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BUBUYEHHSA ®I3UYHUX NPUHIIUIIB BINCHKOBHUX IIH SIK 3ACIB
®OPMYBAHHS 3I0POB'SI3BEPITAIOUOI KOMIIETEHTHOCTI

Ocgima gidiepae K408y poib y PO3GUMKY CYCRiibCmed. Y nepiod HAd38uuauHUX cumyayii came oceima cmae
PYWILHOI0 CUNOM, WO 003601A€ 0a8amu adekgamui 8ionosiodi na yi cumyayii. I1i0 yac 6oeHHUX Oill HAUIBANCIUBIUUM
3a80aHHAM € GudcuBants Hacenenus. Dopmyeants 300pos ’a36epizaiuoi KoMnemenmHOCmi Y WKONAPI8 NOKNA0EHO HA
3axnadu ocsimu. Kooicen nedazoe nogunen npu 6UKIA0AHHI KOHKPEMHOI HAGUANbHOT OUCYUNIIHY RPUOLIAMU MAKCUMATILHY
yeazy QopmysanHIO HABUHOK camo3depexcertst nio uac ilicbKosux Oitl.

Busuenns @izuunux npunyunie iticbkosux Oiil, makux sx obcmpinu mepumopii Hautoi depoicasu, Gopmye po3ymiHHsA
npO MPAEKMOopiio, WeUOKICMb, OANbHICHb MA Y4ac NOTbOMY BOPONCUX 3ac0Di8 ypadcenHs. Busuenns gizuunux npunyunie
ONoGiuyeHHs NOBIMPAHOT MPuoeU 00360A€ POPOOUMU ANOPUMMU A0EKBAMHOT NO6eTHKYU Ni0 Yac 06cmpinis.

OcHogu aneopummivtHo20 MUCTEHHS 3aKAA0AIOMbCA HA YPOKAX MAMEMAMUKY ma inopmamuxy we y Moro0uill wxo-
ai. Inpopmamuxa susuac popmyeanns aneopummis 6i0 noscakoennux 0ill 00 npozpamyearnts. Qopmysanis anzopummis
300p08 ’5130epiearouux HABUYOK V WKONAPIG Ni0 Yac BOEHHUX Oill MOJICe BUCMYRAMU 3MICINOBUM HABAHMAICEHHAM YPOKI8
iHhopmamuxu. Aemopamu 3anponoHo8ani MemoouyHi pexomenoayii 3 popmysans 300pog ‘a30epicaroyoi Komnemenm-
HOCIMI HA YPOKAX THPOPMAmMuKY npu po3eisidi 3a60aHb HA GiliCbKOGY meMamuxy. 30Kkpema, HA0aHo peKomeHOayii wooo
npoBeOeHHs YPOKi 3 meMu «Aneopummuy y MonoOwili ma cepeoniti WiKoi; 3anponoHO8aHO PO KOMNEMeHMHICMHUX
3a0ay Ha GiliCbKOBY MeMAMUK).

Busuenns @izuunux npunyunie 6iticbkogux Oitl € 3MICIOBHUM HABAHMANCEHHIM YPOKIG Qizuxu. Aemopamu HaA0aHo
MemoOuuHi pexomenoayii 3 hopmysants 300po8 s136epiearouoi KOMnemeHmHOCMI Ha YPOKAX Qi3uKu npu po3e a3yeanHti
3a0ay Ha GilicbKO8y MmeMamuxy. 30Kkpemd, NOACHEHO NPUHYUNOBY PIZHUYIO MIJC PYXOM DI3HUX MUNI8 paKem, 3anponoHo-
8aHO 3a0aui HA BUSHAYCHHS (I3UYHUX XAPAKMEPUCTIUK PYXY 80POUCUX 30C00I8 YPAUCEHHS.

Haoani memoouuni pexomeroayii MOXCyms 3aCmMoCco8y8amucs yuumensimu ingpopmamuxu ma Qizuxu 01 Gopmysar-
H51 300p08 ’5130epieaiouoi KOMRemeHmHOCII WKOIAPIS.

Kniouosi cnosa: 300pog’sisbepicaioui komnemenmuocmi; i3uuni npuHyunu iticbKosux Oitl, 3a0ayi HA BIlICbKOBY
memamuxy 3 inghopmamuku ma Qizuxu.
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STUDY OF THE PHYSICAL PRINCIPLES OF MILITARY ACTIONS
AS AMEANS OF FORMING HEALTH-PRESERVING COMPETENCE

Education plays a key role in the development of the society. During emergency situations, education becomes
the driving force that allows us to provide adequate responses to these situations. During military operations, the most
important task is the survival of the population. The formation of health-preserving competence among schoolchildren is
entrusted to educational institutions. Each teacher should, when teaching a specific academic discipline, pay maximum
attention to the formation of self-preservation skills during military operations.

Studying the physical principles of military actions, such as shelling the territory of our state, forms an understanding
of the trajectory, speed, range and flight time of enemy weapons. The study of the physical principles of air warning allows
the development of algorithms for adequate behavior during shelling.

The basics of algorithmic thinking are laid in mathematics and informatics lessons in junior high school. Computer
science studies the formation of algorithms from everyday actions to programming. The formation of algorithms of health-
preserving skills among schoolchildren during military operations can act as a content load of computer science lessons.
The authors proposed methodological recommendations for the formation of health-preserving competence in computer
science classes when considering tasks on military topics. In particular, recommendations have been made for conducting
lessons on the topic "Algorithms" in junior high and high school; a number of competency-based tasks on military topics
are proposed.

Studying the physical principles of military operations is a meaningful part of physics lessons. The authors provided
methodical recommendations for the formation of health-preserving competence in physics lessons when solving military-
related problems. In particular, the fundamental difference between the movement of different types of missiles is explained,
and tasks for determining the physical characteristics of the movement of enemy weapons are proposed.

The provided methodological recommendations can be used by teachers of informatics and physics for the formation
of health-preserving competence of schoolchildren.

Key words: health-preserving competencies, physical principles of military operations, problems on military subjects
in informatics and physics.
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AkTyagbHicTe mpodsemu. CydacHi pearii
Vkpainu — BiifHa MPOTHU POCIMCHKUX 3arapOHU-
KiB. BoeHHI 1Tii HECyTh 3arpo3y Jjisi KOXKHOTO I'po-
MaJISHUHA Hamoi JaepxaBu. Ha 3akoHOmaBUOMY
PiBHI TiJi BOEHHHUMH JisIMH PO3yMitoTh: «BoeHHI
Nl — opraHi3oBaHE€ 3aCTOCYBaHHS CHJI OOOpOHH
Ta cua Oe3NeKu JJsl BUKOHAHHS 3aBIaHb 3 000-
ponn Ykpaiam» (BepxoBna Pama Ykpainu, 1991).
B mmpoxomy po3yminHi: «BoenHi 1ii — opraHizo-
BaHi il 4acTuH, 3’€IHaHb, 00 €HAHb YCiX BHIB
30pOiHUX CHJI y XOJi BUKOHAHHS IMOCTaBJICHUX
00IOBUX 3aB/IaHb 3 METOI 3HUIICHHS KUBOI CHJIH,
00HOBOI TEXHIKH, BIHCHKOBUX CIIOpYZ 1 00’€KTiB
MPOTUBHUKA, OBOJIOMIHHS TEPUTOPIEIO, 5Ky BIiH
3aliMaB, IPOTUAIl HACTYIy MPOTUBHUKA, BiTOUTTA
Horo ymapiB 1 yTpUMaHHS 3aiiMaHOI CBOIMHU Biii-
cpkamu Teputopii. OCHOBHUMH BUAaMHU 00HOBUX
7t € o6opoHa i HacTym. Ix BexyTh y popmi 60iB,
OOMOBHIII, OTIEpalliid, yIapiB y Oy/b-sSKH Yac pOKY
Ta 100M Ha CyXOAOI i, y MOBITpi (KocMoOcCi) Ta Ha
Mopi». (Cumopos, 2022).

3a Koncrutyuieto Ykpainu (BepxoBna Pana
Vkpaian, 1996) Crarta 3: «JlogunHa, 11 KATTS
1 3I0pOB’sl, 4eCTh 1 TIAHICTh, HEAOTOPKAHHICTH
1 Oe3meKa BU3HAIOTHCS B YKpaiHi HAWBUIIOKO COITi-
aJpHOIO MiHHICTIO». ToOTO NMepikaBa Oepe Ha cebe
3000B’s3aHHS peai30ByBaTH IOJIITUKY Oe3med-
HOTO iICHYBaHHsI KOKHOT JitonuuHM. [Ipore B ymMoBax
BIl{HH IIe peasti3yBaTH BaKKO, TOMY BaKJIMBO, 100
OKpIM JIep>KaBH MPO BIACHY O€3MeKy 10aB KOXKEH.
Po3yminHS (pi3UYHHUX TPHHIUIIB BIHCHKOBHUX il
JUISL IEPECIYHOTO YKPATHIIS BUCTYIIATUME 3aCO000M
s pOpMyBaHHSI BIACHUX HAaBHUYOK camo30epe-
JKeHHS 1 aJIeKBAaTHO1 PeaKIlii Ha BiiiCbKOBI 3arpo3Hu.
CyuacHi peatii rpoMaisiH HalIo1 JiepKaBy OAEHHO
MOB’sI3aH1 3a CIIIJKyBaHHSM 3a CUTHAJIAMU OIOBI-
IICHHS TOBITPsIHOT TpWBOTH. Ha aib, KUTBKICTh
KEPTB PAKETHUX OOCTPITIB CBIAYUTH MPO HEXTY-
BaHHSM IMPaBWJI TIOBEIIHKY ImiJ yac ooctpimis. Lle
MOB’si3aHE 3 HEPO3YMIHHAM (HI3HUHUX MPHUHIIMITIB
OTIOBIIIEHHSI MOBITPSIHOT TPUBOTHU. TOMY Ba)JIUBO
MIPOBOMTH PO3’SICHIOBAIILHY POOOTY, MOSICHIOKOYH
SIK JII€ OTIOBIIICHHS 1 CKUIBKH Yacy JIOCTaTHBO JIJIs
nuiAxy 10 ykputTs. Ha gepxaBHOMY piBHI po3’sic-
HEHHS il HaceJeHHs M1 yac BIMCHKOBUX Ml Bij-
OyBaeTbcs yepes 3acobu MacoBoi iHpopmartii. Ase
JITH, B CHJTY TICHXOJIOTO-BIKOBHX OCOONMBOCTEH He
LIKaBJISATHCS HOBUHAMH. TOMY IepBUHHE 03HAOM-
JICHHS 3 MPaBWJIAMHU TOBEAIHKH i Yac BIHCHKO-
BUX JIil TIOKJIAZA€ThCs Ha 3aKiaau ocBitu. Hamatn

po3’scHeHHsT (DI3UYHUX TPUHIUIIB OTOBIMIECHHS
MOBITPSHOT TPUBOTH JUISl JIITEH PI3HUX BIKOBUX
KaTeropil — akTyaJbHEe 3aBJaHHS HAIIOTO ChOTO-
JICHHSL.

AHaNi3 ocTaHHIX JOCiigxkeHb i myOJikaiiii.
3a nanumu Global Coalition to Protect Education
from Attack (GCPEA) (Anglade, Chapple,
Rushing, 2023) y 2022 poui 110 BCbOMY CBITY BiJ-
oynocst moHaxa 3 000 HamaaiB Ha 3aKIaJd OCBITH,
mo Ha 17% Oinblne MOPIBHAHO 3 MOMEPEIHIM
poxom. Koauinis GCPEA BusiBuia, o y 2022 porti
3pociia KUTbKICTh BHIIAJKIB BUKOPUCTAHHS MIKiI
y BIMCBKOBUX IUISIX: OyJIO 3apeecTpOBaHO TOHAT
500 BumaaKiB BUKOPHCTAHHS ILIKUI y BIHCHKOBUX
sIX, 1 3aramoM nmonan 6000 y4yHiB Ta Tenaroris
Oynu BOWTI, MOpaHeHi, BUKPAJEHI, 3aapelToBaHi
a00 3a3HaNM MIKOIM Mi yac [UX HamamiB — Iie Ha
20% O6inbiie, Hik y 2021 poui. Ha sxans, Hanaau
Ha OCBITY BiIOyBalOThCSl y BEIMKHX MacluTadax.
MineiioHn aiTel 1mo30aBiieHI MOMIIMBOCTI OTpPH-
MaTy OCBITY 4Yepe3 Hamaau Ha iXHi HIKOJIH.

Ilix wdvac BiHCHKOBHX KOH(QIIIKTIB, TEpPOp
1 HACHJIBCTBO 3aBJAIOTh IICUXOJIOTIYHOI IIKOIH
KOXKHIA JOUTUHI, 3 TIOTEHIIHHO CEepPHO3ZHUMHU
HACJTIIKAMH TSI COIiaIbHOTO Ta €MOIIHHOTO PO3-
BUTKY. Taki HaBUYKH, SIK TPAMOTHICTh, Jiuba Ta
KPUTHYHE MHCICHHS 3aTPUMYIOTHCS Yepe3 cTpe-
COBI cHTYyaIliil 1 CTpa)xaae KOTHITUBHUN PO3BUTOK
(Nicolai, Triplehorn, 2003). Tomy QyHKIiOHY-
BaHHS CHCTEMU OCBITH B YMOBaX BOEHHOTO CTaHY
XapaKTepU3y€eThCS TMONIYKOM HOBUX MiAXOAIB IO
HaBYaHHSA, €(QEKTUBHHUX TMEJAaroriuHuX pilIeHb
(Ikapmer, 2022).

Binnosigno nmo VYkaszy Ilpesunmenta Ykpainu
«IIpo BBeneHHs BoeHHOTO cTaHy B Ykpaini» (IIpe-
3uneHT Ykpainu, 2022), mig yac BBEACHHS Biid-
CHKOBOTO CTaHy BiJIOyBa€Tbcs OOMEXKEHHS KOH-
CTHTYLIWHUX TMpaB, 30Kpema, IpaBa Ha OCBITY,
OCKIJIbKH CKJIQJHO 30€perTH KUTTS 1 310POB’ S YCiX
YYaCHMKIB OCBITHBOT'O IPOLECY: YUHIB, BUUTEIIB,
CTyIIeHTIB, BUKJIaaaqiB. [lix gac BIICBKOBUX KOH-
(rikTiB HaBYUaHHS, M1TOTOBKA YYHIB Ta MailOyTHIX
(axiBIliB BTpayatoTh CBOIO SIKICTh Ta JOCTYIHICTb.
OcBiTa Hajga€e MOXIUBICTH 1 3HaTHICTh TpaH-
chopMyBaTl KOXXHE HOBE IOKOJIIHHS, Ma€ IyxKe
Ba)XXJIMBE 3HAYEHHS JJIs CYCIIbCTBA, amke ¢op-
My€ MalOyTHIX CIeIiaiicTiB, sIKI B CBOIO 4YEpry
MEepeKpUBaTUMYTh HecTady kaapiB. Kpim Toro,
BIJICYTHICTh HaBYaHHS B TIEBHUH BIKOBHH TEpiof,
AKM Mae Ha3By «CEHCUTUBHUI, MEPELIKOAKAE
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TapMOHIHHOMY PO3BHTKY 0cOOUCTOCTI. ToMy Bax-
JIMBO, 11100 JOCTYT 0 OCBITH Ta ii 6e3MepepBHICTD
3aJTMILIAINCS 3aXHUIICHUMHU M1/ yac 30pOHHOTr0 KOH-
¢mixty. Came ocBiTa cripusie GOpMYBaHHIO y JITEH
30pOB’sI30€pirarodoi KOMIIETCHTHOCTI Ta HaBH-
4ok camo30epexeHHs. JlesKi 3 IUX HaBHUYOK YyxKe
3aKJIaJieH] BiJl HAPOKEHHS, aJ/DKE y CBITI Maike
HEMae iCTOT, AKi iIyTh Ha CBiIOME CAaMO3HUIIEHHS
(BUHATOK II€ CAMO3HHILIEHHSA JUIS BiATBOPEHHS
1 3aXUCTYy ITOTOMCTBA).

VY JlepxaBHomy cranaapti (KabGiner MinicTpiB
VYkpainu, 2011) 3arBep/KeHO peaizallito KomIie-
TEHTHICHOTO TIJIXOy B CydacHii ocBiti: «Komrre-
TEHTHICTh — 3/JaTHICTb BUKOHYBAaTH DPI3HOMAaHITHI
MPAKTUYHI 3aBIaHHS B )KUTTI Ta MPOQECIiHIN TisUTh-
HOCTI Ha JOCTaTHHOMY PiBHI, III0 3yMOBJICHO ITi3Ha-
BAJILHIMU 3/1I0HOCTSIMU Ta HABUYKAaMH, COLIaJIbHOIO
B3a€MOJII€10, MOTHUBAIIIEIO Ta BOJICIOY». Y HIKOJISIPIB
MaroTh OyTH cOpMOBaHi: MOBHA, iH(opMarliliHa
(mmdpoBa), KOMyHIKalliiiHa, KyJIbTYpOJIOTIYHA, €KO-
JIOTiYHa, BaJeoJIOTiYHA (3I0pPOB’s30epeKyBaIbHA)
Ta IHIII KOMIIETEHTHOCTI. 3yIIMHUMOCH J€TaJIbHIIIe
Ha TPOMASIHCBKUX KOMIIETEHTHOCTSIX, 30KpeMa,
37I0pOB’A30€pPEKYBATBHUX, IO PO3BHUBAIOTH 3JIaT-
HICTh BECTH 3IIOPOBHH CHOCIO JKUTTA, IOTPUMY-
BaTucs Oe3neyHoi MOBEJIHKM Ta HAJaBaTH IepIly
nonomory. B ymoBax moBHOMacmTabHOTO BTOp-
raeHHs PO B Ykpainy dopmyBanHs 310poB’si30e-
PEeKYBAIBHOI KOMIETEHTHOCTI € CTpaTeriyHuM
HaIpsSIMOM OCBITHBOI TisTTbHOCTI. OJTHHUM 3 acIeKTiB
310pOB’130epirarouoi KOMIIETCHTHOCTI € PO3BHTOK
HaBUYOK CaMO30epeKCHHSI.

Jlep>kaBHUMH OpraHaM¥ PO3pOOJICHO psia HOP-
MaTHBHHX JIOKyMEHTIB, SIKi PEIJIaMEHTYIOTh Opra-
HI3aIliF0 HABYAIBHOTO TPOIECY IMiJ Yac BiHHU
(MOH Vxpainu, 2017; LlenTp HMBUIBHOTO 3aXU-
CTy Ta Oe3MeKW JKUTTEMIUIbHOCTI BoimHchKol
00:71., 2022; Bigain oxoponu npari BHY im. Jleci
VYkpainku, 2022; Pekrop BHY im. Jleci Ykpainku,
2022).

Asropu crarti 'y (ITomimgyk, Octpert, 2023)
po3mIsiHyAM  (Bi3UYHI TPUHLIUOU  OTOBINICHHS
noBiTpstHOT TpuBoTH; y (Bemmuko, Octpeit, 2023)
BIHCBKOBY TEMaTUKy IpU BHKJIaJaHHI (I3UKH
Ta iHQOPMATHKK SK CHOCiO YCYHEHHS pO3PHUBY
MK TEOPETUYHUMH Ta MPAKTUYHUMHU 3HAHHSIMH,
y (Bemmuko, Octpe#t, 2023) KOMIIETEHTHICHI
3ajJja4i Ha BiIICbKOBY T€MAaTHUKY.

MeTor0 A0CJiIKEHHSI € BUBYCHHS (PI3MIHHX
MPUHIIMIIB BIMCHKOBUX i K 3aco0y Qopmy-
BaHHSI 3[J0POB’130€piratouoi KOMIETEHTHOCTI.

Jnist pO3KPHUTTS METH CIIiJi BUKOHATH HACTYIIHI
3aBIaHHA:

— PO3IISHYTH HOPMAaTHBHO-TIPABOBI  JIOKY-
MEHTH, 110 pPeNIaMEeHTYIOTh OpraHizaiilo Oe3mned-
HOTO OCBITHBOTO CEpeIOBHIIA ITiJi 4aC BOEHHUX
KOH(ITIKTIB;

— OIMCATH CKJIAJIOBI 370pPOB’A30epirarovuoi Kom-
IIETEHTHOCTI;

— HAQJAaTH METOAWYHI pekoMeHparii 3 Ghopmy-
BaHHS 370pOB’s30epirarouoi KOMIETEHTHOCTI Ha
ypokax iH(GOpPMaTHKU MPH PO3DISAIl 3aBIaHb Ha
BINICBKOBY TEMATHUKY;

— HAQJATH METONWYHI pekoMeHparii 3 Ghopmy-
BaHHS 370pOB’s30epirarouoi KOMIETEHTHOCTI Ha
ypokax (i3MKH TpH pO3B's3yBaHHI 3a/1a4 Ha Bild-
CHKOBY TEMATHKY.

Bukian ocHOBHOTo Matepiajty 10c/IiIsKeHH .
AHaJi3 HOPMATMBHO-TIPABOBHMX [IOKYMEHTIB,
10 PerjiaMeHTYIOTh Oprasizaimiio 0e3me4Horo
OCBITHHOI0 CepeOBHINA MiJl 4Ya¢C BOEHHUX KOH-
¢uikriB. Ykpaina mepeOyBae B cTaHi 30poiHOI
arpecii mpotrsirom 10 pokiB, AJii HENEPEPBHOTO
3000yTTSI OCBITH pO3POOJICHO psiZi HOPMATUBHUX
nokyMeHTiB. [lounnaroun 3 24.02.2022 mig yac
noBHOMacmTabHoro BroprHeHHs P® B VYkpainy
ocBita Tpancopmysanacs. llle xoBimHi oOMme-
JKCHHS TIepeBeNM 11 B JUCTAHIHHWK (dopMmar,
MpOTE pe3yJdbTaTh Ta SKICTb TAKOTO HABYAHHSA
3HAYHO MOTIPIIMINCA. Y 3B 53Ky 3 LIUM, ITOCTAJIO
NUTAaHHS TIPO TEPEBEACHHS [ITEH Ha 3MillaHy
Ta O4Hy (OpMy HaABUaHHS, a Jiep)KaBa IOBHHHA
3a0e3meunT 30€pexeHHs J>KUTTS yCiX Yy4acHU-
KiB OCBITHBOTO TIporiecy. Tomy Oysi0 po3po0iieHo
psAl HOPMAaTUBHMX akTiB, JJIsS OpraHizalii Bij-
HOCHO 0e3rneyHoro cepenoBuina HaByaHHs. CyT-
HICTh 1 3arajibHAM 3MICT SIKUX, TMPOITIOCTPOBAHO
HAa MCHTaIbHIH KapTi (puc. 1). Biamosinmams-
HICTB 3a OpraHi3allilo HaBUYaHHS MOKJIAAA€ThCA HA
OpraHd MICLEBOTO CaMOBPSIyBaHHS Ta KEePiBHU-
KiB HaBYaJILHUX 3aKJIQJIIB, SKi 3000B’s13aHi MPOBE-
CTH IHCTPYKT@XI Ta BITIOBI/IHI HABYAHHS 3 yciMa
Y4aCHUKaMH OCBITHBOTO TIpoIecy, (OopMyroUun
30pOB’s130epirarody KOMIIETCHIIIO i I Yac
BilICBKOBUX KOH(ITIKTIB.

@opMmyBaHHA 3/10poOB’s30epirar4yoi Komie-
TeHTHOCTI y mKoJspiB. BianosinHo no Jlepxas-
HOTO CTaHIapTy, (OpPMYyBaHHS 310pOB’s30epira-
10401 KOMIIETEHTHOCTI BXOJHMTH y KOXKHY Taly3b
HaBuaHHs: «MoBu 1 Jiteparypu», «CycHiib-
CTBO3HABCTBO», «MmucrtenTBo», «MareMaruka,
«IIpupomno3naBctBo», «TexHONOTII», «3M0pOB’S
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Puc. 1. MenTajabHa KapTa, 0 LIIOCTPYE Nepestik HOPMATHBHHUX AOKYMEHTIB JJIsl OpraHizamii
BiTHOCHO Ge3ne4yHoOro cepenopuina Hapuanusa y BHY im. Jleci Ykpainkn

1 ¢izuunHa Kynerypa». [amy3p HaBuaHHS «310-
pOB’s 1 (hi3MUHA KYJIBTYpa» € KIFOYOBOIO IS PO3-
BUTKY 370pOB’si30epirarouoi  KOMIETEHTHOCTI.
OCHOBHMMH IIKITBHUMH IPEAMETaMH 3 1€l ramy3i
€: ocHOBH 3710poB’s (1-9 knac), pizudna KynbTypa
(1-11xmac), 3axuct Bitumznu (10-11 xmac). Ane,
BiJITIOBIJTHO JI0 HABYAIBHUX MPOTPaM X HpeaMe-
tiB (MOH VYkpainu, 2017-2022), HaBUYKH caMO3-
OepeKeHHs IiJ] 4aC BOEHHUX il PO3IIISIAIOThCS
JMIIE MIPU BUBYEHHI NMpEIMETy 3axXucT BiTumsnu
(10-11 xnac). ToMy BakJIMBO, 1100 BUUTENb KOXK-
HOI HaBYaJbHOI JWCIUIUIIHA TIPU BHKIJIAJaHHI
BJIACHOTO MPEAMETY MPHUIISIB MAKCUMAIIbHY yBary
3710pOB’s130€epirarouiii KOMIETEHTHOCTI, KpiM 0e3-
MIEYHOT TIOBE/IHKY Ha BJIACHUX YPOKax, HEOOX1THO
PO3MOBiAaTH PO Oe3MEeUYHy MOBEIIHKY B Cy4YaCHUX
pealtisix MOBHOMACIITAOHOTO BTOPTHEHHSI.

Ha menTanbHiil kapTi (puc. 2) IpoimrocTpoBaHO
CKJIaJIOBI 370pOB’30€pexKyBabHOI KOMIIETEHT-
HOCTI, K1 BI3yaJIbHO NPOAEMOHCTPYIOTh B3a€EMO-
3B 130K MIXK PI3HUMH €JIEMEHTaMH, BiJI0OpakaloTh
KJIIOUOB1 aCIIEKTH 3/10pPOBOTO CIOCOOY KHUTTS Ta
cTparerii miATPUMKH 310pOB 5.

Koxxen memaror moBuHEH PO3KPHUBATH CYTHICTh
TUX YM HIIUX BICHKOBUX SIBUII Y CBOEMY IpE.-
MeTi. BunTeni ximil MaloTh po3misgaTd MUTaHHS
npo XiMiyHy 30pOor0, BUKOpHCTaHHS (ochopHUX
CHap#AIiB 1 3aXHCT B HUX, OCKIJIbKY BOHU Habararo
HIMPILIE 3MOXKYTh MOSICHUTH, HIXX BYMTENI 1HIIUX
raimysei HaB4aHHs. BunTeni ¢i3uku moBUHHI po3-
misiaatd (i3WYHI TPUHIUIK OBITPSHOI TPUBOTH,

a TaKoOX pO3MIAIAaTH CHeIialli3oBaHi 3agadi Ha
BIICBKOBY TEMaTHKY, BHKOPUCTOBYIOUM peajbHi
TEXHIYHI XapaKTePUCTUKH BIHCHKOBHX  3aco-
6iB. Bumreni indopmaruku, BUBYaIOYM pOOOTY
3 MPOrpaMHHUM 3a0€3MEUYCHHSIM SIK THCTPYMEHTY
00po0Oku iH(pOpMaIii, 3MICTOBUM HaBaHTAKCHHIM
YPOKY MOXXYTh BUKOPHCTATH BIHCHKOBY TEMaTHUKY.

®opMyBaHHSl 3/10pOB’s130epira4oi Kom-
NEeTEHTHOCTI HAa YPOKax iH(GOPMATHKH NpH
po3risaal 3aBIaHb Ha BiliCbKOBY TeMaTHKY.
Inpopmarnka sK HaBYaJIbHA JUCIUILTIHA (Op-
Mye  iHQOpMAIII{HO-KOMYHIKALlIHHY  TEXHOJIO-
riuny (IKT) xommerentnicts (MOH VkpaiHu,
2017-2022). 3nopos’sizbepiraroua KOMIETEHT-
HICTh PO3MIAAETHCS MPH BUBYEHHI TEM IPO TIpa-
BUJIA TOBEJIHKU 3 €JNEKTPOHHO-UU(POBUMH NPH-
cTposimMu. KpiM TOro, BUKOPUCTOBYIOUH 3MICTOBE
HABAHTA)XXEHHS KOXKHOTO YPOKY, MOXKHa (opMmy-
BaTH KOMIIETEHTHOCTI iHIIUX HANPSMKIB.

