
A Revision of the Sb-Te Binary Phase Diagram and Crystal
Structure of the Modulated c-Phase Field
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Abstract A new experimental study of Sb-Te, based on

long term annealed samples homogenized by intermediate

powdering and re-annealing of the pressed powder pellets

was performed. More than 25 samples were prepared,

covering the entire composition range between 0 and

60 at.% Te. This part of the phase diagram was disputed

for many years, as the number of phases and their crystal

structures were uncertain. Samples were characterized by

optical microscopy, SEM/EDX, powder XRD and DTA.

Our results show the existence of a continuous single phase

field (c) ranging from 11.4 to 56.9 at.% Te at 520 �C. A
comparison of all obtained diffraction patterns showed

clear evidence for a continuously modulated crystal struc-

ture. It was possible to refine all powder patterns by

applying a structural model in the (3 ? 1)-dimensional

super-space group R-3m(0,0,c). Lattice parameters of the

basic cell as well as the modulation vector are varying

continuously throughout the phase field and the cq-com-

ponent (q ¼ cq � c�) of the incommensurate q-vector shows

a linear extrapolation to pure Sb (cq = 3/2) and Sb2Te3
(cq = 6/5). In agreement with previous authors, the single-

phase field c was found to have a melting point minimum

(30 at.% Te, 535 �C). Furthermore, two peritectic reactions

were observed and the course of liquidus lines was deter-

mined in the whole investigated composition range. The

new phase diagram differs considerably from all previous

versions, and, for the first time, gives a complete

rationalization of the crystal structures observed in the

debated composition area.
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1 Introduction and Literature Review

Antimony-Tellurides, in particular the compound Sb2Te3,

were studied intensively in the last decades because of their

potential in various fields of applictions. When doped with

a suitable dopant, Sb2Te3 can be transformed into both p-

type and n-type semiconductors and has a high potential for

various thermoelectric applications.[1, 2] In combination

with Ge and In it is used as phase change material for

random access memory,[3] or as base material for optical

disc memory.[4] Furthermore, Sb2Te3 is a topological

insulator which was studied for various advanced

applications.[5, 6]

Despite the considerable interest in Antimony-Tel-

lurides, the phase diagram Sb-Te is still not well under-

stood. The relevant literature up to the year 1992 was

assessed by Ghosh.[7]

According to this assessment, shown in Fig. 1, the

compound Sb2Te3 shows a congruent melting point at

617.7 �C and a homogeneity range of less than 1 at.%. A

eutectic reaction between Sb2Te3 and Te occurs at 422 �C.
The composition region between Sb and Sb2Te3 is more
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complex. Melting in this large composition area

(0–60 at.% Te) occurs in the small temperature range of

544–557 �C and single phase samples were found in a

large part of the composition range. Based on the work of

Abrikosov et al.[8] and early crystal structure studies,

Ghosh[7] proposed the existence of two separate phases

fields c (41–49 at.% Te) and d (16–37 at.% Te) with

rhombohedral (c) and primitive trigonal (d) crystal struc-
tures. The d-phase was found to show a melting point

minimum at 27.7 at.% Te and three additional peritectic

reactions were proposed in the composition range between

0 and 60 at.% Te. Invariant reactions according to Ghosh[7]

are summarized in Table 1.

In a following work, based on the assessment of

Ghosh,[7] Shelimova et al.[9] propose the existence of

several layered superstructures based on the structure of Sb

(As-type) between 30 and 56 at.% Te. These superstruc-

tures are refineable only at their specific composition, even

though some of them occur in an extended single-phase

field. Two compounds were prepared in by Shelimova

et al.,[9] others taken from existing literature.[10] The pro-

posed phase diagram agrees with Ghosh[7] and

Abrikosov,[8] having two separate single-phase fields c and
d. Crystallographic data for Sb-Te phases for the following
discussions are summarized in Table 2.

A thermodynamic assessment using the CALPHAD

method, also based on the work by Ghosh,[7] was done by

Guo et al.[16] who reproduced the classically assessed phase

diagram in Ref. 7. Another experimental work by Eckerlin

and Stegherr[17] is in line with the phase diagram from

Abrikosov,[8] but the authors state that they can only verify

one peritectic reaction between 30 and 60 at.% Te. Fur-

thermore, they could not confirm the c-phase described by

Abrikosov,[8] while also discussing at least 11 discrete

phases in this range.

