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Alsrnnct

A phase equilibria study of the BizTerBizSB pseudobinary system has demonstrated
that this system contains two compounds, a congruent melting 7-phase (called 7-tetra-
dymite) and an incongruent B-phase (called B-tetradymite), as well as a region of solubility
of BizS: in BizTea. The phase diagram is correlated with previous observations, including
studies of the mineral "tetradymite." A mineral sample from Paonia, Coio. was identified
as -y-tetradymite.

IxrnooucrroN

The mineral tetradymite has the C33-type crystal structure and the
space group symmetry R3rz, which is the same as the compounds Bi2Te3,
BirSee and SbzTer. The work of Harker (1934) on the structure and
atomic positions of the atoms has shown that tetradymite (BizTeaS) con-
sists of layers of atoms stacked in the following order along the ca axis
of the hexagonal lattice

-Te-Bi-S-Bi-Te-.

The synthesis of tetradymite as a single-phase composition has not been
previously reported, and studies of the BizTea-BizSe phase system have not
led to consistent results nor to a method for preparing tetradymite as a
single phase.

Early work on this pseudobinary system is summarized by Mellor
(1931). His phase diagram indicated that the only compound in this
svstem was a congruent melting compound having the stoichiometry,
BizTea.Bi2S3. A more recent study of this system by Beglaryan and
Abrikasov (1959) indicates that tetradymite is a congruent melting
compound and is the only compound in this system, but a descrepancy
appears in the composition scale for their diagram. It was reported by
Soonpaa (1960,1962) that reaction of the tetradymite composition above
the liquidus produces Bi2Te3, tetradymite and a proposed phase BisTezSr.
The simultaneous existence of these phases is evidence for possible in-
complete reaction and may represent the difficulty in achieving equilib-
rium in this system.

For these reasons a detailed phase study of this pseudobinary system
was undertaken to determine the true equilibrium phase diagram and to
evaluate the conditions necessarv for the svnthesis of tetradvmite. To
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achieve equilibrium, the samples used in this study were annealed at an
elevated temperature in the subsolidus region for an extended period of
time. The phase equilibria studies were performed by standard techniques
employing X-ray diffraction, differential thermal analysis (DTA), and
metallography.

ExpnnruBNrAL PRocEDURES

Materials. Bismuth metal shot (99.999+7d, elemental sulfur (99.999

*7) and tellurium (99.999+%) were obtained from American Smelting
and Refining Company and used in the preparation of the samples. A
sample of the mineral tetradymite from Paonia, Colorado, was obtained
from the U. S. National Museum (Catalog No. R-395).1

Sample preparation. For the phase equilibria studies of the BizTer-BizSe
system, 37 three-gram samples covering the entire range of compositions
were prepared. They were sealed in evacuated qvartz ampoules and ro-
tated in a'Hevi-Duty'tube furnace; the temperature was raised above
the liquidus for approximately 30 minutes and then cooled to room
temperature. The samples were then placed in a high thermal capacitl'
annealing furnace and init ially annealed at 400"C for two weeks. After
this initial annealing period, the alloys were removed from the ampoules,
ground up with a vibrator and sieved to -50 mesh. They they were re-
placed in evacuated, sealed quartz ampoules and annealed at 400oC for
approximately three more weeks. In addition, at periodic intervals during
this three-week period the powdered samples were removed from the fur-
nace and shaken with the vibrator to ensure homogenization of the com-
position. The samples were then cooled down to room temperature and
used for the phase studies. This procedure was developed for synthesizing
tetradymite in the subsolidus region by studying the effect of annealing
time at 400"C on the resulting DTA thermograms and X-ray diffraction
patterns, and was employed for preparing all compositions in this phase
study.

Glatz (1965) has demonstrated that sample compositions in the bis-
muth-tellurium phase system prepared by this method do not deviate by
more than 0.05 mole percent from the prepared composition.

Phase equilibria examination. The DTA thermograms were obtained by
the conventional technique of plotting the difference in temperature
between an aluminum oxide standard and the sample with a Honeywell
X-Y recorder (Model 153X33). DTA samples were prepared by adding

1 This sample was identified as 'tetradymite' by Dr. E. N. Cameron of the University
of Wisconsin.
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750 mg of the alloy composition to 250 mg of a-Al2Oe (both sieved from
- 100 to {200 mesh). The alluminum oxide was added to the sample to
minimize base-line drift. The standard and the sample were contained in
sealed Vycor ampoules with concentric thermocouple wells and placed
symmetrically in a high thermal capacity Kanthal furnace. The heating
rate of the furnace was controlled at 5oC per minute with a cam-type
program controller (Honeywell-Model 152). This DTA apparatus yields
an accuracy of *3oC for the reported transition temperatures.