Teopist anropuTMIB PO3TIIATAETHCA HA yPOKax
iH(opMaTHuKH y 2-3 Ki1aci, Ipu 4OMY, SKIIO B 2-My
KJIacl poO3MIAfaeThes LSl TeMa TUIBKM B PO3pisi
MNOHATTS AJITOPUTMY 1 QITOPUTMIYHUX [iH, TO
MOYMHAIOYM 3 3-TO 1 BHINE KJIACIB MPOMOHYIOThH
HalMCAaHHA QIrOpUTMIB y mporpami Scratch.
B 2-my kjaci MOXXHa 3alpoNOHYBAaTH YYHSIM
3anucaTy aarOpUTMU Jid IPU OTOJOUICHHI MOBi-
TPSIHOI TPUBOTH Ta 300py TPUBOXKHOI BajIi3y Mpo-
CTHUM CJIOBeCHHM crocoboM. IIpu mpomy, BapTo
MOSICHUTH (Pi3MYHI OCHOBHM OIOBIICHHS TIOBi-
TPSHOI TPUBOTH. A B)XXE€ BUBYAIOYM IOCIIOBHI
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Puc. 2. MenTajnbHa KapTa, 0 LIICTPYE CYTHICTH 310POB’s130epirarouoi KOMNeTeHTHOCTI

it smmit sopwpyt
“woxegn”

) nia we

TR Bl ‘6 OnTeR

2023 pewy

a) mata 16.10.2023 [18]

montorwar

0) mara 24.03.2024 [19]

Puc. 3. IIpuOau3Hi MapmIpyTH pi3HUX THIIIB paKeT Ta 0e3MiJIOTHUKIB

anropuT™Mu y Scratch MokeMO TpOLTIOCTpyBaTH
ix y Burnsaai nporpamu. O3HallOMITIOIOUUCH 3 Tpa-
¢ivHUMH MOXIMBOCTSAMHU Scratch Baprto mpoi-
JIOCTPYBATH PyX pakeT B MOBITPSIHOMY MPOCTOPi
Vkpaiau (puc. 3). MeTogoM aHajorii MOsICHUTH
MPUHIUMIIOBY PI3HULIIO PyXy OaTiCTUYHHUX Ta KPH-
natux paker ([omortoBa /I., 2024). bamictnyna
pakeTa pyXaeThCs sIK M’ sS4, KHHYTHH 1] KyTOM J10
TOPU30HTY, TPAEKTOPis pyXy — mapaboia, Crpo-
€KTOBaHA Ha TOPU30OHTAIILHY MOBEPXHIO KapTH
€ TIPSIMOIO JTIHI€FO.

[MpuHIMn pyxy KpuiiaToi pakeTu IPYHTYEThCS
Ha aepoJAMHAMIYHOMY PYyCi — T Ji€r0 TiaiiMans-
HOI CHMJIM Kpuja, BOHAa MOXE TMOAOJIATH OUIbIITY
BiCTaHb, HDK OaliCTMYHA, MOYKE MAaTH BIACHHUH

JIBUTYH, 1110 J]a€ MOXKJTUBICTH 1l MaHEBpyBaTH (OTH-
HaTH nepenikoan). [IpuMITUBHOIO JEMOHCTPALII€I0
pyxy Oyzme pyx mamepoBoro Jitadka. ToOTO Kpwu-
JaTa pakeTa JIeTUTh, a OamicTuuHa majaae. besmi-
notauku (BITJIA) — mitanpHi anapaTtu 6€3 eKinaxy
Ha 60Ty, KepoBaHi ab0 JOANHOI0, 00 MPOTrPamMoro
PYXaloThCSl CKIQJHUMH TpaekTopismu. [Ipukman
peasnizariii mporpaMu, CTBOPEHOI y4HeM 7 KJjacy,
MOJIaHO Ha pUCyHKax 4-5.

KomnerenTHicHi 3aga4i 3 ingopmaruku Ha
BilicbhkoBY TemarTuky. Po3B’s3yBaHHS KoMmIe-
TEHTHICHMX 3aJ1a4 Ha BICHKOBY TEMAaTHKY € 3acCo-
OOM 3alliKaBJIeHHS YYHIB pPi3HHX KJaciB J0 HaB-
YyaHHA; GOpMy€e YMIHHS BUKOPHUCTOBYBAaTH HaOyTi
3HaHHA Ha TPAKTHI. BaXmBO po3poOUTH psi
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Puc. 4. Burns cueHn HaBYaJIbHOTO
aJITOpUTMIYHOrO cepenosuina Scratch mpu
BHKOHaHHI nporpamu «IMiTanis Tpaexkropii
Pi3HMX THIIIB 030PO€HHS, 1110 BUKOPUCTOBYE
BOPOT NpH 00CTPiTi Ykpainm»

aKTyaJbHHUX JUIS CHOTONICHHS 3ajad, sKi O Moru-
OJ1rOBaJIM 3HAHHS 3 OJHOYACHO PI3HUX IPEIMETIB.

Po3B’si3yBaHHsS ~ KOMIETEHTHICHUX  3ajad
nepeadavaeThCs OCBITHHOO Mporpamoro “Iudop-
Mmatuka” 3 7 xkinacy (MOH VYkpainu, 2017). Taxki
3a/1a4i He OOMEXYIOTbCS MEBHOIO IIPEIMETHOIO
raixy33io (OZHUM IMPEAMETOM), a MependavyaroTh
3aCTOCYBAaHHS 3HAaHb 3 KIIbKOX ranysei (Pus-
kina, 2015). [ns po3B’s3Ky Takux 3anad HeoO-
XiJlHE BUKOPUCTAHHS KUIBKOX 1H(OpMaIiiHuX
TEXHOJIOT1H.

pe

FMIHMTH 0Dpas Ha Wwaxeg -
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SMIHMTH 00pas Ha BHOYX =

Puc. 5 ®parment ckpunra nporpamu «Imitanis
TPA€EKTOPIil pi3HUX THIIB 030POEHHS, 110
BHKOPHCTOBYE BOPOT NpH 00cTpiii YKkpainm»,
CTBOPEHOI B HABYAJbLHOMY AJTOPUTMiYHOMY
cepenoBuili Scratch

AnropuTM po3B’A3KY 3aJau:

1. BukoHartu 3MicTOBUH aHasi3 GOPMYITIOBaHHS
3ama4di 3 MoOYyIOBOIO CJIOBECHOI iH(opMmamiiHoi
Mojeni (BUAUIEHHS 3 YMOBU JAaHUX, HEOOXiITHUX
JUIs pO3B’A3yBaHHS 3a1adi; BUOip crocoly mpen-
CTaBJICHHS KIHIIEBUX PE3yJIbTaTiB).

2. 3HalTH HEOOXiqHI BIIOMOCTI.

3. Bubpatu 3aco0u onpaitoBaHHs JaHUX.

4. OmpartroBat JaHi.

5. IlpencraBuTu pe3ynbTaTH pO3B’s3yBaHHSI
3ajadi.
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Tabmus 1
Binomocri, siki HeoOXiaHi /151 po3B’°sI3yBaHHS 3aa4i
XapakTepucTHKHU Ykpaina Pocis
030pO€EHHS, sIKe OTPK “Cancan” M142 HIMARS « g “Ts 2
BHKOPHCTOBY€ (“Tpim-2”) [23] GLSDB[23] 2C-3 “Axkanin” [24] |2C-5 “TianunT-C”[24]
JlanbHICTh 500 km 150 km 24 km 33,1 km
Kpaina-BupoOHHK VYkpaina CIIA Pocis Pocist

Papniycu ypaxenns ajast OTPK “I pim-2”

Paniycn ypaskennst noisi M142 HIMARS GLSDB

Puc. 6. I'padiune npeacraBieHHs pe3yabTaTy po3B’si3yBaHHA 3a1a4i

[IpukmamoM KOMITETEHTHICHOT 3a7adi Ha BiM-
ChKOBY TEMAaTHKY € TaKa 3aJiaya:

Busnauntn pamiyc ypakeHHS TPOTHBHUKA
paketHuMH koMiiekcamu: OTPK “Tpim-27, M142
HIMARS GLSDB Ta 300pa3uTi 30HU ypakeHHS
no Bcii diHil ¢pponTy. KpiMm TOro BpaxysaTu, 110
JlaHl PaKeTHI KOMIUIEKCH HE NMOBHHHI pO3MIillyBa-
THUCS B 30H1 YPaXXEHHsI BOPOXKOI apTHIIEPii.

BinmosigHo 10 anroputmy:

1. Jlna po3p’s3Ky 3ajgadi HeoOxiaHa iH(pOp-
Mallisi Ipo: TEXHIYHI XapaKTepUCTUKU PAKETHUX
KOMIUIEKCIB, 110 BHKOPUCTOBYIOTbCS YKpPaiHOO
Ta BOPOTOM, 30KpeMa JaJIbHICTh TOIBOTY (BUCTY-
MaTUME pajilyCoM Ypa)XeHHs), aKTyaJlbHYy JIIHIO
¢poHTy. 300paKyBaTH 30HU YPaKEHHS 3py4HO HA
KapTi 6oioBUX A1l pecypcy deepstatemap (Tadm. 1)
(DeepStateMAP, 2023).

2. 300pa3uMo 30HY ypaK€HHS pAKETHUX KOMII-
nekciB B rpadiunomy penakropi LibreOffice Draw,
3 BpaxyBaHHSIM MacutaOy Kaptu. Pesynbrar
PO3B’SI3Ky 3a/adi 1MojaMo y BUIIISIII TEKCTOBOTO
JOKyMEHTa, CTBOPEHOIO B TEKCTOBOMY PEIAKTOPI
LibreOffice Writer 3 Tabnuiiero 1aHUX MpoO Xapak-
TEPUCTUKU PAKETHUX KOMIUIEKCIB Ta BCTABICHUM
300payKeHHAM KapTH 30HHU ypaxkeHHs (puc. 6).

I1ig yac po6OTH HaJ MOAAHOKO 33aJaY€Er0, BAPTO
aKLEHTYBaTH yBary Ha OCOOJMBOCTSIX PaKETHUX
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KOMIUIEKCIB  yKpaiHChbKOro BHpoOHHUITBa. lle
BUCTylaTUME €JIEMEHTaMHu HalllOHaJIbHO-MaTpi-
OTHYHOTO BHXOBaHHS 3 (OPMYBaHHS TOUYYTTS
rOpAOCTI 32 BHUPOOHMYI MOXKIMBOCTI YKpaiHU
(Txauenko, 2022): «"I'piM-2" mMaB mOBOJII IiKaBi
XapaKTepPUCTUKU — JaJbHICTh BpaXCHHsS oOIe-
paTUBHO-TAKTUYHUMH pakeramMu 10 280 KM,
ay nepcrektusi i1 70 500 KM ... SIK y poCiiicbKoro
"Ickannep-M". Lle o3Haudae, MO TEOPETUYHO IIiJ
NPUIIIOM Tenep He TUIbKU OCTpiB 3MiiHUH, ane
i yrpymyBaHHS YopHOMOpPCHKOTO GIIOTY y M.
Cesacronounby.

HaBenemo mpukiiaaym KOMIETEHTHICHUX 3aj1ad,
SK1 MOJKHA 3aIpONOHYBaTH yuHsIM 8-11 kiaciB s
pO3B’sI3yBaHHS Ha YpOKax I1H(QOPMATHUKH, MiCIA
BHUBYEHHS poOOTH 3 BIIBITHUM IPOrpaMHHUM 3a0€3-
TIEUYEHHSM Ta TeMU «MeXaHIYHHIA pyX» 3 (Qi3UKH.

Komnemenmmuicna 3adaua 1.

VY mepexi [nTepHer 3HaiiTH iHGOpPMAILIiFO PO KOHKPETHHIMA
TUI pakeTu (3a BKa3iBKOIO BUUTENS), SKi 3aCTOCOBYE
PO y Biilni mpotu VYkpainu. CrBopuTH TaOnuioo B
TaOIMYHOMY PEIaKTOPi Ta BHOCUTH TY/IH JaHi PO TEXHIYHI
XapaKTepUCTUKK DPakeT. BU3HAUNTH AAJBHICTH HOJIBOTY
pakeTu 3 Micug 3arycKy J0 LijJi, MOJIENIOIYN PyX Ha Mari
(DeepStatemap, abo Google map). 3poOHTH 3HIMOK €KpaHy,
SKMH TOTIM JIOAATH /IO 3BiTy pO3B’s3aHOi 3aaadi. Marouu
JANbHICTh Ta IMBHUKICTH MOJBOTY PAKETH BH3HAYMTH Yac
pYyXy pakeTu. Yci JaHi 3aHECTH B HOKYMEHT TEKCTOBOTO
penakropa.
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Komnemenmnmuicua 3adaua 2.

Y wMepexi I[HTepHET 3HAWTH XapaKTEPUCTHKH MPO
POCIHCBKY  «aHaJOroB  HET»  MIKKOHTHHEHTAJIbHY
Oanmictnyny pakery Capmar. B TabnuuHOMy penakropi
CTBOPHUTH TaOJHIIO, KyIM BHECTH JaHI MPO TEXHiuHI
XapakTepucTHKH 1i€l paketn. B Google maps Bumipstu
JAIIBHICTh MOJBOTY pakeTu 3 Mici 3anycky (Pocis) mo
uini (CIIA) Ta 3poOuTH 3HIMOK eKpaHy (A1 peaaryBaHHs;
BHKOpHUCTOBYBaTH rpadiunuii penakrop tumy LibreOffice
Draw). Kapry Ta maHi mpo HasbHICTh TaKOX 3aHECTH
0 TaOmumi. 3HAIOYM NANbHICTh Ta MIBHIKICTH HONBOTY
pakeTH, OOUUCIIMTH Yac MOJNBOTY 0 Lii. 3aponoOHyBaTH
Hai0e3neyHimi crnoco0u 1 Micle 3HEIIKOJKCHHS M€l
pakeTH Tmicis 3amycKy. Yci pe3yiabraTd 30epertd B
JOKYMEHT TEKCTOBOTO PEeJaKTopa.

[Ipu po3B’s3yBaHi KOMIIETCHTHICHHX 3ajad
Ha BIHCHPKOBY TEMAaTUKy BHKOPUCTOBYIOTHCS
3HaHHS 3 pI3HUX raiys3ei: Qizuxa (IanbHICTDH
MOJILOTY = PalyCy YpaXXeHHs = MEePEMILIEHHIO);
reorpadis (podora 3 kapramu, MacmTad); Mare-
Maruka (pazaiyc, macmral); iHpopmaTuka (mpak-
TUYHE BHUKOPUCTAHHS TMOUIYKOBUX pECYpCIB,
rpadivHOTO pelakTopa, TEKCTOBOTO peaaKkTopa).
Kpim Toro, 3amaui Ha BiiiCbKOBY TE€MaTUKy Mif-
BHINYIOTHh IHTEPEC 0 HaBYAHHS Yepe3 aKTyali-
3aIio mpoOieM ChOTOAESHHS, CHPHIIOTH HaIlio-
HaJIbHO-TIATPIOTUYHOMY, MOpPaJbHO-ETUYHOMY
BUXOBAHHIO Yepe3 NpHU3My BHUBUYECHHS OOOpOH-
HO-TEXHIYHUX 3ac00iB BJIACHOTO BHPOOHHUIITBA
Ta OTPUMAHMX Yepe3 MIKHAPOAHY HIATPUMKY
HaIIoi IepkKaBu.

@®opMyBaHHSI 310pPOB’sI30epiraw4oi Kom-
NMEeTeHTHOCTi Ha ypokax (i3uku npu po3B'sizy-
BaHHi 3a/ay Ha BilicbKOBY TeMaTuky. Dizuuni
NPUHYUNU  ONOBIUWEHHS NOBIMPAHOI MPUBO2U.
[oBiTpsiHa TpHUBOTa — CUTHAJ OIMOBILIIEHHS Hace-
JIeHHS TIPo 3arpo3y araku 3 moBiTps (Kynuubka 4.,
2022). BMukaetbes y pa3i pu3uKy aBiaygapy abo
3aIyCKy paKkeT y HampsIMKy HaceJIeHOTO MyHKTY
g ob6nacti. OMOBIMIEHHS MOBITPSHOT TPUBOTH

CIIpalbOBY€, KOJIM paaiofiokaiiiini cuctemu [1oBi-
Tpsinux cui 3CY QikcyoTh nepeMilieHHsT BOpo-
KUX JiTadbHUX 00’€KTiB y Oik Teputopii Ykpa-
iHn. 3a iHdopmali€ero 3 pagapiB BHU3HAYAETHCS
HampsM PyXy PakeTH 3 ypaxyBaHHSM TOTO, IO
BOHA MOXK€ 3MIHUTH CBI{ KypC MPaBoOpyd, JTiBOPYH
a00 HaBITh 3HUKHYTH 3 paaapiB. Ha mimcraBi mux
JTAaHUX Y pErioHax 3a TPAEKTOPIELO ii MOIbOTY BMU-
Ka€eTbCs CUTHAJ MOBITPAHOI TpuBoru. [Ipu aptu-
nepiricbkoMy o0cTpini, ynapax 3 PC3B “I'pan”,
“Cmepu” cHpeHa HE CIpalbOBYE uUepe3 CKIIaJl-
HICTh BIJICTe)KUTHU 3aIlyCK TakuX cHapsaiB. Opi-
€HTOBHUI Yac, sSIKUW 3aJIEKUTH BiJ] MICIIS 3aITyCKYy
pakeTH, MBHUAKOCTI ii OJBOTY Ta IHIIUX YNHHU-
kiB. Ha pucynky 7 momaHo npuOiIn3Hi MapmpyTH
PI3HMX BUAIB 30p0i, AKUMU 0OCTpisIOBaIM YKpa-
iny: “IHaxenn”, “banictuuna” ta “Kpunara”.

Haromocumo Ha TpPUHLOMIOBIN PI3HUII LHX
paket. bamicTuyHa pakeTa BiAPI3HAETHCSA TUM, IO
MiZiAMaETEC BHCOKO, a ITOTIM 3a OaliCTHYHOIO
Tpa€eKTOpi€ro Naae Ha mijab. OxHa 3 0coOMMBOCTEH
KPHJIATOi pakeTH — BOHA MOXKE MMOJO0JTATH OLIbITY
BijcTaHb, HIXK OaliCTUYHA, TOOTO 0OHA J1lemums,
a iHwa naoae.

PosrnssHemo  (i3uuHI  BIACTUBOCTI  PyXy
BOPOKMX PAaKET Ta JOCHIIKEHHS KOHKPETHHUX
Niii yY9HIB Ha CHTHAJ OTOBIMICHHS MOBITPSHOT
TPUBOTH.

Busznaunmo dac pyxy BOpOXKOI pakeTu BiX
MOMEHTY 3aIlyCKy Ta 4ac, 3a sSIKHH Mae mepecidyHa
monuHa o0 aicrarucsa ykputTs. g 3amaua nae
YYHAM MOXKJIMBICTH JI3HATHUCS, SKI THIHA PaKeT
BUKOpUCTOBYe P® mporm VYkpaiHu Ta mokasye
BOXXJIMBICTh HETAWHOTO pearyBaHHS HA CHTHAI
MOBITPSIHOT TPUBOTH 317151 30€pEKECHHS BIACHOTO
KHUTTS Ta 370POB’SL.

Tabmuis 2
IMpukaaa cTBopeHol Ta0IMII 10 3aPONOHOBAHUX KOMIETEHTHICHIX 32124
C-300 Kunmkan X-101 Kauniop X-22 Capmar
Makcuman,na 4 680 14 688 900 864 4000 Cep. 18 000 — 25 200
IBUIKICTD, KM/FO}.I
MaxkcumajabHa Mir—31K
JAJIBHICTB, KM (2000) CIIA - 16 000
300 Ty—22M3 3500 2600 600 €spora — 10 000
(>3000)
Tun . . Kpunara Kpunara Kpunara MIi>KKOHTHHEHTANbHA
banictuka banictuka
pakeTa pakeTa pakera pakeTa
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Puc. 7. Ilpuban3Hi MapmipyTH pi3HUX BHAIB 30poi, IKHMH 00CTPiIOBa/IM YKpaiHy, 3riiHo 3 nanumu [18]

3 iHdopMaliifHUX pKepea BiIOMO, IO JITak Ha OOpTy
SIKOTO Kpuitata pakera X—22 311itae 3 aepoapomy «XalliHoy,
TaKOX BiZOMO, IO Imicisg 2 XBWIMH SIK 3JIE€TIB JITaK BiH
3anmycTuB ofHy pakety Ha JKuromup. llBuakicte X—22 —
4 265 xm/rox [26], BiacTaHb Bix Micus 3amycKy 0 LT —
542 xm [22]. 3naiiTi yac MONABLOTY PAaKEeTH MO LM f; Ta 4ac,
SIKUM Mae TiepecivuHa JIOANHA, 00 100paTucs B yKPUTTS
t, . Baxarn, 1o TpHBOTra OTONOLIYETHCS Bifpasy Micis
37BOTY JIiTaKa 3 pakeTaMH Ha OOpTY, TPAEKTOPis pakeTH
npsMa.

v =4265km/ron | Bigomo, mo TpuBOra OroJjomIy€eThCs

S =542 xm BiJjpady Imicisg 3JBOTY JliTaka 3
t =2x8 pakeramu X—22 Ha OGopry. Takox

BIIOMO MPOMDKOK 4Yacy, uepe3
t -7 SAKUH Oyno 3alyIEeHO OAHY DaKeTy.
t, =7 3a nmaHMMH PO BiACTaHb N0 LML

Ta I[BHIKICTIO TIIOJNBOTY pPAaKeTH
3HaIEMO Yac pyxy pakeTH.
S 542
 =—=—-=0,13r0oz
v 4265

BusHaunMo gac pyxy B XBHIIHHAX.
0,13 rox *60 x8=7,8 xB
3HaiigemMo Jac, HeoOXiTHMH 1715

nepeciyHol JIOAUHH, 00 qo0parucs
B YKPHUTTSL.

t,=t,+t=7,8+2=9,8x8

JlaHa 3amada po3msiae Jume oAuH 3 Oara-
THOX THUIIIB PAKET, sIKi 3acTOocOBye P®D y 30poiiHiit
arpecii npotu Ykpainu. SIk MpuKIag HaB4aIbHOTO
MPOEKTY 3 (Pi3UKH, MOXKHA 3alPOTIOHYBATH JITAM
3HAaWTH TEXHIYHI XapaKTePUCTHKH IHIIMX THIIIB
pakeT, 300pa3uTu Ha KapTi NpUOTU3HUN MapuIpyT
iX pyXy Ta caMOCTIIfHO BU3HAYHUTH Yac MPHILOTY
pakeTH 3 BiJIMOBIAHOTO MICIIS 1 Yac, SKui moTpioeH
JUIS TOTO, 11100 JicTaTHcs 10 YKPUTTS. Takox BapTo
PO3IISIHYTH MPAKTUYHY 3a7ady: Pa3oM 3 yCiM Kila-
COM 3aMiIpSTH 4ac Ta BU3HAYUTH IIBUIAKICT PyXY
B YKPUTTS y pa3i MoBITpsiHOI TpuBoru. [Ipoanari-
3yBaBIIM OTPUMaHHI pe3yJabTaTH, BU3HAYUTH YU
JIOCTaTHRO Yacy JJig Toro, o0 Oe3medHo micta-
THCSI YKPHUTTS TpU OOCTpiNax pi3HUMH THIAMH
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paket. [ToscHuTH (Hi3WYHI IPUHIMITA OTIOBIIIEHHS
TPUBOTH Ta OOTOBOPUTH AJITOPUTM JIiii B KOHKpET-
Hill cuTyarii BilicbkoBOi 3arpo3u. Haronocutn Ha
BOXXJIMBOCTI pearyBaHHs Ha CHUTHAJI TOBITPSHOL
TPHUBOTH.

3 inpopmariiinux prepen [27] Bigomo, mo Capmar —
pociiicbkuit CTpaTeriuHui pakeTHUH KOMILIEKC
I’SITOTO  TIOKOJIIHHS UIAXTHOTO Oa3yBaHHS, 3 BaXKOIO
0araToCTyNeHeBOl0  PITUHHOI  MIKKOHTHHEHTAJIHHOIO
Ganicruynoro pakeroro (MBP). IlIBunkicts — 25 000 km/Trox
[13], Bigcranp Bix Micus 3amycky mo it — 15 134 k.
IIpoanarnizyBati TeXHi4HI JaHi: TOBKHHA “BamicTHdHOI”
pakeru Capmar ctaHoBuTh 35 M, craptoBa maca — 208 T,
Maca 3akuJaHHs — Onm3pko 10 T, AaNbHICTH NOIBOTY
paketst — 16 THC. kM. 3a TaHUMH HOOyTyBaTH TaOIHIO B
TEKCTOBOMY PEIAaKTOPi, a TAKOXK 300pa3UTh PUOIHU3HU pyX
paxetH Ha kapTi Google Maps, BpaxoBYIOUH il0 MarHITHUX
moiB 3emiti. Po3paxyBaTy IIBHIKICTh NPUIIBOTY CHAPSAY ¢
i oty Teputopii S, , sika Gyne ypaskeHa Iij yac Ta Imics
aBiaymapy, BBaXKaTH, 110 Ha | KI' TPOTHITY Pajiyc yparKeHHs
2,7 m [28].

v =25 000 xm/Tox

3Har04YM IMBHUIKICTH Ta BiACTaHbL BilT

£=15134 xkm Micusl 3amycKy OO TOYKU HPUIBOTY
n =3,14 BU3HAaUUMO 4Yac 3a SKUH pakeTa
JOCSTHE I(iTi.
t =7 ¢ 15134
s =7 =—=———=0,6ron
! v 25000

[lepeBeneMo TOMHN B XBUIIMHU
t, =t-60=0,6-60=36xs
Busnauumo ILJIOLIY
1 kiorpamy TpOTHIY.
s=mr’=3,14-2,7* = 4.8 1*
3Harouun TITONITY YpaKeHHs

1 xinorpamy TpOTHIy BHU3HAYUMO
IIoLLy ypaxkeHHs pakeTu Capmar.

1m =1000xe
10m =10m1000x2 =10-10° k2
5, =10-10° -4,8 = 48000 1/

YParKeHHS

3MiCTOBHE HAINlOBHEHHS YpOKiB (Di3WKH 3a1a-
YaMH Ha BiliCbKOBY TEMaTHKY CIIpHsi€ (pOpMyBaHHIO
310pOB’s130epirarouoi KOMIIETEHTHOCTI Y IITKOJISIPIB.
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Puc. 8. Mapmipyt pakern Capmar no CIIIA y pasi 3amycky

Tabmuns 3
IIpukaaa ctBopeHoi Ta0aMII 10 3aNIPONIOHOBAHOI 3a1a4i
Maca HIBuakicTs JanbHicTh JloB:xxuna
Capmar 280 T 25 000 km/rox 16 000 Tuc. km 35m

BucHoBKH i mNepcneKTHBM MOAAJBIIHMX
aocaimkensn. I1ig yac 30poitHoi arpecii aepkasa
MOBUHHA TIEPETISHYTH TNPUHOUN (HOPMYBaHHS
3I0pOB’sI30€pIraroynX KOMIIETEHTHOCTEH y NiTeH.
HeoOximHO mMpuaiiaTé OUTbINE YBaru MOSICHCHHIO
IIKOJISIpaM TIPaBUJI 30€PEIKCHHST KHUTTS MiJ 4ac
30poriHuX KOH(DIiKTIB. OCKUIBKM IIOTHKHEBI
BUXOBHI TOAWHU HE JO3BOJISIOTH HPUIUTUTH
JIOCTATHBO YBarv MUTAHHIO TIOBEIHKH ITiJT 9ac Bili-
CHKOBUX JIiif, TOMY KOXXCH TEIaror MOBUHEH PO3-
KpPWBAaTH CYTHICTh TUX YH 1HIIUX BIHCHKOBUX SBHUII]
y CBOEMY TIPEIMETI.