A different approach, suggesting only one broad phase

field between Sb and Sb2Te3, is also supported by some

authors. Brown and Lewis[18] proposed a phase diagram

Fig. 1. The Sb-Te phase

diagram according to the

assessmet of Ghosh[7]

Table 1. Invariant reactions in

Sb-Te according to Ghosh[7]
Reaction Composition, at.% Sb Temp., �C Reaction type

L $ Sb 100 630.75 Melting

L ? (Sb) $ d 76.9 98.7 83.6 547.35 Peritectic

L $ d 72.3 72.3 544.35 Congruent

L ? c $ d 69.2 58.9 63.3 545.85 Peritectic

L ? Sb2Te3 $ c 63.3 40.4 51 557.05 Peritectic

L $ Sb2Te3 ? (Te) 7.4 40 0 544.35 Eutectic

L $ Te 0 449.55 Melting
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showing one broad phase field d (11–60 at.% Te). They

verify only one peritectic reaction (L ? (Sb) $ d, 11 at.%

Te, 550 �C), and they conclude that the two distinct phases

found by Abrikosov[8] could be metastable compounds.

Combined with the phase diagram of Hansen and

Anderko,19] Brown and Lewis[18] suggest the liquidus line

in the phase diagram. A reinvestigation, especially of the

liquidus and solidus in the range from 0 to 60 at.% Te, was

done by Kim and Chao.[20] They found, through electron

microprobe analysis, a variety of compositions between 20

and 60 at.% Te. They came to the conclusion that the

solidus region (20–60 at.% Te) remains uncertain, but they

do not support the suggestion of two distinct single phase

fields by other authors. Last but not least, the suggestion of

various layered superstructures was further investigated in

thin film deposition studies by Kifune et al.[11, 12] They

conclude that only one single phase field exists between Sb

and Sb2Te3. The proposed range, 11.5–60 at.% Te includes

the composition of Sb2Te3 as part of the single-phase field.

In summary, there are considerable differences and

uncertainties in the description of Sb-Te. Many experi-

mental results suggest that the currently accepted phase

diagram version by Ghosh[7] requires revision, but there is

no consensus on the type of revision among recent authors.

In the current work we present new experimental data for

the heavily discussed Sb-rich part of Sb-Te, which allow to

understand most of the findings of previous authors and, at

the same time, delivers a new interpretation of the binary

phase equilibria between Sb and Sb2Te3.

2 Experimental

More than 30 samples were prepared from lumps of pure

Sb (Cominco Electronic Materials, 99.999 %) and Te

(Johnson & Matthey, 99.999 %) (Alfa Aesar, 99.99%).

Calculated amounts of the elements were weighed to an

accuracy of ± 0.5 mg using a semi-micro balance. Total

weights were 1000 mg for sample series 1, and 500 mg for

the series 1.5 and 2, respectively. As arc melting was not

possible due the high vapor pressure of Sb and Te, the

weighed elements were placed into quartz glass tubes

(diameter 8 mm) which were evacuated, flushed with Ar

for three times, and finally sealed under a dynamic vacuum

better than 8�9 10-3 mbar. For homogenization the sealed

phials were heated in a H2/O2 flame until the entire sample

was liquid. Samples of the series 1 were annealed directly

after this initial homogenization step. However, as many of

these samples were not completely equilibrated after heat

treatment, samples of series 1.5 and 2 were powdered after

initial melting, pressed into pellets of 5 mm diameter using

a hydraulic press, resealed under vacuum and then

annealed. After annealing in a muffle furnace at 520 �C for

2 weeks, samples were quenched in cold water and sepa-

rated into several pieces used for further analysis.

Metallographic samples were prepared by embedding a

representative part of each sample in electrically conduct-

ing phenolic hot mounting resin (PolyFast, Struers). These

samples were then ground with abrasive SiC-paper in

several steps and finally polished with Al2O3-powder of 1

and 0.3 lm grain size. Metallographic samples were ini-

tially checked using a reflected light microscope (Zeiss

Axiotech 100) operated in bright field, dark field and

polarization mode. Subsequently, scanning electron

microscopy was performed using a Zeiss Supra VP electron

microscope operated with an acceleration voltage of

20 kV. Imaging was done using secondary electrons (SE)

as well as back scattered electrons (BSE). As the atomic

number of Te and Sb differs only by 1, the observed

chemical (mass) contrast in BSE mode was insufficient and

often outperformed by crystallographic orientation con-

trast. Therefore, it was necessary to measure a large

number of points to check for homogeneity during quan-

titative analysis. For this, an energy dispersive detector

(EDX) detector was used. Energy calibration was done

with a Co standard and the characteristic x-ray lines used

for quantitative analysis were calibrated using pure ele-

mental standards of Tellurium and Antimony.

