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A B S T R A C T   

The pyrosynthesis of gold chalcogenides AuX (AuTe0.7Se0.2S0.1), AuX2 (AuTe1.8Se0.2–AuTe1.8Se0.1S0.1) and 
Au3X10 (Au3Te6Se3S–Au3Te6Se2.5S1.5) was performed from a mixture of elemental substances taken in the atomic 
ratios X/Au (X ¼ Σ(Te þ Se þ S)) of AuTe0.666Se0.167S0.167 (X/Au ¼ 1), AuTeSe0.5S0.5 (X/Au ¼ 2), AuT-
e2Se1.125S0.375, AuTe2Se0.75S0.75 (X/Au ¼ 3.5) and AuTe2.5SeS0.5 (X/Au ¼ 4). Optical and scanning electron 
microscopy, electron microprobe analysis, X-ray powder diffraction, X-ray photoelectron spectroscopy and 
Raman spectroscopy were applied to characterize the samples. It was established that Au chalcogenides of 
composition AuX2 were analogous to mineral calaverite (AuTe2), Au3X10 phases were close to S-bearing mineral 
maletoyvayamite and the AuX substance seemed to be a synthetic analog of a phase 
Au0.99–1.00Te0.70–0.71Se0.25–0.27S0.03–0.06 found in the Gaching area of the Maletoivayam ore field (Central Kam-
chatka volcanic belt). The results on complex Au chalcogenides in the quaternary Au–Te–Se–S system are of 
interest for chemistry, mineralogy and geochemistry of Au, and potential applications in materials science.   

1. Introduction 

Gold (Au) is one of the least reactive chemical elements that forms a 
number of compounds with chalcogens [1–21]. Simple Au chalcogen-
ides have been synthesized in binary (Au–tellurium (Te), Au–selenium 
(Se) and Au–sulfur (S)) [1–3,5,14,16–19] and ternary Au–S–Te systems 
[1,6,7]. The Au sulfides Au2S and Au2S3 are unstable and decompose to 
the elements [2]. There are stable α- and β-AuTe2 phases ([5] and ref-
erences therein) and Au2Te3 [14], and the existence of AuTe3 and AuTe 
compounds were predicted by Rong et al. [12] and Streltsov et al. [13] in 
the Au–Te system, but these last phases have not been found yet. Two 
different crystallographic modifications, α- and β-AuSe, are known for 
the Au–Se system [1,16,20]. In the ternary Au–Se–Te system, the 
Au2SeTe phase [1] and solid solution Au2Se3Te4–Au4Se5Te8 [6] have 
been found. Tuhý et al. [7] synthesized two ternary compounds, 
Au2TeSe and Au3Te6Se4, related to solid solutions in the range of 
Au2Te0.94Se1.11–Au2Te1.58Se0.49 and Au3Te6.06Se4.18–Au3Te6.58Se3.87, 
respectively, in which Se replaced Te. Some special properties are 
possible in such materials; for example, Luo et al. [10] reported that 
metastable Au3Te5 is a superconductor at very low temperatures, while 
AuTe2 having an incommensurate crystal structure becomes 

superconducting at elevated pressure or upon doping with platinum 
metal [13]. Nevertheless, the properties of Au chalcogenides are insuf-
ficiently understood. 

In nature, Au mainly occurs in elemental form, but several Au 
chalcogenide minerals are also known in the Au–S–Se–Te system, 
including calaverite (AuTe2) [8–14,22–25] and montbrayite (Au2Te3) 
[22,24,26–31]. These phases are actually non-stoichiometric, with 
additional elements, particularly silver, stabilizing the structures [3,4, 
24,26–31]. Bindi et al. [21] recently demonstrated the chemical formula 
of montbrayite to be (Au,Ag,Sb,Pb,Bi)23(Te,Sb,Pb,Bi)38 rather than 
Au2Te3 [3,4]. Generally, Au chalcogenides are minor minerals in ores of 
Au [32–34], but recently an uncommon noble metal mineralization was 
found in the Gaching ore occurrence (Maletoivayamore field, Central 
Kamchatka volcanic belt) [35–37], which contains calaverite with 
minor amounts of Se and S, along with S–Se–tellurides Au2Te4Se3, 
Au2Te4S3 and their solid solutions including Au2Te4(S,Se)3, Au3(Te,Se, 
S)10, AuSe and Au(Te,Se,S). The Au3Te6Se4 phase was recently approved 
as a new mineral maletoyvayamite [38]. 