The X-ray studies were performed at room temperature with a 14.3
cm Debye-Scherrer camera and nickel-filtered CuKa radiation, using the
Straumanis method with the samples held in thin-walled silica tubes. The
line positions were measured with a Norelco film reader accurate to l/20
mm. Approximately 43 reflections were indexed for each composition on
the basis of the hexagonal lattice. The lattice parameters were deter-
mined in extrapolation using Cohen's least-squares method with the
function,

}[(cos'zOlsin, 0) t (cos,0/0)]

programmed in FORTRAN on a computer. For the calculation of the
lattice parameters, 1.54051 A and 1.54433 A we.e assumed for the wave-
lengths of  the Kar and Ka2 radiat ions,  respecr ive ly ,  and 1.54178 A *as
assumed for the wavelength of the unresolved doublet.

Some of the samples were examined by metallography at room tem-
perature, using a Bausch and Lomb Research Metallograph. The pow-
dered samples were mounted using a technique described by Skinner,
and polished using a Fisher Vibramatic Polisher employing 0.05p
a-AlzOr as a final abrasive.

ExpenruoNrer RBsurrs

Phase equilibria studies by DTA, X-ray diffraction, and metallogra-
phy have established the phase diagram given in Figure 1 for the BizTes-
BizSa system. This phase diagram shows the existence of two compounds:
a congruent melting 7-phase (called 7-tetradymite) and an incongruent
B-phase (called B-tetradymite). In addition, it also shows a limited solu-
bility of BizSa in BirTea (called the a-phase). The range of existence of
these single-phase fields was established at room temperature by X-ray
diffraction and the liquidus and solidus temperatures were determined
by DTA studies.

Room temperature Debye-Scherrer X-ray diffraction patterns were
obtained for various compositions from zero to 52 mole percent BizSs.
The mineral sample of tetradymite from Paonia, Colo. was annealed at
400oC for one week to sharpen the diffraction lines in the back reflection
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region so that accurate values of the lattice parameters could be deter-
mined. A room temperature Debye-Scherrer X-ray diffraction pattern
was obtained and was completely indexed. This pattern is similar to that
published by Thompson (1949), Soonpaa (1960), and Peacock for tetra-
dymite and is given in Table 1. All reflections obey the rhombohedral
criteria, -h+k+l:3 n, so that the true unit cell is rhombohedral. This
indexed pattern was used to index the tetradymite patterns of the syn-
thetic samples, and the hexagonal iattice parameters were determined
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Frc. 1. Equilibrium phase diagram of the system BLTerBizSr.

by the procedure described above. The bismuth telluride patterns were
indexed and the hexagonal lattice parameters determined by the method
given by Glatz (1965). Measurement of the lattice parameters of these

compositions were performed at room temperature and the results are
given in Figure 2 along with the extent of the bismuth telluride and
tetradymite patterns. The extent of the a-phase was determined from the
compositional variation of the bismuth telluride lattice parameters and
the bismuth telluride-rich boundary of B-tetradymite was determined by

both the disappearance of the bismuth telluride pattern and the composi-
tional variation of the tetradymite lattice parameters. The other phase

boundary of B-tetradymite and the phase boundaries of 7-tetradymite
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were determined f rom the composi t ional  var iat ions of  the tetradymite

Iattice parameters.
These results indicate that the extent of the a-phase at room tempera-

ture is not more than 4 mole percent Bi2Sa. Recent X-ray studies by
Gurieva, et al (1965) on cleavage faces of ingots grown by directional
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l 'rc. 3. DTA thermograms for BiroTerzSrs.

crystallization from the melt indiczrted that the a-phase field extended up
to 11 mole percent BizS; a,t room temperature. These latter studies, how-
ever, have the disadvantage that the composition of the particular crys-
tallite under investigation may deviate from the composition of the
grown ingot and equilibrium may be difficult to achieve with such sam-
ples.