X-ray powder diffraction was used to determine and

refine crystal structures. Representative parts of the sam-

ples were powdered with a WC mortar and the powder was

fixed on a zero-background silicon single crystal sample

holder using a thin layer of grease. The powder diffrac-

tometer (D8, ADVANCE, Bruker) was operated in Bragg-

Table 2. Crystallographic

information for Sb-Te phases

relevant in this study

Phase Space group Structure type Lattice parameters (Å) References

Sb48Te9 R-3m (166) Own A = 4.293, c = 109.107 [11]

Sb4Te P-3 (143) Own a = 4.289, c = 28.876 [12]

Sb8Te3 R-3m (166) Own a = 4.280, c = 64.220 [9]

Sb2Te P-3m1 (156) Own a = 4.277, c = 17.612 [11]

Sb4Te3 R-3m (166) Own a = 4.272, c = 83.309 [13]

SbTe P-3m1 (156) Own a = 4.269, c = 24.050 [14]

Sb2Te3 R-3m Bi2Te3 a = 4.2674, c = 30.450 [15]
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Brentano pseudo focusing mode with h/2h geometry.

Detector for all measurements was a one-dimensional sil-

icon strip detector (Lynxeye). All samples were measured

for 1 hour with an acceleration voltage of 40 kV and a

beam current of 40 mA. Initial qualitative phase identifi-

cation as well as Rietveld refinements were done using the

Topas software.[21] For further investigations of patterns

containing incommensurately modulated structures, the

software Jana2000[22] was used.

A DTA/DSC 404 F1 Pegasus instrument (Netzsch) was

used to determine the thermal reactions over the entire

investigated composition range. Pieces of approximately

100 mg weight were sealed into evacuated quartz glass

sample holders in order to avoid evaporation during DTA

measurements. A sample of 100 mg Zr sealed in a quartz

glass sample holder served as reference material. Each

sample was measured for two heating- and cooling-circles

using a heating rate of 5 K min-1. Measurements were

started at room temperature and the maximal temperature

was set between 600 and 670 �C, depending on the antic-

ipated liquidus temperature of the specific sample. Tem-

perature calibration of the Pt/Pt10%Rh thermocouples was

done by acquiring the melting temperature of the pure

elements Sn, Zn, Te, Sb, Ag and Au.

3 Results and Discussion

Compositions and selected experimental results for 27

samples prepared in the Sb-Te system are listed in Table 3.

It contains 3 homogeneous bulk annealed samples (1D–

1F), followed by two series of pressed powder samples.

The 1.5 series (1.5 A–1.5 J) was prepared at the same

nominal compositions as in series 1, while samples of

series 2 (2A–2N) were prepared to cover additional nom-

inal compositions. In the following discussion we exclu-

sively use the designation ‘‘c’’ for all phase compositions

found between pure Sb and Sb2Te3, as our discussion will

show that the split into two different phases c and d, pro-
posed in the assessment of Ghosh[7] is not in line with the

presented results.

3.1 Results for Sample Series 1 (Bulk Annealing)

Most of the samples of series 1 were inhomogeneous due to

the method of preparation and are therefore not listed in

Table 3. This is reflected by a high standard deviation of

measured phase compositions, and by the presence of non-

equilibrium pure Sb in samples 1A–1C. The remarkable

exceptions are samples 1D to 1F which were found to be

homogeneous with only small local deviations from the

mean phase composition. This is most likely due to the

specific melting behaviour in this composition area, which

will be discussed in section 3.3. The microstructure of

sample 1B (nominal composition: 82% Sb) is shown in

Figure 2, left. Small grains of pure Sb are surrounded by

obvious diffusion zones embedded in a matrix of c-phase
with quite inhomogeneous composition. Note, that the

different colours of c-grains are due to different crystallo-

graphic orientation and do not reflect the composition

differences.