To the best of our knowledge, data on the synthesis and compositions 
of quaternary Au–S–Se–Te compounds are unavailable in literature, and 
chemical Au–chalcogen bonding is still poorly understood. Therefore, 

* Corresponding author. 
E-mail address: yumikh@icct.ru (Y. Mikhlin).  

Contents lists available at ScienceDirect 

Journal of Physics and Chemistry of Solids 

journal homepage: http://www.elsevier.com/locate/jpcs 

https://doi.org/10.1016/j.jpcs.2019.109276 
Received 3 July 2019; Received in revised form 20 November 2019; Accepted 21 November 2019   

mailto:yumikh@icct.ru
www.sciencedirect.com/science/journal/00223697
https://http://www.elsevier.com/locate/jpcs
https://doi.org/10.1016/j.jpcs.2019.109276
https://doi.org/10.1016/j.jpcs.2019.109276
https://doi.org/10.1016/j.jpcs.2019.109276
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jpcs.2019.109276&domain=pdf


Journal of Physics and Chemistry of Solids 138 (2020) 109276

2

the aim of this work was to obtain stable chalcogenides in the 
Au–S–Se–Te system and to study some of their characteristics. 

2. Experiments and analytical methods 

Gold (99.99%), S, Se and Te (99.9%) were employed as starting 
materials for synthesis experiments. The weighing accuracy was 0.05 mg 
(Mettler Instrument Ag CH-8606 Greifensee-Zurich). The Au chalco-
genides were synthesized by heating the mixtures of elementary sub-
stances with the atomic ratios of X ¼ Σ(Te þ Se þ S) to Au from 1 to 4: Au 
1, Te 0.667, Se 0.167, S 0.167 (X/Au ¼ 1); Au 1, Te 1, Se 0.5, S 0.5 (X/ 
Au ¼ 2); Au 1, Te 2, Se 1.125, S 0.375; Au 1, Te 2, Se 0.75, S 0.75 (X/Au 
¼ 3.5); Au 1, Te 2.5, Se 1, S 0.5 (X/Au ¼ 4), with Te/(S þ Se) ¼ 2, 1.67, 
1.33 and 1 (Tables 1 and 2). The quartz vessels with the initial mixtures 
were evacuated and sealed [37]. 

In the experiments with initial compositions AuX, AuX3.5 and AuX4 
(Nos. 1 and 4, Table 1, and No. 5, Table 2), quartz ampoules were heated 
to 600�С at 100 �C/h then to 700 �C at 10 �C/h, kept at this temperature 
for 5 days, then cooled to 400 �C at 50�/h and annealed for 14 days. In 
experiments No. 2 and 3 (Table 1) with initial compositions AuX2 and 
AuX3.5, respectively, quartz ampoules were heated to 400�С at 100 �C/ 
h, then to 550�С at 20 �C/h, up to 600 �C at 20 �C/h, kept at this tem-
perature for 3 days, then cooled to 400 �C at 50 �C/h and annealed for 14 
days. In the synthesis with initial composition AuX3.5 (No. 6, Table 2), 
the ampoule was annealed at 500 �C. After annealing, the ampoules 
were cooled to room temperature in the off mode of the furnace. 