KoMmmieTeHTHICTHUI TMiAXix B OCBITI CIpHSE
(hopMyBaHHIO KOHKPETHUX HAaBUYOK Ta 3710HOCTEH
VYHIB 1 PO3BUBAE iXHIO CaMOCTIHHICTh, KPUTHIHE
MUCJICHHS Ta 3/IaTHICTH 10 PO3B’sI3aHHS KOHKPETHUX
KHUTTEBUX TPOOJIEM, TaKuX sIK 30€pEe)KCHHS Biac-
HOTO KUTTS Ta 30POB’sI i1 4ac BICHKOBHX JIii.

[Hpopmarnka Mae MHPOKI MOKIUBOCTI ISt
(dopMyBaHHS 310pOB’s30epirarodoi KOMIETEHT-
HOCTI Y€ B MOJIoAmuX mkossipiB. [limiOpano psi
3MICTOBUX 3aB/IaHb Ha BIMCBKOBY TEMaTHKY, SKI

BUKOPUCTOBYIOTBCS TIPM BUBYCHHI PI3HUX TEM:
TEKCTOBHH PEIaKTOp, PEAAKTOp Mpe3eHTaIliii, Ta0-
JUYHUN pemakTop, 0a3u maHuxX. TakuM YUHOM,
4yepe3 3MiCTOBE HAaBAaHTAXKCHHSI MOYKHA PO3BUHYTH
He jume [KT nHaBudku, a Takoxk 310poB’s130epira-
104l KOMITETEHTHOCTi. Y Cy4acHOMY BUKJIaJaHHI
BapTO TOSICHIOBATH YYHSIM JaHi pedi K >KUTTEBO
HEOOX1TH1 3HaHHS.

Ypoku ¢izuku crnpusrorh (GOpMyBaHHIO 370-
poB’s30epirarouoi  KOMIIETEHTHOCTI, OCKIJIbKH
JTAIOTh MOYKJIMBICTh TOSICHUTH (i3WYHY CyTh Biid-
CHKOBOTO SIBUINA: OTOBIIIEHHS TOBITPSHOI TpH-
BOTH, PAKETHUX Ta apTHIEPIHCHKUX OOCTpITIB,
HeOe3MeKu BiJl OC3MIJIOTHUX JiTaIbHUX amapariB
tomo. OTxe, BUBYCHHS (DI3UYHUX MPUHITUIIIB Biii-
CHKOBHUX [Iili € 3MICTOBHUM HaBaHTA)XEHHSIM YpO-
KiB (i3UKH.

Jluie CHuIbHUMHU 3yCHJUIAIMU YCIX YYacHMKIB
OCBITHBOTO TIPOIIECY MOKHA KOMIUIEKCHO chopmy-
BaTH 3/10pOB’s130epirarody KOMIETEHTHICTh 1 pO3-
BUHYTH HAaBUYKH camMo30epekeHHS IiJ Jac Biid-
CBKOBOTO CTaHY.
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BJACTUBOCTI HEPCIIEKTUBHUX KOMIIO3UTIB
JIJIsI ONTOEJEKTPOHHOI TEXHIKH

Mema pobomu nposecmu ananiz 6n1acmugocmeri NePCneKMueHUX KOMNOUmMise 3 wapyeamoio CHMpyKmyporio 0Jia Onmo-
eNeKMpPOHHOI mexHiKu. Busnauumu ocobausocmi 3min napamempie npu 3mini KOMHOHEHMIE.

Oyineno wupuny 3a60poHeHOi 30HU. YCMAaH061eHO 3a1edCHICIb 3MIHU WUPUHU 3a00POHEHOT 30HU 8i0 memMnepamypu
1l KOMNOHEHMH020 8Micmy doCHioxHcysanux cnonyk. Ha ocnosi ananizy wacmommuoi 3anexcHocmi Koeqiyicnma no2nuHam-
HA ma pomonposioHocmi 3anponoHO8aAHO MOOelb ONMUYHUX Nepexo0is, AKa NOSCHIOE 36 A30K OOMIWKOBUX MAKCUMYMIE
cnexkmpig (omonpoeioHocmi i3 GIONOGIOHUMU CIPYKIYPHUMU 0edeKmamu.

Ipoananizosano 3anexcHicms WupuHy enepeemudHux winun 0nsa npsamozo (H) i nenpsimozco (Z) minimymis 30uu npo-
sidHOCMI 810 6Micny E =f (x) SiSe,, GeSe,. Cxemamuuno nkzano ernepeemuuna sonna cmpykmypa T, In, (Si, Ge) Se,.

Omorce, nanisnposionuxosi kpucmanu meepoux posuunie TlInSe ~D"Se, (D" — Si, Ge), wupuna 3a60ponenoi 3o0nu
AKUX npu KimHamuiu memnepamypi 1,12+ 1,69 eB, € nepcnekmuenumu 8 aKocmi (YyHKYIOHATbHUX Mamepianie cyyac-
HOI ONmoenekmpoHHOi MexHiKY, 01 3acmoCy8anta y homoniyi ma gomosonomaiyi. Imina Gizuunux enacmugocmetl
8i0 MONAPHO20 BMICMY KOMNOHEHM X, NOB SI3AHUX 3 NepeOy008010 30HHOI CIPYKMYPU, 3HAUHO POUUPIOE (DYHKYIOHATbHI
Mmooicnueocmi kpucmaniunux cnonykax TlinSe ~D"Se, (D" - Si, Ge).

B cmammi ecmanoeneno npu memnepamypi T = 300 K ocroeni pomonni napamempu kpucmarnie meepoux posHunie
TlInSe ~D"Se, 6i0 monapnoeo emicmy SiSe,, GeSe,, 6 skocmi 6uKopucmanus K GyHKYionanbHux Mamepianie ons onmoe-
Jekmponnux npucmpois. Tomy marouu 000pe HANA200IHCeHHT MEXHON02TT 00ePIHCANHA KDUCMATIYHUX CROTYK MOJCHA 00ep-
arcysamu 6a2amoQyHKYioHanbHi Mamepiany 0151 ONMOENEKMPOHHUX NPUCTPOiB. SMIHOI MOTAPHO20 BMICY KOMIOHEHM
X MOJICHA NPOCHO308AHO 3MIHIOBAMU MEXAHI3MU MINC3OHHUX Nepexodie HANnienpogiOHUKie, Wo pOWUPIOE NPAKMUYHEe
BUKOPUCMANHA MAMEPIany O CEIMN0- 4 pomonpucmpois.

Kntouosi cnosa: nanienpogionux, 2epmaniil, Kpemmii, 0a2amoKoMNOHeHmHi CROYKY, WUPUHA 3a00POHEHOT 30HU.
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PROPERTIES OF PROMISING PROSPECTIVE COMPOSITES
FOR OPTOELECTRONIC

The purpose of the work is to analyze the properties of promising composites with a layered structure for optoelectronic
technology. Determine the features of parameter changes when changing components.

The width of the forbidden band is estimated. The dependence of the band gap change on temperature and the component
content of the studied compounds was established. Based on the analysis of the frequency dependence of the absorption
coefficient and photoconductivity, a model of optical transitions is proposed, which explains the connection of the home
maxima of the photoconductivity spectra with the corresponding structural defects.

The dependence of the width of the energy gaps for the direct (H) and indirect (Z) minima of the conduction band on
the content of SiSe,, GeSe, was analyzed. The energy band structure of Tl, In, (Si, Ge) Se,was schematically plotted.

Therefore, semiconductor crystals of TlinSe~D"Se, (D"=Si, Ge) solid solutions, whose band gap at room
temperature is 1.12—1.69 eV, are promising as functional materials of modern optoelectronic technology, for use in
photonics and photovoltaics. The change in physical properties from the molar content of components x, associated
with the rearrangement of the band structure, significantly expands the functionality of crystalline compounds
TlInSe ~D"Se, (D" - Si, Ge).

In the article, the basic photonic parameters of TlInSe ~D"Se, solid solution crystals from the molar content of SiSe,
GeSe,, as functional materials for optoelectronic devices, were established at a temperature of T = 300 K. Therefore, having
well-established technologies for obtaining crystalline compounds, it is possible to obtain multifunctional materials for
optoelectronic devices. By changing the molar content of components x, it is possible to predictably change the mechanisms
of interband transitions of semiconductors, which expands the practical use of the material for light or photo devices.

Key words: semiconductor, germanium, silicon, multicomponent compounds, band gap width.

AKTyaJIbHICTH J0CJiMKeHHs. Bu3Ha4eHHS  TPHOXKOMIIOHEHTHI HAMIBIPOBIIHUKHU 3 IIapyBa-
MOXJIMBOCTEH 3aCTOCYBaHHS HOBHUX HAMIBIOPO-  TOK KPUCTANIYHOIO CTPYKTYpOIO, Taki K Xalb-
BiIHWKIB MatepianiB y ¢isuni naninposignukie  xorenimu III rpymu (InSe, GaSe, GaTe, TlInSe,,
BMMarae 3pocTaHHs Ta jgocmipkeHHs ¢ismunnx  TlnS,, TlGaSe, Tomo) € peTenbHO AOCHIHKEHO
BJIacTHBOCTEH MartepianiB. Jleski mMomBiiiHI Ta 1 BXKE JOBEACHO IX 3aCTOCOBHICTh Y (i3I
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TBEPAOTO Tij1a, HAIPUKIIAJ, ISl ONTOCNEKTPOHHUX
npuctpoiB (Kerimova, 2000).

OpHak iHTEpeC SK HAyKOBIB, TaK i MPaKTH-
KiB JI0 TaKWUX HAITIBIIPOBIJHUKIB 3pOCTAE 3 KOXK-
HUM pokoM. ToMy po3MIMpeHHs Kjacy IIapyBa-
TUX HaNiBIPOBIIHHKIB, 30kpeMa tuy A"B"MCY,
Takux K TlInSe,, OTpMMaHHA BHCOKOAKICHUX
KPHUCTAJIIB 1 MOJAIIBIIE TOCIIIKEHHS IX KOMIUIEKCY
(GI3MYHKUX BIACTUBOCTEH € aKTyaJbHHUMH 3aBJaH-
HSMH y cydacHii ¢izuui TBepaoro tina. OquH i3
MeToiB Moaudikamii X (I3MYHUX BIACTUBOCTEH
€ OTPUMaHHS TBEPAUX PO3UYHHIB IUX HAIMIBIPO-
BITHUKIB.

EkcriepuMeHTanbHI  TOCIIHKCHHS, TTPOBEICHI
na TlGaSe, i TlInSe, neMOHCTPYIOTB, IO JOCHI-
JOKeHHS (Pi3WYHI BJIACTHBOCTI CHUCTEMU TlInSe2—
D"Se, € nocuTh NEpCNEKTHBHUMHU 3 OINIALYy Ha
CTBOPEHHSI HOBHUX MarepiaiiB JJIsi ONTUYHUX TPH-
naaiB BuauMoro mianasony (Orudzhev, 2003).

Cnonyku Hanisnposiguukis tamy A"B"CY!
MAlOTh BIIACTHBOCTI, SIKi € TPUBAOIMBUMH JIJIsI BUKO-
PHCTaHHS B PI3HUX ONTOCJICKTPOHHUX MPHUCTPOSX
4yepe3 iXHIO TEXHONOTiuHy mepeBary. Kpucramm
3 11i€1 TPyIH € JOCTYITHUMU Ha PUHKY 1 BUKOPUCTO-
BYIOTbCSI B BUPOOHHMIITBI TPUCTPOIB HENiIHIHHOT
ONTUKU Ta COHSYHHX eJieMeHTiB. Hampukian,
kpucrann TlInSe, MaroTh BIacTMBOCTI, sKi 3a0€3-
MeYyI0Th BUCOKY UYTJIMBICTh 10 OJIMKHBOTO 1HO-
paYepBOHOTO BHITPOMIHIOBAHHS Ta CTIHKICTH JIO
panianii. [1i xapakrepuctuku pobasTh iX nmepcrex-
TUBHUMHU JUIsI CTBOPEHHS JIETEKTOPIB 1 MpHiMadiB
BUIIPOMIHIOBAaHHS, a TaKOX ISl (PYHKIIOHAIBHUX
MPUCTPOIB, II0 MOXYTh KEPyBAaTUCS EJIEeKTPHY-
HUM II0JIEM HaBiTh B yMOBax BHUCOKOI pajiamiiHoOl
axktuBHOCTI (Kerimova, 2000).

Meta pgocaimxenHsi. JlocmipkeHHs 3MiHU
(GI3MYHUX BIACTHBOCTEH BiJ MOJISIPHOTO BMICTY
MEPCICKTUBHUX KOMIIO3UTIB JUISI ONTOEJIEKTPO-
HHOI TEXHIKH.

Bukaanenus OCHOBHOT0 MarepiaJy.
OnTuyHi BUMIPIOBaHHS € HAWBaKIWBIIIUMHU
METOAaMH JJIsi BU3HAYCHHS 30HHOI CTPYKTYpH
HamiBNpOBiTHUKIB. OIWH 3 OCHOBHUX METOIIB
JOCHiKEeHHsT 1e(EeKTHOTO CTaHy HamiBIPOBI-
HUKa — 1€ BUBYCHHS EHEPreTHYHOI 3aJIeKHOCTI
KoedilieHTa TOTIMHAHHS CBiTina. EjexTponHi
Mepexo/y, iHiliioBaHi (OTOHAMHU, MOXYTh BiJ-
OyBaTHCSl MiX PI3HUMHU 30HAMH, IO MPU3BOAUTH
JI0 BU3HAYCHHS €Heprii 3a00poHEHO1 30HHU, a0o
B MeXax OJHi€l 30HW, IO BiJ0Opa)kae IMOTIIH-
HaHHS Ha BUTbHUX HOCIsX. ONITHYHI BUMIPIOBAHHS
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TaKOX MOXYTb BHKOPHCTOBYBATHCS AJIsl aHAJI3y
KOJIMBAaHb PEIIITKU, TAKUX K (POHOHH.

Jlis  nepxxaHHS iHQOpMAIii MPO CTPYKTYPY
E€HEePreTHYHUX JOCIIDKYIOTh CIIEKTPU OTTTMHAHHS
CBITJIa HAIIBIPOBITHUKOM. SIK HacIiOK 0COOIH-
BOCTCH HAIMBIPOBIIHUKKA TPUHAHATO MOMUIATH
Ha TPSMO30HHI Ta HeNnpsiMO30HHI. POTOH MoOXKe
NOIIMHYTUCH Y PE3YJIbTaTi MEepPexony eJIEKTPOHA
3 3aIIOBHEHOTO CTaHy BaJICHTHOI 30HU B BUIbHUIA
cTaH 30HM MpoBigHOCTI. L{el mporec € 0CHOBHUM
y (doronerekropax abo CcOHAYHHX Oarapesx.
Y cBiTnomionax 1ei mporec € 3BOpOTHIM. Jlis
(GOTOHIB, SKI IMONIMHAIOTHCA a00 BHUIPOMIHIO-
IOTBCS, 3arajbHa TEOPisl VI ONTUYHUX MEePEXO/IiB
MK BaJICHTHOIO 1 30HOIO MPOBIJHOCTI 3aCHOBaHA
Ha TaK 3BaHOMY MPaBUIIL k -Binbopy (k, =k,).

3rimo 3 (Davydyuk, 2013), ans xpwucra-
nig Tl _In,_D" Se, (D" — Si, Ge) 3anexHocTi
a=f(hv) MaoTh cKIagHHi XapakTep. Takox
13 3MEHUICHHSAM BMICTY X (3MEHILIEHHSIM YMICTY
D"Se, (D" - Si, Ge)) kpaii cMyru QyHIaMeHTaIb-
HOTO MOTJIMHAHHS 3MIIY€THCS B 00JAaCTh MEHIIUX
eHepriii. BinxnoinanpHi 3a 3MIIICHHS J1Ba MPOIIECH
(Davydyuk, 2013; Mozolyuk, 2011) — craruune
3aMiIlIEHHs] aTOMIB IHJII0 aTOMaMH KPEMHit0 (YU
TepMaHifo, 0JI0Ba) 1 30UIBIICHHS KOHIIGHTpAIlii
BakaHciil Tanito V. Came 1i mpouecH € J0MiHy-
I0YMMU B 3MiHI IIUPUHU 3a00poHeHoi 30uM (Tauc,
1966). Buaciinok 3amimieHns aromiB iHgiro (In*?)
aromamu DV (DV — Si* Ge™) yrBOpIOOTHCS
JOHOPHI IEHTpH. Y pe3ylbTaTi yTBOPEHHS MO3U-
TUBHO 3apsPKEHUX 10HIB (IOHOPIB) Ta HETaTUBHO
3apsypKeHuX 10HIB (V,, — akKUenTopiB) 3pOcCTae
€Hepris 10HHOTO 3B’A3KY MK HUMH. 301IbIICHHS
eHeprii 3B’sA3Ky MK aroMaMH KpHCTajia Belue 10
3pocranHs E, 1 3MEHIIIEHHS M1>KaTOMHOI BiJICTaHI,
a orTxe, 00’eMy eleMEeHTapHOI KOMIPKU CIUIaBiB
(Mozolyuk, 2011).

Jnis ouiHeHHS BETMYMHU ONTUYHOI INIUPHHU
3a00poHeHOI 30HM OyJ0 BHUKOPHUCTAaHO METOJ
Tayma (Piasecki, 2016). AHaii3 CIEKTpiB HOMIH-
HaHHg npu 7 = 300 K mokazas, 1mo y pi3HUX
S€HepreTUYHMUX Jlialma30HaX eKCIePHUMEHTAbHI
3anexHocTi o= f(hv) B ycix TBepAMX po3uH-
HaX CHPSMIIOIOTBCS B KOOpPIMHATAX (ochv)”2 Ta
(ahv)’. e cBinumth TMpo peanisamiio B JaHHX
TBEPAUX PO3UYMHAX OJHOYACHO SIK HEMPSMHUX, TaK
1 mpaMux no3BosieHux mnepexoniB (Myronchuk,
2014; Zamurueva, 2014).

3a ONTHYHMMH BHMIPIOBAaHHSIMHU BCTaHOB-
JICHO 3aJIeKHOCTI 3HaU€Hb BEJIMYMH €HEPreTUIHOL
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II[IJTHHY BiJl MOJIIPHOTO BMICTY X KOMIOHEHT SiSe,,
GeSe, mna kpucramiyeux cnoiyk Tl In, Si Se ,
Tl _In,_Ge Se, (x<0,2). Ha puc. 1 306paxeni mis
3aJIeKHOCTI €HEPreTUYHOI IIIJTMHHA BiJl MOJISIPHOT
YaCTKH X.

Hdina 0<x<0,1 yci gocnmipkyBaHi HamiBIIPO-
BITHUKHU € mpsiMo30HHUMHU. [Ipu x> 0,1 Henpsamo-
30HHI, £, 30UIBIIY€ETHCS HACTYIHUM YHHOM:

Ja marepiasis

Tl In,_Si Se,
Tl In,_Ge Se,

Bin EJ2 npu x | 5o E}z npH x
1,53 | o1 | 1,73 | o2

1,56 | 01 | 1,58 | 0.2

Ha pucynky 2 moka3zaHi BIAIOBITHI miarpaMu
EHeprii-IMIyNIbCy JUIA  JOCTiKYBaHUX CIIONYK
B 3QJIEKHOCTI Bij] BMICTY. 3a3Ha4€HO, 110 30Ha TIPO-
BIIHOCTI Ma€ J1Ba MiHIMyMH: OAMH B310BXK H-ocli,
SKUN € TpSAMUM MIHIMyMOM, Ta iHIIMNA B3IOBXK
Z-oci, KM € HenpSIMHUM MiHIMyMOM (Zamurueva,
2014). Taka cTpyKTypa €HEPreTUYHOI 30HU HE
CyNepeunTh BKa3aHUM JDKepenaM. EnexTpoHu
B MPSIMOMY MiHIMyMi 30HH MPOBITHOCTI Ta JipKH
B MaKCHMyMi BaJICHTHOI 30HM MalOTh OJIHAKOBI
IMITyZIBCH, B TOM 4Yac SIK €JIEKTPOHU B HETIPSIMOMY
MiHIMyMI MaloTh IHIIWK iMmynsc. s mpsimo-
30HHMX HamiBIPOBiIHUKIB, Takux sk TlInSe,
Tl _In _SiSe, Tl In_GeSe, (x<0,1), immynbc
Mp¥ MDK30HHHUX TIepexofiax 30epiraeThcs, ToMy IIi
MEPEXOAH XapaKTePU3YIOThCSI BUCOKUM CTEIIEHEM
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HMOBIpHOCTI. Y MPSIMO30HHUX MaTepianax mporec
BUIIPOMIHIOBAIBHOT PEKOMOIHALlIT € JOMIHYIOUNM.
V roii wac qs T1, In_Si Se,, TI In,_Ge Se, npu
x>0,1, y saxux 3a00poHEHa 30Ha HempsMa, WMO-
BIPHICTP MIDK30HHUX TI€PEXOMIiB HaJ3BUYANHO
MaJla, OCKUIBKM B IIbOMY BHIIAQAKY U 30epe-
JKEHHsI IMITYJIbCY TPH MEPexXol HeoOXiqHa y4acTh
¢doHOHIB a00 iHIUX (pakTopiB po3citoBaHHA. Tomy
JUIS TIJCUJICHHS BUIIPOMIHIOBAJIBHUX MEPEXO/iB
y HEMPSIMO30HHUX HAITiBIPOBIIHUKAX CHEIialbHO
CTBOPIOIOTH PEKOMOIHAIIIHHI IICHTPH.

SIk moka3aHoO Ha puC. |, KpUCTaNIYHI CIIOIYKH
Tl In_SiSe, Tl In_Ge Se, (x<0,2) oxommooTrs
HIMPOKHH CIIEKTP Bij 1HYPAYEPBOHOIO 10 OYATKY
Bugumoro cnekrpa (1,07+0,72 mxm). [Ipsmuit
1 HempsAMHIA TTepexoau B 3a00poHeHii 30H1 Bif0yBa-
10Thest npubmmsHo npu 1,40-1,45 eB (SiSe,, GeSe,),
a e(PeKTUBHICTb JUIS TeHepalii JOBKUH XBUIb MPH
HEeTpsMiii 3a00pOHEHII 30H1 TyXKe MaJa.

EdexTuBHI IeHTpU BUIIPOMIHIOBAJILHOT PEKOM-
O1Hawii MOXYTh OyTH CTBOPEHI LIJIIXOM BBEIACHHS
CHeIiaJIbHUX IOMIIIOK. BBeIeHi y HaIiBIPOBITHUK
aTOMH BYTJIEIIO, 3aMillyloTh Jesiki atomu Si, Ge
y By3JlaX KpHUCTaJi4HOI peuriTku. Byriens 1 kpem-
Hili oOuaBa enemenTH IV rpynu B Tabnuimi MeH-
JIeNIE€BA 1 MAIOTh OTHAKOBY 30BHIIIHIO €JIEKTPOHHY
CTPYKTYpPY, @ CTPYKTypW iX BHYTpILIHIX 00010~
HOK CYTT€BO Bipi3HAIOTHCS. Ll pizHuUIsS npu3Bo-
JUTH 10 BUHUKHEHHS TOOJIN3Y 30HH MPOBIIHOCTI
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Puc. 1. 3mina E, npsvux (H) i HenpsiMux nepexoaax 30HH MPOBiHOCT 3i 3MiHOI0 BMiCTY
(a) SiSe,, (0) GeSe, npu T=300°C
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Puc. 2. Enepreruyna 3ouna crpykrypa npu T=300°C (a) T1,_In,_Si Se,, (6) Tl, In, Ge Se,

€JIEKTPOHHOTO PiBHSA NacTku. CTBOpEHUH TaKUM
YUMHOM pEKOMOIHAIMHUI IIeHTp Ha3UBAETHCA
i30enekmponHum yenmpom. MOXIUBUN 1 1HIIMHA
THII 130€J€KTPOHHOrO menTpa mis SiSe, GeSe,.
Y HOpMalbHOMY CTaHi 130€NEKTPOHHI IIEHTPH
HelTpasbHi. [HXXKEKTOBaHMIN €IEKTPOH CIOYATKY
3aXOIUTIOETHCS Ha LEHTP, a TIOTIM HEraTHUBHO 3apsi-
JDKEHUH LIEHTP 3aXOIUTIOE JIPKY 3 BAJIEHTHOI 30HU
st popMyBaHHS 3B’ s13aHOTO eKCUTOHY. [Tomanba
aHITUIALIA 1I€T eeKTPOHHO-IIPKOBOT MapH MOpo-
ToKy€ (POTOH 3 eHeprieto, sika MPUOTU3HO JOPIBHIOE
PI3HULI MK IIMPUHOIO 3a00pOHEHOI 30HH 1 eHep-
riero 3B’s3Ky LeHTpa. Taka cucrema 1 Takuii mpo-
nec nokasani Ha E —k niarpami (puc. 3a). Tak sk
3aXOIUICHUN €JIEKTPOH CHJIBHO JIOKAJIi30BaHUN Ha
IIEHTpi, HOTO IMIYNIBC PO3CIFOETHCS. TaKUM YHHOM
3a0e3MneuyeThCs IEPETBOPEHHS KBa3iiMIyIIbCy (He
MOPYIIY€ETHCS 3aKOH 30€peKEHHS IMITYJIbCY ), BHAC-
JJ0K 90T0 WMOBIPHICTH MPSIMOTO MEPEXOAy CYyT-
TEBO 3pOCcTace. Y HENMPSIMO30HHUX Marepianax OIu-
CaHMWI MeXaHi3M BUIPOMIHIOBAJIBHOT pEKOMOiHAIII{
€ NIePEeBAXKAIOUNM.

Ha puc. 36 moxazana 3ajexHICTh KBaHTOBOI
eexruBrOCTI BinBMicTy cnionyku Tl _In,_(S1, Ge)_
Se, n=f(x) 3 1 Ge3 i30eMeKTPOHHOI MOMIIIKH.
EdexTuBHicTh 63 gOMINTKH Pi3Ko Majae B jaiama-
30H1 BMicTy 0,06<x< 0,09 wepe3 Onu3bKkuil mpsi-
muii-Henpsmuid £, mepexin.  EdexTuBHiCTh
3 130€JIEKTPOHHOIO TOMIIITKOIO 3HAYHO O1ThIIIA TIPH
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x>0,1, ane Bce * MPOJOBXKY€E 3MEHIIYBAaTUCh 31
301IBIIEHHSIM 3HAYCHHS X, 1€ BiIOYBa€ThCS depes
PI3HULIO B IMIYJIBCI MK HPSIMOIO 1 HENPSMOIO
3a00pOHEHNMU 30HaMH (puc. 2).
DOTOAETEKTOPU BIAIIPAIOTh BAXKIMBY POJb
B OITHUKO-BOJIOKOHHUX CHUCTEMax 3B’SI3Ky OJMK-
Hboro [Y-gianazony (0,8 + 1,6 Mmkm). Bonu netek-
TYIOTh ONTHYHI CUTHAaJH, TOOTO IMEPETBOPIOIOTH
3MIHHM ONTHYHOTO BUIPOMIHIOBAHHS B €JIEKTPUYHI
KonMBaHHs. DOTONETEKTOPH TIOBHHHI 3a/I0BOJTb-
HSTH )KOPCTKI BUMOT'H, TaKi sIK, BUCOKA Yy TJIMBICTb
JUTSE POOOYHX JTOBKWH XBUJIb, BUCOKA IIBUAKICTH
¢boToBIAryKY (IIBUIKOIIS) 1 MIHIMAJIBHHUM LIYM.
Komnm magaroue cBITIIO MOTpAIUIsie HA TOBEPXHIO
(boTonpoBiAHNUKA, HOCII T€HEPYIOTbCS BHACTIIOK
30y/KeHHS a00 30HA-30HHHX MEPEXOliB (BIacHE
30y/IKeHHsI), a00 MepexoiB MK €HEPreTHYHUMU
piBHSIMH B 3a0OpOHEHIN 30HI (momimkoBe 30y-
JOKEHHST), 1110 TTPU3BOANTH J10 301IBIIICHHS MTPOBi-
HOCTI G, >0, (G, — TeMHOBa NpoBiaHICcTh). [Ipo-
BIJTHICTb BJJACHOTO (DOTOIMPOBITHUKA BU3HAYAETHCS
c= q( TR/ TN p) 1 301TBIIY€THCS TP OCBITICHHI,
B OCHOBHOMY, 32 PaxyHOK 30UIbLICHHS KUIBKOCTI
HOCIiB. J[OBroXBHJIbOBAa TPAaHHUI BH3HAYAETHCS
_he 1,24
" AE  AE(¢B)
HeHoi 30HU. OCKUTBKU eHeprist ¢otoHa hv > AE
TeX MOK€ BUKJIMKATH 30y/DKEHHS, TO A — 1€ MaK-
CUMaJlbHa JOBXKWHA XBWJI IS JETEKTyBaHHS.