An EDX line scan was performed along the plotted line

and the resulting composition curve is shown in Fig. 2,

left. It is interesting to note, that the experimental com-

position results for the c-phase, although determined from

inhomogeneous samples, clearly contradict the literature

phase boundary of c in the assessment of Ghosh.[7]

According to Ghosh, the Sb-rich boundary of c/d phase

field is found at 16.4 at.% Te, however experimental

results in the current study suggest a significantly lower

value. To estimate this phase boundary, we evaluated line

scans of samples 1A, 1B and 1C for compositions in local

equilibrium with pure Sb (example: Fig. 2, right). This

evaluation yielded a preliminary phase boundary at 12 ±

1 at.% Te (88 ± 1 at.% Sb).

Powder XRD was performed for all samples, despite the

inhomogeneity observed in SEM. A reliable structure

refinement was not possible for these samples, except for

the two largely homogeneous samples 1D and 1E which

were refined with the structural models of the reported

superstructures Sb8Te3 and Sb2Te, respectively. A graphi-

cal representation of the powder pattern and refinement

result for sample 1E is shown in Fig. 3. The agreement of

measured and refined pattern is generally good, but a

careful evaluation of the diffraction line positions revealed

unexpected differences for most of the minor intensity

lines. The very same behaviour was also found for all other

samples, but to a much larger extent. The fact that it was

generally impossible to refine consistent lattice parameters

for any of the samples within the series, raised some doubt

regarding the general structural features within this phase

field. An incommensurate modulation of a relatively simple

structural model based on the As-type crystal structure

appeared to be a possible solution for this problem of lat-

tice parameter determination. However, it was decided to

not try any advanced structure refinement with these

inhomogeneous sample series, but rather re-synthesize the

whole series.

3.2 Results for Series 1.5 and 2 (Annealing

of Pressed Powder Pellets)

Sample series 1.5 and 2 were found to be homogeneous

after annealing, evidenced by only small variation of phase

compositions measured by SEM/EDX (compare Table 3).

SEM results clearly show the existence of one extended

J. Phase Equilib. Diffus. (2022) 43:648–659 651

123



single-phase field (c) ranging from 88.6 at.% Sb (average

value determined from three two-phase samples) to 43.1%

Sb (determined from one two-phase sample). The Sb-rich

phase boundary is in very good agreement with the esti-

mation based on evaluation of the local equilibria in

sample series 1, and it also agrees with the phase boundary

suggested by Brown and Lewis[18] and Kifune et al.[11, 12]

However, it differs significantly from the broadly accepted

assessment from Ghosh[7] (83 at.% Sb). The Te-rich phase

boundary of c, on the other hand, is not in line with Kifune

et al.,[11, 12] as these authors suggested a continuous

extension of the phase to Sb2Te3, but it also differs sig-

nificantly from the phase boundary suggested by Ghosh[7]

(51 at.% Sb).

Table 3. Experimental phase compositions and cell parameters for Sb-Te samples

Sample

[nom. comp at.% Sb/Te]