Optical microscopy, scanning electron microscopy (SEM), electron 
microprobe analysis (EPMA), X-ray powder diffraction (XRD), X-ray 
photoelectron spectroscopy (XPS) and Raman spectroscopy (RS) were 
applied to study the synthesized samples. A polished section was pre-
pared from 1/3 of each sample. Chemical analyses of synthesized phases 
were carried out using a MIRA LMU electron scanning microscope 
(TESCAN) with an INCA Energy 450þ X-Max energy-dispersion spec-
trometer (Oxford Instruments). Operation conditions were as follows: 
accelerating voltage was 20 kV, probe current was 1 nA and spectrum 
recording time was 15–20 s. In all measurements the electron beam was 
slightly defocused to reduce the effect of sample microrelief and the 
destructive influence of the beam on unstable Au chalcogenides. Pure 
Au, CuFeS2, PbSe and Ag2Te were used as standards for Au, S, Se and Te, 
respectively. The analysis accuracy was 1–1.5 relative %. 

The XRD experiments were performed using a Stoe STADI MP X-ray 
powder diffractometer (Cu Kα1 radiation, Ge (111) monochromator, 40 
kV, 40 mA) equipped with a linear Mythen 1 K detector. Powder 

diffraction patterns were collected over the 2θ angular range of 5–50�
with a step of 0.015�. Phase analysis was carried out using the PDF-4 
database [39]. 

Raman spectra of Au chalcogenides were acquired on a Ramanor 
U–1000 spectrometer, with detector JobinYvon LabRAM HR800 and a 
laser MillenniaPro (Spectra–Physics) with nominal wavelength λ ¼ 532 
nm. An upright microscope Olympus BX-51 WI with a 100 �magnifying 
objective was used to direct the laser beam onto the sample and to 
collect the Raman signal under the following parameters: spectral res-
olution of 2.09 cm� 1, exposure time of 10 s, five repetitions and filtra-
tion D1. The spectra were calibrated against the emission lines of a 
standard neon lamp, and the peak positions were accurate to within 
�0.2 cm� 1. 

The X-ray photoelectron spectra were measured from materials 
crushed immediately before the experiment and attached to carbon tape 
with a SPECS spectrometer equipped with a PHOIBOS 150 MCD-9 
analyzer at electron take-off angle 90� with monochromatic Al Kα ra-
diation (1486.6 eV). The analyzer pass energy was 10 eV for high- 
resolution spectra. After subtraction of Shirley-type background, the 
Au 4f7/2,5/2, Se 3d5/2,3/2 and S 2p3/2,1/2 doublets were fitted employing 
Gaussian–Lorentzian peak shape, spin–orbit splitting of 3.67, 0.88 and 
1.19 eV and branching ratios of 0.75, 0.667 and 0.5, respectively, using 
CasaXPS software. 

3. Results and discussion 

3.1. Phase composition 

Table 1 shows the EPMA results of experiments with initial ratios of 
X/Au of 1–4, the ratio of Te/(S þ Se) varying within 1–2 and annealing 
temperature of 400�С [37]. Table 2 compares the EPMA results of 
syntheses with the same initial composition X/Au 3.5 (Nos 5 and 6) and 
annealing temperatures of 400 and 500�С. 

In the experiment with the lowest amounts of chalcogens and, hence, 
with the lowest ratio Σ(Te þ Se þ S)/Au ¼ 1 (No. 1), four phases were 
found in the crystallization products, including metallic Au and three 
chalcogenides: AuX (AuTe0.7S0.1Se0.2), AuX2 (AuTe1.8Se0.1S0.1) and 
Au3X10 (Au3Te6Se3S). It is worth noting that the synthesized gray ingot 
looked homogeneous [37]. Chalcogens (Te, Se and S) virtually 
completely reacted with Au, forming three successive Au chalcogenides. 
The Au contacts with the AuX phase were surrounded by AuX2, which 
intergrew with the Au3X10 phase (Fig. 1a and b). The phase, which was 
similar in composition to AuTe2, contained minor amounts of S (to 0.28 
wt%) and Se (to 2.3 wt%). 

