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Pedepar:

1. HaykoBa po60Ta NpUCBsiY€HA BCTAHOBJIEHHIO XapaKTepy Ta 3aKOHOMIpHOCTEN (i3uKo-xiMiyHOI B3aeMogii y
cucremax TI(Ag) - Sb - P - Se Ta BrisinBy KaTioOHHOTO 3aMillleHHS Ha BJIaCTUBOCTI MOHOKPUCTAJIIB
TI(Ag)Sb(In,Bi)P2Se6 msixom BuBYeHHS (Pa3oBUX piBHOBAT Ha llepepisax 3a y4acTiO TeTPAPHUX CIIOIYK
TI(Ag)SbP2Se6 y nouyerBepHux cuctemax TI(Ag) — Sb - P - Se, y noegHaHHi i3 METOOM CUHTYJISIPHOI NoJliegpanii Ta
IIPOBEIEHHIM KOMIUIEKCY NOCIIKEHb HA MOHOKPUCTAIIYHUX 3pa3kaxX TETPAPHUX CHOJyK. HaBeneHo yiTepaTypHi
IaHi o0 B3aeMoJlil y 6iHapHUX Ta IOTPIMHUX CUCTeMax 3a y4acTi Tajiio, apreHTymy, cTubiio, pocdopy, ceneny ta
BJIACTUBOCTEN GiHAPHUX, TEDHAPHUX CIIOJYK, 1[0 B HUX PEAJIi3yl0ThCs, @ TAKOK TETPAPHUX CIIOJYK
TI(Ag)Sb(In,Bi)P2Se6. AHani3 siTepaTypHUX AAHUX BKa3ye Ha BiJJCyTHICTb BilOMOCTEM CTOCOBHO (pa30BUX PiBHOBAr
BcepenuHi cuctem TI(Ag) - Sb - P - Se. B nitepaTypi TakoX BifiCyTHi AaHi 010 OTPUMAHHS 00'€MHUX

MoHOKpucTasiB crionyk TI(Ag)Sb(In,Bi)P2Se6, a naHi cToCOBHO ix BjlacTHBOCTEN HEeNOBHI. OXapakTepu30BaHO



BUXiJJHi KOMIIOHEHTH, 3arajbHi METOJVMKU CUHTE3Yy Ta BUPOLLIYBaHHS MOHOKPHUCTAIIB, JAHO KOPOTKUIA OIMC METOAUK
eKCIIepMMEHTAJIbHUX JIOCTIiIKeHb: nudepennianbHoro Tepmiunoro (ATA), mikpocTpykTypHOTo (MCA),
peHTreHiBcbkoro ¢aszosoro (PPA) Ta crpykrypHoro (PCA) ananisiB; ckaHyouoi esiekTpoHHOI Mikpockomnii (CEM) Ta
eHeproaucnepciiiHoi X-npomenesoi criekrpockonii (EIPC); peHTreHiBcbKoi (OTOEIEKTPOHHO]I CIIEKTPOCKOMii
(PDC); PamaniBcbkoi Ta criekTpockomnii YO-BUAMMOro Aiana3oHy; po3paxyHKy 3a Teopielo (PyHKIiOHaIy IyCTUHU
(DFT). HaBenieHO pe3ysibTaTy €KCIIEPUMEHTAJILHOTO AOCiIKeHHs Pa30oBuX piBHoOBar y cucremax Tl-Sb-P-Se Ta
Ag-Sb-P-Se. IIpencraBieHO METOAUKYN BUPOLYBaHHS MOHOKPHYCTAJIiB TETPAPHUX CIIOJIYK Ta €EKCIIEPUMEHTAJIbHI
Pe3yJIbTaTU JOCIiIKEHD iX BJIACTUBOCTEN (YTOYHEHHS KDUCTAIIYHOI CTPYKTYPU METOLOM MOPOIIKY; M TBEPI KEHHS
mopdoJiorii, IKOCTI Ta CKJI1aly MOHOKPHUCTAJIIB pEHTTeHiBChKOIO AudpaKIili€io MOBEepXHi, CKAHYI0YOIO eJIEKTPOHHOIO
MiKPOCKOIII€I0 i3 €HEProJUCIIEPCIIHO PEHTIE€HIBCHKOIO CIIEKTPOCKOIII€I0; OL[iHKA €JIEKTPOHHOI CTPYKTYPH
[IO€JHAHHSM PO3PAaxyHKIB i3 IepUINX NPUHLMIIIB 3a Teopielo QyHKUiOHaNy I'YCTUHMU i3 TaHUMU PEHTTEHiBCbKOI
(OTOENIEKTPOHHOI CIIEKTPOCKOIIi{; BU3HAYE€HHS IMPUHU 3a00POHEHOI 30HU CIIEKTPOCKOIII€EI0 y yabTpadioneTosii Ta
BUJMMUX 00JIacTsIX CEeKTpY 3a rpadikom Tayka). Y3aranbHeHi 3aKOHOMIPHOCTI B3a€MOZii KOMIIOHEHTIB y CUCTEMax
TI(Ag)-Sb-P-Se Ta, i3 3acTOCYyBaHHSIM METOAY CUHIYJISIPHOI TPiaHIyJIsLi, 104ATKOBO BCTAHOBJIEHO

