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Phase equilibria and structural evolution in the MnSh,Te;—MnBisTe; system were systematically
investigated to understand the formation and stability of tetradymite-type layered solid solutions via X-
ray diffraction (XRD), differential thermal analysis (DTA), and scanning electron microscopy (SEM)
and its T-x diagram was plotted. XRD analysis confirmed that all synthesized MnSha.,BixTe; (0 <x <4)
alloys crystallize in a single-phase trigonal structure (P-3m1), with no evidence of secondary phases.
The gradual substitution of Sb** by the larger Bi** ions resulted in a monotonic increase in lattice para-
meters which determined via Le Bail method, indicating the formation of a continuous solid solution.
SEM imaging further confirmed the homogeneous microstructure of the samples, with no visible phase
separation or compositional inhomogeneity. The T-x diagram of system is characterized by peritectic
transformations. Due to MnSbh,Te; and MnBisTe; melt incongruently, pseudobinary behavior was ob-
served only in the subsolidus region. The findings highlight the potential of these solid solutions for de-
sired properties, essential for applications in magnetic topological insulators and quantum materials.

Keywords: phase diagram, tetradymite-type structure, layered chalcogenide, solid solutions,,
crystal structure, magnetic topological insulator.

INTRODUCTION

Tetradymite-type layered metal chalcogenides are a versatile class of materials characterized
by their unique layered structures and diverse properties which makes them highly valued for vario-
us applications, particularly in thermoelectrics and topological insulators (TI) [1-4]. Their distinct
structural features and the potential for property optimization via chemical modifications position
them as a fascinating focus of study novel properties. Recent studies have highlighted that ternary
compounds in the ATe-Sb(Bi),Tes (A - Mn, Sn, Ge and Pb) pseudobinary systems exhibit structural
features derived from the tetradymite family and possess 3D TI properties [5-8]. Special attention
are focused on manganese antimony and bismuth tellurides since these layered phases show magne-
tic order and topological insulator properties at the same time [9-16]. The discovery of MnBi,Te4 as
the first intrinsic antiferromagnetic Tl has opened new avenues for research since coexistence of
these two features have huge potential applications in spintronics and quantum computing [16].

Despite the promising intrinsic magnetic properties of these Tl, the realization of quantum anoma-
lous Hall effect typically requires extremely low temperatures due to small magnetic gaps and thermal
excitation of bulk carriers. Obtention of substitional solid solutions based on MnBi,Te; or MnSh,Te,4
not only modifies the electronic structure but also influences the magnetic interactions within the materi-
al. Studies have shown that substituting bismuth (Bi) with antimony (Sb) can effectively tune the Fermi
level, which is crucial for achieving desired electronic properties. Specifically, the introduction of Sb le-
ads to a transition from n-type to p-type conductivity, thereby altering the magnetic state of the system
[17] Similarly, the comparative analysis of the magnetic properties of MnBi,Te; and MnSb,Te; de-
monstrates their role as materials that bridge magnetism and topological phenomena.
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Although extensive studies in the literature have explored the effects of doping and alloying
on these layered phases [18-21], comprehensive phase equilibria data remains scarce, or even enti-
rely absent, despite its critical importance for guiding material synthesis and optimizing functional
properties. Given that ternary compounds in the pseudobinary MnTe-Sh(Bi),Te; system form peri-
tectic cascades within a narrow temperature interval [22, 23], a detailed investigation of the phase
equilibria in the relevant pseudoternary systems and their vertical sections is essential. This study
aims to provide a comprehensive understanding of the phase relationships and solid solution forma-
tion in this system, contributing to the rational design of materials with tailored properties for poten-
tial applications in spintronics and quantum technologies.

In this work, we investigate the phase relationships in the MnSb,Te.—MnBi,Te; vertical secti-
on of the MnTe-Sh,Tes—Bi,Te; pseudobinary system and characterize tetradymite-type layered so-
lid solutions via X-ray diffraction (XRD), differential thermal analysis (DTA), and scanning elect-
ron microscopy (SEM).

EXPERIMENTAL PART

Starting binary compounds - MnTe, Sbh,Tes, and Bi,Te; were synthesized using manganese
pieces, tin lumps, bismuth shots, and tellurium lumps. Table 1 presents detailed information on the
source and purity of all starting materials and synthesized compounds. The weighted pure elemental
starting materials were sealed in cleaned silica tubes under a residual pressure of 0.001 Pa and mel-
ted in a muftle furnace at 1200, 700, or 650 °C, depending on the binary compounds, then held at
these temperatures for 8 hours.