In the ingots from experiments with initial ratios X/Au ¼ 2, 3.5 and 4 
(Nos 2–4, Table 1), we revealed the same three Au chalcogenides as in 
the experiment with X/Au ¼ 1 (No. 1) – AuX2–AuTe1.8Se0.1S0.1 (Nos 3 
and 4) and AuTe1.8Se0.2 (No. 2), Au3X10–Au3Te6Se3S (Nos 3 and 4) and 
Au3Te6Se2.5S1.5 (No. 2) and AuX–AuTe0.7S0.1Se0.2 (Nos 2–4) – along 
with metallic Au and some elemental chalcogen phases containing Te, Se 
and S (Nos 2–4). Compared to the experiment with initial composition 
X/Au ¼ 1 (No 1), the amount of Au was considerably lower, and the 

Table 1 
Initial composition (atomic ratios) and results of experiments at annealing 
temperature of 400�С, determined using electron probe microanalysis.  

No Initial mixtures Composition and yield 
(vol.) of main products 

Abbreviation of 
phases 

1 Au 1, Te 0.667, Se 0.167, S 
0.167 (X/Au ¼ 1, Te/(S þ
Se) ¼ 2, Se/S ¼ 1) 

Au3Te6Se2.5S1.5 (30%) Au3X10 

AuTe1.8Se0.1S0.1 (20%) AuX2 

AuTe0.7Se0.2S0.1 (10%) AuX 
Au (40%) Au 

2 Au 1, Te 1, Se 0.5, S 0.5 (X/ 
Au ¼ 2, Te/(S þ Se) ¼ 1, Se/ 
S ¼ 1) 

Au3Te6Se2.5S1.5 (25%) Au3X10 

AuTe1.8Se0.2 (40%) AuX2 

AuTe0.7Se0.2S0.1 (15%) AuX 
Au (10%) Au 
Te0.16S0.5Se0.34 (10%) X 

3 Au 1, Te 2, Se 1.125, S 0.375 
(X/Au ¼ 3.5, Te/(S þ Se) ¼
1.333, Se/S ¼ 3) 

Au3Te6Se3S1 (35%) Au3X10 

AuTe1.8Se0.1S0.1 (20%) AuX2 

AuTe0.7Se0.2S0.1 (15%) AuX 
Au (5%) Au 
Te0.29S0.25Se0.45 (25%) X 

4 Au 1, Te 2.5, Se 1, S 0.5 (X/ 
Au ¼ 4, Te/(S þ Se) ¼
1.667, Se/S ¼ 2) 

Au3Te6Se2.5S1.5 (20%) Au3X10 

AuTe1.8Se0.1S0.1 (30%) AuX2 

AuTe0.7Se0.2S0.1 (10%) AuX 
Au (5%) Au 
Te0.37S0.32Se0.31 (35%) X  

Table 2 
Results of experiments with initial composition Au 1, Te 2, Se 0.75 and S 0.75 at 
different annealing temperatures, determined using electron probe 
microanalysis.  

No Atomic ratios in reaction 
mixtures, annealing 
temperatures 

Composition and yield 
(vol.) of main products 

Abbreviation of 
phases 

5 X/Au ¼ 3.5, Te/(S þ Se) ¼
1.333, Se/S ¼ 1400�С 

Au3Te6Se2.5S1.5 (50%) Au3X10 

AuTe1.8S0.1Se0.1 (10%) 
Te0.61S0.09Se0.30 (40%) 

AuX2 X 

6 X/Au ¼ 3.5, Te/(S þ Se) ¼
1.333, Se/S ¼ 1500�С 

Au3Te6Se2.7S1.3 (60%) Au3X10 

AuTe1.85Se0.15 (35%) Au 
(5%) 

AuX2 Au  
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quantity of the phase composed of a mixture of chalcogens increased, 
especially for X/Au ¼ 4 (Fig. 1а, c, d; Table 1). Chalcogens were located 
in the intergranular space of Au chalcogenides, in the peripheral parts of 
the ingot and as microhemispheres on the ampoule walls. The following 
sequence of phases was observed around Au: Au → AuX → AuX2 → 
Au3X10 → X (Te, Se, S). 