KBa3ibiHApHICTb /TEPHAPHICTb /TETPAPHICTD PSIAY CUCTEM. 3 MO3MULiN KPUCTANOXIMIYHMX (POPMYJIBHUX CKJIaMiB
POBIJISIHYTO MeXaHi3MU (OPMYBaHHS TBEPIUX PO3YMHIB HA OCHOBI TETPApHUX CIIOJYK, IPOAHAJIi30BaHO 3MiHY
XapakKTepy xiMiYHOTO 3B's13Ky IIPpY KaTiOHHOMY 3aMillleHH] CIiBCTaBJI€HHSIM CyM iOHHUX Ta KOBaJIEHTHUX PaJliyciB i3
€KCIIEPMMEHTAJIbHO BU3HAYEHUMH JOBKMHAMU Mi’KaTOMHUX 3B’3KiB Ta 3a Pi3HULIEBUMU [IapaMETPaMU €Heprii
3B'3Ky BHYTPIIIHIX €JIEKTPOHIB, PO3IJISIHYTO B3a€EMO3B'SI30K MiXK 3MiHOIO XapaKTepy XiMiYHOTO 3B'$13Ky Ta LIMPUHOIO
3a00poHeHOi 30HU. MexaHi3Mu pOpMYBaHHS I'PaHUYHUX TBEPIUX POo34uuHiB Ha npukiagi TISbP2Se6 nocnimxeHo 3
[IO3MLIIN KPUCTANOXIMIYHNUX POPMYJIBHUX CKJIAZiB. I3 BpaxyBaHHSIM €KCIIEPUMEHTAIbHUX JaHUX LI00 NPOTSIKHOCTI
obsacreil TBepAuX Po34nHiB Ha 0CHOBI TISbP2Se6, BcTaHOBIIEHO, 0 BU3HAYAJIbHY POJIb Yy CTabinisalii TBepgoro
PO3UMHYy Biflirpae KaTioHHA Migrparka, a came ileHTUYHe 10 TETPAPHOI CIIOJIYKU CIIiBBiIHOIIEHHS OJHO- Ta
TpusapsaHux KaTiodis (1:1). MeTonom cpsiMOBaHOI KpUcTasisauii 3a BpigskMeHoM BUPOLIEHi MOHOKpUCTaNu
crionyk AgSb(Bi)P2Se6, TISb(In)P2Se6. Pe3ybraT HOCiI)KEHb MOHOKPHCTAJIiB METOOM CKaHYIOUOi €JIeEKTPOHHOI
MIKpOCKOIIii i3 eHeprogrcrnepCcinHo PEHTTEHIBCHKOIO CIIEKTPOCKOIIIE€I0 CBilYaTh PO iX OJHOPINHICTS Ta CKIAL,