Table 1.
Provenance and purity of the materials used in this study
Chemical Mass fraf:tlon Source CASNo | Form Purity analysis
of purity methods
Mn 0.9999 Thermo S_(:lentlflc 7439-96-5 | pieces As stated _by the
Chemicals supplier
sh 0.99999 Thermo SFlentlflc 7440-36-0 | lump As stated .by the
Chemicals supplier
Bi 0.99999 Thermo S-ClentIfIC 2440-69-9 | shots As stated _by the
Chemicals supplier
Te 0.99999 Alfa Aesar 13494-80- | | o | ASStated bythe
9 supplier
MnTe 0.999 synthesized by us 1202;3 -39- ingot DTA, XRD
Sh,Te; 0.999 synthesized by us 1327-50-0 | ingot DTA, XRD
Bi,Tes 0.999 synthesized by us 1304-82-1 | ingot DTA, XRD
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MnSh,.xBixTe; alloys compositions with x=0;0.4;0.8;1.2;1.6 and 2 were synthesized using
pre-synthesized binary compound was prepared by the abovementioned method. Synthesis process
was carried out at temperatures of 800-1100°C depending on the composition and subsequently
quenched in ice water. At the first stage, MnTe-rich alloys were annealed at 700 °C, while the
others were treated at 600 °C for 2 weeks. This was followed by a second heat treatment at 500 °C
for 6 weeks for all alloys.

In developing the synthesis methodology, we assumed that bulk layered phases obtained via
the common fusion method do not reach equilibrium, even after prolonged annealing (2000-3000
hours). This is likely due to the slow interlayer diffusion in van der Waals phases formed under
non-equilibrium conditions, such as melt cooling. To prevent large crystal formation, we quenched
the alloys from the melt, with subsequent annealing promoting the formation of equilibrium phases.
All equilibrated alloys were examined using DTA, XRD and SEM techniques Phase
transformation temperatures were determined by DTA using the LINSEIS HDSC PT1600 system
(heating rate: 10 °C/min) and a multichannel DTA device with a TC-08 Thermocouple Data
Logger. In the first system, measurements were conducted under a continuous flow of inert helium,
while samples were placed in evacuated quartz tubes in the second. To prevent peak overlap,
smaller samples (~20 mg) were used. Phase analysis was performed on a Bruker D2 PHASER
diffractometer with CuKa radiation, scanning from 26 = 5° to 75°. The XRD data were analyzed
with Match!3 Crystal Impact software, and the PDF-2 and COD databases. Microstructural studies
were carried out with a Tescan Vega 3 SBH SEM. Backscattered electron (BSE) imaging was used
for detailed analysis. Samples were polished with progressively finer abrasives to achieve a smooth
surface and cleaned in an ultrasonic cleaner to remove any residual debris.

RESULTS AND DISCUSSION

A total of seven samples were synthesized and homogenized for this investigation, each
corresponding to 20 mol% intervals across the system. General analysis of the XRD patterns confirms
that all diffractograms are monophasic, showing no evidence of residual or secondary phases.
Representative XRD patterns of selected alloys are shown in Fig. 1. As can be seen, the diffraction
peaks of all intermediate compositions qualitatively resemble those of the end-member ternary
compounds. However, the substitution of the smaller Sb®* ion with the larger Bi** ion in the crystal
lattice leads to a systematic shift of all peaks toward lower 26 angles, without introducing additional
reflections. Analysis of the diffraction patterns indicates that all peaks can be indexed to a trigonal
crystal structure with space group P-3m1l (#164). The lattice parameters of the solid solutions were
determined from the powder XRD data using the Le Bail refinement method. Fig. 2 presents the final
refinement for the alloy with 60 mol% MnSh,Te;, showing the observed and calculated
diffractograms along with the residual line. The refined lattice parameters are listed in Table 2.

MnSb,Te,
80mol% MnSb,Te,
P A A
60mol% MnSb,Te,

40 mol% MnSb,Te,

20 mol% MnSb,Te,
PR |
WM

LI | I | | 1 1 4 |
10 20 30 40 50 60 70

Position [*2Theta] (Copper (Cu))

Fig. 1. Powder XRD patterns of MnSh,.«BixTe7 solid solutions
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Fig. 2. Full-profile Le-Bail profile for alloy with composition of 60 mol% MnSb,Te;.

Table 2.