In experiments with the same initial ratios X/Au ¼ 3.5 and S/Se ¼ 1 
(Table 2) but different annealing temperatures of 400�С (No. 5) and 
500�С (No. 6), the phase Au3X10 (Au3Te6Se3S) was predominant while 
phase AuX was absent in the products, in contrast to syntheses 1–4. The 
ingot annealed at 400�С contained two Au chalcogenides (Au3Te6Se3S 
and AuTe1.8S0.1Se0.1) and chalcogen phase (Te0.6Se0.3S0.1) that formed 
skeletal structures (Fig. 2a and b). After annealing at 500�С, two chal-
cogenides Au3Te6Se3S and AuTe1.8S0.1Se0.1 were also present, but the 
third phase was elemental Au (Fig. 2c and d). 

3.2. XRD 

The XRD patterns indicated that synthesized Au chalcogenide AuX2 
(AuTe1.8Se0.1S0.1) corresponded to calaverite (α-AuTe2) [18] (PDF card 
01-074-7043) (Fig. 3). According to EPMA, the S and Se contents were 
0.7 and 2.9 wt%, respectively, suggesting that they isomorphously 
replaced Te. All product samples contained phases with the crystalline 
structure of maletoyvayamite Au3Te6Se4 [38] (Fig. 3). 

Peaks of metallic Au [39] (PDF card 03-065-8601) were observed in 
the diffractograms of the sample from experiment 6 (Table 1, Fig. 3). The 

elemental chalcogen phases formed in experiments 3–5 (Tables 1 and 2) 
exhibited reflections similar to Te [39] (PDF card 04-003-2449) or 
Te0.5Se0.5 (PDF card 01-003-7043) (Fig. 3). The diffractograms also 
contained unidentified peaks, including two or three peaks near 2θ of 
30�, whose intensities varied for different samples thus implying the 
occurrence of two or more phases. Particularly, the intense reflections at 
30.14� and 30.62� were observed for samples 3 and 4, whereas the first 
peak was much smaller and the last one was absent in the diffraction 
patterns of samples 5 and 6. Comparing the phases found using EPMA 
(Tables 1 and 2) suggests that these peaks arose from a new AuTe-based 
phase AuTe0.7Se0.2S0.1, which is not present in databases. This com-
pound was essentially absent from samples 5 and 6, probably because of 
a lower concentration of Se stabilizing the structure of AuX; it is note-
worthy that AuSe phases were not found. We also propose that another 
unidentified phase was a compound of approximate composition of 
Au3Te6Se2.5S1.5 (Table 2) that was enriched in S compared with mal-
etoyvayamite, and of a different crystal structure. 

3.3. Raman spectroscopy 

Raman spectra of synthetic Au chalcogenides AuX and Au3X10 are 
shown in Fig. 4 in comparison with spectra of minerals from the Gaching 
ore occurrence [7,37]. Synthetic phase AuX (AuTe0.7Se0.2S0.1) showed 
three bands at 130, 170 and 208 cm� 1, which were identical to those for 
new mineral phases of composition Au0.99–1.00Te0.70–0.71Se0.25–0.27 
S0.03–0.06 from the Gaching ore [7,37]. For AuX2, both synthetic products 

Fig. 1. Optical (a, c) and SEM (b, d) microphotographs of phases formed in the experiments with initial composition Au 1, Te 0.666, Se 0.167 and S 0.167 (X/Au ¼ 1) 
(a, b) and Au 1, Te 2.5, Se 1 and S 0.5 (X/Au ¼ 4) (c, d). Annealing temperature was 400�С (Nos 1 and 4, Table 1). The spots in which EPMA was performed are 
marked in (b, d). 
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AuTe1.8Se0.1S0.1 and AuTe1.8Se0.2, and Gaching calaverite of composi-
tion Au2.91–3.08Te5.85–6.06Se1.57–3.66S2.63–0.44 [7,37] had a wide absorp-
tion band located at ~100 cm� 1. 