Annealing Comment XRD EDX

Phase Lattice parameters, Å, cq
* Sb, at.%

1D [74/26] Bulk, 520�, 2 weeks ‘‘Sb8Te3’’ a = 4.280, c = 64.220 74.56 ± 0.9

= c a = 4.280, c = 5.839, cq = 1.358

1E [70/30] Bulk, 520�, 2 weeks ‘‘Sb2Te’’ a = 4.277, c = 17.612 70.23 ± 0.3

= c a = 4.277, c = 5.870, cq = 1.338

1F [66/34] Bulk, 520�, 2 weeks c a = 4.273, c = 5.887, cq = 1.322 66.70 ± 1.4

1.5 Beta [94/6] Powder, 520�, 2 weeks Sb a = 4.308, c = 5.637 100

c a = 4.302, c = 5.721, cq = 1.439 88.2 ± 0.2

1.5 Alpha [90/10] Powder, 520�, 2 weeks Sb a = 4.308, c = 5.637 100

c a = 4.301, c = 5.715, cq = 1.436 88.8 ± 0.4

1.5A [86/14] Powder, 520�, 2 weeks ‘‘Sb48Te9’’ a = 4.293, c = 109.107 86.0 ± 0.4

= c a = 4.293, c = 5.742, cq = 1.418

1.5B [82/18] Powder, 520�, 2 weeks ‘‘Sb4Te’’ a = 4.288, c = 28.876 81.9 ± 0.4

= c a = 4.288, c = 5.775, cq = 1.400

1.5C [78/22] Powder, 520�, 2 weeks c a = 4.282, c = 5.805, cq = 1.375 78.1 ± 0.4

1.5G [62/38] Powder, 520�, 2 weeks c a = 4.270, c = 5.916, cq = 1.299 65.5 ± 1.2

1.5H [58/42] Powder, 520�, 2 weeks ‘‘Sb4Te3’’ a = 4.272, c = 83.309 57.9 ± 0.8

= c a = 4.269, c = 5.948, cq = 1.280

1.5I [54/46] Powder, 520�, 2 weeks c a = 4.273, c = 5.887, cq = 1.322 53.7 ± 1.2

1.5J [50/50] Powder, 520�, 2 weeks ‘‘SbTe’’ a = 4.269, c = 24.050 50.5 ± 1.3

= c a = 4.267, c = 5.980, cq = 1.260

2 Alpha [92/8] Powder, 520�, 2 weeks Sb a = 4.308, c = 5.637 100

c a = 4.302, c = 5.711, cq = 1.440 88.8 ± 0.2

2A [88/12] Powder, 520�, 2 weeks c a = 4.295, c = 5.720, cq=1.425 87.8 ± 0.3

2B [84/16] Powder, 520�, 2 weeks c a = 4.291, c = 5.758, cq = 1.411 83.3 ± 0.4

2C [80/20] Powder, 520�, 2 weeks c a = 4.286, c = 5.791, cq = 1.385 79.5 ± 0.2

2D [76/24] Powder, 520�, 2 weeks c a = 4.281, c = 5.822, cq = 1.365 75.9 ± 0.2

2E [72/28] Powder, 520�, 2 weeks c a = 4.278, c = 5.850, cq = 1.344 71.7 ± 0.2

2F [68/32] Powder, 520�, 2 weeks SEM & DTA only c Not determined 67.8 ± 0.2

2G [64/36] Powder, 520�, 2 weeks SEM & DTA only c Not determined 64.2 ± 0.2

2H [60/40] Powder, 520�, 2 weeks SEM & DTA only c Not determined 59.4 ± 0.4

2I [56/44] Powder, 520�, 2 weeks SEM & DTA only c Not determined 55.9 ± 0.3

2J [52/48] Powder, 520�, 2 weeks SEM & DTA only c Not determined 51.5 ± 0.3

2K [47/53] Powder, 520�, 2 weeks c a = 4.264, c = 6.036, cq = 1.229 46.6 ± 0.8

2L [40/60] Powder, 520�, 2 weeks Sb2Te3 a = 4.263, c=30.467 39.6 ± 0.2

2M [42/58] Powder, 520�, 2 weeks SEM & DTA only c Not determined 43.1 ± 1.2

Sb2Te3 Not determined 40.8 ± 0.2

*cq is the component of the incommensurate q-vector (q ¼ cq � c�)
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Results from powder XRD showed continuous variation

of diffraction line positions in a relatively simple diffrac-

tion pattern. It was possible to refine some of the patterns

using different superstructure models (compare Table 3),

but with similar problems for some minor line positions as

shown in Fig. 3. For the most patterns, refinement with a

classical crystal structure model was not possible due to the

impossibility to obtain consistent lattice parameters using

the commensurate structure models from literature

(Table 2).

An analysis of these structures revealed common crys-

tallographic features (see also Fig. 4 for a collection of

relevant superstructures):

• All are commensurate superstructures based on the Sb-

structure with sometimes very long c-parameters.

• They are built from atomic layers perpendicular to the

crystallographic c-axis, where each layer contains only

one atomic species.

• Five alternating Sb- and Te-layers form a Sb3Te2-

building block.

• The stoichiometry of each compound is maintained

through the insertion of the proper number of Sb-layers

in between the Sb3Te2-blocks.

As will be shown in the following, these observations

revealed remarkable structural similarities to compounds in

the Sb-Sn system,[23–26] which has an incommensurate

crystal structure (compare Lidin et al. and Noren

et al.[23, 24])

In a recent study (see Refs. 25, 26 for details), numerous

misconceptions about the Sb-Sn system could be clarified.

