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Synthesis and study of a new mixed-layered compound GeBisTes
belonging to the nBi.—mGeBi>Tes homologous series

In light of the structural properties of tetradymite-like layered chalcogenide compounds, the mixed-layered
compound GeBisTes was predicted and synthesized for the first time, which belongs to the nBi-—mGeBizTes
homologous series in the Ge-Te-Bi system. A polycrystal of a new phase was synthesized, and its single crys-
tal was grown by the Bridgman-—Stockbarger method. The obtained samples were investigated by differential
thermal analysis (DTA) and powder X-ray diffraction (XRD). It was found that the compound melts peritec-
tically at 563 °C and has a rhombohedral lattice-type structure with the following lattice parameters: a =
43625 (5) A, c = 31.381 (2) A (sp. gr R3m). The crystal structure of the layered van der Waals compound
GeBisTes consists of a repetition of seven-layer GeBiz2Tes packets and two-layer Bi packets in the form of -7-
2-7-7-2-7-7-2-7- which differ from the previously discovered GeBisTes phase, which consists of unit cells
from only one seven-layer packet. The discovery of a new mixed-layered compound indicates the possibility
of the formation of similar compounds in AV-BV-Te (A!Y = Ge, Sn, Pb; BY = Sb, Bi) systems.

Keywords: Ge-Bi-Te ternary system, nBi—mGeBi2Tes homologous series, GeBisTes, GeBisTes, tetradymite-
like structure, Bi-bilayers, crystal structure, topological insulators.

Introduction

In recent years, researchers have intensively studied the members of the homologous series (A™Te)q(
B} Tes)m (A" = Ge, Sn, Pb; BY = Sh, Bi) due to their extraordinary properties. These tetradymite-type lay-
ered ternary phases are potentially attractive thermoelectric materials with low thermal conductivity
[1-6]. In addition, homologous members of (A'VTe)n(B) Tes)m have been confirmed as three-dimensional
topological insulators (T1) [7-11], which gave impetus to the study of the AV-BY—Te systems and the search
for new layered compounds in the indicated systems. Since topological insulators can demonstrate many ex-

otic properties, scientists believe that these materials have a huge perspective in the use of spintronics, quan-
tum computers, medicine, protection systems, etc. [12-15].

An interesting feature of the Ge-BV-Te systems is that compounds belonging to the nGeTe- B} Tes ho-

mologous series are formed in the AV-BY-Te systems in addition to A™VTe-m B} Tes homologous series. The
crystal structure of Bi,Tes-rich and GeTe-rich members of nGeTe-mBi.Tes differ significantly from each
other due to their structures [16-19]. The ternary compounds with GeTe-rich phase made up of identical
slabs in which introduction of one GeTe bilayer unit to seven-layer packed increases the number of layers by
two, giving 9-, 11-, and 13-layer slabs (Ge.Bi,Tes, GesBi>Tes, and GesBi,Tez) [20]. Compounds with a high
Bi,Tes content are also built of two types of slabs: Seven-layer packets typical to GeBi,Tes, which comprises
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four anionic and three cationic layers and five-layered tetradymite. The general formula for these mixed lay-
ers can be written as nGeBi,Tes-mBi,Tes, where n and m are the numbers of seven-layer and five-layer pack-
ets per unit cell, respectively. The slabs are bonded with each other by weak van der Waals forces.

The existence of another type of mix-layered compounds belonging to nB; ‘m B} Xs homologous se-
ries is also confirmed [21-23]. The crystal structure of this type of homologous series consists of repeating
five-layered BY X3 and two-layered B packets connected by the van der Waals forces that are stacked along

the c axes in an ordered manner.
Analysis of the literature shows that in the AV-BY-Te systems, along with the homologous series

(AVTe)n( B} Tes)m, there also exist ternary phases corresponding to the nB) —m A"B} Tes homologous se-

ries. The formation of such kinds of members is confirmed in numerous works: SnBisTes [24], GeShsTes
[25], and GeBisTes [26]. The existence of these compounds, in particular GeBisTes, increases the probability
of formation of other members of nBi.—mGeBi>Tes homologous series in the Ge-Te-Bi system. Considering
foresaid, in this paper, for the first time, a new van der Waals type of mixed-layered compound
Bi,2(GeBi,Tes) was synthesized and studied, which comprises seven-layer GeBi.Tes packets and two-layer
Bi packets repeating along the c axis in the form of -7-2-7-7-2-7-7-2-7-.