6JIM3bKMI O CTEXIOMETPUYHOTrO0. 3a pe3yJIbTaTaMU CIIEKTPAJIbHUX JOCIIiIPKEHb BCTAHOBJIEHO 3DOCTaHHS 3HAa4E€Hb
IIMPUHU 3a60pOHEHOi 30HU y pany AgBiP2Se6 o AgSbP2Se6 o TlInP2Se6 o TISbP2Se6, 1m0, BpaxoBy04M OJHOTUIIHICTh
IOCJIiZIPKYBaHUX CIIOJIYK, BKa3ye Ha 3pOCTaHHSI i0OHHOI CKJIa[I0BOi XiMi4YHOrO 3B'S13Ky. 32 Pi3HULIEBUM I1apaMmeTpom oP
BCTAHOBJIEHO 3PDOCTaHHS KOBaJIEHTHOI KOMIIOHEHTH 3BS13KiB y aHiOHHiN mifgrparui [P2Se6]4-, y uboMy camoMy psfy,
1110 BHACJIiIOK TPaHC-BIJIMBY Y CUCTEMI 3B’13KiB Me-Se—P npuBoAUTb 10 3pOCTaHHS iOHHOCTI 3B'13KiB Me-Se. JlaHa
3aKOHOMIpHICTb, UMOBIpHO, MOXe OYTH BUKOPUCTAHA [J1s1 SIKiCHOI OL[iHKM 3MiH/ HIMPUHU 3a00POHEHOI 30HU Y
OJIHOTUITHUX rekcaxasbkorinogudocdarax. [TlinTBeppkeHHs LbOro, Ta MOXKJIMBICTb CTBOPEHHS Gi/IbII TOYHOI
KOpeJILifHOi Moiesli NoTpebyBaTUMe 37i1ICHEHHSI KOMIJIEKCY CIIeKTPaJIbHUX JOCTIiIKEeHb Ha OiIbI LINPOKOMY
KoJIi criostyk. Kilto4oBi cli0Ba: MOHOKPUCTANY; (Pa30BUI aHaJIi3; KpUCTaliYHa CTPYKTYpPa; TBEPZi pO3YMHY;
€JIEKTPOHHA CTPYKTYPa; ab initio (mepio NpuHLUIIHI) pO3paxyHKU; pEHTTEHIBCbKA (POTOEIEKTPOHHA CIIEKTPOCKOIIiS
(P®C); onrtruHi BnacTuBOCTi; audepeHuianbHuil TepMmiuHnii aHasnis ([ TA); ¢pasosi miarpamu cTaHy; CKaHy4a
esleKTpoHHa Mikpockonist (CEM); eHepropucnepciiina peHTreHiscbka criekrpockornist (EIIPC); peHTreHiBCbKUi