MKM, e AE — mupuHa 3a00po-
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Puc. 3. (a) BUnpoMiHIOBaJIbHA peKOMOIHALIA Yepe3 i30eJJeKTPOHHY NACTKY B HENPSIMO30HHOMY
Martepiaii, (0) 3ajieskHiCTh KBaHTOBOI e()eKTUBHOCTI Bil BMicTy cClOJiykH 1= f (x)
npu 1 — BiacyTHOCTI, 2 — HAsIBHOCTI i30€JIEKTPOHHOI JOMIiIIKH

[Mamatoue BUIPOMIHIOBAaHHS KOPOTLIMX  JIOB-
KUH XBWUJIb, TOIIMHAETHCS HAMiBIPOBIIHHUKOM
1 TEHEPYIOThCS CJIIGKTPOHHO-IIpKOBI mapw. s
JIOMIIIKOBOTO  (hOTOMPOBITHUKA (POTO30YIKEHHS
BIIOYBAETbCS MK KPAaeM 30HU 1 JIOMIIIKOBUM
€HEPreTUYHUM PiBHEM.

Kpuctanu TI_In, D"V Se, (D" — Si, Ge) —
¢dorouyTnuBi marepianu (Zamurueva, 2014). Axe
3MiHa OIOpY BiOYyBA€THCS MO PI3HOMY TIPU KiM-
HaTHIM TeMrieparypi B Jianma3oHi JOBXHH XBWJIb
A=0,4+1,4 mxm (puc. 4).

Hns TlInSe, makcumym GOTONMPOBIAHOCTI 3Ha-
xonauThes ipu A = 0,9 MM, a mmpuHa 3a00poHe-
HOi 30HM cTaHoBUTH 1,12 eB (Hanias, 1989). [Ipu
nonasanni DV Se, (D' — Si, Ge) ta 3pocTanni
iX MOJSIpHOTO BMICTY MAakCHUMyM (OTOMPOBIiJI-
HOCTI 3MIIIYEThCS Y KOPOTKOXBHIIBOBY OOJIACTb.
Ilpu Temneparypi 300 K gna TI In_SiSe,
A ~0,9110,81 mxm (puc. 4a, kpusi 11 1”). Eneprii
JTAHUX TIEPEXOJIiB OIIHIOBAJIHUCS TI0 JOBTOXBHJIbO-
BOMY Kparo (hOTONpOBiTHOCTI 1 BUsIBIIIACSA ~ 1,26
1 1,42 eB. Takum nepexofaM MOXyThb BiANIOB1IaTH
HENpsIMi TIEPEXO/IN CJICKTPOHIB 13 BAJICHTHOI 30HU
B JIOJIMHU 30HH MIPOBITHOCTI (3 BUMPOMIHIOBAaHHIM
¢ononis) (puc. 2a). Jlna Tl In_Ge Se, A ~1,03
i 0,95 mxm (puc. 4a, kpusi 2/ i 2”), a BigmoBigHO
E~1,1511,17 eB.
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[Tpu Temnepatypi 300 K makcumymu ¢oTorpo-
BIJTHOCTI I yCIX CIIOJNIYK 3HAXOISATHCS B 00JacTi
(byHIaMEHTAILHUX TEPEeXoliB a00 OJIM3bKOi 0
Hel. Big MomsipHOro BMICTy Ta THIY JOAAr04YO0i
KOMIIOHEHTH 3MIHIOIOTBCS JOBIOXBHIIbOBA TIpa-
HuI Goronposinuocti A = f(x) (puc. 5a) i poro-
ayTuBicTh ©,/c, = f(x) (puc. 56). JloBroxsu-
JIbOBA TpaHUIld (OTOMPOBITHOCTI 3MIHIOETHCS BiJl
A=1,12 mxm mo A=~0087 mxm gma SiSe,
A=1,06 mxkm gns  GeSe,. POTOUYTIMBICTH
o,/0, = f(x) xpucraniunnx cnomyk T1,_In,_Si Se,,
Tl _In,_Ge Se, (x<0,2) 3MeHIIy€THCA.

BucHoBku. HarmiBripoBiTHUKOBI KpHCTAJIH TBEP-
nux posuuniB TlinSe —-D"Se, (D' — Si, Ge), nep-
CTIEKTUBHI Marepiajd Cy4acHOi ONTOEJIEKTPOHHOT
TEXHIKH, JUISI 3aCTOCYBaHHS Y (OTOHIII Ta (oTo-
BosbTaimi. OuiHeHa muMpuHAa 3a00pOHEHOT 30HH
ckianae 1,12 ra 1,69 eB. 3mina ¢iznunux xapakre-
PHUCTHK BiJl MOJISIPHOTO BMICTy KOMITOHEHTY X, IIIO
MOB'sI3aHa 31 3MIHOIO 30HHOI CTPYKTYpH, iICTOTHO
pO3IIMpPIOE  PYHKITIOHATbHI MOXKJIMBOCTI KpPHCTa-
niunmx cnonyk TlinSe ~D'Se, (D" - Si, Ge).

Bcranorneno npu 7= 300 K ocHOBHI (hoTOHHI
napaMeTpy KpUCTaliB TBepaux po3uuHis TlInSe —
D"Se, (D' — Si, Ge) Big MoJspHOro BMicTy
SiSe,, GeSe,, B AKOCTI BUKOPUCTAaHHS K (DyHK-
IIOHAJIBHUX MarepiajiiB JJIsl ONTOENEKTPOHHUX
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1.0 1'- +0.1SiSe,
1" - +0.2SiSe,
0.8¢ 2'-+0.1GeSe,
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Puc. 5. 3anexnicts Bix moasipnoro Bmicry SiSe,, GeSe, nas cnoayk Tl _In, D' Se, (D' - Si, Ge)
npu 7= 300 K (a) 10BroxeninoBoi rpanuui goromposixnocti A = f(x),
(6) makcumymy dorouyrausocti o, /c, = f (x)

npuctpoiB. Tomy, Maroum J00pe HaJIAro/KEHHI  BMICTY KOMIIOHEHTIB X MOXHa TepeadadnTy,
TEXHOJIOT1i OfIep)KaHHS KPUCTAJTIYHUX CHOIYKax  SK 3MIHUTBCS MEXaHi3M MDK30HHHX IEpeXO/iB
Tl In,_D" Se, (D" —Si, Ge), MOXHa 0oiep)KyBaTH y HaIliBIPOBiIHHKAX, IO PO3MIMPIOE MOXKIHBOCTI
OararoyHKIIIOHATbHI Marepiaiu A ONTOENEK-  MPAaKTUYHOTO BUKOPUCTAHHS LIbOTO MaTepiaiy JUis
TPOHHUX MPUCTPOIB. [IIISIXOM 3MiHHM MOJSIPHOTO  CBITJIOUYTIMBHUX 200 (POTOTPUCTPOIB.
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3ATAJIbHA XAPAKTEPUCTHKA XAJBKOTEHITHUX HATIIBITPOBITHUKIB
TA X 3ACTOCYBAHHS (OTVISI]T)

Xanvkoeenioni Hanienpogionuxu (XH) Ha cb0200Hi 3HAX008Mb WUPOKe GUKOPUCIAHHSL Y CYUACHUX NPUCHIPOSAX MIKDO
I HaHOENeKMPOHIKU, WO O0OYMOGLEHO IXHIMU YHIKANbHUMU (Di3uko-XiMiunumu eracmusocmamu. Ha cvoeoowi 3ibpano
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BUKOPUCIAHHSL.
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Ocobnuse micye 3aumaroms XanbKo2eHiOHi cKionodioni nanienposionuxu (XCH), axi xapaxmepusyiomscs 8UCOKOIO
nposopicmio 6 iHppauepsonil OLAHYI CHEKMpPY, 6UCOKUM NOKAZHUKOM 3AJIOMIEHHS, XIMIYHON CMIUKICIMIO, BUCOKOK)
ONMUYHOIO HENTHIHICTINIO, WO NPU3EENO 00 WUPOKO20 X BUKOPUCTIAHHS 8 MEOUYUHI, GIlICHKOBII MEeXHIYI, KOCMIUHIL eany-
31 ma menexomyuixayisx. [lpu yoomy natioinew cmabinenumu XCH € OinapHi cmekaa, 8 CKI0Yymeoprowy MAmpuyro AKux
ModICHa 86YOy8amiu 6enUKY pisSHOMAHIMHICb AMOMIE, OMPUMABUIYU NPU YbOMY UUPOKUL KOMRO3UYIUHUL 0Iana3on cnoayK
3 PI3HUMU eHepeiamu 3a00pOHeHOT 301U T, 8ION0GIOHO, PIZHUMU (DI3UUHUMU GIACMUBOCTISIMUL.

Baotcnueuti Hanpamox po3poOKu 8UCOKOUUCIUX XATTbKO2EHIOHUX CIMEKON N08'A3aH0 3 BUKOPUCIAHHAM iX AK Mampuyi
07151 PIOKICHO3eMENbHUX elleMeHMi8 3 MenoI0 CIBOPEHHs MEePOOMINLHUX 0HCcepell GUNPOMIHIOBAHMHS, B0IOKOHHO-ONMUY-
HUX Ja3epie ma niocui0eayie 6UNpoMiHI6arHs cepeduvboeo 14-0ianazonis. Obmedcyouum axmopom s NPAKMUYHO0
BUKOPUCTNAHHS MAKUX Mamepianié € HeoOXIOHICMb iX CUHmMe3y 3 GUCOKOIO XIMIUHOIO | (I3UUHOI0 YUCHOMOK), 3 HUSLKOK)
KOHYeHmpayieto abo 8i0CymHicmio 2i0pOKCUTbHUX, OKCUOHUX | 8Y21€800HUX 2PYN.

Kntouosi cnosa: xanvkozeHioHutl HanienpoiOHUK, Cipka, ceieH, meyp, OOMIUKO8I cMyau NOSTUHAHHSL.
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THE MAIN CHARACTERISTIC OF CHALCOGENIDE CONDUCTORS
AND THEIR APPLICATIONS (REVIEW)

Chalcogenide semiconductors (CHS) are currently widely used in modern micro and nanoelectronics devices due
to their unique physicochemical properties. To date, a huge amount of experimental data on the properties of such
semiconductors has been collected, but many fundamental problems have not yet been solved. Therefore, an urgent task
today is to systematize scientific information about these materials, which will allow to develop new concepts and ideas
regarding the behavior of HN and their practical use.

This work considers the general characteristics of chalcogenide semiconductors. In particular, attention is focused
on the peculiarities of the synthesis of CHN in both crystalline and glassy states. Such materials can be alloyed with
rare earth metals (REM): Ev, Nd, Pr, Eu, Yb, etc. This expands the field of their practical use in optoelectronic and laser
technology.

A special place is occupied by chalcogenide glass-like semiconductors (CSN), which are characterized by high
transparency in the infrared region of the spectrum, high refractive index, chemical stability, high optical nonlinearity,
which has led to their wide use in medicine, military equipment, the space industry, and telecommunications. At the same
time, the most stable CCHs are binary glasses, in the glass-forming matrix of which a large variety of atoms can be
incorporated, thus obtaining a wide compositional range of compounds with different band gap energies and, accordingly,
different physical properties.

An important direction in the development of high-purity chalcogenide glasses is related to their use as a matrix
for rare-earth elements in order to create solid-state radiation sources, fiber-optic lasers and amplifiers of radiation
in the mid-IR ranges. A limiting factor for the practical use of such materials is the need for their synthesis with high
chemical and physical purity, with a low concentration or absence of hydroxyl, oxide and carbohydrate groups.

Key words: chalcogenide semiconductor, sulfur, selenium, tellurium, impurity absorption bands.

Ha3Ba xaJbKOT€HIJl TOXOANUTh BiJ] TPEIBKOTO  3MIHIOETHCS KOJIP XaJIBKOTCHIJHOTO CKIJIa/KpH-

cioBa «chalcosy», 10 O3Hayae pyga Ta «gen» —  CTally BiJl ’KOBTOrO (B FepMaHi€BHX) Ta BiJl YEpPBO-
MOXO/KeHHS. [0 XaJbKOTEHIIB BIHOCATH €Je-  HOro (B apCEHOBMICHHX) 10 ciporo (puc. 1, 2).
MEHTH WIOCTOi TpymHu MepioaAuYHOl TabauLi: B ckioyTBOprorouy Marpuiro OiHapHUX CTEKOJ

cipka (S), cenen (Se), tenmyp (Te). Boru icHy-  MoxHa BOyIyBaTy BEIHKY PI3HOMaHITHICTh aTOMIB,
I0Th B IPHUPOAL Y BUIVISIAI MiHEpajiB Ta MOXYTh  OTPUMABILIHU MPU LIbOMY IIUPOKHI KOMIIO3UIIIHMIA
OyTH CHHTE30BaHI B HAayKOBHX JIa0oparopisiXx. Jiama3oH croiyk. KpiM Toro, XambKOTEHIIH Ies-
HaiiGinpm BiOMUI XalbKOT€HIAHUN MiHEpad  KHUX €JIEMEHTIB HE € J0OpUMH CKIOYTBOPIOBaYaMHU
FeS, — mipurt, cynedin 3amsa, pigme 3ycTpiva-  (Hanpuknan CynbQin Taiiio), ane JETKO 3B A3y-
€TbCs B MPUPOAHiIX ymMoBax AuTe, — KanaBeput,  HOTHCA 13 Cylb(digamMu repMaHiio, HaTPito abo JaH-
JIUTEIYPHU/J 30J10Ta. TaHy, YTBOpIOrouH crekina [7, 8]. MoaudikoBanuit
B nabGoparopisix XanbKOT€HIJHI HAMIBIPOBIA-  JOMIIIKAMHU BaKKUX METANIB JUCYIb(Di] repMaHito
HUKHA YTBOPIOIOTH JOJAaBaHHSM JI0 XaJIbKOTEHIIB  MOYKHA OTPUMATH Y CKJIOMOIOHOMY CTaHi JIUIIE 3a
TaKuX eJIeMEeHTiB, sk Ge, Ga, As, In, Zn, La, Sb Si  TexHosoriero mMBUAKOTO TapTyBanHs [9].
Ta iH. BOHU XapakTepu3yroThCsl HU3LKOIO CHEPTI€I0 XapakTepHi  BJIACTUBOCTI  XaJBKOTEHITHHX
¢onoHiB [1, 2] 1, Ik mpaBUIIO0, € IPO30PUMH Y BUIU-  MarepianiB onucaB C. P. Emior [14] 1 xnacudi-
MOMY Ta iH()pauepBOHOMY CIIEKTPAJIbHUX Jiana3o-  KyBaB iX 3a TUIIOM aTOMiB, 3 SKMMHU BOHH 3B’s3y-
HaxX. XaJdbKOT€HITHI KPUCTAIU Ta CTEKJIa MOXKYTh  IOThCS, YTBOPIOIOUM NPU LIbOMY aMOp(Hi CUCTEMHU.
OyTH JIeTOBaHI pIAKICHO3EMEIbHUMH MeTajamMu Y Tabnuii 1 XaJabKOTeHIAW 3TpyNoBaHO 3TiTHO
(P3M) [3, 4]: Er, Nd, Pr, Eu, Yb, Tomo. OnTuyHe 3 KOMIIOHEHTHUM CKJIAJ[OM.
BOJIOKHO BHTOTOBJICHE 13 XaJbKOTEHITHOTO CKJia [TpuxmagoM BimoMoro OiHApHOTO XaJbKOTe-
npomyckae cBiTio B IY agiana3oHi crekTpy, TOMy  HiAy € TpUCYAb(dil MUII'AKY, SKUHA MEPEeBaKHO
HOT0 3aCTOCOBYIOTh B MEJHIIMHI, BIMCBKOBIM TeX-  iCHye y ckimgHid ¢a3i. HaBmaku, cmoimyku Ha
Hilll, KOCMIYHIH TalTy3i Ta TEICKOMYyHIKalisx [5,6].  OCHOBI OLNBIIT BAXKKUX XaJLKOTEHI/IIB, HAMPUKIIA],
binapHi XaJpKOTEHITHI CTeKiIa (HAmpWKIAL  HA OCHOBI TEIypY, JIETKO KPUCTATI3yIOTHCS,TOMY
GeS,, GeSe,, As,S,, As,Se, Ta As,Te,) € HalOLIBII  TX BaXKO OTPUMATH B CKIONOAIOHOMY CTaHi 0e3
CTaOUTBHUMM 1 3T1THO CTPYKTYpHOI MOZIETI BBaXKa-  KPUCTAJIYHUX BKIIOUCHb.
10Thes oi0HMMHU 10 amopdroro SiO,. TIpu 3amini Jlng 3acToCyBaHHS KPUCTANTIUYHUX Ta CKIJIOMNO-
xanpkoreHa S — Se — Te BinOyBaeTbesi 3MeH-  MIOHMX XaJbKOTCHINIB Yy POl aKTHBHHUX/TACHB-
LIEHHS eHeprii 3a00pOHEHOI 30HU 1, BIIMOBIAHO,  HUX CEPEIOBHIL Y Ja3epHId TEXHII, ONTHYHUX
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Puc. 1. ®oT0 apceHOBMICHUX XaJbKOIeHiTHUX cTekoJ [10]

GeSz [11]

GeSes [12]

GeTe; [13]

Puc. 2. @010 repmaHieBHX XaJbKOTeHiTHUX KPHCTAJIIB

Tabmmi 1

I'pynu amoppHuX xanbkoreHigiHux cucrem [19]

I'pyna IIpuxyiagu XaJbKoOreHifiB
YucTi XaIbKOT€HIIH S, Se, Te, S Se,
XaJbKOTeHIIM 3 €JIEMEHTaMU I1°SITO1 ITPYNHU NEePiOAUIHOI CUCTEMU (V-VI) As S, P.Se
TeTparoHaibHi XaJIbKOTSHIAN (IV-VI) SiSe,, GeS,
(III-VD) B,S,, In Se

2°3

MerTaniyHi XaJbKOreH1Ix

MoS,, WS, Ag,S-GeS,

XanpKorajaoreHigu

As-Se-I, Ge-S-Br, Te-Cl

MMACHIIIOBaYax, OITTOBOJOKHI 1 T.II., HeoOXigHa
BHCOKa 1X YHCTOTA, a TAKOXX HU3bKI CHEPreTUYHI
BTpPAaTH B IIMPOKOMY CIIEKTPAJIBHOMY JIiara3oHi.
3 oIty Ha BKa3aHi BUMOTH IIOAO ONTHYHUX
BJIACTHBOCTEH XaJIbKOTSHITHUX HAITIBIPOBiTHHKIB,
BCTaHOBJICHO, 10 B MaTepiaiax yeroBanux P3M
BHHUKAIOTh JIOMIIIKOBI CMYTH TOTJIMHAHHS, SIKi
OB’ SI3YI0Th 3 T1IPOKCcHIbHOW Tpymoro OH- [15].
OcTaHHs BHHUKa€ B CKJIOYTBOPIOIOUIA MaTpPHIIi
3 BOASIHOI Mapy BHACIHIJOK iCHYBaHHS HEKOHTPO-
JTHOBAHUX JOMINIOK Y BHXIJHHX XIMIYHHX eJe-
MEHTaxX Ta HEIOCKOHAJOCTI TEXHOJIOTii CHHTE3Y
crutaBy. HasBHICTB TipOKCHIIBHOT TPyIU TPU3BO-
JUTh JIO YTBOPEHHS 3B’SI3KIiB 13 10HAMU OCHOBHOT
PEYOBUHM, IO HETAaTUBHO BIUTMBAE Ha pajlialliiiHi
BJIACTUBOCTI KpUCTana / ckia. Y Tabnuili 2 mogaHo
Mepesiik MAaKCUMYMIB CMYT TIOTJIMHAHHS, K1 TPH-
3BOJISITH JI0 CHEPTETHYHHX BTPAT IIPH MPOXOIKEHHI
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Yepe3 HUX BHUIPOMIHIOBAHHS Ta BIAMOBITHI 1M
CTPYKTYpHI TpYyTIH.

BucHoBkH. XanbKOTEHIIHI HAIiBIPOBITHUKH
MIMPOKO BUKOPUCTOBYIOTh B ONTHYHHUX MPHIIAIAX,
SK1 TIPAIIOITh y BUAUMOMY Ta iH(pauepBoHOMY
CHEKTPalbHUX JiaNa30Hax. IX MOXHA BUKOPUCTO-
BYBAaTH SIK MACHBHI onTu4Hi QinbTpu (ZnS, ZnSe,
As,S)), boronpuiimaui (PbS, PbSe, GdTe), a Taxox
IpY JIETYBaHH1 P1/IKICHO3eMEIbHUMHU METaJIaMH SIK
ONTUYHI MiJCHIIOBAYi Ta TEpPEeTBOPIOBadi CBITIA
13 1H(GPaYepBOHOTO CIEKTPAIBHOTO Jiarma3oHy
y Buaumuil. s edekTuBHOI Ta JOBroTpuBasiol
pPOOOTH €JIEKTPOHHMUX Ta ONTHYHHUX MPHUCTPOIB Ha
OCHOBI XaJKOTEHI/iB, HAJ3BHYAHO BaXXIMBUM
€ OYMINEHHS BUXITHUX KOMIIOHEHTIB Ta JIOTPH-
MaHHS BCIX TEXHOJIOTIYHUX MPOIECIB NPU CHHTE31
XaJIbKOTEHITHUX CTEKOJ Ta BHPOIIYBaHHI MOHO-
KPHUCTAJiB.
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Tabmug 2
JlOMilIKOBi CMyI'H NOIJIMHAHHSA Y XaJIbKOIeHIJHUX HANIBNPOBiIHUKAaxX [16]

Tun HaniBNpPoOBiAHNKA
32 OCHOBHOK) KOMIIOHEHTOIO

JloBxnHa XBUIi (MKM) CrpykTypHa rpyna
4,03
3,69
3,11 S-H
2,54
2,05
2,91
Cynbdigni 2,29
1,92
1,44
6,32
2,77 H,0
2,78
2,84
3,53
4,12 Se-H
CeneHigHi 4,57
2,92 SeO-H
4,57 Se-H
4,92 Ge-H
7,8
12,5 Ge-O
20
10,8
5,48

SO-H

OH

TepmanieBi

AsO-H

ApceninHi
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IN MEMORY OF GEORGY YEVLAMPIYOVYCH DAVYDIUK

The life path and achievements of Georgy Yevlampiyovych Davydiuk, a well-known specialist in the field of physics,
doctor of physical and mathematical sciences, professor, honored worker of science and technology of Ukraine, head
of the solid state physics department, vice-rector for scientific work of Volyn National University named after Lesya
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School, Lutsk State Pedagogical Institute named after Lesya Ukrainka (1966), the position of assistant of the physics
department for the best graduate, postgraduate studies at the Institute of Nuclear Research of the Academy of Sciences
of Ukraine (Kyiv), (1973). Defense of the candidate’s thesis, the position of senior teacher, associate professor
of the department of physics of the native educational institution in Lutsk. Head of the newly created solid state
physics department after the reorganization of the pedagogical institute into a university (1993). Successful defense
of a doctoral dissertation at the Institute of Semiconductor Physics of the Academy of Sciences of Ukraine (Kyiv)
without being in the doctoral program (1995) and receiving the academic title of professor (1996). International
educational and scientific grant financed by the Soros Foundation (USA) (1998). Chairman of the special council
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Prepared 11 candidates of physical and mathematical sciences, published more than 280 scientific works in republican
and international professional magazines, collections and publications, including 10 monographs and training
manuals, 4 invention patents.

Editor-in-chief of the «Physical Sciencesy series of the «Scientific Bulletin of the Volyn National University named
after Lesia Ukrainkay, member of the editorial board of the « Physics and Chemistry of Solids» magazine. Awards Personal
qualities of a person and a citizen.

Key words: life path, scientific activity, main results, scientific school, Lesya Ukrainka Volyn National University.

VY 1poMy potii BUNOBHIOETHCS 80 POKiB Bi THS VY mutunctBi Teopriit [laBumiok OyB KBOJOIO
HapopkeHHs [eopris €BnammiiioBuya JlaBuaioka—  TUTHHOIO, 4Yepe3 TMOCTiiHI XBopoOu (Haifuac-
BiloMOr0 (paxiBis y ranmy3i Gpizuku, JokTopa Ppi3u-  TilIe 1€ 3amajeHHs JereHb) MPoIyCKaB HaBYaHHS
KO-MaTeMaTHYHUX HayK, pogecopa, 3aciykeHoro y mkoii. He cknamanocst y xmonus 3 rymaHiTap-
Jlis'9a HayKH 1 TeXHIKM YKpaiHu, 3aBinyBadya Kade-  HUMH IUCIUILIIHAMH, IPOTE TOUYHI HAyKU BiH 3HAB
npu Gi3UKH TBEPIOTO TiJIa, MPOPEKTOPa 3 HAYKOBOI ~ «HA BIJIMIHHO» 1 HEOJHOPAa30BO IepeMaraB Ha
pobGotu BonMHCHKOTO HaIlOHATBHOTO YHIBEpcH-  oniMmiazax. [1o 3akiHUEHHIO HIKOIM came ciiabke
TeTy iMeHi Jleci YkpaiHku. 3/I0pPOB’sl  3aBaguiO0 BCTYMy 10 MOCKOBCHKOTO

Hapomuscst TI'eopriit 5 ciuns 1944 poxy Ha  iHCTUTYTYy KiOepHeTukwu, ane ['eopriil 3mae ex3a-
niBHOUi Ka3zaxcraHy B MOCENIEHHI pENpecoBaHMX  MeEHH Ha (izmko-mareMarnyHuil ¢akyasreT Jlyin-
yKkpaiamiB y cim’i €Bmammia JlaBumtoka. Ilicns  koro meminctuTyTy. Ta CTyaeHTOM Bipasy He cTae
BiitHH, y 1946 pomi, cim’s J[aBuIiOKiB MOBepHY- 1 Hae mpamoBaTh BuuTeneM ¢(izuku KusHcbKoi
Jacst Ha OaThbKIBUIMHY, piAHy Bonunb, y cemmie  cepeaHboi 3arajlbHOOCBITHBOT TPYHAOBOI MOJITEX-
MicpKoro tumy Poxue. HIYHOI IIKOMM 3 BUPOOHMYMM HaBuaHHAM. [IpoTe
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He3a0apoM 3 IHCTUTYTY MOBIOMIIIH, IO BiH 3apa-
XOBaHM cTyneHToM. ['eopriii, omuH Ha Kypcl, 31aB
mepmry ceciro Ha BiaMiHHO. | TOTIM, yci ISITh
POKIB HE MaB KOJIHOI YETBIPKH, OKPIM HAyKOBOTO
KOMYHI3MY Y OCTaHHBOMY CEMECTPI.