Refined lattice parameters for MnSh,.xBixTe7 solid solutions
Space Latice paramaters, A
Composition, mol% Ref.
Group a c
x=0 (MnSb,Tey) P-3m1 4.2513(3) 23.761(4) [23]
x=0.8 P-3m1 4,2789(4) 23,776(2) This work
x=1.6 P-3ml 4,2989(2) 23,788(6) This work
x=2.4 P-3ml 4,3127(5) 23,795(3) This work
x=3.2 P-3m1 4,3369(2) 23,809(3) This work
x=4.0 (MnBi,Tey) P-3m1 4.355(1) 23.815(1) [22]

The single-phase nature of the synthesized materials was further confirmed by SEM method.
SEM images of representative samples demonstrated homogeneous microstructures with no
evidence of secondary phases or compositional inhomogeneity. For example, the alloy with the
nominal composition MnSh, 4Bi; §Tes exhibited uniform contast and morphology as seen in Fig. 3,

supporting the XRD findings.
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SEM HV: 20.0 kV WD: 23.71 mm VEGA3 TESCAN
View field: §35 um Det: BSE 100 pm
SEM MAG: 776 x Date(m/d/y): 05/27/24 ADNSU

Fig. 3. SEM image of alloy with composition of 60 mol% MnSb,Te;

The concentration dependence of the lattice parameters for the MnSh,.xBixTe7 solid solution
series (0 < x < 4) was established based on the values listed in Table 2. As shown in the graph (Fig.
4(a)), a systematic increase in both lattice parameters a and c is observed with increasing Bi content
following Vegard’s law. This trend is attributed to the progressive substitution of smaller Sb>* ions
by larger Bi®" ions. The continuous and monotonic change in lattice dimensions across the
composition range confirms the formation of a complete solid solution without phase separation.
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Fig 4. The concentration dependence of the lattice parameters for the MnSh,.BixTe7 solid solutions
(a) and phase diagram of MnSh,Te;—MnBi4Te; system (b). In (b), MnTe it2 and itl — solid
solutions based on different modifications of MnTe; o — a solid solution based on MnTe rt; y —
MnSh,.,BixTe, solid solutions, 8 — MnSh4.xBixTe; solid solutions

The phase diagram of MnSb,Te;—MnBi,Te; system were plotted using DTA results of
homogenized alloys and literature data of MnTe-Sb,Tes, as well as MnTe-Bi, Tes pseudobinary systems.
The constructed diagram (Fig. 4(b)) shows that the system cannot be considered pseudobinary overall, as
both end-member ternary compounds form incongruently. However, pseudobinary behavior is observed in
the subsolidus region. As can be seen, solid solutions based on various MnTe structural modifications (rt,
it2, itl) are the first to crystallize from the melt. Due to the presence of peritectic cascades involving the
ternary compounds at both ends—each occurring within narrow temperature intervals—the monovariant
peritectic curves along this system replace one another sequentially. Upon cooling below the liquidus, the
initial reaction L + a = vy takes place. Once the a phase is fully consumed, a twophase area L+y forms.
This is followed by another monovariant reaction, L +y =, which completes the crystallization process,
resulting in a homogeneous 6-phase in the subsolidus range.
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CONCLUSION

A comprehensive investigation of the MnSh,Te;—MnBisTe; system has been conducted to
establish the phase equilibria and structural behavior of tetradymite-type layered solid solutions.
XRD analysis confirmed that all synthesized MnSh,xBixTe; compositions (0 < x < 4) form a
continuous solid solution with a trigonal P-3m1 structure, obeying Vegard’s law. Lattice parameters
were refined using Le Bail method. SEM imaging verified the microstructural homogeneity of the
alloys, while DTA results enabled the construction of phase diagram. The system is characterized
by peritectic transformations and incongruent melting at both ends, with pseudobinary behavior
observed in the subsolidus region. The crystallographic and thermal data reported here offer
essential insights for the targeted development and tuning of magnetic topological materials based
on Mn-containing layered chalcogenides.
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MnSb,Te;-MnBi,Te; SISTEMINDO FAZA TARAZLIQLARININ TODQIQI VO
TETRADIMITOBONZOR LAYLI QURULUSLU BORK MOHLULLARIN
XARAKTERIZO EDILMOSI

