%
PbS containing a large concentration of {100} faults, projected down the b axis.
17
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of discrimination, somewhere between op-
tical microscopy and electron microscopy,
was amassed. This is worthy of consider-
ation in this section, not only for the infor-
mation which can be obtained from the X-
ray films, but also in conjunction with the
electron microscope results which are con-
sidered below.

Careful comparison of X-ray films from
stoichiometric Sb,S; show slight differ-
ences, depending upon the heat treatment
accorded to the samples. These differences
are small and no obvious structural reasons
for such changes could be found during
electron microscope examination. We will
not consider these small differences in this
paper, but suggest that the X-ray data from
the annealed material, presented in Table I,
is probably the mosi reliable that we have
obtained.

The X-ray powder analysis of sintered
samples reveals a classical two-phase re-
gion. One phase was Sb,S;, with no appar-
ent stoichiometry range, whereas the other
was found to be zinckenite. This latter ma-
terial appears to have a small stoichiometry
range based upon both lattice parameter
shifts and the appearance of only zinckenite
reflections on a few films from samples of
varying composition. The problem of the
stoichiometry range of zinckenite is not
central to the subject matter of this paper
and will be discussed in another publication
19).

The X-ray results so far summarized
show that Sb,S;, prepared under the condi-
tions described here, is a stoichometric
compound with little ability to incorporate
PbS into its structure. However, the results
obtained from quenched or slowly cooled
melts show a quite different behavior. Al-
though we do not know the structure of the
melt, we can see that the rate of cooling has
a great influence on the way that this struc-
ture is transformed into solid phases. Con-
sider the slowly cooled material first. A
clear distinction occurs at the eutectic

point. In samples between Sb,S; and the
eutectic, a product forms which we can
loosely describe as Sb,S;. To be sure, the
X-ray results show that the material is very
disordered. Nevertheless, the powder pat-
terns bear an overall resemblance to that of
pure Sb,S;, and no other phases are
present. This suggests that the melt is fairly
homogeneous, and that on cooling, it crys-
tallizes homogeneously.

The PbS component is taken into the
Sb,S; structure, which is, as a conse-
quence, severely disrupted. This does not
agree with the classical liquidus and solidus
form of the phase diagram shown by Sa-
lanci (14), but such phase diagrams refer to
equilibrium situations, and we are unlikely
to be close to equilibrium in this situation.

On the zinckenite side of the eutectic the
reverse is true. The X-ray diagrams are
sharp and show only zinckenite and Sb,S;.
This suggests that zinckenite nucleates and
as the melt solidifies, the composition of the
liquid moves toward the eutectic in a classi-
cal fashion. At the eutectic, both zinckenite
and pure Sb,S; are then precipitated.

In the rapidly quenched material a similar
pattern of behavior was found on the basis
of X-ray data. At compositions on the Sb,S;
side of the eutectic, the powder patterns
resembled Sb,S;, but with diffuseness of
reflections and apparent lattice parameter
shifts. On the zinckenite side of the eutectic
the reflections are sharp. No zinckenite
was present, even in samples containing 40
mole% PbS. The phase or phases that were
present could not be determined from the
X-ray powder data. Classical methods of
incremental variation of the composition
coupled with a careful examination of in-
tensities of the X-ray lines was unsatisfac-
tory in these nonequilibrium samples.

The difference in behavior on either side
of the eutectic is marked, and reveals that
nucleation of zinckenite or of other ordered
phases is a precise reaction, requiring the
correct ratio of Pb, Sb, and S for success.
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On the Sb,S; side of the eutectic, however,
pure Sb,S; does not appear to nucleate at
all, as no sharp reflections from Sb,S; were
found in this region. Clearly X-ray analysis
suggests that the Sb,S; structure is flexible
enough to incorporate quite massive
amounts of PbS and that structural or free
energy changes on crystallization are not
great enough to produce phase separation
into Sb,S; and a liquid richer in PbS. The
structural reason for this may lie in the fact
that the Sb,S; structure is composed of
square pyramids of five S atoms surround-
ing an Sb atom, with the lone-pair electrons
of the Sb forming a sixth apex to the pyra-
mid, converting it into a distorted octahe-
dron. The Pb atoms naturally adopt an oc-
tahedral configuration, and can fit into such
a structural scheme. Moreover, if we assign
a valence of 2 to Pb, the Pb** ions would
also possess a lone pair of electrons, com-
pleting the Sb,S; framework. Such a partial
replacement or substitution of Sb by Pb
would certainly result in lattice parameter
changes, and a change in the sharpness and
intensity of the reflections in powder X-ray
diffraction patterns. This analogy cannot be
taken far at this stage, but it is presented
to show that a model which is in accord
with X-ray observations can be evolved for
the structure of the material which is in ac-
cord with X-ray observations.