VYci moBoeHHI poku JIyupkuii NEmAIHCTUTYT
BiJI3HAYABCSI TPAIUIIIHHO BUCOKHM pIBHEM ITiJI-
TOTOBKHM BuuTeniB, ¢axiBuiB ¢(izuku (['onosiHa,
2010). 3aBmsku CBOiM 3alliKaBICHOCTI, 3HaH-
HAM Ta MiAroToBHi leopriii BUPIMIMB yYUTHCS
JlaJti, OMHUM 13 TIEPIIUX HAJIAIITYBaBCS Ha BCTYI
o acmipantypu y KuiB. AkajgeMiuHi iHCTUTYTH
HarmionansHoi akagemii Hayk YKpaiHuW 3aiiMaroTh
YijIbHE MICIIE Y TiATOTOBIII HAYyKOBOTO MOTEHITIATY
Kpainu. Y HuX nepeOyBaiu B acHipaHTypi, mpa-
LIOBaJIM 0arato HayKOBIB, AKi 3r0JIOM IOBEPHY-
nucst Ha BonmnHb, 030po€eHi IEpeI0BOI0 TYMKOIO Ta
MPOBOJMIIM PI3HOTUIAHOBI HAYKOB1 JIOCITIPKEHHS.
I'eopriii JlaBuiok OyB OMHUM 13 TIEPIIUX BOJIMHSH,
saxuil y 1969 pori Bectynus 110 actipantypu [HeTu-
TyTy Qizuku Akanemii Hayk Ykpainu. [IpaBna, He
Bce OyJI0 Tak MpOCTO: 3rajjalid PO PenpecoBaHUX
0aTpKiB, TOMY IIUIbOBOTO HAamNpaBJiCHHS BiH HE
OTpHMaB, a MOIXaB CKJIaJaTH €K3aMEHH Ha 3arajib-
HUX ITiacTaBax.

o uporo wacy leopriii 3apyuuBcs yxe Min-
TPUMKOIO PIIHUX JIFOZIeH, apke y 1966 porti ompy-
xuBcs. [pyxuna Mapis Hapoauna cuna FOpis.

. SE—— a'-.
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ToTyBaBcst 10 BCTymy B acmipaHTypy, 3a0aBisiio-
YHCh 13 CHHOM. A CyCiaM BXe Toji Ha3uBaiu 'eop-
ris €BnammiiioBuda rpodecopom.

3romoM, Bia [HCTUTYTYy Oi3MKH BiIOKpEeMHBCS
Ta yTBOPUBCS HOBUH IHCTHTYT — [HCTUTYT siIepHUX
nocnimkenb Akangemii Hayk Yipainu. 3a mpodinem
CBO€1 HayKOBOI AisUTBHOCTI ['eopriii mepeBOAUTHCS
JI0 acHipaHTypud HOBOYTBOPEHOIO IHCTUTYTY Ta
NpAIIOEe TaM Ha PEaKToPi.

Poxu poGotu B [HCTUTYTI SiA€pHUX AOCTIIKEHD
Oy/M LIKaBUMH CBOIMH HAyKOBUMH pPE3yIbTaTaMH,
ajie He mpoHnuy 6e3cnigHo g opraHizmy. Komau
npyxuHa npuixana g0 Kuesa i modaumia, ski BCi
TaMm Omiji XomsTh, CKaszajia: TOBepTaMocs J0
Jlyupka, 1 xpaii. | TpuBokunacs Bona Hemapma. bo
PO «HEBEJIMYKi» aBapii Ha JOCTIAHOMY PEaKTopi
3HAJIO TOJ JIMIIE By3bKe KOJIO MOCBIYEHUX JIFO/IEH.
Ile moTim gi3HamMcs, 30kpeMa, mpo 28 Horo KoJier,
SIK1 3aXBOPLIH IMiCIIs O/IHI€T Takoi aBapii. Xo4a Tofi
HIXTO HE OB’ 513yBaB I1i XBOPOOU 3 OIIPOMIHEHHSIM.

Cawm ['eopriit €BnammiiioBUY 4acTo po3MOBiAaB:
«IHKOMM MU caMi JETKOBAKWIIH, 3HIMAJINA JO3UMe-
TpH, 100 TOMpAIfOBaTH JAOBIIE, MIO0 MIBUALIC
3aBepUINTH JOCTIKeHHs. bo Ko Ha mo3umMeTpi
Oyia mo3Hayka, BUILA 33 IOIyCTUMY HOPMY, TO Hac
HE JIOITyCKAaJIHM 710 POOOTH.

3akiHuuB acmipantypy y 1972 pomi, y 1973
3aXUCTHUB KaHIUJATChKY AUCEPTAllil0, TOBEPHYBCS
nozxomy, Ha BonuHs, 1 O4aB IparroBaTé CTapIInM
BHKJIaa4eM, noreHtom (1975 p.) kapenpu ¢izuku
JIynbKOTO JEp>KaBHOTO IEAAroriyHOrO IHCTHTYTY
iMeHi Jleci Ykpainku.

Hamnepenonni Haka3zom MinicTepcTBa OCBITH
3a Ne 229 Big 29 BepecHs 1969 poxy Ha ¢i3u-
KO-MaTeMaTHYHOMY (akKyJbTeTi Oyna BiIKpHTa
HAyKOBO-JIOCHiHA JlabopaTopis, JAe movanacs
poboTa y IBOX HampsiMKax: KBaHTOBa EJIEKTPO-
Hika Ta (izuka HamiBopoBinHukiB ([onoBiHa,
2010). Teopriéi €BIamMmiioBUY JOIYYAETHCS 0
poboTu naboparopii Ta cTae KEPiBHUKOM OJTHOTO
3 HAINPSMKIB.

HayxoBi gocmimkeHHs 3 (i3uKy HaIiBIPOBIi-
HukiB [eopriii €BramMmiiioBUY pO3BHHYB Ta CTBO-
PHB BJIACHY HAayKOBY KONy «Di3HMKa CTPYKTYPHUX
nedeKTiB y HamBIpOBiAHUKAX». [lepmumu mpe-
CTaBHHMKaMHU Ili€l mKoim cranu Mukosna Cepriiio-
BnY bormaniok, skuii gk 1 JlaBuaiok I.€. 3axuctus
qucepramnito 'y [HCTUTYTI SaepHHUX AOCTIIKEHb
HAH VYxpainu, Bacuns [lerpoBuu Jlockou, sikuit
CBOE€ JIOCIIIIPKEHHS YCIIIIIHO 3aXUCTUB Y IHCTUTYTI
¢izukn HAH VYkpainu.
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Uepes ropHUIIO j1abopaTopii MpOUNUIA TpaK-
THUYHO BC1 HUHIIIHI BUKJIa a4l IHCTUTYTY. OCKUIBKH
CTBOPEHHS YHIBEPCUTETY Jajo 3MOTY BiJIKpUTH
BJIACHY aCMipaHTypY, Ti JIFOAH, AKi TPOMNIILIH IIKOTY
Iacturyty ¢isuku, [HCcTUTYTY (Di3MKK HamiBIpO-
BiIHUKIB, [HCTUTYTY sineprux mociimkenr HAH
VYkpaiHu Manu 3MOTy HepenaBaTy CBOi 3HAHHA Ta
BMmiHHS. [1lo BoHM ycmimHo 1 pobunu. A T'eopriii
€BIaMIIiOBHY CTaB NEpIIMM KEPIBHUKOM IIep-
IIOr0 acripaHTa HAaIIOr0 HaBYaJbHOTO 3aKIIay,
sIKUM cTaB Bonmonumup BacunboBud boxko.

Came 3a kepoBaHuM leopriem €Biamiii-
HOBHYEM HAmpsIMKOM, J1adoparopis —BIepIie,
y 1973 pomi, 3akiaroumiia rocCIjioroBip 3a Tema-
THUKOIO JIOCTI/DKCHHS paTiallifHuX TOIIKOKEHb
y HaImiBOPOBIAHUKAX 3 [HCTUTYTOM SIEpHUX AOCTi-
JDKeHb Ta BIHCHKOBHM BiZIOMCTBOM. KepiBHHKOM
cras I.€. JlaBuarok. Koy 3a TeMoro 1ainu 3Mory
KYIUISITH anapaTypy, MPOBOAUTH AOCITIHKEHHS Ha
MICIII Ta CyMIIIaTH iX 3 BUKJIQJaHHAM (Di3UKHU CTY-
JICHTaM.

[Ticns peopramizamii iHcTHTYTY B 1992 pomi
y BonuHCHKMIA Jep)kaBHHI YHIBEPCHUTET IMEHI
Jleci Ykpainku Ta yTBOpeHHS Kadenpu ¢Gi3uKu
TBEpIIOTO Tiia, OyB OOpaHWi 3aBigyBavyeM Ili€l
kadenpu. KpiMm HaBYanbHOI 1 aJMIiHICTPaTUBHOI
po6otu, I'eopriii €BnammiiioBUY aKTUBHO 3aiiMa-
€TbCSI HAYKOBOIO IiSUTBHICTIO, TIPO IO CBIAYUTH
3HAYHA KUTBKICTh MyOJTiKaIlil y pecimyOaiKaHChKUX
1 MDKHapOJHUX BUAAHHAX. BiH cTae BigoMuM Bue-
HUM HE TiJTbKU B YKpaiHi, a il y CBITI.

Y 1995 poui I'eopriii €Bnammiiioud B IHCTH-
TyTi (I3MKW HamiBIpoBinHUKIB HamioHaibHOT
akazemii HayK YKpaiHM 3axXUCTHB JOKTOPCHKY
nucepranito Ha Temy «EjekTpuyHi 1 onTHYHI
BJIACTUBOCTI MOHOKPHUCTATIB Cyiab(iny Kaamiro
3 nedeKTaMu paIiarifHOro TOXOKCHHSD.

VY 1996 poui KoMy TpHCBOEHE BUEHE 3BAaHHS
npodecopa. 3a Baromi HaykoBi JOCATHCHHS OOH-
paethest uneHom Hrro-Mopkebkoi akamemii HayK,
3rofIOM BUTpPA€ MDKHAPOIHHWHA OCBITHIA TpaHT,
(dhinancoBanmii pougom Copoca (CILIA).

ITin xepiBHMuTBOM [copris €BrammiiioBrya
y 1996 pouii y BonnHacbkoMy iep:kaBHOMY YHiBEp-
cuteti iMeHi Jleci YkpaiHKu CTBOPIOETHCS TIepIiia
crieniaji3oBaHa BUEHA pajia 13 3aXUCTy AUCepTallii
31 cremianmbHOCTI «01.04.10 — (izuka HamiBIpo-
BIIHUKIB Ta JieNeKTpukiBy. [leBHuit vac e Oyna
ennHa Kadenapa B yHIBEpPCHTETI, J€ MpalroBaia
crieniajiaizoBaHa paja i3 3aXUCTy KaHAMJIATCHKUX,
a 3roJIoM, 1 JOKTOPCHKHX AWCEepTaIiil. 3axuiaiu
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mucepranii y Jlynpky sk ¢izukn 3aximgHoi Ykpa-
1HH, Tak 1 31 CTOJIMIII.

['eopriii €BnaMImiioBUY JACSIKUH Yac MpalroBaB
Ha T0ca/li MPOpPEKTOopa 3 HayKoBOi poboTu BonuH-
CBKOTO JIepKaBHOTO YyHiBepcuteTy imeni Jleci
VYkpaiHku, 1e mposiBUB cebe yMUIUM KepiBHUKOM
Ta OpraHizaTopoM HAayKOBOI JisUTLHOCTI YHIBEPCH-
Tety. BiH Takox OyB WI€HOM peaKoJerii KiIbKOX
HayKOBHX (paxOBHUX JKypHAaIIiB, 30KpEMa, TOJIOBHIM
penaktopoM cepii «®PizuuHi Hayku» «HayxoBoro
BiCHWKa BOJMHCBHKOTO HAIiOHATBHOTO YHIBEPCH-
tety imeHi Jleci YkpaiHku», 4I€HOM peaKoJerii
HAyKOBOTO JKypHally «®i3uka i XiMis TBEpIOTO
tina» Ilpukapnarcbkoro HaIiOHaJIBLHOTO YHIBEp-
cutery iMeHi Bacuns Credanuka.

Cdepa naykoBux iHTepeciB leopris €Bmam-
nifioBrua J[aBHIOKa OXOIUTIOE MUTAHHS (i3UKH
CTPYKTYPHHX JA€(EKTIB Yy HamiBIPOBIIHUKOBUX
marepianax. /[0 OCHOBHHX HayKOBUX JIOCSTHEHb
HAJIGKUTh YCTAHOBJICHHS MEXaHI3MIB yTBOPEHHS
pamianiiHuX nedekTiB 1 iX B3aemomii 3 HaW-
OUIBII BaXKJIMBUMH TEXHOJIOTIYHHUMH JIOMIIIKAMU
Yy XaJIbKOTEHIJHMX HAIIBIPOBIIHUKAX TPYIH
A"BY. 3ampornoHoBaHi HeCymnepewiMBi MOENi
ne(eKTHUX KOMIUIEKCIB — pajialliiHOro  IOXo-
JOKEHHS, BIATOBIJANbHI 3a €JICKTPUYHI i ONTUYHI
BIacTHBOCTI OiHapHux crmonyk A'"BY' ta wmexa-
HI3MH X TepeOyIoBH IiJl BIUIMBOM 30BHIIIHIX
daxropiB. J[0CHiHKEHO BILUTUB BEJIIMKUX CKYITYCHb
(xmacrepiB) nedekrTiB, yTBOPEHUX OMPOMIHEHHSIM
HAIIBIIPOBITHUKIB BAXXKUMH BHCOKOCHEPreTHY-
HUMH YaCTMHKaMH (TMPOTOHAMH, PEAKTOPHUMH
HEHTPOHAMHM) Ha CTPYKTYPHI 0COOJIMBOCTI KpUCTa-
JTi4HOT Tparku OIHAPHMX HAMIBIPOBITHUKOBUX
CIIOJIYK 1 mapaMeTpH eNeKTPUYHUX, ONTUYHUX Ta
(bOTOENEeKTPUYHUX SBUII Y HAMiBIPOBITHUKAX
rpynu A"BYL. BcTaHOBIIEHO MeXaHI3MH ITi/IO-
poroBoro Ae(eKTOyTBOPEHHSI B MOHOKpPHCTAJIaX
CdS. B ocranHi poKu 04OJIOBaB IPyIy BUKJIaIa-
YiB 1 acIipaHTiB, 10 3aiMaJIUCsl BUBYCHHSIM HOBHX
TETPAPHUX XAJILKOTEHIIHUX MaTepialiiB 3 HEJiHIH-
HUMH BJIACTHBOCTSIMH.

[Tpodecop JlaBumiok [.€. OyB TanaHOBUTHUM
nerarorom, Horo Jjekumii 3 (yHIaMEeHTalIbHUX
JUCIMILTIH, TaKUX K «3arayibHa Qi3zukay, «Eixek-
TpOAMHAaMIKa» Ta chenkypciB: «HepiBHOBaxHI
npolecd B HaMiBIPOBITHHKAX», «CTpyKTypa
i nmedextn kpucramiBy, «Paniamiiina dizukay,
«®Di3uKa TOBEPXHEBHX SBHI B HaIliBIIPOBIIHU-
Kax» BIOPI3HAIMCA TIHOOKMM HAyKOBUM 3MicC-
TOM, YITKICTIO 1 JIOTIYHICTIO CTPYKTYpH, SICHICTIO,
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JOCTYIHICTIO BUKJIaZeHHS. Harucani HuM miapyd-
HUKH 1 TOCIOHUKH /10 CIIEIKYPCIB KOPUCTYIOTHCS
MOMYJISIPHICTIO Y BUKJIAJA4iB 1 CTYyJACHTIB-(i3UKiB
0araTrb0X yHIBEpCHUTETIB.

3a Oubr Hixk 40 pokiB HayKoBO1 poboTH ['eop-
rii €pmammiiioBud migrorysaB 11 kaHaunaris
(i3MKO-MaTEeMaTHYHUX HAYK, OMYOJiKyBaB IOHA]
280 HayKoBHX Ipalb B YKPaiHCBKUX 1 MDKHapOJI-
HUX (haxoBUX KypHaJaX, 30ipHUKAX 1 BUIAHHSX,
13 Hux 10 MoHorpadiii i HaBYaILHUX MOCIOHUKIB,
YOTHPH MATEHTH Ha BUHAXIJI.

[eopriit €BnammiiioBuy J{aBuaiok OyB HEBTOM-
HUM monynsipu3aropoM ¢iznyHoi Hayku. CBOTO
yacy 4YuTaB IyOJi4yHI JeKIii BiJ TOBapUCTBa
«3HaHHA», TpaIoBaB 31 3AIOHMMH BHITYCKaMH
KT 00JIacTi, MPOBOAUB 3aHATTS 3 YUUTEISIMHU
¢i3ukn BonwHChKOI oOMacTi Ha pi3HUX Kyp-
cax 1 METOAMYHUX 00’ €qHAHHSX, YATAB JIEKIIil
3 (hi3MKM 711 BYUTEIIB IKiJI, YYHIB, WieHIB Maioi
akazeMii Hayk. Ha ycix cBoix nekuisix [eop-
rii €BnaMIiioBUY BUXOBYBAaB y MOJIOJI JHOOOB
J0 PIAHOT 3eMIli, CIIOHYKaB BUBYATH IPABIUBY
icTopito YkpaiHu, sIKy caM 4yaoBO 3HaB. JIroOuB
MY3HKY, JITepaTypy, *KMBOIHC, ajleé HaHOUIbIINM
3aXOILICHHAM iforo Gy Minepamu. Moro komek-
Iisl € OAHIEIO 3 HAWKpaANIUX MPUBATHUX KOJICKITIH
MiHepaiB B YKpaiHi.

I'eopriit €pnammniiioBUy oxode CIUIKYBaBcs 31
CTyZIEeHTaMH, 00 came IIe: «J0Ja€ MeHI aIpeHaiHy
B KpOB; 0€3 JKMBOTO CIUIKYBaHHS XHUTTS CTa€ Iic-
HUMY, — Ka3aB. 3AJIUIIAI0YUCH Y Ay JTIPUKOM, BiH
3aBXKIM BBaXKaB MPUPOIHNYI Hayku ((Pi3uka, Ximis,
MaTeMaTuKa) CTPaTeriYHuMH.

3a BaroMuii BHECOK Yy CTaHOBIIEHHS 1 PO3BHU-
TOK (i3nuHOi Hayku 1 ocBiTH Ha Bomuai ['eopriit
€pnammniiioBuy HaropokeHuii Harpyaaumu 3Ha-
KamMu MiHICTepCTBA OCBITH Ta HayKd YKpaiHU
«Bigminauk ocBitu Ykpainny, «Ilerpo Morumay;
HOMy TNIPHCBOEHE MOYECHE 3BaHHS «3aCITy>KEHHH
NS94 HAyKW 1 TeXHIKM YKpaiHW»; BiA3HAYCHUI
[TouecHumu rpamoramu MiHiCTepcTBa OCBITH Ta
HayKd YKpaiHH i MICIIEBUX OpraHiB yIpaBIIiHHS.

VY mam’STi YUCIICHHUX YYHIB, KOJIET, YCiX, KOMY
MOIIACTHIIO CIIBIPAIOBATH 3 HUM Yy HaBYallb-
Hil, aaMIHICTPAaTUBHIM, HAYKOBii, IPOMaJChKii

po6oti I'eopriii €BnammiiioBuy JlaBUIIOK 3aiu-
HIUTHCS TAJaHOBUTUM, CHIUKIOIEIUYHO OCBi-
YeHUM YYEHHM, JIIOIUHOIO 3 BHCOKMMH MOPAIIb-
HUMH TIPUHIUIAMH, MYIPHM, JOOPO3HUYIHBHM
HACTaBHHUKOM.

Bin OyB crpaBxHIM MaTpioTOM HAIIOi KpaiHu,
oHUM 3 yioOeHux BipuriB I'eoprist OyB «JIr00iTh
VYkpainy» Bonogumupa Cocropu.

13 cignast 2013 p. Ha 69-My pOIli KHUTTS MiCISA
BaKKOT XBOPOOHW MIIIOB i3 >KUTTSA AOKTOP (Pi3u-
KO-MaTeMaTHYHUX HayK, 3aCITy>KEHHH Nisd HayKH
i TexHiKM YKpaiHu, rojioBa CIieliaji3oBaHoi BUCHOT
paju i3 3aXHUCTy JOKTOPCHKUX JAUCepTaIliii, mpode-
cop kadenpu izuku TBepmoro Tijna Ta iHdopma-
[IHHO-BUMIPIOBAJILHUX TEXHOJIOTIH HaIIoro yHi-
Bepcurety ['eopriii €snammiiioBuy JaBumiok.

Bukamaui, npaiiBHUKH, CTYICHTH W yci Horo
yuHi 3aBKau OyayTh mam’sitati [eopris €Bnam-
nifioBnua JlaBuaroka SIK HEBTOMHOIO IieJarora,
BUJ/IATHOTO HAYKOBIIS Ta YyJOBY JIFOJHHY.

AJie TOJIOBHE Te, 110 KHBE Ta OyJ1e )HUTH CIpaBa,
y SIKY BAMXHYB XHTTs [ 'eopriii €pnammiioBuy. J{is
akaJieMiuHUX IHCTUTYTIB M. KueBa, y Benukiii mipi
3aBJSIKM HOTO 3yCHUISIM Ta aBTOPHUTETY YHIBep-
cutet y JIynbKy € OMHUM i3 THX 3aKJajiiB OCBITH,
o 3a0e3rnedyoTh MoTpedy B MOJIOAUX CIielia-
mictax Hamionaneaoi Axamemii Hayk VYkpainw.
Tomy BOHM 3aBXIM CXBaJIOIOTh Ta MiATPUMYIOThH
Ti 3aXOAM, SIKI CIPSMOBaHI Ha MiJABHUIICHHS SKO-
CT1 MIATOTOBKU (paxiBIiB, y TOMY YHCII HUIIXOM
3allydeHHsl 0 HaBYAJIBHOTO TMPOLECY MPOBIIHUX
HayKOBIIIB IHCTUTYTIB. B akajieMiuHuX 1HCTUTYyTaX
HAH Vkpaiau miarotosiaeHi BUCOKOKBatihikoBaHi
KaJpu, SKi TMOBEpPTAlOThCs Ha BonmHb 1 BUCOKO
TPUMAIOTh IUIAHKY HAayKOBHX JOCHikeHb. Koo
3amkHyzocs (T'onosina, 2018).

Ieopriii €BnamMmiiioBHY 3aBXIH BKa3yBaB Ha
HEOOXITHICTh W Ba)JIMBICTh TOETHAHHS BEJH-
KOi HayKOBO-ZOCTIIHHUIBKOI pOOOTH 3 BaKKOIO
Ta ITOYECHOK IIEJArorivyHOI0 ISUTBHICTIO, IIE€ Ta
BIIPOBA/DKCHHS 1HHOBAIIMHUX METOJIB HaBUYAHHS
rapaHTye YCHIIIHY [iSUIbHICTh KOJIEKTHBY, HOro
BIICBHEHICTh Y MallOyTHHOMY.

Bin nazaescou 3anumumoca é cepysax konee,
ycix, K0zo 36en1a 3 Hum oons!
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EJEKTPOHHA BYJOBA 1 ONTUYHI CHEKTPU KPUCTAJIA AG,SBS,
Y MOHOKJITHHIA ®A3I

Poboma npucesuena meopemuuHomy 00CHIONHCEHHIO OCOONUBOCTNEU CIPYKIMYDU, eleKMPOHHUX CHIAHIE Ma ONMUYHUX
éracmusocmett NOMPIHO20 XanbKko2eniono2o nanienposionuxa Ag,SbS, wo mae Kpucmaniuny cmpykmypy 3 npocmo-
poeoio epynoio cumempii P2 /c. Jlocrioocenns npooounuce 3 6UKOpUCManiam Memoouxu 3 nepuiux npunyunie. Pospa-
XyHKU 30iticHioganuce y pamkax meopii gynxyionany eycmunu (DFT) ma ¢opmanizmy Kona-Illema 3 guxopucmanuam
HAOUMICEHHSL IOKATBHOL 2YCIMUHU ThA Y3A2ATbHEH020 2PAJIEHMHO20 HAONUNCEHHA 051 ONUCY OOMIHHO-KOPEeTAYIlHOT 63a-
EMOOIT Midic enexmpoHamu. 3 Memoro 3HAX004CeH s PIGHOBAICHUX NAPAMEMPI8 TPamMKU ma KoOOpOUHam amomie, nepeo
PO3PAXYHKAMU 671ACMUBOCEL KPUCTALA NPOBEOEHO 2e0MEMPUYHY ONMUMIZAYII0 KPUCIATIYHOI CIPYKMYPUL 3 UKOPUC-
mawnam aneopummy bpotioena-@nemuepa-Ionogapoa-llienno. Hoxazarno 006pe y32000iceHHs MeOPEMUYHO OMPUMAHUX
CMPYKMYPHUX RAPAMEMPIE8 KPUCMANA 3 eKCRepUMeHmanbHumu Oanumu. Bnepue nposedeno docriodtceno 30nHo-enepee-
muunoi cmpykmypy kpucmana Ag,SbS, y monoxninnii ¢asi. 3’acosarno, wjo sonna cmpykmypa E(k) xapaxmepuzyemoca
BIOHOCHO CAOKOI OUCNEPCIEI PIBHIE 30HU NPOBIOHOCMI Ma 6aleHmMHOT 30HU. Bepuwuna eanenmnoi 30Hu cghopmosana
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wupoxor cmyeoio 6i0 () 0o =5 eB. 3aboponena 30na € Henpsmozo muny. Pospaxynxosi snauenus wupunu 3a6op0HeHoz'
30HU E cmanosnsmo 1,1 eB ons LDA ma 1,4 eB ons GGA yuxyionanie. 3 po3paxyHxie nognoi ma napyianvuoi 2ycmunu
cmanis KpUCIANG NPOAHANI306aH0 CIIPYKIMYPY eneKmpOHHUX DI6Hi6 docnioxcysanoi cnonyku. 3’aco8ano, wo eepuiina
6aNIEHMHOT 30HU YMBOPEHa P-CMAHAMU AMOMIG CIpKU ma cypmu. [JHo 30HU npogioHocmi popmyioms piHi s-cmanu cpiona
ma p-cmanu Sb. [loxkazano 3HauHy nodiOHICMb eleKMpPOHHOT CIMPYKMYpU KPUCTAAA 8 MOHOKIIHHIL (hasi 3 mempacoHalb-
Hotw asorw. Ilposedeno pospaxynox 3apsdie Minnikena ma 3aceneHocmi 36 ’s13Kig, w0 niomeepoulo ixniti ioHHO-K08A-
Jenmuuii xapaxkmep. Pospaxosano ma npoananizosano onmuuni cnexmpu kpucmana Ag SbS, y monoxninnii gpasi.

Kntouosi cnosa: nanienpogionux, nipapeipum, meopis QyHKYIOHALYy 2yCmuku, 30HHA CMPYKmMypa; OleleKmpuyHa
DyHKyis.
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ELECTRONIC STRUCTURE AND OPTICAL SPECTRA OF AG,SBS, CRYSTAL
IN THE MONOCLINIC PHASE

The work is devoted to the theoretical study of the features of the structure, electronic states, and optical properties
of the ternary chalcogenide semiconductor Ag,SbS, which has a crystal structure with a space group of symmetry
P2 /c. The study was conducted using the methodology from first principles. Calculations were carried out within
the framework of the density functional theory (DFT) and the Kohn-Sham formalism using the local density approximation
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and the generalized gradient approximation to describe the exchange-correlation interaction between electrons. In order
to find the equilibrium parameters of the lattice and the atomic coordinates, before calculating the properties of the crystal,
a geometric optimization of the crystal structure was carried out using the Broyden-Fletcher-Goldfarb-Schenno algorithm.
The theoretically obtained structural parameters of the crystal are in good agreement with the experimental data. For
the first time, the band-energy structure of the Ag,SbS, crystal in the monoclinic phase was studied. It was found that
the E(k) band structure is characterized by a relatively weak dispersion of the conduction band and valence band levels.
The top of the valence band is formed by a wide band from 0 to —5 eV. The band gap is of an indirect type. The calculated
values of the band gap E are 1.1 eV for LDA and 1.4 eV for GGA functionals. The structure of the electronic levels
of the investigated compound was analyzed from the calculations of the full and partial density of states of the crystal. It
was found that the top of the valence band is formed by p-states of sulfur and antimony atoms. The bottom of the conduction
band is formed by equal s-states of silver and p-states of Sb. A significant similarity between the electronic structure
of the crystal in the monoclinic phase and the tetragonal phase is shown. Milliken charges and bond occupancy were
calculated, which confirmed their ionic-covalent nature. The optical spectra of the Ag,SbS, crystal in the monoclinic
phase were calculated and analyzed.
Key words: semiconductor, pyrargyrite, density functional theory, band structure, dielectric function.