Raman spectra of phases Au3X10 (Au3Te6Se2.5S1.5 and Au3Te6Se3S) 
showed bands at 101, 137 and 178 cm� 1 that almost coincided with the 
peaks from natural maletoyvayamite [38] and its synthetic analog 
Au3Se4Te6 [7]. Some differences, particularly the maxima at 277 and 
322 cm� 1 in the region characteristic of Te–Te and Se–Se stretching, 
seemed due to the presence of S and varying concentrations of chalco-
gens. Detailed interpretation of these and other spectral features re-
quires further research. The similarity of the Raman spectra upon 
changing the concentrations of Se and S suggests similar structures and 
possible isomorphism in the range of Au3Te6Se4–Au3Te6Se2.5S1.5. 

3.4. XPS spectroscopy 

The X-ray photoelectron spectra, which characterize the near-surface 
layers of about 2-nm thick, showed concentrations of Au and chalcogens 
close to the initial compositions of the reaction mixtures. The spectra of 
sample 1 (Table 1) differed from others because of a higher Au content 
(Fig. 5). The main peak Au 4f7/2 had the binding energy (BE) of 84.2 eV, 
which was only slightly higher than that of the bulk metal (84.0 eV); this 
can be attributed to surface Au0–chalcogen bonding and/or the final- 
state effect typical for Au clusters formed via surface decomposition of 
binary Au chalcogenides [9,19–21]. This also agrees with the high 
content of elemental Au found with other techniques; the Au0 seemed to 
contribute to the highest occupied states of the valence band. A 

component near 85 eV appeared to be due to Auþ in Au chalcogenide 
phases, and a weaker line at 86.5 eV is attributable to Au3þ of surface Au 
oxide species in all the samples. As the content of chalcogens (X/Au 
ratio) increased, the low-energy Au 4f component shifted to 84.4–84.6 
eV, and its relative intensity decreased, although retaining about 
20–30% of total, whereas the line at the BEs of 85.2 eV increased; both of 
them seemed due to Auþ in Au chalcogenide phases [6,9,19–24]. 

The main peak Te 3d5/2 had a BE of 573.15 eV for sample 1, and 
shifted to 573.6 eV for other samples (Table 1); these BEs may be 
assigned to Te2� and Te0, respectively. In addition, some spectra showed 
minor lines at about 575 and 576.5 eV from oxidized surface Te(IV) and 
Te(VI) species. The dominant S 2p component at 161.4 eV for all ma-
terials is characteristic of sulfide anion (S2� ). It is worth noting that the S 
2p and Se 3p spectra overlapped each other, and their fitting was not 
quite unambiguous. Significant changes of the chemical state of Se were 
observed in the Se 3d spectra with varying ratios of the components at 
53.8 and 55.2 eV, which are typical for Se2� and Se0 species, respec-
tively. For sample 1, the spectrum was better fitted with the components 
at 53.6 and 54.6 eV. 

For samples 5 and 6 (Table 2) with the initial composition of ele-
ments X/Au ¼ 3.5 (Fig. 6), the Se 3d5/2 peak at 53.9 eV was much 
stronger than that at ~55 eV, while the Au 4f, Te 3d and S 2p spectra 
were basically similar to those for sample 4 (Table 1). 

The exact origin of the XPS features is difficult to understand because 
of the multiphase composition of the samples. Nevertheless, since 
Au3X10 compounds usually prevailed, we suggest that Au in these phases 
had the BE of 85.2 eV, and the lines at 84.4–84.8 eV belonged, at least in 