aHazni3; ¢pa3oBi piBHOBArW.

2. The scientific work is devoted to the establishment of the nature and regularities of physicochemical interaction
in TI(Ag) - Sb - P - Se systems and the effect of cationic substitution on the properties of single crystals
TI(Ag)Sb(In,Bi)P2Se6, by studying the phase equilibria on cross-sections based on Tl(Ag)SbP2Se6 quaternaries also
polyhedration of quaternary systems and studying the properties of single crystal samples of quaternary
compounds. The overview of the literature devoted to the interaction in double and ternary systems of thallium,
argentum, antimony, phosphorus and selenium, the properties of the double and ternary compounds implemented
in them, as well as the quaternary compounds TI(Ag)Sb(In,Bi)P2Se6 is provided. The analysis of literature data
shows that the information about phase equilibria in the TI(Ag) — Sb - P - Se systems, and data on bulk single
crystals growth of Tl(Ag)Sb(In,Bi)P2Se6 compounds don't present and regarding the properties of quaternary



compounds are uncompleted. The starting components, general methods of synthesis and growth of single
crystals, and a brief description of experimental methods: Differential thermal analysis (DTA), microstructural
analysis (MSA), X-ray powder diffraction (XRD) for phase and structural analysis; scanning electron microscopy
(SEM) and energy dispersive X-ray spectroscopy (EDS); X-ray photoelectron spectroscopy (XPS); Raman and UV-
visible spectroscopy; density functional theory (DFT) calculations are described. The results of an experimental
study of phase equilibria in the T1 - Sb - P - Se and Ag - Sb - P - Se systems are presented. The methods of
growing single crystals of quaternary compounds and experimental results of studies of their properties
(refinement of the crystal structure by the Rietveld method; confirmation of the morphology, quality and
composition of single crystals by X-ray surface diffraction; scanning electron microscopy with energy dispersive
X-ray spectroscopy; evaluation of the electronic structure combining ab initio calculations according to density
functional theory with X-ray photoelectron spectroscopy data; determination of the bandgap from UV-visible
optical data by Tauc’s plot) are presented. The regularities of the interaction of components in Tl(Ag)-Sb-P-Se
systems and, using the singular polihedration method, additionally establishes the quasi-

binarity /ternarity /tetrarity of a number of systems are summerized. The mechanisms of formation of solid
solutions based on quaternary compounds are considered from the crystal-chemical formulae, the change in the
nature of chemical bonding during cationic substitution is analyzed by comparing the sums of ionic and covalent
radii with experimentally determined interatomic bond lengths and by difference parameters of the core levels
electrons binding energies and the relationship between the change in the nature of the chemical bond and the
width of the band gap is considered. The mechanisms of the formation of boundary solid solutions on the example
of TISbP2Se6 were studied from crystal-chemical formulae. Taking into account the experimental data on the wide
of regions of solid solutions based on TISbP2Se6, it was found that the cationic sublattice plays a decisive role in
the stabilization of the solid solution, namely, the ratio of one- and three-charged cations (1:1) identical to the
quaternary compound. The single crystals of AgSb(Bi)P2Se6 and TISb(In)P2Se6 compounds were grown using the
Bridgman method. The results of the single crystals study by scanning electron microscopy with energy dispersive
X-ray spectroscopy showed their homogeneity and composition close to stoichiometry. According to the results of
spectral studies, an increase in the width of the band gap in the AgBiP2Se6 o AgSbP2Se6 o TlInP2Se6 o TISbP2Se6,
which, given the similarity of the studied compounds, indicates an increase in the ionic component of the chemical
bond. Also, the difference parameter oP revealed an increase in the covalent component of the bonds in the anionic
sublattice [P2Se6]4- in the same series, which, due to the trans-influence in the Me-Se-P bond system, leads to an
increase in the ionicity of Me-Se bonds. This pattern can probably be used for a qualitative assessment of the
change in the band gap in similar hexahalcohypodiphosphates. Confirmation of this and the possibility of creating
a more accurate correlation model will require a set of spectral studies on a wider range of compounds. Keywords:
single crystal; phase analysis; crystal structure; solid solutions; electronic structure; ab initio (first principal)
calculation/computation; X-ray photoelectron spectroscopy (XPS); optical properties; differential thermal analysis
(DTA); phase diagram; scanning electron microscopy (SEM); energy dispersive X-ray spectroscopy (EDS); X-ray
diffraction; phase equilibria.
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2. Bohdan Y. Kotur

KBasigikamis: 1.x.u., npodecop, 02.00.01

ImentTudikarop ORCID ID: 0000-0002-1844-4692

JoparkoBa iHdpopmamist:

IloBHE HaliMEeHYBaHHS IOPUAHYHOL 0COOM: JILBiBCHLKMII HalliOHABHUI YHiIBEpCUTET iMeHi IBana Ppanka
Kopg 3a €IPIIOY: 02070987

Micuesnaxo,rm(eHHﬂ: ByJI. VHiBepcureTchka, 6ya. 1, JIpBiB, 79000, Ykpaina

dopma BiracHOCTI: JlepxasHa

Cdepa ynpaBiriHHS: MiHicTepcTBO OCBiTH i HayKu YKpaiHu

InenTudikarop ROR:

BiacHe IIpizBuie Im'sa I1o-6aTbKOBI:
1. TTickau Jlrommuna BacuniBHa

2. Liudmyla V. Piskach

KBasigikamis: x.x.u., gou., npodecop, 02.00.01



InenTudikarop ORCID ID: 0000-0003-3117-4006

JoparkoBa iHdpopmamnist:

IloBHe HaiMeHYBaHHSI OPHUAHUYHOI OCOOH: BoymHChKMI HallioHaIbHMI yHiBEepCUTeT iMeHi Jleci Ykpainku
Kopg 3a €IPIIOY: 02125102

Micue3HaxoaKeHHS: npocnekt Boui, 6ya. 13, JIynpk, JIyupkuii p-H., 43025, Ykpaina

dopma BracHOCTI: JlepxasHa

Cdepa praBJIiHHﬂ: MiHicTepcTBO OCBiTH i HayKU YKpaiHu

InenTudikarop ROR:

Baacue IlpizBumie Im's Ilo-6aTbKOBI:
1. ®ouyk [TeTpo MuxainnoBuy
2. Petro M. Fochuk

KBasigikamis: n.x.u., npopecop, 02.00.21
InenTudikarop ORCID ID: 0000-0002-4149-4882
JonaTkoBa iHdopmanisi:

IloBHE HaliMEeHYBaHHS IOPUAHYHOL 0CO0H: UepHiBelbKuil HallioHa/IbHUIA yHiIBEpCUTET iMeHi FOpis

denpkoBrYa

Kopg 3a €APIIOY: 02071240

Micue3HaxoaKeHHS: ByJ1. KoutobuHcbKoro, 6ya. 2, YepHisui, 58012, Ykpaina
dopma BracHOCTI: JlepxasHa

Cdepa yIIpaBJIiHHﬂ: MiHicTepcTBO OCBiTH 1 HayKU YKpaiHu

InenTudikarop ROR:

PeuenseHTu

Baacue IlpizBume Im'a Ilo-6aTbKOBI:
1. Crepyo IBanHa [leTpiBHa

2. Ivanna P. Stercho

KBasigikamis: k.x.u., gor., 02.00.01
InenTudgikarop ORCID ID: 0000-0002-9752-9343
JoparkoBa iHdpopmamuist:

IIoBHe HaﬁMeHyBaHHH lopn,zmqﬂoi 0COoO0M: Jlep>kaBHUI BUILIUI HABYAJIbHUM 3aKJIA[ "YXKTOPOIChKUN

HalliOHaJIbHUH YHiBEpCUTET"

Kopg 3a €IPIIOY: 02070832

MicueSHaxo,T.pKeHHH: ByJL. IligripHa, 6ya. 46, Yxropon, Yxropoacbskuil p-H., 88000, Ykpaina
dopma B1acHOCTI: JlepxaBHa

Cdepa ynpaBiriHHS: MiHicTepcTBO OCBIiTH i HAayKu YKpaiHu



InenTudikarop ROR:

VIII. 3ak1104YHi BiZOMOCTI

BsiacHe IIpizBuie Im'sa ITo-6aTbKOBI Yynpak Crenan IOpifioBuy
TOJIOBH pagu

BiacHe IIpizBuie Im'sa I1o-6aTbKOBi Yynnak Crenan IOpiitoBuy
TOJIOBYIOYOTO Ha 3acCiiaHHi

BignoBigasibHUI 3a HiATOTOBKY Ca60B BikTopis IBaHiBHa
00JIiIKOBHX JOKYMEHTIB

PeectpaTop YkpIHTEI

KepiBHuk Bigainy YKpIHTEI, mpo €
BiZIIOBiZaJIbHUM 32 peecTpallilo HayKOBOi IOpuenko TeTsHa AHaTosiiBHA

OisSIIBHOCTI