Beryn. IloTpiiiHi XaJIbKOTEHIJHI CIIOJNYKH  Ii€i KPUCTANIYHOI (ha3u CIIOIYKH HE PUAUIAETHCS
€ BAOXIMBUMU MaTepiaJlaMHd, IO BOJOAIIOTh  3HauyHA yBara HayKOBIIB, TOMY Taki JOCIHIPKEHHS
HAITIBIPOBITHUKOBUMH BJIACTUBOCTSMH. Pi3HO- € aKTyaJIbHUM Ta IiIKaBUMHU.

MaHITTS iXHBOI CTPYKTYpHU Ta (i3UKO-XIMIYHUX PoGota mpucBsiueHa TEOPETHUYHOMY BHUB-
BJIACTUBOCTEH 3yMOBIIIO€ TXHE MPAKTUYHE BUKOPU-  YEHHIO 30HHO-CHEPreTUYHOI CTPYKTYpH, OCO-
CTaHHSA Yy PI3HUX 00JacTAX HAYKH 1 TeXHIKU. Moxk-  OnMBOCTEH XIMIYHOrO 3B’A3Ky Ta ONTHYHUX
JIMBICTH OTPMMaHHs LMX CHOJYK Y (OpMi MOHO-,  CNEKTpiB Kpucrana Ag,SbS. y (a3i 3 MOHOKIIH-

MOJIi-, HAHOKPHUCTAJIIYHUX OO €KTIB PO3MIMPIOE  HOIO CUMETPIEIO 3a JOMOMOTO0 MEPIIONPUHIUII-
CIEKTp BJACTUBOCTEH Ta J03BOJIsi€ iXHE e(ek-  HUX PO3PaxyHKIB B paMKax Teopii pyHKumioHamy
THBHE BUKOPUCTAHHSI. ryctunu (DFT).

BaxmBuMH MiIBUAOM TMOTPIHHHUX XaJbKOTe- MeTtoauka po3paxyHkiB. Y poOoTi mpoBe-
HIJIHUX MaTepialiB € kpuctanu rpymu [,-V-VI,, 1e 1eHO mneponpuHuunHi  po3paxyHKH  €JIEKTPO-
I=Ag, Cu; V=As, Sb, Bi; VI=S, Se. llikaBuMm  HHOI CTPYKTypH Ta BIACTHBOCTEH 3 BHKOpHUC-
IIPeACTaBHUKOM MarepiaiiB i€l rpynu € kpucrtaaun — TaHHaM nporpamu CASTEP (CAmbridge Serial
nipapriputy — Ag,SbS.. Ila cnomyka moxe Oyru  Total Energy Package) [7]. Ilporpama Gasyerbcs
CHHTE30BaHAa PI3HUMU MeTOolaMH sK Kpucran, Ha Teopii gyHkuionany ryctunu (DFT) [8]. [ns
TOHKI IUTIBKM Ta HAHOYACTHHKH. JIJI1 pOCTY KpUC-  ONHUCY BAaJCHTHHUX EJEKTPOHIB JOCIIIKYBaHOT
TaliB BUKOPUCTOBYIOTh MeToj bpimxmena [1]. cucTeMH BHMKOPHUCTAaHO HACTYNHY €JICKTPOHHY
Binomo, mo KpucTan BOJNOIIE€ BEIUKUM elNeKTpo-  KoHdirypamiro: S 3s? 3p*; Ag 4d" 5s'; Sb 5s?
ONTHYHUM €(DEeKTOM, 3HAYHUM JBO3AJOMIICHHSAM, Sp’. BpaxyBaHHs KBaHTOBHX €(EKTiB OOMiHY
Ta ci1abkuM mormuHaHHAM B [Y 06macti 0,4-15 MkM  Ta Kopensiii 3A1CHEHO B pamMKax HaOJWKCHHS
[2]. BogHowac, meii KpucTan BOJNOAiE€ HENMiHIHHO-  JokanbHOI TycTtuHH (LDA) 3 mapamerpusariero
ONTHYHUMHM BIaCTHBOCTAMH (d . = 14.34 nm/B [3],  Hanepmi-Annepa Ilepmo-3ynrepa (CA-PZ) [9,
d, =7.8mm/B, tad,,=821m/B @ 10.6 mm [4]),  10] Ta y3aranbHEHOTO rpafi€HTHOTO HAOIMKEHHS
o poOuth Horo nepcnekTuBHUM i Bukopu-  (GGA) [11] 3 mapamerpusauiero Ileparo-Byp-
CTaHHSI B MPUCTPOSIX ONMTOEIECKTPOHIKH. ke-Epnzeproda (PBE) [11, 12]. Enextpon-ioHHa

Panime y poGoti [5] HaMu JOCHIDKYBaBCS  B3a€EMOJisl ONKCYBalach 3 JOIMOMOTOK YIbTpa-
kpucran Ag,SbS, y TpuronanbHid cumerpii 3m.  msKoro mncespomnoTeHuiana BawumepGimbra [13].
OtpumaHo MOHOKpuCTanm MeTonoM bpimkme-  [HTerpyBaHHS TPOBOAMIOCH TO A-CiTHi Tep-
Ha-CtokOaprepa Ta JOCHDKEHO #Oro Kpucra-  1mo0i 30HM bpummoena posmipom 8x6x9. Enep-
JiYHy CTPYKTYpy, €IIEKTPOHHI, ONTHYHI Bila-  Tisf BiJCIKAHHA IUIOCKUX XBWIb E_  CTaHOBMJIA
cTuBOCTi. 3’scoBaHo, 1m0 Marepian Bojoxie 500 eB. [eomerpuuna onruMizariisi mpoBOIUIACH
3a00pOHEHOI0 30HOI0 HEMpPSIMOTrO THIY, a ekcre- 3 BukopuctaHHsM BFGS amropurmy [14], s
pUMEHTaIbHA MIMPUHA 3a00pOHEHOI 30HM CTAaHO-  SIKOi 3aCTOCOBYBAaHO TaKi MapaMeTpu 301XKHOCTI:
Buth 1,91 eB [5]. BoaHouac moBigomiseThes, mo  eHepris — 5 - 10°° eB/aTom; MakcuMaiabHa cuiia —
kpuctan Ag,SbS, moxke repeGysaru B i gasi 102 eB/A; makcumanbhuii Tuck — 2 -+ 102 I'la;
3 MOHOKIIHHOIO CHHTOHi€l0 [6]. BmacTHBOCTSAM  MaKcHMaibHe 3MileHHS — 5 - 1074 A.
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Pe3yabTaTu T2 00roBopeHHst

Kpucmaniuna cmpykmypa. Jlns npoBeneHHs
PO3paxyHKIB €JIEKTPOHHOI CTPYKTYpPH Ta ONITUYHHUX
BJIACTUBOCTEH BHKOPHCTOBYBAJIUCH KPUCTAJIOTPa-
¢iynH1 gaHi oTpumMadi 3 pobotu [6]. Kpucraniuna
TpaTka HAJICKHUTh 1O MOHOKJIIHHOI CUMETPIi 3 TIpo-
CTOPOBOKO TPYIOI CuUMETpii P2 /c, Ta MIiCTHThL
28 ioHiB B KOMip1Ii. 300pa’keHHS MPOEKIIIi KpHrCTa-
JIYHOI I'PaTKU y IUIOMIMHAX X)), XZ Ta X MPEICTaB-
JIEHO Ha puc. 1.

ExcnepruMeHTanbHi MapamMeTpu KpUCTAIIYHOI
IPAaTKM Ta KOOPJMHATH aTOMIB Cronmyku Ag,SbS,
B3:T1 3 poboTH [6] 310pano y Tabnuui 1 ta 2. [lepen
po3paxyHKaMu (i3WIHUX BIIACTUBOCTEH OCITI-
JOKYBAHOTO KpHCTaja MPOBOJWIACH TEOMETpUYHA
ornTuMizaris ioro ctpykrypu Mmetorom BFGS [14].
Bona Bxitogana penakcarito mapameTpiB IpaTKH,
a TaKOXX 3HAXOMKEHHS PIBHOBAKHUX KOOPIWHAT
aToMiB y KoMmipii. ONTHMI30BaH1 3 BUKOPUCTAHHAM

6)

Puc. 1. Kpucraniyna crpykrypa kpucrana Ag SbS.: a) miommna xy; 6) mJomMHa xz; B) IJIOMIMHA yZ

LDA ta GGA ¢yHKIiOHaIIB TTapaMeTpHu KpUCTa-
JIYHOT TpaTKU Ta BIAHOCHI KOOPAMHATH aTOMiB
3i0paHo B Tabm. 11 2.

Sk BUAHO 3 TaONWIl, ONTHMI30BaHI Tapame-
TPU TPATKU € JOCUTH OJMM3BKUMH JI0 €KCTIepUMEH-
tanbHuX. CrocTepiraerbes 100pe BimoMa 3ajex-
HicTh, o LDA ¢yHKIIOHAN 3aHMKY€E TTapamMeTpH
rpatku, Toai sk BukopuctanHs GGA mnpuBoauTh
no ix 3aBumieHHs [15-17]. Jlns  mocmimkysa-
HOTO KpHUCTajia HEIOOIlIHKAa IapaMeTpiB IpPaTKu
it LDA ¢yskmionana craHoButh oa = 1,9 %,
b =4,3 %, 6c = 1,58%, Toni sik nnst GGA ¢yHKIIi0-
HaJjia 3aBUIIEHHS € TakuM: 0a = 3,4 %, 6b = 0,4 % ta
dc =2 %. Mauni 3Ha4eHHs BiIXUICHHS TEOPETUIHUX
napaMeTpiB (MeHmIe 5 %) cBiquark Mpo iXHE J00pe
Y3TOMKEHHSI 3  EKCIIEPUMCHTAILHUMHU  JTAHUMH
poboTtH [6]. Takok BapTO 3a3HAYMTH, IO ONITHMI30-
BaHa JIBOMa METOJIaMH CTPYKTypa Ma€ AEIIo OlIbIIe
3a eKCIIepIMEeHTaJIbHE 3HAUCHHS KyTa f3.

% ©
C

B)

Tabmuig 1

Excnepumenrtanbhi [6] Ta onTumizoBani 3 Bukopuctanuam LDA ta GGA dynkuionany
Kpucrajorpadiuni napamerpu kpucrajia Ag SbS, y MoHOKIMHHIl (asi

IMapametp Excn. [6] LDA GGA

a, A 6,8400 6,7079 7,07769
b, A 15,8400 15,1532 15,9037
c, A 6,2400 6,1410 6,3684
v, A 601,583 546,077 631,79
a,° 90 90 90

B,° 117,15 118,976 118,194
Y, ° 90 90 90
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Tabmuig 2

ExcnepumenTtanbhi [6] Ta onTumizoBani 3 Bukopuctanuam LDA ta GGA dyHkuionany
BiIHOCHI KOOPIMHATH aTOMIB y KoMipui kpucrajaa Ag SbhS,

Atom Excn. [6] LDA GGA
x/a /b e x/a /b e x/a /b /e
Agl 0.0358 0.3147 0.2658 0.0724 0.3080 0.2836 0.0623 0.3093 0.2638
Ag2 0.4698 0.2413 0.2804 0.4646 0.2373 0.2650 0.4740 | 0.2423 0.2834
Ag3 -0.4038 0.0934 0.0528 -0.4259 0.0977 0.0292 -0.4129 | 0.0976 0.0562
Sb 0.1972 0.0522 0.3749 0.1887 0.0396 0.3824 0.1947 | 0.0495 0.3629
S1 0.2210 0.0570 -0.0100 0.2066 0.0521 -0.0114 0.2157 | 0.0566 | -0.0193
S2 -0.4590 0.1350 0.5920 -0.4559 0.1319 0.5946 -0.4678 | 0.1356 0.5869
S3 -0.0490 0.1670 0.3250 -0.0611 0.1651 0.3297 -0.0557 | 0.1662 0.3135

Enekmponna cmpykmypa ma ananiz ximiu-
Hux 36’°a3Ki6. EIIEKTpOHHA CTPYKTypa Kpucraia
OTpUMYyBaJlaCh BUKOPUCTOBYIOUH TE€Opit0 (HyHK-
iOHally TYCTHHH, pPO3B’SA3YIOUU pIBHSHHSA
Kona-Illema [18]. 3onna miarpama E(k) po3spa-
XOBYBaJIach B3J0BXK JIIHIH, 10 3’ €IHYIOTh TOUYKH
BHCOKOI cuMeTpii mepmoi 30HW bpimtoeHa
(puc. 2).

OCKiIbKH 30HHO-CHEPreTHYHA CTPYKTYpa OTPH-
MaHa 3 BUkopuctauisaMm LDA ¢yHKIioHaTy SIKICHO
HE BiZpi3HAEThCS Big oTpuManoi 3 GGA, y po6orTi
TOJIOBHO PO3IVISIIATUMYTHCS PE3yJIbTaTH OTPUMaHi
3 TpaIieHTHAM HaOIKEHHSIM.

Puc. 2. Ctpyktypa nepuoi 3oau bpinioena
aJs kpucraia Ag SbS, y MonoktinHiii pasi

Ha puc. 3 (a) 300paxeHO 30HHO-CHEPTETUYHY
CTPYKTYpy KpucTana Ag.SbS. orpumany 3 BUKO-
pucrannsiMm GGA ¢yskuionany. Po3spaxoBani
3HAYCHHS MIMPUHU 3a00pOHEHOT 30HW KpucTaja
CTaHOBJIATH Eg = 1,1 eB nnmsa LDA ta 1,4 eB qnsa
Bukopuctanas GGA ¢yHnkmionany. 3abopoHeHa
30Ha kpucrana Ag,SbS. € ne npsamoro tumy. [[Ho
30HU TPOBIAHOCTI PO3TAIIOBaHE B IIEHTPI 30HU
Bpimmoena (touka I'), Tomi SK BeplIMHA BaJICHT-
HOI 30HW 3HaxXoAuThCs B Toulli B. JlocmimkeHa
paHille 30HHAa CTPyKTypa KpucTana Ag.SbS,

41

3 MPOCTOPOBOIO TPYIMOK cUMeTpii 3m (Tpuro-
HaJbHA CHMETPIsl) TAKOX BOJIOJI€ 3a00POHEHOIO
30HOI0 HENPSMOTO THUITY, OJTHAK BEPIINHA BaJICHT-
HOI 30HH 3HAaXOMUTHCS B IEHTPi30HH bpimmtoeHa,
a JIHO 30HHM NPOBIHOCTI JIOKaJIi30BaHe y To4li M
[5]. Taxox, po3paxoBaHa y IIii poOOTI HIMpHUHA
3a00pOHEHO] 30HHU € OUIBIIO0 3a 3HAUYEHHS OTPH-
MaHi paHillle /Ui KpucTajia B TPUTOHANBHIN cume-
Tpii (0,35 eB, i LDA Ta 0,88 mna GGA ¢yHk-
mioHasna [5]).

Sx BumHO 3 pucyHKa, s 3anexkHocTi E(k)
JOCIIIKYBAaHOTO KpUCTalla MPUTaMaHHa HEe3HAYHA
nucriepcisd. PiBHI 30HM IPOBIAHOCTI NMPeCTaBIICHI
MIMPOKOI0 CMYTOI0, IO (POPMYETHCS CYKYITHICTIO
€JIGKTPOHHMX DIBHIB (IAPIBHIB), IO NEpPEKpUBa-
IOTHCSI MIJK COOOI0 Y BChOMY JTOCJTI[)KYBaHOMY JTia-
na3oHi erepriit (Bix 1,4 eB no 10 eB). 3a mouatok
BIJUTIKY 10 €HepreTH4Hil mkaji B3saTo 0 eB, mo
€ CITIIBCTaBJIEHUM 3 piBHeM DepMmi Ta CyMillleHUM
3 BEpIIMHOIO BAaJICHTHOI 30HU. 3 PHCYHKa BHJIHO,
10 BaJICHTHA 30HA yTBOPEHA LIMPOKOI CMYTOIO
PiBHIB, 110 (OPMYIOTh €HEPTeTHYHY JUISHKY BiJl
0 mo —5 eB. PiBHI BajeHTHOI 30HHW BOJOMIIOTH
MOIOHOIO JIUCIIEPCIE0 JI0 PIBHIB 30HU MPOBIIHO-
cTi. Hik4i eHepreTuyHi piBHI XapaKTepH3yIOThCS
JIOKAJII30BaHICTIO, Ta (POPMYIOTh BY3bKi B’S3KH
KIJIBKOX €JIEeKTpOHHHMX piBHIB. 3a eHeprii —8 eB
3HAaXOJUTHCS By3bKa CMyra, IO Ha CHEKTPi MOB-
HOI TYCTHHH CTaHIB NPEJCTABICHA IIKOM HEe3Hay-
HO1 iHTeHCUBHOCTI (puc. 3 0), siKa po3aiieHa mpo-
MDKKOM 3a00poHeHoi eHeprii Big —5 10 —8 eB.
Hactynna mig3oHa, sika po3TalloBaHa 3a HIDKYUX
€Heprii € PpO3AIICHOI0 3a00pPOHEHOI0 00JaCTIO
eHepriit Big —8,8 no —11,9 eB. 111 mix3oHa cdop-
MOBaHa JBOMa OJIN3bKO PO3TAIIOBAHUMH CMYyTaMH,
mo Ha DOS BIANOBIZAIOTE ABOM IIIKAM 3 MaKCH-
mymamu 3a —12,2 eB ta —13,2 eB. IlopiBHIoI0UH
CTPYKTypy BaJ€HTHOI 30HM 3 KpucTamoMm Ag SbS,
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Puc. 3. 3ouno-enepreruyna cTpykrypa kpucrajia Ag SbS, y Monokuinuiii ¢asi pospaxosana
3 BukopuctansaM GGA-pyHkuionaaa

y TPUTOHAJBHIN CUMETPii, MOXKHA 3ayBa)KUTH, 110
By3bKi piBHI 32 —8 eB, —12,2 eB Ta—13,2 ¢B € gemo
3CYHYTHUMH B 01K MEHIITUX CHEPTil.

3 METOI0 NETaJBHINIOTO aHaJi3y MOXOIKEHHS
€JIEKTPOHHUX DPIBHIB 3IHCHEHO PO3paxyHOK Map-
LiaJbHUI BHECKIB y MOBHY I'YCTHHY €JIEKTPOHHUX
craniB. Ha puc. 4 300pakeHO mapmiaibHy TycC-
TUHY ellekTpoHHUX cTaHiB (PDOS) mis mocmi-
JUKyBaHOl crionyku. Puc. 4 a BigmoBigae mapiri-
QTBbHUM BHECKaM CTaHIB cpiOjia y eJIeKTPOHHHIA
CHEKTp. 3 pUCYHKa BHUJIHO, IO BHECKH aTOMIB
cpibia y BaJICHTHY 30HY IMPENCTaBJICHI MUPOKOIO
CMYTOI0 d-CTaHiB PO3TAILIOBAHOIO BiJ MPUOIU3HO
0 mo —6 eB, T00TO GOpPMYIOTH CMYTy MOOIU3Y
BEpIIMHU BaJeHTHOI 30HW. Y 30HI MPOBITHOCTI
CTaHW cpi0yia MPEACTaBJICHI §- Ta p-CTaHAMH, SIKi
YTBOPIOIOTh IIUPOKI CMYTH, (POPMYIOUU THO 30HU
npoBigHOCTI. CTaHu Sb B €IEKTPOHHOMY CHEKTpi
MpeCTaBICHI IUPOKUMHU CMYTaMH B1Jl MPUOIU3HO
0 mo —5 eB, O BIANMOBINAIOTE §- Ta P-EJICKTPO-
Ham. Cmyra 3a eneprii —8,4 eB yTBOpena s-enex-
TpoHamu aroMiB Sb. B 30HI TpoBigHOCTI p-CTaHU
cypmu OpMyIOTh CMYTY 3a eHepriii Bia 1,5 eB no
5 eB, Toxi K BHECOK S-€JICKTPOHIB HEBEIMKUH Ta
3pocrae 3a eHepriit 6unbine 5 eB. 3HaunMit BHECOK
y BEpXHIO YaCTUHY BaJICHTHOI 30HU Jal0Th p-CTaHH
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cipku. Bonu ¢popmyroTh BepiinHy BaJE€HTHOI 30HU
Ta MO €HEeprii MepeKpUBalOThCSA 3 d-CTaHaMu Ag
Ta p-cranamu Sb. SIk BUJIHO 3 pUCYHKa, HIMpPOKa
CMyTa p-eNeKTPOHIB CIpKH 3HAXOMUTHCS B Jliara-
30H1 eHepriii Bix 0 10 —6 eB. s-cTanu atomiB Cipku
dbopmyroTh ik 3a eHeprii —12,2 eB. BHecok craHiB
CIpKM B 30HY MPOBIAHOCTI BHUpPAXXEHH, TOJIOBHO,
p-eleKTpoHaMu B obacTi eHepriit 1,4 — 5 eB, o
TaKOX MOXXYTh (POPMYBATH i1 THO.

AHami3 3apsmaiB  MiuTikeHa TO3BOJISIE  OIli-
HUTH XIMIYHUH 3B’S30K MK aroMaMu Ta HOTro
BiTHOCHY cwTy. BuBueHHS aOCONOTHUX 3HAYCHD
3apsiTiB JIO3BOJISIE€ OIIHUTH, SIKAU THI XiMI4HOTO
3B’S3Ky € TIEPEeBaKarOuMM y KPUCTATIUHINA CTPYyK-
Typi. 3apaau MisutikeHa Ta opOiTalibHI 3apsiin 1S
kpucrana Ag,SbS,, po3paxoBaHi 3 BAKOPUCTAHHSM
LDA- ta GGA-¢dynkuionana, 3i6pano y Tabdnuii
3. 3 TabnuIli BUIHO YaCTKOBE TIEPEHECEHHS 3apsi-
JIiB, 11O CBiTYUTH TIPO 3MIlIaHUI 10HHO-KOBAJICHT-
HUH TUT XIMI9HOTO 3B’ 513Ky. OTpUMHI y il poOOTi
3apsiid 100pe Y3ro/KYKOThCS 3 JaHUMH IIOTIe-
penHboi poOOTH [5], MO CBITYHUTH MPO MOMIOHUI
XapakTep B3aEMOJIIi MK aTOMaMH.

VY tabnuii 4 310paHo pe3ylbTaTH PO3PaXyHKY
3aCEIEHOCTER XIMIYHUX 3B A3KIB Ta IXHI JOB-
KWUHM 171 Kpuctana Ag.SbS, y MoHOKIIHHIA
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Puc. 4. [lapuianbHa rycruHa craniB kpucrana Ag SbS, y MoHokiHHil (a3i pospaxoana
3 BukopuctanusaM GGA-dyHkuionana

Tabmuns 3

AtomHi 3acesieHocTi (3a MisutikeHoM) po3paxoBaHi Juist Kpucraya Ag SbS, y MoHOKIIiHHIi (a3i
3 BukopucTanuaM LDA/GGA-dyHkuionais

ATOoM N p d IoBHuit 3apsana (e)
Agl 0.57/0.55 0.56/0.45 9.80/9.85 10.9410.85 0.06/0.15
Ag2 0.58/0.60 0.60/0.53 9.80/9.83 10.98/10.96 0.02/0.04
Ag3 0.56/0.54 0.72/0.59 9.82/9.86 11.09/10.99 —0.09/0.01
Sb 1.53/1.54 2.44/2.40 0.00/0.00 3.97/3.94 1.03/1.06
S1 1.85/1.87 4.51/4.57 0.00/0.00 6.36/6.44 —0.36/-0.44
S2 1.86/1.87 4.49/4.54 0.00/0.00 6.34/6.42 —0.34/-0.42
S3 1.84/1.86 4.49/4.55 0.00/0.00 6.32/6.40 —0.32/-0.40
Tabmuns 4

3acesieHOCTi MepeKPUTTs 3B’ A3KIB i 10B:KHHM 3B’513KiB (B A) 11 KpueTana Ag.SbS,
Y MOHOKJTiHHIi (pa3i po3paxoBani 3a nonomorow LDA/GGA-pynkiionanis

3B’s130K 3aceneHicTb JloB:kuHa
Agl-S 0,40/0,38 2,44325/2,53240
Ag2-S 0,43/0,45 2,42199/2,45173
Ag3-8S 0,32/0,28 2,57023/2,70513
Sb-S 0,16/0,33 2,58366/2,50684

¢azi. Sk BugHO 3 TabNMUi, IS aTOMiB Cpi-
Oa HaWMeHII 3aceNeHICTh CIOCTEPIraeThCs
JUTsL XiMIYHUX 3B’s13KiB Ag3 — S, 10 CTaHOBHTH
0,32 1a 0,28 mua LDA ta GGA, BinnosiaHo. Box-
Houac, aus aroMiB Agl 1 Ag2 3aceneHicTb € Ha
npubnu3no 30 % Oinmpmoro. Bapro 3a3HauunTi,
o0 TOPIBHSHO 3 KPUCTAJIOM B TPUTOHAIBHIHN

43

CUMeTpii, MOHOKJIHHA CTPYKTypa KpHcCTaiza
Ag SbS. Bomoxie GiIbMIMMYU JOBKMHAMH 3B’ 53-
KiB Ag — S, 110 BKa3ye Ha OUIbIIY IXHIO 10HHICTb.
Haiimenmra 3aceneHicTh orpumana s Sb — S
3B’s3Ky, o craHoButh 0,16 ta 0,33 oTrpumana
st LDA 1 GGA meroniB, BignosigHo. e Bkazye
Ha Te, 110 00u/Ba 3B’S3KU B CIOJYIl BOJIOMIIOTH
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3HAYHOI0 YacTKOI 10HHOCTI. JloBkMHa 3B’s3Ka
Sb — S mnepeOyBae B 100poMy y3rojKeHHI
3 pesyabTaraMyd OTPUMaHUMH B poOoti [5] mis
CIIONIYyKM B TpPHUTOHAJBHIN cumeTpii. Takum
YUHOM, B MOHOKJIIHHINA CTPYKTYpl MOXHa OYiKy-
BaTu ciabiie 3B’s3aHHS 10HIB cpibiia 3 aToMamMu
cipku, mo Oyae IPUBOAUTH 10 3POCTAHHS IXHBOT
PYXJHMBOCTI 1, IK HACIII0K, MOKE€ MPUBOAUTH 10
30UJIBIICHHS 10HHOT TIPOBIAHOCTI.

Onmuyni cnekmpu. B pamkax Teopii (yHK-
[iOHATY TYCTUHH TaKOX IPOBEIEHO PO3PaXyHOK
ontuyHuX (QyHKUIA kpucrana Ag.SbS. i3 MoHO-
KIJIIHHOKO CUMETpi€l0. YsIBHA YacTUHA JIiCTICKTPHY-
HOT QyHKIII &, OTpUMYyBasack 3 piBHAHHA [19]

_ 2ne’ ZV‘ZK\VZ

Qg, /

ur|yy )| 8(E; - E; - E). (1)

, (o)

ne E — enepris poToHa; 1 — BEKTOP MOJspU3aLii
najaro4oro GporoHa; y; i y, — XBHIbOBI QYHKIIIT
y k-TipocTODi, 110 BiAMOBIIAIOTH CTAHAM BaJCHTHOT
30HHU Ta 30HU MPOBITHOCTI, BIAMOBIIHO; ) — 00’ €M
IPATKKU KPUCTANA; e — 3apsjl ENEKTPOHa; & — Jie-
JEKTpUYHA CTaa; ¥ — ONEepaTop KOOPAUHATH eIIeK-
TPOHa; ® — YacToTa (OoTOoHA.

JiticHa yacTuHa AieneKTpudHOl PyHKIIT OTpH-
MyBaJach 13 CIIEKTpa ysIBHOI YACTHHU J1€IeKTPHY-
HOT (DyHKIIIi BUKOPHUCTOBYIOYHM BiJIOME DPiBHSIHHS
Kpamepca-Kponira [20]:

g(@)=1+

2%¢,(0)o'do'
[Z o @)

0 -

20

Po3paxoBaHi fificHa Ta ysSBHA YaCTUHH JielICK-
TpuuHOi PyHKUIT KpucTana Ag,SbS. 31 cTpyKTyporo
MOHOKJIIHHOI CHMeTpii 300pakeHi Ha PUCYHKY 5.
3rigHo 13 CUMETpI€I0 KpUCTaia, ONTUYHA 1HIUKa-
TpHCa OMUCYETHCS TPHOMA KOMIIOHEHTAMH JlieJIeK-
TPUYHOTO TEH30pa: €, €, Ta &. ToMy po3paxyHKo-
BUH CIIEKTP MICTUTh TPH BIIMiHHI JieNEKTPUYHI
¢byHKIi, M0 BiAMOBIAAIOTH KpUCTAIOTpadidYHUM
HanpsaMmkam X, Y, Z.