Fig. 2. Optical (a) and SEM (b) microphotographs of the products formed in the experiments with initial composition Au 1, Te 2, Se 0.75 and S 0.75 (X/Au ¼ 3.5). 
Annealing temperatures were 400�С (a, b) and 500�С (c, d) (Nos 5 and 6, Table 2). The spots of EPMA are marked in (b, d). 
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part, to AuTe2–based phases (AuX2). Although the position of the Au 4f 
lines essentially varied with the composition of Au chalcogenides [20, 
40–45], experimental photoelectron spectra, including the spectra of the 
valence band (Figs. 6 and 7), X-ray absorption spectroscopy [46], and 
theoretical simulations [13,43] indicate that the oxidation state Auþ

with fully occupied 5d10 band but not Au3þ (d8) was common for all Au 
chalcogenides. Tellurium (Te 3d5/2 at 537.6 eV) bears a charge close to 
zero, while S and a share of Se atoms are charged negatively similar to 

sulfide and selenide anions. The structure of Au3Te6Se4 phase [7], in 
which Au atoms are located in the center of cube faces, Te atoms sit at 
the edges, and Se occupies the vertices of the cube (Fig. 7), suggests an 
ionic type bonding between Auþ and Se2� (S2� ) anions in Au3X10. 

It is possible that the Au 4f7/2 peak at ~84.5 eV and Se 3d/3/2 at 55 
eV were due to the positive charge transfer from Au to ligand, which was 
previously proposed [13] and experimentally observed with XPS [43] 
for AuTe2, when Se substitutes Te in Au3X10 and AuX2 compounds. 

Fig. 3. Diffraction patterns of samples synthesized in experiments 3–6 (Tables 1 and 2). Peaks that were not clearly identified are marked by asterisks (see text for 
further explanation). 
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Moreover, the local charge at Se atoms and corresponding BEs seemed to 
depend on the total composition of the reaction mixtures and synthetic 
procedure, probably via the way in which Se and S substituted Te and 
each other. This suggests, for example, that Se atoms occupying posi-
tions of Te exhibited an enhanced BE of ~55 eV whereas neighboring Au 
atoms showed the Au 4f7/2 BE of ~84.5 eV. These effects should be 
further studied when employing pure materials. 

4. Conclusions 

This study reports the first results on Au compounds formed upon the 
interaction of Au0 with a mixture of three chalcogens with the atomic 
ratios (Te þ Se þ S)/Au and Te/(S þ Se) ranging within 1–4 and 1–2, 
respectively. Electron probe microanalysis and XRD showed Au chal-
cogenides with approximate composition AuTe0.7Se0.2S0.1 (AuX) and 
yield of 10–15% or less, AuTe1.8(Se,S)0.2 (AuX2) and Au3Te6(Se,S)4 
(Au3X10), where X indicates Σ(Te þ Se þ S). The phase Au3X10 was 
characterized by variations in the content of S and Se in the range 
Au3Te6Se3S–Au3Te6Se2.5S1.5, suggesting a series of solid solutions. For 
Au chalcogenides based on AuTe2, isomorphic substitution of Te by S 
(up to 0.7 wt%) and Se (up to 2.9 wt%), corresponding to solid solutions 
AuTe2–AuTe1.8Se0.2 and AuTe2–AuTe1.8Se0.1S0.1 was revealed. The 
Au3X10 phases were close to S-bearing mineral maletoyvayamite, and 
the AuX substance seemed to be a synthetic analog of the mineral phase 
Au0.99–1.00Te0.70–0.71Se0.25–0.27S0.03–0.06 found in the Gaching area of the 
Maletoivayam ore field (Central Kamchatka volcanic belt). Raman 
spectra of synthetic Au chalcogenides AuX, AuX2 and Au3X10 were very 
similar to the natural phases. The XPS examination suggests, in partic-
ular, that Au was in the oxidation state of þ1 and Te had the local charge 
approaching zero both in AuX2 and Au3X10, while Se and S mainly 
occurred as selenide and sulfide anions. These results will be of interest 
for Au–chalcogenide chemistry, mineralogy and geochemistry, and po-
tential applications in materials science. 

Fig. 4. Raman spectra of synthetic Au chalcogenides AuX, AuX2 and Au3X10 in 
comparison with natural analogs from the Gaching ore occurrence [35–37]. 

Fig. 5. X-ray photoelectron spectra (normalized in height) collected from samples 1–4 (Table 1) crushed before the measurement.  
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