The existence of B-tetradymite as an incongruent compound was es-
tablished by DTA studies. Shown in Figure 3 is a DTA thermogram for
the composition BiaoTe+zSrs (30 mole percent BirSB). The heating curve of
this thermogram shows the existence of a shtrrp enthalpic reaction fol-
lowed by a liquid-solid enthalpic region to the liquidus temperature.
DTA studies of all compositions in the region from 2 to 46! mole percent
BizSr show this sharp enthalpic effect for which the average temperature
was established at 581"C, which is interpreted as being due to a peritec-
toid reaction of B-tetradymite.
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The insert in Figure 1 for the region near BizTee and between 570 to
600oC has been inferred from DTA studies. The liquidus temperatures
indicate the existence of a eutectic at approximately 8 mole percent
Bi2S3, which is also shown on the previous phase diagrams for this system
by Mellor (1931) and Beglaryan and Abrikasov (1959). This eutectic
reaction temperature must be below the melting point of BizTer, r.e.
below 585oC, and equal to or greater than the reaction temperature of
B-tetradymite at 581oC. Although this temperature interval is within the
accuracy of the DTA apparatus, in all possible cases the enthalpic effects
due to this reaction at 581"C were observed to be essentially completed
before that of the l iquid-solid region was init iated. An example of these
enthalpic effects can be observed on Figure 3. Extrapolation of this latter
enthalpic effect back to the baseline indicated an average temperature
of approximately 583oC for the eutectic temperature. In addition, it is

T rvtx, 2. Rrp o nreo 
""T;"#"_?#ffJff if "mrs ro r TprnAovnrro
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improbable that a eutectic and a peritectic would occur at the same
temperature because this would be an invariant point. Therefore, the
proposed phase diagram shown in the insert in Figure 1 indicates that
B-tetradymite is a 'peritectoid' compound.

Shown in Table 2 are the hexagonal lattice parameters that have been
previously reported for the mineral tetradymite as weII as those obtained
in this study. A chemical analysis of the mineral sample used in this
study gave a composition that falls in the region now identif ied as 7-
tetrad-vmite. This result is verif ied by the f act that the lattice parameters
given in Table 2 for this minerai are consistent with those given in Figure
2 for the synthetic sample of 7-tetradymite containing 45 mole percent
BizSa. Table 2 also shows that some of the other reported lattice param-
eters for tetradymite deviate slightly from those obtained for the syn-
thetic samples of B- and 7-tetradymite. This may be due to the fact that
these mineral compositions did not Iie exactly on the BirTer-BizSa tie
line in the Bi-Te-S ternary system. Thompson (1949) reported that the
chemical analysis of various tetradymite samples did not lie exactly on
the BizTer-BirSs tie line and that some of the mineral samples contained
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appreciable amounts of other impurities. This deviation between the

mineralogical and synthetic samples could also be due to the fact that

the reported lattice parameters of the minerals were based upon too few

diffraction lines, particularly in the back reflection region' From Table

2 observe that Harker's data (1934) is significantly different from the

other data reported for this mineral. It is possible that the mineral sample

used by Harker did not l ie on the BizTer-BirSa tie l ine, and further work

in the Bi-Te-S terna,ry s1,.stem is required to resolve this point. Harker's

work represents the onl-v reported structural study of tetradymite and

for this reason, it is unfortunate that Harker's x-ray data is significantl l '

different from the other studies on tetradl'-mite.

DrscussroN

This phase equilibria stud-v of the BizTee-BizSa system has demon-

strated that this system contains two compounds and a region of solid-

solubil ity of BizSr in BizTee. These compounds are: an incongruent B-

phase (calied B-tetradymite) which is probably a peritectoid phase and a

congruent melting 7-phase (called 7-tetradymite). This study has demon-

strated that at room temperature B- and 7-tetradymite exist as single

phases from 25 to 30 and from 34 to 50 mole percent Bi2S3 respectively,

and the'y-phase, which represents the solubility of BizSs in BizTes exists

as a single phase up to four mole percent BizSr. The incongruent reaction

temperature of 583'C.
The two compounds, B- and 7-tetradymite, are structurally very sim-

iiar and correspond to mineral samples that have been identified as
,tetradymite.' The similarity of these two forms of tetradymite has ap-

parently led to some confusion in the past. This phase study indicates

that while .y-tetradymite can be prepared from the melt, it is difficult to

synthesize B-tetradymite as a single phase by this method because of the

d.ifficulties in achieving equilibrium during a peritectoid reaction' How-

ever B-tetradymite can be synthesized as a single phase by solid-state

reaction for an extended period of time below the peritectoid temperature

of 581'C. The results are consistent with the observation by Soonpaa

(1960, 1962) that reaction of the tetradymite composition produces
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bismuth telluride, tetradymite and a proposed phase BisTezss. rn addi-
tion, the proposed phase diagram given in Figure 1 is consistent with
the composition BiaTezS5 (41f mole percent BirS,]) as a single phase at
room temperature.

This study of the BizTer-BirSs system has been performed on samples
prepared in the subsolidus region in an attempt to achieve thermody-
namic equilibrium employing conventional techniques of X-ray difirac-
tion, DTA and metallography. The resulting phase diagram appears to
correlate some of the previous observations and offer a reasonable
explanation for some of the previous uncertainties for this system.
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