Experimental

For synthesis GeBisTes compound, high purity elements Ge (99.999 %, Alfa Aesar), Bi (99.999 %, Alfa
Aesar), and Te (99.999 %, Alfa Aesar) (Table 1) were melted in a quartz ampoule according to stoichio-
metric amounts under the vacuum condition (10~ Pa) at 800 °C for 3 hours and quenched in ice water. Then
annealing was carried out at 450 °C for 1000 h to reach an equilibrium state. In the second part of the work, a
single-crystal sample with GeBisTes composition was grown by the vertical Bridgman—Stockbarger method.
For this, a quartz ampoule with a conical bottom was sealed (1072 Pa) and passed through the hot zone
(650 °C) of the two-zone furnace into the cold zone (450 °C) at the 1.0 mm/h speed. As a result, bulk single-
crystal ingots 2.5 cm in length and 0.8 cm in diameter were grown by the vertical Bridgman—Stockbarger
method. The obtained samples were investigated by DTA and XRD methods.

X-ray diffraction analysis was performed at room temperature in the range 20 = 5-75 degrees on a
Bruker D2 PHASER diffractometer (CuK,; radiation). The “NETZSCH 404 F1 Pegasus” system was used
for differential thermal analysis. DTA of the annealed alloy was carried out from room temperature to
800 °C with a heating and cooling rate of 5 °C min™t. The crystal lattice parameters were calculated using the
TOPAS V3.0 program.

Table 1
Information about initial elements
Element CAS number Source Purity Form
Germanium 7440-56-4 Alfa Aesar 99.999 % Pieces
Tellurium 13494-80-9 Alfa Aesar 99.999 % Lump
Bismuth 7440-69-9 Alfa Aesar 99.998 % Polycrystalline lump

Results and Discussion

The polycrystalline sample of GeBisTes was analyzed by powder X-ray diffraction method and ob-
tained XRD patterns were compared with bismuth, GeBi.Tes, and GeBisTes (Figure 1). XRD pattern of
GeBi4Ted was taken from [26]. Comparison of diffraction lines of the synthesized polycrystalline sample
with the bismuth, GeBi,Tes, and GeBisTes data shows that new diffraction lines appear on the diffraction
pattern of the GeBisTes sample. Using TOPAS V3.0 software, the XRD result of the new phase was indexed
and identified as a GeBiszTes compound with a tetradymite-like layered structure and has the lattice parame-
ter values a = 4.3625 (5) A, ¢ =31.381 (2) A (sp. gr R3m1).
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Figure 1. PXRD patterns of Bismuth, GeBi,Tes, GeBisTes, and GeBisTes

In Figure 2, the Rietveld refinement profile for the new synthesized GeBisTes phase was shown. It is
seen that all peak positions of the PXRD pattern are perfectly indexed with calculated lattice parameters.
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Figure 2. PXRD pattern for the GeBisTes

Analyses performed on the cleaved surface of the single-crystal sample, obtained by the Bridgman-—
Stockbarger method (nominal composition of GeBisTes), show that crystal comprises several phases along
with the sample (Figure 3). The XRD results show that the primary crystallization phase is GeBisTes, then
comes a mix of two phases GeBisTes and GeBisTes, and finally pure phase of GeBisTes. Subsequent research
shows that no other ternary mixed-layered compounds were found.

100007 -~ T T T T T T T T T T T
— GeBisTeq

8000 - B

(2
=3
>
(=]
T
|

Intensity

4000 - 1 a)

2000 - *

N

1000 15.00 20.00 25.00 30.00 35.00 40.00 45.00 50.00 55.00 60.00
Diffraction Angle

94 Bulletin of the Karaganda University



Synthesis and study of a new mixed-layered compound ...

10000 F T
A GeBijTe,

o GeBisTe 1
8000 = .

. 6000 - *

Intensity

b)

F Y
=
(=
=
T

*

2000 -

T | P s h e e e e L b
10.00 15.00 20.00 25.00 30.00 35.00 40.00 45.00 50.00 55.00 60.00
Diffraction Angle

— GeBijTes

12000

10000 ]

3000 .