PucyHok 5 wmictuTh nAIHCHY 1 ysSBHY KOMIIO-
HEHTH JICJICKTPUIHOT (QYHKIII B €HEPreTUIHOMY
mianasoni Big 0 mo 15 eB. Moxxna nodaunTtH, 1110
NifiCHa 4YacTWHA JieNeKTpHuHOoi (yHKumil € 3a
MaJIuX 3Ha4€Hb €HEePTii IUTABHO 3pOCTAE, 10 SHEePTii
~1,5 eB, mo BignoBinae kpar GyHIaMEHTAIBHOTO
NOITMHAHHS KpucTtana. L[ cnekrpanbHa o0nacTb
BIJINIOBi/Ia€ ONTHYHINA MPO30POCTI KpHCTaia. 3a
OUTBIINX €Hepriii crocTepiraeTbcs cepist MiKiB,
110 BiANOBi/a€ 30Ha-30HHUM TIEPEX0/IaM eJIEKTPO-
HiB. B momanemomy, 3poctanHs eHeprii ¢oTtoHa
NPUBOJUTDH 10 3MEHIICHHS JieNIeKTPHUYHOI (PyHK-
mii. CTaruyHi 3Ha4YCHHS TIENEKTPUYHOI (QYHKIIIT
cranoBiaTh: 10,27 — myst vanpsimy X, 10,79 — nnst
HanpsAMKy Y; 9,88 — nns Hanpsimky Z. Binnosinni
3HAYCHHS CTaTWYHOI JIieNeKTpuyHOi  (yHKIIIT
€ JIENIO BUIMMU 33 KpucTan Ag,SbS, B Tpuronans-
Hil (a3i, mo €, IMOBIPHO OB’ I3aHUM 3 OUTBIIHM
3HAYCHHSIM Eg.

Pucynok 5 6 BimoOpakae CIEKTpasIbHY 3aJIexk-
HICTb ySIBHOI YACTMHH JIENCKTPHYHOI QyHKIII €,.
Mani 3HadeHHS eHeprii (oToHA BiAMOBITAIOTH

E, eB

6)

Puc. 5. Jlilicna Ta yiBHA YacTHHH JieJleKTpU4HOi GpyHkuii kpucraaa Ag SbS,, pozpaxosani
3a nonomororw GGA-dynkuionana

44
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PIBHOCTI HYJIO YSBHOI YacCTHHH IiCJIICKTPUYHOT
(ynkuii. 3HauHe 3pOCTaHHA €, CIIOCTEPIraeThes
3a JIOCSITHEHHS €Heprii piBHOI 3HAYCHHIO IIUPUHH
3a00pOHEHO1 30HH, 110 BIANOBIAA€E MepIliid cMy3i
MOTTIMHAHHS KpUCTAIa.

BucnoBku. Briepiie B pamkax teopii (yHKITi0-
HaJly TYCTHHH TPOBEJICHO TEOPETUYHE BUBUCHHS
OIITUKO-CJICKTPOHHUX  BJIACTUBOCTEH KpHCTasa
Ag.SbS. y monokninHi# (a3i. BukopucroByroun
B SIKOCTI TIOYAaTKOBUX JaHUX EKCICPUMEHTaJbHI
pe3ysbTaTH JOCTIKEHHS! KPUCTAIIYHOI CTPYyK-
TypH, OTPHMaHi IHIIMMH aBTOpaMH, MPOBEIEHO
TeOMETPUYHY ONTHMI3allil0 IPaTKH KpHUcTaja
metogom BFGS. 3’scoBaHo, 1[0 ONTHMIi30BaHI
3 BukopuctanHsaM LDA ¢ynkuionana mapamerpu
rpatku € 3aHmwkeHuMu (6a = 1,9 %, 6b = 4,3 %,
dc = 1,58%) a 3 Bukopucranaam GGA ¢yHkuio-
Haja 3aBumieHuMu (da = 3,4 %, ob = 0,4 % Ta
dc =2 %). Ta moka3yroTh 100pe y3roIKeHHs 3 EKC-
NEPUMCHTAJIbHUMU JTAHHUMHU.

PozpaxoBana E(k) no3sonuna BCTAHOBUTH 3HA-
YCHHS ITMPUHH 3200POHEHOT 30HHU, 1110 CTAHOBIISThH
1,1 eBi 1,4 eB nna LDA ta GGA dyHKIioHay,
BiamoBigHo. [lokazano, mo 3a0opoHeHa 30HA
KpHUCTaJIa Y MOHOKJIIHHIH (ha3i, K 1 B TPUTOHAIIb-
Hiii, € HE IPSMOTO THUITY, OJTHAK ITEPEXiJT eICKTPOHA

3 BAJICHTHOI 30HU B 30HY MPOBIAHOCTI BiAMOBIIa€E
ToukaM 30HHU bpimtroena B — T, Toxi six st Tpu-
roHanbHOro Kpucrana — ' — M. IIpoBeneHo ana-
J1i3 OXOPKEHHS €JIeKTPOHHUX PiBHIB Ta 3’ ICOBAHO
BHECKH OKPEMHUX aTOMIB y TOBHY T'yCTHUHY €JIeK-
TPOHHHUX CTaHiB KpHucTana. [lokazaHo He3HAUYHUI
3CyB HAWHIKYMX PIBHIB BAJICHTHOI 30HH B OiK
MEHIIUX EHEPrii MOPIBHSHO 3 TPHUTOHAJIHHOIO
dazoro Kpucrana.

Po3paxoBaHO criekTpu JieneKTpudHOl QyHKIIT
kpucrana Ag,SbS. y Monokminniid ¢asi s mia-
na3oHy eHepriii 0-15 eB. Iloka3zano, mo onTu4Hi
CHEKTPH MAaroTh TPH HE3AIEKHI HANPSIMKH Ta
BOJIOMIIOTh aHI30TpoIi€0. 3’4COBaHO, IO CTa-
TUYHI 3HAYCHHS JieJeKTpu4yHOi (yHKIIT piBHI
10,27 (ma manpsamy X), 10,79 (ans Hanpsmky Y)
ta 9,88 (s HaNPAMKY Z), 1 € Ie0 BUIIMMH 32
kpucran Ag,SbS, B Tpuronanbhii pasi.

Moasixku. YacTtuHa pe3ynbTariB, MpencTaBie-
HUX Y LIl poOOTi, OTpUMaHa 3a MiATPUMKHU MPO-
exty monoaux BueHux 0123U100599 Minictep-
CTBa OCBITH 1 Hayku YKpaiHu Ta HamioHanbHOro
neHTpy Hayku [Tombii, rpant Ne NCN 2018/31/B/
ST4/00924. (This work was partially supported by
the National Science Centre (NCN), Poland, grant
number: NCN 2018/31/B/ST4/00924.).
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B sxocmi nabnuocenns, 0151 onucy 0OMiHHO-KOPeAYIHOI 83a€MO0IT BUKOPUCIAHO V3a2atbHeHe 2PA0ICHMHe HAOIUNCEHHSL
3 napamempusayieto Ilepor-bypxe-Epusepeoga. Enepeis nnockux xeunb obmedxncysanacy suavenusim 450 eB. 3 memoro
OMPUMAHHS CIPYKIMYPU 8 OCHOBHOMY CHAHI NOREPEOHbO NPOBOOULACH 2COMEMPUUHA ONMUMI3AYIS KPUCIANTYHOT Tpam-
KU 3 uKkopucmannam memody bpouoena-@nemuepa-Ionogapoa-Lllenno. Bnepue nposedeno ceomempuury onmumisa-
Yito KpUCMANIYHOI CIMPYKMypU ma 3 ’ac08aHo, W0 HAUKpauje Y32004CeHHs 3 eKCHePUMEHMANbHUMU Pe3YTbmamamu 0ae
napamemp rpamiu a (gioxunenns oa = 0,6%). Maxcumanvhe 8i0XuneH s ONMUMI308AHO20 NAPAMEMPA TPAMKU 810 eKC-
NepUMEHMANbHO20 3HAUEHHs OmpuMane 05t napamempa ¢ i cmanosums 4,8%. 3 ananizy Kpucmaniunoi pamku NOKA3aHo
maxkooc 30invuenna kyma f§ na 30" npu 3acmocyeanni GGA ¢hynkyionany. Bnepuwie pospaxoeano 30HHO-eHepeemuuHy
cmpyxmypa kpucmana TISbSe, y cmpyxkmypi monokninnoi cumempii. 3 ii ananisy nokazano, wjo 30na npogioHocmi ma eep-
WUHA BANEHMHOT 30HU KPUCMANA YMBOPEHi Wupokumu cmyeamu. [Ho 30Hu npogioHocmi 3HAXOOUMbCA HA ceeMenmi
I' — Y nepwoi 30uu Bpinnoena. Bepuuna eanenmnoi 30Hu po3mauwiogana 6 mouyi Z ymeopioouu 3a00pOHeH) 30HY He
npamozo muny. Pospaxosane 3nauenna E_cmanosums 0,99 eB. 3’sicosano, wo 30na npogionocmi ymeopena s- ma p-cma-
nie amowmie Tl, Sb ma Se a eepwiuna sanenmmnoi 301U GopMyemvpcs s-cmanamu cypmu ma p-cmanamu ceneny. Hailinmen-
cusniwuil nix y cnexkmpax DOS/PDOS gionogioae noxanizoganum d-cmanam amomis Tl.

Kniouogi cnosa: nanienpogionux, meopis (yHKYioHany 2ycmuHi; XaibKo2eHio, 30HHA CMpPYKmypa, OieneKmpuuna

yHkyis.
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AB-INITIO STUDIES OF THE ELECTRONIC STRUCTURE
OF THE TISbSe, CRYSTAL

The paper investigates the electronic structure of the TISbSe, crystal in the monoclinic phase from the first principles.
Studies of the structure of electronic levels in this crystal have not been carried out before, so such studies are important
and relevant in view of the possibility of its potential practical application. The CASTEP program, based on the Kohn-Sham
theory, was used to model the properties of the crystal. As an approximation, the generalized gradient approximation with
Perdue-Burke-Ernzerhoff parameterization was used to describe the exchange-correlation interaction. The plane wave
energy was limited to 450 eV. In order to obtain the structure in the ground state, the geometric optimization of the crystal
lattice was previously carried out using the Broyden-Fletcher-Goldfarb-Shanno method. For the first time, the geometric
optimization of the crystal structure was carried out and it was found that the best agreement with the experimental results
is given by the lattice parameter a (deviation da = 0.6%). The maximum deviation of the optimized lattice parameter
from the experimental value obtained for parameter c is 4.8%. The analysis of the crystal lattice also shows an increase
in the f§ angle by 30" when the GGA functional is used. The band-energy structure of the TISbSe, crystal in the structure
of monoclinic symmetry was calculated for the first time. Its analysis shows that the conduction band and the top
of the valence band of the crystal are formed by wide bands. The bottom of the conduction band is located on the segment
I" — Y of the first Brillouin zone. The top of the valence band is located at point Z, forming a forbidden band of a non-
direct type. The calculated value of E, is 0.99 eV It was found that the conduction band is formed by s- and p-states of T|,
Sb, and Se atoms, and the top of the valence band is formed by s-states of antimony and p-states of selenium. The most
intense peak in the DOS/PDOS spectra corresponds to localized d-states of Tl atoms.

Key words: semiconductor, density functional theory, chalcogenide, band structure, dielectric function.

Beryn. HaniBnpoBigHMKOBI MaTepiaid TPymud  JUIsli BUKOPUCTAHHS B TEPMOECJIEKTPHI, €JIEeKTPO-
A"BYC)"Y e mikaBuMu 00’€KTaMM JOCIIJKCHHS  ONTHIII, CEHCOPHIL, ONTOEIEKTPOHIlli, BOJOAIIOTH
Ta MPUBEPTAIOTh 3HAYHY YBary HayKOBI[IB 4Yepe3  HaAAMPOBiAHICTIO Tommlo. I[loTeHmianm mnpakTuy-
ixHi (izuuHi BracTUBOCTI. BimoMo, 10 mpencTaB-  HOTO BHKOPUCTAHHS MaTepiajliB BKa3aHOI Tpynu
HUKH 11i€i TPyNH € MEePCIEKTUBHUMH MaTepiajJlaMi  3yMOBJIIOE aKTYaJbHICTh IXHBOTO AOCIIKEHHS K

49



®di3uka Ta ocBiTHI TexHouorii, Bum. 1, 2024

eKCIIEPUMEHTAILHUMH, TaK 1 TCOPETUIHUMH METO-
namu. Cnonyka TISbSe, € mpencraBHukom wmiei
rpynu Marepiaiis. [i OTpUMYOTh SIK Y BUIVISII TOH-
KHX TUTIBOK, TaK 1 MOHO/TIONI KpUCTamiB. Y poOoTi
[1], MeTomoM TepMIYHOTO BUIIAPOBYBAaHHS CHH-
Te€30BaHO IUIBKM cnoiyku TISbSe, ToBmmuo0
2500 A. ABTopu po6OTH NOKa3aju, IO OTPUMaHA
miBka crnonyku TISbSe, xapakrepusyerbest pom-
OIYHOI0 KPUCTAIIYHOIO TPATKOI 3 TapaMeTpaMu
a=4,18A,b=4,50A, c=12,0 A [1]. Jocmimxenns
KpHCTaniyHoi cTpykrypu cnonyku TISbSe, na
00’eMHHX 3pa3Kkax MpOBOAMIOCH y poborax [1-3].
Binomo, mo cnonyka TISbSe, moxe nepebysaru
y KUIBKOX KpPUCTQJIYHHUX CTPYKTypax. ABTOpH
Bakep Ta iH. moBiIOMIISIIOTE TIPO (hasy KpucTana,
o icHye 3a kiMHatHOi (rt-¢aza) [2]. YV it ¢asi
KpHUCTaJIH HaJeXaThb JO0 MOHOKIMHHOI CHCTEMH
3 IPOCTOPOBOKO IPYIIOK CUMETPIi P2, (C)). M=
Hel OTpPUMaHO Taki NapamMeTpH KPUCTAIIYHO]
rparku: a = 9,137 A, b= 4,097 A, ¢ = 12,765 A,
B = 111,75°. 3a BucoOKoi Temmeparypu CIOCTepi-
raetbcs BUcOkoTeMieparypHa asza (ht-¢aza).
Takox, Mk BUCOKOTEMIIEpaTypHOIO Ta (a3oro 3a
KIMHATHO{ TeMIiepaTrypy MOBIIOMIISIOTh MPO iCHY-
BaHHJ 1€ O/Hi€T 10AaTKOBOI (pasu, 110 € YaCTKOBO
BriopsinkoBanow [4]. HdocmipkeHHo mux (a3 He
MPUIIEHO 3HAYHOI YBaru HayKOBIIIB.

Y po6oTi [3] aBTOpaMu MPOBOIUINCH AOCHTI-
JDKeHHSI ONTUYHUX (OHOHIB 3a JIOMOMOTOI0
BUMIPIOBaHHS CIEKTPiB BiOMBaHHA y YacTOT-
Hux mgiamazoHax 50-250 cm-1 ta 200-4000 cm™.
Enexrpuusni, TepPMOEIEKTPHYHI, ONTUYHI
BIacTMBOCTEH KpuctaniB TISbSe, BuBuamuch
y npausix [3,5-7].

ABtopamu [8] TPOBOIWIMCH JIOCIIIKCHHS
CIEKTPOHHOI  CTpyKTypu Kpucrama TISbSe,
B (a3i 3 KyOiYHOIO CHMETpi€r0, TOMI SIK JUIsS
MOHOKJIIHHOI (a3, 1m0 iCHye 3a KiMHaTHOI (da3u
MoaiOHI JOCHIDKeHHS] HaM HE BiJIoMi. 3 ODIsAIy
Ha IIe, aKTyaJbHUM € JOCIIPKeHHS eJIeKTPOHHOT
CTPYKTYpH Ta BJIacTMBOCTEeH Kpucrana TISbSe,
B MOHOKJIIHHIM KpHUCTaniyHi# (a3l 3a KiMHATHOT
TEeMIEpaTypHu.

VY uwiii po6OTI MpoOBENEHO MEPIIONPUHIIUITHI
PO3paxyHKH ONTUKO-CIIEKTPOHHUX  BJIACTHBOC-
teii kpucrana TISbSe, y kpucramiunii cTpyk-
Typi 3 cumeTpiero P2 . Po3paxyHKn MpoBOAATHCA
CaMOy3TrO/KEHO B paMKax Teopii (yHKIiOHATy
ryctunau (DFT). Ha ocHOBI TeopeTHUHUX po3pa-
XyHKIB 3’COBaHO OCOOIMBOCTI OYy/IOBH €JIEKTpPO-
HHHX PIBHIB KPHCTaa, Ta iIXHE TIOXOIKECHHSI.
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Poborta ckimamaeTbes 3 TphOX pO3AiUTIB. Y po3-
nimi 2 310paHo nerani MpOBEACHUX pPO3paxyH-
KiB Ta BUKOPHUCTaHI mapameTpu. TpeTiii po3min
MICTUTb OCHOBHI pe3yJbTaTu, OTPUMaHi B po0oTi,
Ta ixHe 00roBopeHHs. HanpuKiHIli cTaTTi MOIaHO
TOJIOBHI BUCHOBKH, TIOJSIKU Ta CITUCOK IIUTOBAHOI
JiTEepaTypH.

MeTtonuka po3paxyskiB. [lepmonpuniumnHi
PO3paxyHKH MPOBOAMIMCH 3 BUKOPUCTAHHSAM IIPO-
rpamu CAmbridge Serial Total Energy Package
(CASTEP) [9]. IIporpama € peamizaliero Teopii
¢dyukuionany ryctunu (DFT) [8], sika 6azyerbes
Ha Teopemax XoenOepra-Kona [10]. Eneprii enek-
TPOHHUX CTaHIB Ta XBWJIbOBI (PYHKIIIi €JIEKTPOHIB
OTPUMYBAJIU SIK BJIACHI 3HAYCHHS Ta BJIacHI (PyHK-
mii cucrtemu piBHsAHb Kona-lllema. EnexTponu
AOMIiB ONKCYBAJIUCh y BUNIAAI IUIOCKUX XBWJIb
brnoxiBcekoro tumy. [l onucy BaJIeHTHHX €JIeK-
TPOHIB JOCHIUKYBaHOI CHCTEMH BHKOPHUCTAHO
HACTYIIHY €JIEKTPOHHY KoHiryparito: Se 4s* 4p*;
Sb 5s% 5p% Tl 5d' 6s* 6p'. Enepris BiacikaHHS
IJIOCKUX XBWIb £ cranoBuna 450 eB. Bpaxy-
BaHHS KBaHTOBUX €(EKTiB OOMiHY Ta KOPEJSIii
3MIACHEHO B paMKax HaOJIMKEHHS y3arajibHEHOTO
rpagieaTHoro HaomwkeHnHs (GGA) [11] 3 mapa-
metpusaiiero [lepmaio-bypke-Epuzeprodga (PBE)
[11,12]. SIopo aTtomiB pa3oM 3 OCTOBHUMH €JICK-
TPOHAMH OMKCYBABCS 3a JOMOMOTOI) IICEBIOIO-
TeHIiamB. B po0OOTI BUKOPHCTAHO YIBTPAMSIKUI
ncepaonoreHnian BanaepOinsra [13], mo morpe-
OyIOTh MEHIIOI KUIBKOCTI TUIOCKMX XBWIJIb. [lin
Yac po3paxyHKiB MPOCTip po30HuBaBcs a k-CiTKy,
nmo sKid BigOyBasioch iHTerpyBaHHs. IloOymoBa
30HHO-CHEPIeTUYHOT CTPYKTYPH Ta IHTEIPyBaHHS
MIPOBOJIMIIOCH TI0 k-CITIi TIepiioi 30Hu bpiutroeHa
po3mipom 3x5x2. ['eomeTpruyHa onTUMI3allis Mpo-
Boamiach 3 BHUKopucTanHsM BFGS anroputmy
[14], mnst sikoi 3aCTOCOBYBaHO Taki IMapameTpu
30ikHOCTI: eHepris — 5 - 107 eB/atom; makcu-
MasbHa cita — 1072 eB/A; MakcuManbHUH THCK —
2 - 102 T'Tla; MakcuMasbHe 3MimmerHs — 5 - 104 A.

Pe3ynbrartu i 06ropopeHns

Cmpyxkmypa kKpucmaniunoi rpamku. Jlns
pO3paxyHKiB BIacTUBOCTEH Kpucrama TbSbSe,
y SIKOCTI BX1JHUX ITapaMeTPiB BAKOPHCTOBYBAJIaCh
iH(popMalIisl PO KPHUCTANIYHY CTPYKTYpy, B3sTa
3 pobotu [2]. Lli xpucTaau Hajaexarb JO MOHO-
KJIIHHOI CUMETPii 3 MPOCTOPOBOIO TPYIIOI0 CUME-
Tpii P2 .V rparui kpucrana TbSbSe, micturhcs
16 aromiB. Burisix kpucranaigyHol rpaTku 300pa-
KEHO Ha pucyHky 1. Sk BUAHO 3 pHCYHKa,
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SHEZ-SS

[V
R N
a)

6)

Puc. 1. Crpykrypa kpucrajgiunoi rparku kpucraua TISbSe,:
a) IJIoNIKMHA Xp; 0) NJIOIUMHA XZ; B) IUVIOIIUHA YT

Ipumitka: aromu 300paxeHi KyJIbKaMu 3 TakuM Kosibopamu: T1 — kopuuneBuii; Sb — ¢ionerosuit; Se — xoBTuHit

Tabmmr 1

ExcnepumenTaibHi [2, 5] Ta onTumizoBaHi 3 BukopuctanusaiM GGA-dyHkuionaaa
KkpucTrajgorpadgiuni napamerpu kpucrajia TISbSe, y monokinHii ¢asi

IlapameTtp Exp. [2] Exp. [5] GGA
a, A 9,137 9,130 9,197
b, A 4,097 4,100 4,146
c, A 12,765 12,750 13,379
v, A3 443,830 477,270 472,229
a, ° 90 90 90
B, ° 111,75 111,63 112,25
Y, ° 90 90 90
KpuCTaliyHa CTPYKTypa XapaKTepU3yeThCs  3aBHILCHHSM IMOPIBHSIHO 3 €KCIIEPUMEHTAbHUMH

[IapyBaTiCTIO, 3 IIapaMH, 10 3HAXOAATHCS B ILIO-
IIMHI XZ.

[TapameTpu KpUCTAIIYHOI TpaTku Ta KOOpP-
JUHATH aroMiB B3ATI 3 pobotm [2] 3iOpaHO
y Tabmn. 1 ta 2. [lepen po3paxyHKOM BIaCTHBOCTEH
JOCHIKYBAaHOTO KpHCTala MPOBOJMIACH MPOILIe-
nypa reoMeTpuyHoi omruMizarii [15,16]. Bona
MPUBOIUTH JI0 OTPHUMAaHHS PEJIAKCOBAHOI CTPYK-
TYpH SIKiH BiATIOBiIa€ pIBHOBAXKHHI CTaH CHCTEMH.
Y po0oTi, BpaxoByO4YM CUMETPit0, ONITHMI30BYBa-
JIUCH SIK TIapaMeTpH IPATKH, TaK 1 KOOPAWHATH aTo-
MiB. Teopernuni kpucramorpadiuni mapamerpu
3i0pano y Tabiu. 1 Ta 2. OntumizoBani TeopeTnyHi
napaMeTpH IPaTKi XapaKTepH3yIOThCs HE3HAYHUM
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JTaHUMH poOiIT [2,5], 10 BiAMOBIgA€E BiOMIiN OCO-
omBocti GGA dyHKIioHaTY. SIk BUIHO 3 TAOMUIIL,
HalKpalie y3ro[UKeHHS TEOPETUYHO pPO3paxoBa-
HOTO TMapaMmeTpa IpaTKu BiANOBiae mapaMeTpy a
(Bigxunenns oa = 0,6%). HaitOinpIe BiaXuiIeHHS
crocrepiraetbes s mapamerpa ¢ (6c = 4,8%),
TOI SIK JIJISl TTapaMeTpa b 3aBUIIEHHS TaKOX € He3-
Ha4YHWUM 1 cTaHOBHUTH 0b = 1,2%. Bognouac, BapTo
3a3HAYUTH, IO ONTHMI30BaHA CTPYKTypa BOJIOIIE
Ha 30' OGuibIIMM KyTOM [} 3a €KCIIepUMEHTallb-
Huil. O0’€M TEOPETUIHOT IPATKH OTPUMAHOT TTiCIIS
ontuMizaiii € Ha 6,4 % OLIbIINM 32 eKCIIepUMEH-
TaJbHUM, 10 TAKOXK BKA3y€ HA Y3TOKEHHS Teopil
Ta CKCIICPUMEHTY.
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Tabmuig 2

ExcnepuMenTanbHi [2] Ta onTumizoBaHi 3 BukopuctanuaM GGA-pyHkuioHaa BiTHOCHI

KOOpIMHATH aTOMiB y Komipui kpucraa TISbSe,

Atom Excn. [2] GGA
x/a /b e x/a /b e

T11 0.699261 0.222587 0.638385 0.698700 0.237700 0.644900
T12 0.540578 0.255044 0.862328 0.544700 0.250000 0.859500
TI3 —0.699261 0.722587 —0.638385 —0.698700 0.737700 —0.644900
T14 —0.540578 0.755044 —0.862328 —0.544700 0.750000 —0.859500
Sbl 0.187972 0.226143 0.604651 0.192300 0.241000 0.611300
Sb2 0.071279 0.270134 0.891370 0.075300 0.246000 0.887500
Sb3 —0.187972 0.726143 —0.604651 —0.192300 0.741000 —0.611300
Sb4 —0.071279 0.770134 —0.891370 —0.075300 0.746000 —0.887500
Sel 0.731818 0.262042 0.114027 0.723700 0.249000 0.118400
Se2 0.049568 0.231983 0.394489 0.050700 0.241000 0.394900
Se3 0.608543 0.228691 0.392763 0.600600 0.245000 0.392100
Se4 0.167770 0.255075 0.101099 0.165400 0.242000 0.104100
Ses —0.731818 0.762042 —0.114027 —0.723700 0.749000 —0.118400
Se6 —0.049568 0.731983 —0.394489 —0.050700 0.741000 —0.394900
Se7 —0.608543 0.728691 —0.392763 —0.600600 0.745000 —0.392100
Se8 —0.167770 0.755075 —0.101099 —0.165400 0.742000 —0.104100

Enexmponna cmpykmypa kpucmana TISbSe,.
30HHO-€HEpPreTHYHa CTPYKTypa Kpuctana TISbSe,
po3paxoByBaniach 3 BukopucTanHIM GGA QyHK-
IioHaJTy B TOYKaxX BHCOKOI CHUMETpii Ta B3I0BXK
JHIA, MmO X 3’€IHYIOTh 32 TAKUMHU HANPSMKaMU:
Z—-1I—>Y—>A—->B—D—E— C.Crpykrypa
nepmoi 30HM bpummoeHa as TOCTIIKYBaHOTO
KpHcTana 300pakeHa Ha pucyHky 1. Koopaunaru

il Bt

o | T [
|

Puc. 2. Ctpykrypa nepmoi 30uu Bpisoena ais
kpucrana TISbSe, y monokainniii pasi

[lpumiTka: KOOpAMHATH TOYOK BHCOKOI CHMETpIil Taki:
Z(0 0 1/2); T(0 0 0); Y(0 1/2 0); A(-1/2 1/2 0); B(-1/2 0 0);
D(-1/2 0 1/2); E(-1/2 1/2 1/2); C(0 1/2 1/2).
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TOYOK BUCOKOI CHMETpii y mepimiii 30H1 bpimmoena
HaBeJICH1 B MIMUCI 0 PUCYHKA.