Electron Microscopy

The electron microscope results comple-
ment the X-ray data in that they provide
direct information on the defect structure of
crystallites without giving an overall pic-
ture of the order or disorder present in the
base structure of the sample. Thus, in the
samples prepared by sintering PbS with
Sb,S3, no disorder was found in either the
Sb,S; or zinckenite present.

An examination of slow-cooled materials
reveals the nature of the disorder which
caused the degradation in quality of the X-

ray powder photographs in the Sb,S; part of
the phase region. The material is clearly
Sb,S;, according to electron diffraction
data, but the structure is severely broken
up by two sorts of defects. In samples con-
taining low concentrations of PbS, up to 10
mole%, the defects consist solely of small
clusters of disordered material, approxi-
mately spherical in shape, and of diameters
of about 1.5 nm. At higher concentrations
of PbS, faulting occurs on (100) planes. It
would appear that these faults are often
partially ordered, so that we have what
would appear to be a new structure inter-
grown with the Sb,S; structure. The coher-
ent plane between the two structures is
(100). Beyond the eutectic, electron mi-
croscopy showed only well-ordered Sb,S;
and zinckenite, in accord with the X-ray
data.

The fast-cooled material showed greatest
disorder in the Sb,S; crystals, but a pattern
of behavior similar to that in the slow-
cooled material was observed. At low over-
all concentrations of PbS, the cluster de-
fects were found. The size of these defects
was, as found in the samples which were
slow cooled, about 1.5 nm. The spacing of
the defects varied with overall PbS concen-
tration, as one would expect, with higher
PbS concentrations producing greater con-
centrations of defects. At PbS concentra-
tions of 20 and 25 mole% the defects found
were {100} faults, as recorded in the slow-
cooled material. These faults were never
well ordered, although vestiges of ordering
were sometimes detectable.

In contrast to the slow-cooled material, a
new defect type was found in the quench
cooled samples. It lies in the composition
region between that where the cluster de-
fects form and that where the {100} faults
predominate. These new defects were la-
mellae of a new structure, coherently inter-
grown with the Sb,S; matrix along {101}
planes. There was quite a lot of evidence
for the ordering of these lamellae, and
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sometimes a distinct superlattice was ob-
served on the electron diffraction patterns
of faulted crystals. In such cases, the spac-
ing of the lamellaec was regular within the
Sb,S; structure. However, the nonequilib-
rium nature of these samples means that
no hard and fast boundaries occur between
the different regions.

General Conclusions

Material prepared in this study under
conditions close to equilibrium, i.e., by sin-
tering PbS and Sb,S; mixtures, compared
well with the findings of Craig et al. (I1)
and Salanci (/4) in that only two phases,
zinckenite and Sb,S;, were found to exist
over the greater part of the PbS concentra-
tions investigated. However, the results
gained in the present investigation show
that despite the simple appearance of the
published equilibrium phase diagram, Sb,S;
can accommodate considerable amounts of
PbS into its structure under nonequilibrium
conditions. This is able to take place up to
the eutectic composition of about 23 mole%
PbS. The PbS is incorporated into the Sb,S;
structure in three ways. At lower amounts
of PbS, clusters of new structure form, co-
herently intergrown in the Sb,S; matrix. At
somewhat larger concentrations and higher
temperatures, lamellae of a new structure
grow coherently into the Sb,S; structure.
The coherence is along {101} planes, and
partial ordering of these lamellae is not
uncommon, even in such rapidly formed
materials. At greater PbS concentrations,
faulting along {100} planes is found. These
planar faults are not found to order readily.
X-Ray diffraction reveals that the lattice
parameters of the disordered Sb,S; phase
do increase, but these changes are difficult
to quantify in the disordered samples exam-
ined in this study, and impossible to relate
directly to the microstructures of the crys-
tals. An interpretation of such changes in
terms of point defects is not justified.

Such faulting was not detected in the

studies of either Craig et al. (II) or Sa-
lanci (14). This does not necessarily mean
that their samples did not contain defects
but probably reflects the lower resolution
obtained using X-ray methods instead of
electron microscopy. Because faulted ma-
terial was only observed in this study in
samples prepared under nonequilibrium
conditions such as quenching from the
melt, there is the possibility that such struc-
tures may exist in ordered forms at temper-
atures close to the solidus analogous to the
so-called V-phases (20) found to occur in
the PbS—-Bi,S; system close to Bi;S;.

The structure of these defects is of con-
siderable interest. The resolution of the
electron microscope used did not allow us
to obtain unequivocal data on this point,
but suggested that the defects could well
consist of chains of (Sb, Pb)S;s square pyra-
mids that were of different dimensions to
those found in Sb,S;. A high-resolution
electron microscope study to further clarify
this suggestion will form the basis of a fu-
ture publication (19).
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