Intensity

6000 -

c)

4000 - ]

2000 J ,

10.00 15.00 20.00 25.00 30.00 35.00 40.00 45.00 50.00 55.00 60.00
Diffraction Angle

Figure 3. XRD pattern of a sample from the cleaved surface of the single-crystal a) GeBisTes, b) GeBisTes + GeBisTes,
c) GeBisTes

The novel synthesized compound belongs to the tetradymite-type layered structure family where crystal
structure consists of stacked together two rocksalt-type septuple blocks of Te-Bi-Te-Ge-Te-Bi-Te (GeBi,Tes,
sp. gr R-3m) and bismuth bilayer Bi-Bi (Figure 4) repeating along the ¢ axis. Each atomic layer is strongly
bonded with each other by covalent bonds, while weak van der Waals forces exist between blocks.

Figure 4. Crystal structure of GeBisTes
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Figure 5 shows DTA results of the newly synthesized GeBisTes phase which was analyzed from the
powder sample. As can be seen, two endothermic effects are observed in the thermogram. The first and in-
tensive endothermic effect noted at 563 °C belongs to the peritectic decomposition of the GeBisTes com-
pound, while the second endothermic effect at 585 °C refers to the end of melting. No additional effects are
detected in DTA analysis which confirms that the synthesized sample is phase pure and does not contain any
traces of other phases alongside GeBisTea.
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Figure 5. Heating thermogram of the GeBisTes phase

Finding one more compound alongside GeBisTes in nBi.-mGeBi,Tes homologous series opens to re-
searchers great opportunities for searching new mixed layered ternary compounds in another homologous

series such as nBY -mA"VB] Te; and nB) -mA}'B; Tes. New ternary materials with more complex and
long-period mixed layered structures will potentially show more extraordinary properties.

Conclusions

In this paper, for the first time, the mixed-layered compound GeBisTes was synthesized and analyzed
which belongs to nBi,-mGeBi,Tes homologous series in the Ge-Te-Bi system. Novel ternary compound
melts peritectically at 563 °C and crystallizes: a = 4.3625 (5) A, ¢ =31.381 (2) A (sp. gr R3m). The structure
of the novel phase is consists of a repetition of seven-layer GeBi,Tes and Bi bilayer packets in the -7-7-2-7-
7-2-7-7-2- form. Finding a second ternary compound in nBi, — mGeBi,Te, increases the probability of the
existence of other mixed-layered ternary compounds in nBY-m A"B} Tes homologous series. Synthesized

novel phase has potential application as topological insulators.
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®.P. Anmues, D.H. Opymxiy, [1.M. baGannbt

NBi—mGeBi>Tes roMoJiorThIK KaTapbiHa skatathiH GeBisTes
JKAHA apajiac-KaTnapJbl KOChUIBICTAPBIH CHHTE3/IEY JKIHe 3epTTey

BypeaHan Oenrini TeTpagMMHT Topi3mi KabaTTacKaH XaJIbKOT€HHATI KOCBUIBICTAPIBIH KYPBUIBIMIBIK
KacueTTepiH eckepe oThIpsn, Ge-Te-Bi xkyitecinne NBiz—mGeBiz2Tes roMonorTeIk KatapbiHa jKaTaThlH jKaHa
TeTpaIUMHUT Topi3ai apanac-karmapisl GeBisTes kocbuibichl Gomkanbin, cuHTeszenai. JKana daszamnbik
MOJMKPHUCTAl CHHTE3JENIN, OHBIH MOHOKpHcTansl bpurman—CrokOaprep omiciMeH aibIHIBL AJIBIHFaH
yiarinep auddepentmanasl tepmusiislk tangay (JITT) xoHe pentrenaikdaszansik tangay (POT) apkpuisn
seprrenai. Kocvuieic 563 °C  TemmepaTypaga MNEpUTEKTUKAIBIK OAalKUTBIHBI aHBIKTANABl JKOHE TOP
napaMeTpiepiHiH MbIHamai MoHzepi 6ap: a = 4,3625(5) A, ¢ = 31,381(2) A (sp. gr R3m). GeBisTes Ban zep
Baanbc KaTmapisl KOCBUIBICEIHBIH KPUCTANIBIK KYPBUIBIMBI KabatThl -7-2-7-7-2-7-7-2-7- typinzgeri GeBizTes
JKeTi KabaTThl makeTTepi MeH Bi exi KaOaTThl makeTTepiHiH KaWTaigaHyblHaH Typaasl. On OYpbIH alIbuFaH
3JIEMEHTApIIBl YAIIBIKTA TeK Oip FaHa ’KeTi KabaTThl akeTTi Oipiik yambIkTaH TypaThlH GeBisTes dazacrHan
Gackamra Gosnasel. JKaHa apanac-kabarThl KOChUTBICTBIH amibutysl AIV-BV-Te (AIV = Ge, Sn, Pb; BV = Sbh,
Bi) xxyifenepinae ykcac KOCBUIBICTApBIH O0IyBl MYMKIHIITIH K@pceTeTi.