Besides the introduction of a compound Sb3Sn4 (formed

Fig. 2. Left: BSE image of the microstructure of sample 1B showing

non-equilibrium Sb grains surrounded by a diffusion zone in the c-
phase with varying Sb-content, embedded in a matrix of more Te-rich

c-phase. The black line indicates the direction of a performed EDX

line scan. Right: Line scan result for this sample with extrapolated

local equilibrium phase boundary plotted as dashed line

Fig. 3. Experimental powder XRD pattern of Sample 1E refined with

the structural model of Sb2Te. Blue circles: experimental data, red

line: theoretical pattern observed by Rietveld refinement, grey line

below: difference curve. The magnified and indexed insert shows, that

the positions of minor lines (eg 0 1 11) were not reproduced well by

the model; a first indication for a possible incommensurate modula-

tion (Color figure online)
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peritectically at 326 �C), the most important findings with

relevance to the present work are:

• The structure of the compound SbSn is incommensu-

rately modulate[23, 24]

• It is built from atomic layers perpendicular to the

crystallographic c-axis

• Seven alternating Sn- and Sb-layers form Sb3Sn4-

blocks

• These layers are separated by the proper amounts of Sb-

layers corresponding to the stoichiometry.

The structure of Sb3Sn4 was derived from this model by

eliminating all additional Sb-layers. It is composed of three

Sb3Sn4-blocks and is isotypic to P3Sn4 (see also

Stegherr.[27] This very close relationship between the two

Sb-Sn compounds was noticed by the fact that the cq-
component (q ¼ cq � c�) of the incommensurate q-vector

assumed the rational value of 9/7 at the Sb3Sn4-composi-

tion, which hints at a commensurate super structure.[25, 26]

cq remains constant over the small homogeneity range of

Sb3Sn4 but rises significantly within the broad SbSn-ho-

mogeneity range. Interestingly, at the approximate Sb-rich

Fig. 4. Unit cells of various superstructures proposed for the composition range 0–60 at.% Te in the Sb-Te system. The structures are based on

alternate stacking of Sb2Te3- and Sb-like blocks (see insert below). Sb2Te3 (left) and Sb (right) are considered as end members of the series

654 J. Phase Equilib. Diffus. (2022) 43:648–659
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limit of SbSn, it assumes a value of 19/14 (as compared to

9/7 = 18/14 at the Sn-rich side), and reaches 21/14 = 1.5 for

pure Sb. This means, the Sb-structure itself can be

described as an incommensurate superstructure of a

rhombohedral cell in trigonal setting with cq = 1.5. How-

ever, at cq = 20/14, no hint for the existence of a further

structure has been obtained. Instead, there is a broad two-

phase field [SbSn ? (Sb)], which is explained by Lidin

et al. and Noren et al.[23, 24] by a loss of correlation

between the Sb3Sn4-building blocks through the insertion

of ‘‘too many’’ Sb-layers (in the sense that a sufficiently

large number of Sb-layers in fact constitutes a Sb-grain and

therefore a second phase). For the sake of completeness, it

has to be mentioned that incommensurability is caused by a

distortion of the atomic arrangement.

Although no incommensurability has been mentioned in

the literature for the Sb-Te system, the mentioned striking

crystallographic similarities to Sb-Sn (notably the layer-

wise atom arrangement, the existence of Sb3Sn4 or Sb3Te2
building blocks, insertion of additional Sb-layers) sug-

gested attempts to verify a possible incommensurate

modulation in the Sb-Te system.[25, 26]

Using the experience from the Sb-Sn system as a start-

ing point, the XRD recordings from numerous samples

listed in Table 3 were refined using the software

JANA2006, which allows the introduction of incommen-

surability in the crystal structure. Background, average cell

and profile of the main reflexes were refined first, then

incommensurability was introduced to determine cq, and
eventually peak intensities were refined using atom posi-

tions. Lidin et al. and Noren et al.[23, 24] mention that Sb

and Sn could be distinguished in the XRD-refinements

despite their similar scattering power, because they form

sub-lattices with different rigidity. For the refinement of the

powder patterns in the present work, the scattering function

of Sb was used for all atom positions (i.e., no distinction of

Sb and Te was made). For this reason, all positions were

described by the single position with coordinates (0,0,0).