S.B. izzotli, K.V. ®mirmotova, E.N. Oruclu

Tetradimitobonzor layli quruluslu bark moahlullarin omolo galmasi va stabilliyinin todiqi ti¢iin
MnSb,Te;—MnBi,Te; sistemindo faza tarazliglar1 vo qurulus doyisikliklori rentgenfaza, differensial
termiki analiz vo skanedici elektron mikroskopu ilo Oyronilmisdir vo sistemin T-x diagrami
qurulmusdur. RFA naticolori sistemdo MnSbsxBixTe; (0 < x < 4) formuluna malik triqonal
qurulusda (P-3ml) kristallasan bircins bark moahlullarin amalo golmasini tasdiqloyir. Le-Bail analizi
noticolori gostorir ki, bork mohlullarda kristal gofosde Sb®* ionunun daha bdyiik Bi*ilo ovoz
olunmasina goro qofos parametrlori xotti ganunla artir. SEM naticolori arintilorin torkibinin bircins
olmasini tasdigloyir. Sistemin faza diaqramu peritektik kegidlorlo xaraktezio olunur. MnShsTe; va
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MnBi;Te; birlosmoalari inkongruyent oridiklori ii¢iin, sistem yalniz subsolidusda kvazibinardir.
Askar olunan naticalor bu bark mohlullarin magnetik topoloji izolyatorlar vo kvant materiallari Kimi
totbiglor tigiin lazim olan xiisusiyyatlore malik oldugunu vurgulayir.

Acar sozlor: faza diagrami, tetradimitobanzar qurulug, layli xalkogenidlor, bark mahlullar,
kristal qurulus, magnetik topoloji izolyatorlar.

®A30BbIE PABHOBECHUS B CUCTEME MnSb,Te;-MnBisTe; H XAPAKTEPUCTUKA
CJOUCTBIX TBEPJAbBIX PACTBOPOB TETPAIMMHUTOBOI'O TUITA

C.b. U33atan, K.B. AMupmeroBa, J.H. Opynxiy

da30Bble paBHOBECHS W CTPYKTypHas sBomonus B cucreme MnSbsTe—MnBisTe; Obun
CUCTEMATHUYECKU UCCIICIOBAHBI JIJIsl TOHUMAaHUs (DOPMUPOBAHUS U CTAOMIILHOCTH CIIOMCTBIX TBEP/IbIX
pacTBOpOB THUIA TETPAJAMMHUTA C IMOMOINBIO PEHTI€HOBCKOW Iudpakuuu, IuddepeHIrnaaIrHOro
TEPMHUYECKOTO aHajin3a U CKAaHUPYIOIIEH JIIEKTPOHHOW MHKpOCKomuH. beiia moctpoena T-X
auarpamma cucrembl. AHanm3 POA noarsepan, 4to Bce cuHTe3upoBaHHbIe crutaBel MNSh,.<BixTer (0
< X < 4) xpuctau3yTcs B onHodasHoi TpuroHaneHOW cTpyktype (P-3ml), 6e3 mpusHakoB
BTOpHYHBIX (pa3. [TocTenennas 3amMeHa Sh* Gonee KpyHHBIME HoHaMu Bi®* mpuBena kK MOHOTOHHOMY
YBEJIMUEHUIO MTapaMeTPOB PELIETKH, YTO ObLIO onpeaeneHo MeToaoM JIu baiina, uTto yka3pIBaeT Ha
oOpa3zoBaHHMe HENPEephIBHOTO TBepaodasHoro pacrtBopa. COM-u300pakeHHs] JIOMOTHUTEIBHO
MOATBEPAWIIN OAHOPOJTHYIO MHUKPOCTPYKTYPY 00pa3moB 0e3 BHIUMOro pazaencHus (a3 wim
KOMIIO3UIIMOHHOM HeoHOpoaHOCTH. Jluarpamma T-X cUCTEMBI XapaKTepu3yeTcs MePUTEKTUIECKUMU
npeBpateHusiMi. [Tockonbky MnSbsTe; u MnBisTe; miaBaTcsi HEKOHIPYIHTHO, TICEBIOOHMHAPHOE
MoBe/ieHHe HaOIogaeTcs TONBKO B MOACONMAYCHOM obOmactu. [lomydeHHblE pe3ylbTaThI
MOYEPKUBAIOT TOTEHIIMAI AITHX TBEPJBIX PACTBOPOB JUIS JIOCTIDKEHUS JKEJIACMBIX CBOWCTB,
HEOOXOMUMBIX JUIsl TIPUMEHEHUS B MATrHUTHBIX TOMOJOTHYECKUX H30JSITOPaX U KBAaHTOBBIX
MaTepuaax.

KuaroueBble ciioBa: ¢hasosas ouacpamma, cmpykmypa muna mempaoumumd, CIOUCTbLU
XanvKo2eHuo, meepovle pacmeopwvl, KPUCMALIUYECKAsl CMPYKMypd, MACHUMHbIU MONOJ0SUYECKULL
uzonamop.
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