Kinm ceo30ep: Ge-Bi-Te ymrik skyiteci, nBi>—mGeBi2Tes romonorusibik xarap, GeBisTes, GeBisTes,
TETPAIMMHUTTIPI3/I KYphUIbIM, Bi-OnKkadarTap, KpUCTAIIBIK KYPBUIBIM, TOTIOJIOTHSIIBIK H30JIATOpIIAp.

®.P. Anues, 3.H. Opymxiy, J[.M. baGanms

CuHTe3 U HCcJIeI0BAHHE HOBOTO CMEIIAHHO-CJIOMCTOr0 COeTMHEeHHS
GeBisTes, npunamnexamero k NBi.-mGeBi, Tes romosnornueckomy psiay

VY4uTEIBas CTPYKTYPHBIE CBOMCTBA YK€ M3BECTHBIX TETPAJAUMHUTOIONOOHBIX CIOUCTBIX XaJIbKOT€HHIHBIX CO-
enuHeHni, B cucreme Ge—Te—Bi ObUIO IpeacKa3aHO W CHHTE3MPOBAHO HOBOE TETPAJMMHUTONONOOHOE CMe-
manHo-cioucroe coequuenne GeBisTes, otHocsmeecss k NBi—mGeBi2Tes romonornyeckomy psiay. Ilomu-
KPHCTAJUT HOBOM (ha3bl OBUT CHHTE3UPOBAH, a €r0 MOHOKPUCTAILT BhIpaleH MeToaoM bpurmana—Ctokbaprepa.
Ilonmyuyennsie 00pasiel nccnenoBamu MetogaMu auddepenmansaoro repmudeckoro ananmsa (ATA) u penr-
rerodazoBoro ananmmza (POA). beuto 0OHapykeHO, YTO COCAWHEHUE TUIABUTCS MEPUTEKTHYCCKU TPH TEMIIe-
parype 563 °C u mMeeT cleAylOIINe 3HAUCHHA mHapaMeTpoB pemerku: a=4,3625(5) A, ¢=31,381(2) A
(sp. gr R3m). Kpucrammdeckasi CTpyKTypa CIOUCTOTO coequHeHust Ban-nep-Baansca GeBisTes cocrout u3
MOBTOPEHHUS] CEMUCIIOHHBIX makeToB GeBi2Tes u nByxcnoiHbIX nakeroB Bi B dpopme -7-2-7-7-2-7-7-2-7-, Ko-
Topasi OTIMYACTCS OT OOHapy)KeHHOM paHee (a3el GeBisTes, cocTosImei B 3IeMEHTapHOH siueifke BCEro JHIIh
U3 OJTHOTO CEMHCIIOHHOro makera. OTKPBITHE HOBOTO CMEIIAHHO-CIIONCTOTO COCIMHEHHs YKa3bIBaeT Ha BO3-
MOYKHOCTB CYIIECTBOBaHHeE M0A00HbIX coemunennii B A'™V-BV-Te (AlY = Ge, Sn, Pb; BY = Sb, Bi) cucremax.

Knroueswie cnosa: tpoitnas cucrema Ge—Bi-Te, romonoruueckuii psia NBi>-mGeBizTes, GeBisTes, GeBiaTes,
TETPAIMMHUTONIONO0HAS CTPYKTypa, Bi-Onciion, Kpuctamieckas CTpyKTypa, TOTONOTHIECKHE U30JIATOPEL.
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