In the evaluation of the XRD patterns, a key role is

assumed by the weak satellite reflexes. Commensurability

and incommensurability can be distinguished by the value

of cq, whether it is rational or irrational. An important

further criterion noticed in Sb-Sn was not so much the

existence of the satellites alone (they exist for commen-

surate and incommensurate crystal structures), but the

composition dependency of their angular position in SbSn

with respect to the main reflexes, which is of course one

consequence of a change in cq.
In the Sb-Te system, a completely similar observation

was made for the c-phase: in Fig. 5, we show a collection

of powder patterns of phase-pure samples showing a con-

tinuous variation of the diffraction pattern in combination

with significant shifts of weak satellite reflexes. Refinement

results obtained with JANA are given in Table 3 for a

broad variety of samples containing the c-phase. It was

possible to refine the c-phase using the incommensurate

model described above in all cases. The model parameters

are given in Table 4. For those samples, where refinements

with commensurate superstructure models were possible,

both refinement results are given for comparison (samples

1D, 1E, 1.5A, 1.5B, 1.5H, 1.5J). These samples have

compositions near the ideal superstructure compositions

leading to reasonable agreement with the ideal structure

pattern and (using the modulated model) to cq close to the

respective rational number.

The variation of cq and lattice parameters with the

composition within the c-phase is shown in Figure 6. For

comparison, parameters for pure Sb and Sb2Te3 refined

Fig. 5. A collection of powder patterns of phase-pure samples

showing a continuous variation of the diffraction pattern. The

obtained diffraction patterns show clear evidence for a continuously

modulated crystal structure; emphasized by the strong variation of the

angular position of weak satellite reflections (black arrows). Patterns

of pure Sb (0 at.% Te) and Sb2Te3 (60 at.% Te), situated outside of

the c single-phase field are shown for comparison
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with the very same model are also shown. The variation is

smooth and consistent throughout the entire single-phase

field (88.6–43.1 at.% Sb). We did not find any evidence for

a two-phase field in this area in SEM or EDX data. As

expected, the parameter cq varies linearly between Sb (1.5

= 3/2) and Sb2Te3 (1.2 = 5/6), being the respective end

members of the series. Surprisingly, even the lattice

parameters of the basic cell extrapolate well to Sb2Te3,

despite the intermediate small two-phase gap. Extrapola-

tion of the c-phase lattice parameters to Sb is much worse,

for the a-parameter.

3.3 DTA Results and Phase Diagram

A total number of 26 well equilibrated samples were

investigated by DTA in order to determine the thermal

reactions in the composition range 0–60 at.% Te. Samples

were essentially taken from series 1.5 and 2, abut also

include the three homogeneous samples 1D-1F. The com-

position area of the single-phase field c was covered by a

fine raster of samples. Additionally, the phase Sb2Te3 and

the two-phase fields (Sb ? c) and (c ? Sb2Te3) are covered

by samples.

Results of these measurements are listed in Table 5 and

are included in Fig. 7 which shows the phase equilibria

between Sb and Sb2Te3 according to our evaluation. It

must be stated that the scattering of measured reaction

temperatures is relatively high, due to experimental diffi-

culties observed in the system Sb-Te. First, solidus tem-

peratures and invariant reaction temperatures occur in a

very small temperature interval of less than 15 K, so the

separation of thermal effects is often challenging. Sec-

ondly, it was necessary to measure the samples in sealed

and evacuated quartz-glass ampoules to suppress evapo-

ration of the volatile components Sb and Te during mea-

surement. These ampoules are heavier and have less

thermal conductivity compared to thin-walled standard

crucibles made from alumina, and they are therefore

reducing the quality of obtained data.

Data listed in Table 5 are the average values of first and

second heating cycle, except for a few cases which only

allowed the evaluation of one of the curves. As consider-

able supercooling is observed throughout the system, the

cooling effects were not evaluated. Our data confirm the

congruent melting point minimum in the c(= d)-phase,
reported in all available phase diagram versions, and they

also agree with the very flat course of the solidus line of c
reported in other works. However, as we do not confirm the

existence of two separate phase fields c and d, we report

different invariant reactions. According to our findings, the

c phase shows a congruent melting point minimum at

535 �C and 30 at.% Sb, and two peritectic melting points at

547 �C/15 at.% Sb and 547.5/52 at.% Sb, respectively. The

course of liquidus temperatures observed in our work

extrapolates well to the literature melting point of pure Sb.

The melting point of Sb3Te2 found in this study (612 �C) is
about 5 K lower than the value reported in Ref. [7].

Fig. 6. Variation of cq (top) and basic cell parameters (down) of the

c-phase with the composition, refined in the incommensurate

structural model discussed in the text. The homogeneity range of

the phase is highlighted by the yellow background. Parameters for

pure Sb and Sb2Te3 refined with the same model are shown for

comparison (Color figure online)

Table 4. Structure model

refined for the c-phase showing

values at the two boundary

compositions

at.% Te Space group a, Å c, Å cq-vector x, y, z

12 R-3m(0,0,c) 4.295 (±0.77*10-4) 5.720 (±2.13*10-4) 1.425 0,0,0

53 R-3m(0,0,c) 4.264 (±1.35*10-4) 6.036 (±2.73*10-4) 1.229 0,0,0
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A list of invariant reaction temperatures and corre-

sponding phase compositions is given in Table 6. The Sb-

rich peritectic agrees remarkably well with the assessment

of Ghosh, while the congruent melting point minimum was

found about 10 K lower than proposed there. The reaction

temperature of the Te-rich peritectic agrees again very well

with the peritectic decomposition of d by Ghosh,[7] while

we did not find any evidence for a third peritectic around

557 �C, as proposed there.

4 Conclusions

The difficulties preventing full understanding of phase

equilibria in the Sb-rich part of Sb-Te up to now, are due to

several challenges in this specific system.

• Sluggish reaction kinetics due to large atoms and

moderate annealing temperatures hinder easy

equilibration.

• Powder patterns are simple at the first sight, but hard to

understand on detailed investigation, triggering the

development of many different superstructure models

and causing doubts about the number of phases present

in the system.

• Thermal reactions occur in a very small temperature

window around 540 �C, making it difficult to sort out

the number and nature of invariant reactions.

In this study we present new experimental data con-

tributing to the better understanding of the system Sb-Te

and we suggest a new version of the phase diagram in the

composition range between 0 and 60 at.% Te. By using a

fine raster of well equilibrated samples annealed at 520 �C
it was possible to rule out the existence of any extended

two-phase field between 11.4 and 56.9 at.% Te. By suc-

cessfully applying a structural model in the (3 ? 1)-di-

mensional super-space group R-3m(0,0,c) to all single

phase samples in this area, it was furthermore possible to

rationalize the crystal structure of this single-phase field. It

is important to state, that this structural model is not in

conflict with crystalline superstructures reported ear-

lier,[9, 11–14] as these superstructures can be understood as

commensurate parts of the single-phase field characterized

by rational values of the cq-component of the modulation

vector, as far as the cell metrics is concerned. A more

detailed view on the distribution of Sb and Te was not

possible based on powder data, as very similar scattering

factors of these two elements do not allow separation.

Evaluation of DTA experiments furthermore allowed to

propose a new binary reaction scheme between 0 and

60 at.% Te, including a congruent melting point minimum

of c and the two peritectic reactions L ? (Sb) $ c and L ?

Sb2Te3 $ c.
The extended single-phase field c was confirmed for the

annealing temperature of 520 �C, only about 15 K below

the melting point minimum of the phase. The further

development of this single-phase field at lower tempera-

tures is not known up to now. Long term-annealed samples

are necessary to investigate the possibility of the c-phase
decomposing into several stability islands around specific

superstructure compositions at lower temperature.

Fig. 7. Phase diagram Sb-Te in the composition range between Sb

and Sb2Te3 according to the current work. Black squares: invariant

arrests (DTA); white triangles: liquidus (DTA); white circles: solidus

(DTA); asterisks: phase boundary of the c-phase at 520 �C (SEM/

EDX)
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Table 5. Thermal arrests

obtained by DTA and their

interpretation

Sample composition, at.% Te Solidus, �C Invariant, �C liquidus, �C

6 546.7 612.2

8 546.4 606.3

10 546.5 596.3

12 544.8 590.8

14 535.4 545.1 580.6

16 540.1 549 577.3

18 533.1 548.4 567.8

20 533.9 548.4 556.7

22 535.1 550.5

24 536.1 547

26 532.6 541.4

28 537.5 545

30 534.8

32 536.5 541.4

34 537.1 542.3

36 536.8 544.3

38 537.7 550

40 536.9 543.4 558.3

42 536.6 547.4 566.8

44 537.2 545 573.3

46 537.7 549.7 583.6

48 537 549.3 590.4

50 540.4 551.3 597.3

53 539.2 548 607.2

58 546.2 609.4

60 611.9

Table 6. Invariant reaction

temperatures and corresponding

phase compositions according

to this study

Reaction Composition, at.% Te Temp., �C Reaction type

L ? (Sb) $ c 23 0 * 15 547 ± 2 Peritectic

L $ c 30 30 535 Congruent

L ? Sb2Te3 $ c 37.5 59.2 * 51 547.5 ± 3 Peritectic

L $ Sb2Te3 60 60 612 Congruent
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