Po3paxoBana 30HHO-€HEpreTHYHA CTPYKTYpa
kpucrana TISbSe, npencrapiena Ha pucyHKy 3 a.
Eneprernuna Bimmitka 0 B BiamoBimae BeprmHi
BaJICHTHOI 30HM Ta € cyMimieHa 3 piBHem Depwmi.
30Ha MPOBIMHOCTI YTBOPEHA IIMPOKOK CMYTOIO,
IO CKJIAQJIAEThCS 3 HU3KU OJIM3bKO PO3TAIIOBAHUX
CJICKTPOHHHUX pIBHIB, fKi YacTKOBO TEpeKpHBa-
IOTHCSI MIJK C00010. PiBHI 30HM IPOBITHOCTI Xapak-
TEPHU3YIOThCS MOMIPHOIO Aucrepciero. JIHO 30HU
MPOBIAHOCTI 3HAXOAMTHCSI Ha cerMeHTi I — Y
30HU bpimmoena.

BepinHa BajeHTHOI 30HU (OPMYETHCS IIUPO-
KOIO CMYTOO, IO 3HAXOMUTHCS Ha MPOMDKKY BiJ
0 nmo — 5,8 eB. PiBHi, mo ¢opmytoTh BepmuHy
BAJICHTHOI 30HU XapaKTEpU3YIOTHCS JUCIEPCIEr,
MoAiOHOI0 10 TUcHepcii piBHIB 30HU MPOBITHOCTI.
VY nanpsimkax Z — [, Y — A ta E — C enexTponHi
PiBHI BHPOJIKEHI, TOMI K JUIS 1HIIUX HAMPSMKiB
CIIOCTEPITAETHCS IXHE PO3IICIUICHHS. Taka Xapak-
TEpPUCTUKA MPUTAMAaHHA K JJs PIBHIB BaJEHTHOT
30HU, TaK 1 71 PiBHIB 30HH MTPOBITHOCTI. 32 HIXK-
YUX EHEepriil CIoCTepiraloTbcs TPH TPy PIBHIB,
SKI 9iTKO BiJIOKpEMJICHI Ha IMOBHIH TYyCTHHI CTa-
HiB (DOS) (puc. 3 6). 3a eneprii Onuszpko —8 eB
CMyTa yTBOpEHa JIBOMa OJHM3BKO PO3TAIIOBAHUMHU
PIBHSIMH, K1 PO3ILEIUIIOIOTECS B YoTupu. Cmyra
noomy —10,5 eB BimmoBigae rpymi piBHIB, IO
BOJIO/IFOTh HAMMEHIIIOK TUCTIEPCIEI0, Ta € CUIILHO
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Puc. 3. 3onHo-eHepreTnyHa cTpykrypa kpucraina TISbSe, y monokiinnii ¢asi pospaxoBana
3 BukopuctanusaM GGA-dyHkuionana

nokaizoBanumu. Y crekrpi DOS miii cMy3i Bij-
MOBi1a€ HAIHTEHCHBHIIIA By3bKa CMyTa. 3a eHep-
riii Bim —12 1o —13,5 eB Takok 3HaX0IUTHCS rpymna
OIM3bKO PO3TAIIOBaHMX TiApiBHIB. Bepmnna
BaJICHTHOI 30HHM 3HAXOAMTHCA B TOYI Z TEpInoi
30U bpimmoena. [lincymoByroun BuUIlE CKa3aHe,
3aboponena 30na kpuctana TISbSe, € ne npsimoro
tuiy. PozpaxoBana 3 Bukopuctanusim GGA ¢yHk-
LiOHATy MIMPHHA 3a00pPOHEHOT 30HU CTAaHOBUTH
E, =0,99 eB. Ik i 1u1st 10CITIIKEHOI paHilIe CIio-
ayku Ag.SbS. [17], odiKyeTbcsl 3aHMKEHHS 3Ha-
YeHHs MMPUHU 3a00pOHEHOT 30HW, IO TpHUTa-
MaHHE JUIsl MeToi Teopii (QyHKIIOHATy TYCTUHH
3 BUKOPUCTAHHIM TPAIIEHTHOTO HAOIMKEHHS IS
OIMHCY OOMIHHO-KOPEJIAIIIHOI B3aEMO/Ii.

Ha pucynky 4 300paxeHo po3paxoBaHy map-
HiaNbHy TYCTHHY €JIEKTPOHHUX CTaHIB KpHCTaja
TISbSe, st BHECKIB OKpEMHX aTOMiB. 30HA IPOBi /-
HOCTI TOCITIPKYBaHOTO KPUCTaJIa yTBOPEHA CYKYTI-
HICTIO s- Ta p-cTaHiB atomiB T1, Sb Ta Se. Bepmuna
BaJICHTHOI 30HU YTBOPEHA S-CTaHAMU aroMiB Sb Ta
p-cranamu aromiB Se. Illupoka cmyra y cnexrpi
DOS, o popmye BepuirHy BasieHTHOI 30HU (Hop-
MY€ETBCSI CMYTOIO p-€JIEeKTPOHIB aToMiB Se, 1110 Ja€

53

OCHOBHHI BHECOK Ha MpOMikKy Bix 0 mo —2 eB,
Ta p-cTaHaMu Sb Ui SIKOTO OCHOBHUH MaKCHUMYyM
MIPUITAIAE€ HA MPOMIXKOK Bix —2 10 —4,6 eB. Cmyra
nobnu3y —5 eB yTBOpeHa s-cTaHaMHu Tajilo. s-e-
JeKTpoHU Sb GOpMyIOTH ABi BY3bKi OJIIM3BKO PO3-
TaloBaHi cMyTH 3a eHeprid —7,8 ta —8,5 eB. 3a
eneprii —10,4 eB 3HaXOIUTHCSA CHIIBHO JIOKAJI30-
BaHA CMyTa BEJMKOi IHTEHCHBHOCTI, IO BiJIOBI-
nae d-cranam atomiB Tl. Ilpunyckaemo, mo s
JIOCITIPKYBAHOTO KPUCTAIa MOXKE CIOCTEPIraTUCh
He3Ha4YHuH 3cyB d-ctaHiB T1 MoB's3aHMid CHIBLHOIO
JoKaiizaiiero d-enexkTpoHiB. 3a eHeprii —12 eB
CIIOCTEPIraeThCsi CMyra S-CTaHiB aTOMiB Se.
BucHoBku. B pamkax Teopii pyHKIIOHATY T'yc-
THUHH MTPOBEICHO MEPIIONPUHLIUITHE JI0CIKSHHS
€NEeKTPOHHOi  cTpykTypu Kpucrama TISbSe,
y MOHOKJIiHHINA (a3i. [IpoBeneHo reoMeTpuyHy
OTTHMI3aIlif0 KPUCTANIYHOI CTPYKTYpH Ta 3’4CO-
BAHO, 110 HaWKpalie y3roUKeHHsS 3 eKCIepUMEH-
TaTbHUMHU pE3yJbTaTaMU A€ MapaMmeTp IPaTKu
a (Bigxunenus da = 0,6%), a HaHOLIbIIE BiJIXU-
JICHHS OTPUMAHO Ui TapameTpa ¢, IS SKOTO
BIJIXWJICHHS CTAaHOBUTH 4,8%. JIyist onTrMizoBaHOT
I'PaTKU 3apeecTpoBaHo 3011bmeHHs KyTa 3 Ha 30"
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Puc. 4. IlapuiaibHa rycruna craniB kpucraia TISbSe, y Monoxinmiii ¢asi pospaxosana
3 BukopuctanusaM GGA-dyHkuionana

SIK HACIIJOK HE3HAYHOTO 3aBUIICHHS MapaMeTpiB
I'paTku, 00’€M TEOPETHYHOI KOMIPKHM KpHcTajia
3pocrtae Ha 6,4 % BiJ eKCEPUMEHTAILHOTO 3HA-
YeHHS OTPUMaHOTO B poOoti [2]. Briepmie po3spa-
XOBaHa 30HHO-€HEPreTUYHA CTPYKTypa KpHcTajia
TISbSe, y monokminHiA ¢a3i Ta mposeneHo ii
oOroBopeHHs. BusiBieHO, 10 30HA MPOBITHOCTI
Ta BEpLIMHA BAJIEHTHOI 30HM KPUCTala yTBOPEHI
HIMPOKHUMH CMYTaMH, IO CKJIQAA€THCS 3 OJIM3BKO
PO3TAIIOBaHUX E€JEKTPOHHUX piBHIB. J[HO 30HH
MPOBIJHOCTI 3HAXOAMTHCA Ha cerMeHTi [ — Y
30HM bpimutoeHa, a piBHi, 110 (OPMYIOTh BEPIINHY
BaJICHTHOI 30HU XapaKTePU3YIOThCS TUCIEPCIETO,
no/10HOI0 10 AucTepcii piBHIB 30HU MPOBIAHOCTI.
Bepmmna BaneHTHOT 30HU 3HAXOIUTHCS B TOUII Z
nepioi 30HM bpuiroeHa yTBOpIOOYM 3 HalHMXK-
YUM pPiBHEM 30HH MPOBIJHOCTI 3a00pOHEHY 30HY
He mpsmoro Ttumy. Illupuna 3a60poHEHOT 30HM
CTaHOBHTh Eg = 0,99 eB. 3a monomorow mapiii-
aJIbHOI T'YCTMHHM CTaHIB BCTaHOBJIEHO, IO 30HA

IPOBITHOCTI yTBOpPEHA s- Ta p-cTaHiB aromiB Tl,
Sb ta Se. Bepmnna BaneHTHOT 30HU (HOPMY€ETHCS
S-CTaHaMM CYpMH Ta p-cTaHamu ceieny. llupoxka
cmyra y cnekrpi DOS, mo ¢opmye BepmuHy
BQJIEHTHOI 30HU (OPMYETHCS CMYIOIO p-€JieK-
TPOHIB aTOMIB Se, SIKa Ja€ OCHOBHUM BHECOK Ha
npomixky Big 0 10 —2 eB, Ta p-ctanamu Sb s
SKOTO OCHOBHUU MaKCUMyM IPHUTAJAa€ HA TIPOMi-
JKOK Bim —2 g0 —4,6 ¢B. HailiHTeHCUBHIIINN IIIK
y cnekrpax DOS/PDOS Bianosigae jiokani3oBa-
HUM d-cTanam aromiB T1.

Ioasixku. Pesynbratu, mnpenacrasieHi y wLin
po0oTi, OTpHUMaH1 3a MIATPUMKH MPOEKTY MOJIO-
mux BueHux 0123U100599 MinicrepcTBa OCBITH
1 Hayku Ykpainu. YacTiHa pe3ynbTariB OTpUMaHa
B paMKax NpoekTy HamioHanbHOTO LEHTpY HayKH
[onpmi, rpant Ne NCN 2018/31/B/ST4/00924.
(This work was partially supported by the National
Science Centre (NCN), Poland, grant number:
NCN 2018/31/B/ST4/00924.).
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OCOBJIMBOCTIMETOAUKHN ®OPMYBAHHA BIPTYAJIBHUX JOCJIIAIB
I3 HABYHAHHSA PO3IIOALTY MOJIEKYJ 3A IIBUAKOCTAMHA

Cmamms npucesauena Mauo 00CIiOXHCeHill 8 Memoouyi HagYaHHsA NPoodaeMi — HABYAHHA 2a308uUx Aeuwf. Po3kpumo 00uH
i3 eapianmis memoouxu ma ii ocobausocmeil y QopmMysanti eipmyanbHux 00Cuioie i3 HAGUAHHS PO3NOOLTY MOLEKYI 3a
weuOKocmaAMU. AKyenm ne pooumocs Ha MOJNCIUBOCE NOCMAHOBKU eKCHEPUMEHMATBHO20 3A80AHHS 3 NIOMBEPOICEHHS
sucrosxie [oic. Maxceeina, ma axa poiv npu ybomy 6i0800UMbCA QI3UYHUM BETUYUHAM. MACA YACMUHOK, MeMNepamypa
easy, weuokocmam ma in. He pozensioaromsca Moxicaugi memoou 00CHiONHCeHHs, 30KpeMa GipnyanvHi 8 cepedosuiyi npo-
CMop08020 Po3n00INY PisHOUBUOKICHUX YACTUHOK.

Buokpemneno, wo npu 6u600i pigHaHHA I0eaibHO20 2a3y PO32IA0AEMbCA NOCMILIHG, 00OHAKOBA 30 BEIUYUHON UWLBUO-
Kicmb 8CiX MOREKY I 8IONOBIOHO He PO32NA0AEMbCs HACMINbKY BIOXUTAIOMbCSA 00EPAHCAHI pe3yibimamu y gopmynax 6io
mux, wo posenaoae [c. Maxceenn, P. Knaysic. [Ipononyemuvcs yio niymanuyro po3e'szamu. 3anponoHo8ano 00uH 3 eip-
MYATbHUX eKCNEPUMEHMATLHUX Memo0ie npocmopo8o2o NOOiNy YACMUHOK 3d WBUOKOCIMAMY 3ACHOBAHUL Ha BNIUBT CUTU
MANCIHHSA HA OANbHICMb NOTLOMY MONEKYL, WO 8Uleminu, Hanpukiao, iz nocyounu. Peanizayia ioei eipmyanvrozco exc-
nepuMeHmy IpyHmy€EmsvCs Ha 8i00MUX MEOPEMUYHUX MAa NPAKMUYHUX BUCHOBKAX. MAEMO i0eanbHull 2a3; 8I00Mi exche-
PUMEHMATbHI Pe3YTbMAamu 3HA4eHb CepeoHbOapUpMemuynol, cepedHbOK8a0pamuyHol ma UMoGIpHICHOL weuoKocmel,
PeanvHUM € CIMBOPeHHs. NOCMILIHOI KOHYeHmpayii 2a3y 6 NoCyouri; pyx MOAEKYIL y NOCYOUHI € PIBHOUMOGIpHUM. AHani3
00€PACAHUX Y BIPMYATbHOMY 00CTIOL OAHUX HOKA3YE 00CUMb GUOKDEMIEH] MPU YaACMUHU: TI60PYY 0CIOAIONb MONEKYI 13
CepPeOHbOapPUPMEeMUYHO WEUOKICIIO, 8 CepeOHill YACMUHI — HAUOLIbW IMOBIPHICHOIO 1 NPABOPYY — CepedHbOK8AOPa-
MUYHOI0 WBUOKICIIO, WO AKICHO NIOMBEPOIHCYE MameMamuyry mooeis po3nodiny monexyn Maxcgenna.

Y nooanvuomy docnioscenns 0oyinbHo npogoOUmMU 6 HANPAMKY MOOEPHIZayii mako2o 6udy 00cioie ma 3 ’aCy8ants
@izuunol cymi nonsamo iMnyvCy, MUcKy Kinemuunoi enepeii Monexyn 2asy.
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PECULIARITIES OF THE METHOD OF FORMING VIRTUAL EXPERIMENTS
ON LEARNING THE DISTRIBUTION OF MOLECULES BY VELOCITIES

The article is devoted to a little researched method of teaching gas phenomena. One of the variants of the technique
and its features in the formation of virtual experiments on the study of the distribution of molecules by velocities is revealed.
The emphasis is not placed on the possibility of setting up an experimental task to confirm J. Maxwell's conclusions,
and what role is given to physical quantities: mass of particles, gas temperature, velocities, etc. Possible research methods,
in particular virtual ones in the environment of spatial distribution of particles with different speeds, are not considered.

1t is highlighted that when deriving the equation of an ideal gas, a constant, equal velocity of all molecules is considered
and, accordingly, the obtained results in the formulas are not considered so different from those considered by J. Maxwell,
R. Clausis. It is proposed to resolve this confusion. One of the virtual experimental methods of spatial separation of particles
based on velocities is proposed, based on the influence of gravity on the flight range of molecules that have flown out, for
example, from a vessel. The implementation of the idea of a virtual experiment is based on known theoretical and practical
conclusions: we have an ideal gas, known experimental results of arithmetic mean, root mean square and probabilistic
velocities, the creation of a constant gas concentration in the vessel is real; the movement of molecules in the vessel
is equally probable. The analysis of the data obtained in the virtual experiment shows three rather distinct parts: on
the left, molecules settle with the average arithmetic speed, in the middle part — the most probable, and on the right — with
the mean square speed, which qualitatively confirms Maxwell's mathematical model of the distribution of molecules.

In the future, it is advisable to carry out research in the direction of modernization of this type of experiments
and clarification of the physical essence of the concepts of momentum, pressure, kinetic energy of gas molecules.

Key words: fundamental experiments, virtual, distribution of molecules, particles, speed.

AKTyaabHicTh mnpoljgemu. Meronuka HaB- B JIeMOHCTpaliiiHoMy BapiaHTi. Takoro xapakrepy
YaHHS PO3IMONALTY MOJEKYN iJeaJbHOTrO Ta3y 3a  JOCIIiAW TMOBHHHI MaTH BHUCOKY JIOKA30BICTh, TaK
MIBUJIKOCTSIMU Tiepei0adae o3HalOMIICHHS Cy0’€k-  SIK BOHM € HAOYHUMHU 4epe3 HEMOXKJIUBICTH CIIO-
TIB HaBYaHHA 3 TCOPETHYHUMHU BHUCHOBKAMH  CTEpIraTd pyX YaCTHHOK i3 Pi3HUMH HIBUIKOCTSIMH
Jx. Makcsemna ta gocnigom O. Llrepna. [Ipote B mpumani. Y Takux BUMAJKaX BUKOPUCTOBYETHCS
aKIIEHT HEe POOHUTHCA HAa MOKJIMBOCTI TOCTAHOBKH  METOJI aHAJIOTi# ab0 BipTyasibHi OCTiIU. 30Kpema,
€KCIEPUMEHTAIBHOTO 3aBIaHHS 3 MIATBEPUKCHHS B METOAMYHIN JIITEpaTypl OMHCYETbCS MEXaHI4uHa
BHCHOBKIB /[)k. MakcBeIia, Ta sika pojib IPH IIbOMY ~ MOJIeJNIb, IO JO03BOJISIE Bi3yalli3yBaTH PO3IMOJILT
BIIBOAUTHCS (PI3MUHMM BEIMYMHAM: Maca 4yacTh-  MakcBesa.

HOK, TeMIlepaTrypa rasy, mBHIKOCTIM Ta iH. He Bunukae cymnepedHicTh, Ky B METOAWYHIN
PO3MIIAIAIOTECS MOMKJIMBI METOAM JOCIHI/DKEHHS, 1 CHeHiadbHIM JiTepaTypl HE aHali3yloTh. Tpanu-
30KpeMa, BipTyasibHI B CEPEAOBHUII MPOCTOPOBOTO  I[IHHO BEIMYWHA IBUIKOCTI PO3IVISAAETHCS JIUIIIC
PO3MOALTY PI3HOMIBHIKICHUX YaCTHHOK. gk (yHkuis Tpaekropii. Kpim 1poro, 3aificHio-

VY HaBYaNbHIA 1 METOAWYHIN JIiTEpaTypi 3HAa-  €ThCS HE 30BCIM KOPEKTHHH MEpeXila 10 BBEICHHS
HOMCTBO CTYIEHTIB 1 HIKOJAPIB 13 MOAIOHUMH  TOHSTTSA KBaApaTy CEPEAHbOTO 3HAYEHHS ILBH/I-
(yHIAMEHTAILHUMHU ~ JIOCITIZaMH  TIPOBOAMTHCS  KOCTI, @ TIOTIM 1 CEepeHhOKBAIPATUIHOI IITBUJIKO-
B ornucoBoMy BHUIIsiAl. Lle mosicHioeThesi, Hacam-  cTi 3anmo3uuuBIy ii y JI. bonbimana. Ha oxpemi
nepes, BIACYTHICTIO OONaAHAHHA Ta TPWIAAIB  ACHEKTH MPoOJeMH BKa3yBaJH JIUIIE OKpEMi BUCHI.
JUTSL TIOCTAHOBKHM TaKUX JOCIIJIB. 3aKiaau OCBITH € HEOAHO3HAYHICTH 13 PO3IMOIIJIOM Ta30BUX MOJIie-
HE MaloTh HEOOXiHOTO TEXHIYHOTO 1 (iHAH-  KYJSIPHHUX MIBHIKOCTEH Ta iX TpaeKTOpiH, a BiAIO-
COBOTO IMOTEHLIady Aisi iX MpPOBENEHHS HaBiThb  BIJHO — IMITYJIbCY, TUCKY, €HEprii Ta iH.
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AHami3 ocTaHHiX AocaiKeHb i1 my0Jika-
miii. [1lo6 Oytm Oinbin OGMU3BKUM O pearizarii
BHCJIOBJICHOI 1/1€i MOUUIBHO TMPOCTEXUTH HUISAX
CTaHOBIICHHSI BUCHOBKIB YYEHHX HIOO PO3MOALTY
MoJteKky: 3a mBuakocTsMu. Y 1738 p. aniens bep-
HYJUTI OITyOJIiKyBaB MOJIENb, SIKa MICTUTh OCHOBHI
paMK{ Cy4acHOI KIHETHMYHOI MOJIEKYJISPHOI TeO-
pii. Pynonsd Knaysiyc mpomoBxuB q0CIiHKEHHS
Mozenm iy 1857 p. 3ampoBaZiiB KOHIICTIIIIIO Cepe/I-
HBOTO BUIBHOTO HUIAXY NMpo0iry yactuHok. Lli igei
Oynu Hanmami po3BuHEHI Makceemiom y 1873 p.
y Horo po3noini MoJeKys 3a mBuakocTsaMHu. [licns
TeopeTHuHoro oOrpyHtyBanHsa JIx. MaxkcBenom
MaTeMaTUYHOI MOJIETi PO3MOAUTY MOJEKYa 3a
HIBUAKOCTSIMH MOTO TEOPETUYHI pe3yibTaTH M-
tBepauB JI. bonbiman.

Hocnmigauk  O. Hrepn (1920) excnepu-
MEHTAJBbHO MIiATBEPIAUB MaTeMaTU4yHy MOJEb
MakcBemia. B HactymHOMy OinmbIn  JOCKOHAMI
JOCIIN 3 TATBEPIKCHHS IIi€l MOAeI MpOBEIH
E. Emmpimx (1927), b. Jlammept (1926-1929),
I. Ecrepman (1947), 1. Mimnep ta I1. Kym (1955)
Ta iH., I BUKOPUCTOBYBAJIOCS 3MIIIEHHS MOJICKY-
JISIPHOTO ITyYKa y TOJTI TSHKIHHS.

MeTtonuyHi 0COOIMBOCTI HaBYaHHS PO3MOILTY
MOJIEKY/T 32 HIBUAKOCTSIMH B KypCi TE€OPETHYHOL
¢13uxu BuBuas O. [lIxona (I1Ikoma, 2013). O. Xapu-
TOHOBa, . bopucoBa po3misHYIM METOIUKY HaB-
YyaHHs po3noaiTy MakcBesia y 3akiagax (paxoBoi
nepeaBuioi ocBitu (XaputoHona, 2016). O0rpyH-
TYBaHHS MaTE€MaTUYHOIO MOJEIIOBAHHS MOHATTS
PO3MOITY MOJIEKYIT 32 IIBHIKOCTSIMH PO3IVISIHYTO
Th. Krobthong, F. Rivadulla, Ftacnik J., Lichard P.,
Pisut J. (Krobthong, 2015; Fta¢nik, 1983).

Merta nocaimkenns. [Ipu BuBozi piBHIHHS /1€~
QJIIBHOTO Ta3y PO3MIAJAETHCS MOCTiiHA, OJHAKOBa
3a BETMYMHOIO MIBHIIKICTH YCiX MOJIEKYJ 1 BiAro-
BIJTHO HE PO3IVISAAETHCS HACTUIBKH BiIXUIISIOTHCS
ofiep>kaHi pe3ynpraTd y (opmynax Bif THX, IO
posrsinae Jlx. Makcsemn, P. Knaysic. Bunukae
CYIIEpPEUHICTh, SIKy B METOAWYHINA 1 CIeIlianbHii
JmiTeparypi HE aHaJi3yloTh. TpajguIliiHO BENH-
YWHA MIBUAKOCTI PO3MISAAETHCS JIUIIE K (PYHKITiS
Tpaekropii. KpimM 11b0ro, 311HCHIOETHCS. HE 30BCIM
KOpPEKTHUH Mepexij 0 BBEACHHS IOHATTS KBaipary
CepeIHbOr0 3HAYCHHSI IIBUIKOCTI, a OTIM 1 cepel-
HBOKBAJIPAaTHYHOT TIBUIKOCTI 3allO3WYMBIIN 11
y JI. Bonbsiimana. Ha nesiki aciektu mpoOieMu BKa-
3yBaJIH JIMIIIE OKpeMi BUCHI. € HEOJTHO3HAYHICTS 13
PO3MOIIOM Ta30BUX MOJIEKYIISIPHUX HIBHIKOCTEH
Ta iX TPAaeKTOpid, a BiMOBITHO IMITYJIbCY, THCKY,
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eHeprii Ta iH. Mu BBa)XaeMo, 110 IO TUTy TAHUITIO
HEOOX1/1HO PO3B’s3aTH, 1110 1 CKJIAJO MeTYy CTATTI.
Buxiiag ocHOBHOro mMartepiaJty J0C/IiI:KeHHsI.
Y OuIbIIOCTI HABYABHOI JIITEpaTypy PO3MOILT
MakcBerna 3a IBUAKOCTSIMU aHAITI3YEThCS 3a PIBHO-
B&KHOTO CTaHy rasy. Lle o3Hauae, 1110 4ucio Morne-
KyJI, INBUJIKICTb SIKMX ITPU 3ITKHEHHI 301IbIIYETHCS,
JIOPIBHIOE YWCITy MOJICKYJ, IMIBHIKICTh SKUX TIPU
3iTKHEHHI 3MeHIIyeTbesl. ToOTO, SKIIO Ta3 BHBe-
JICHO 3 PIBHOB)XHOTO CTaHY, TO PO3IO/ILI MOJEKYIT
3a MIBUIKOCTSIMH OyJie BIAPIZHATHCS BiJl PO3MOILTY
MakcBemmra. OmHAaK MOJEKYIM XaOTHYHO pyXa-
IOTBCSI 1 TIOCTIHHO 3IMITOBXYIOThCS. Uepes3 HeBelu-
KUH Yac ra3 3riHO 3 NPUHIIMIIOM CaMOOpraHi3arii
caMm co0O0I0 MEePeXoAUTh y CTaH PIBHOBArv. Takuii
nporec Oyne HemepepBHUM. Buxomsum 3 Takux
MIpKyBaHb MOKHA JIaTH BU3HAYCHHS MOHATTS Xao-
THUYHOCTI TETUIOBOTO PYyXy: PyX MOJIEKYJ a3y Xao-
TUYHHHA, SIKIIIO MOJIEKYJIN PO3MOIUISIOTHCS 32 IIBU/I-
KOCTSIMH y BIJITIOBIZTHOCTI 3 3akOHOM MakcBeJia.
JlolinbHO — 3OIMCHIOBATH  aHaji3  CKJIaJIo-
BUX MIBHAKOCTEH Yy pO3MOLT. 3arajibHOBiIOMa
(GYHKINST MaTeMaTHYHOTO PO3MOALTY MOJIEKYJ 32
MIBUJKOCTSIMH MakcBeia CKIaaeTbesi 3 TPhOX

CKJIaIOBUX: KOHCTAHTH HOpMaJi3alll kT
T

(BMBOIUTHCS 3 YMOBH HOPMYBaHHS j f (ox )d v, =1),

—00

MIBUAKOCTI (V?), €KCHOTEHIIaIbHOTO BUPA3y, KyIH
BXOJIUTh BUPA3 KIHETHYHOT CHEPTii.

P. ®nemiHr, sikuii 3aiiMaeTbCsI MOJIEKYJIIPHUM
MOJICTIIOBAaHHSAM JJIsl aHaJi3y MIBHIKOCTEH MoJe-
KyJI BUJLISAE TOHATTA 00’eM 3iTKHEHb V=[_AS, ne
[ — npoiineHnii IISX rPy I MOJIEKYJI, AS — mtorna,
Ha SIKy TOTPAIUISIOTH MOJIEKYJIH, Af — 4ac MpoxoI-
’KEHHSI MOJICKYJIOK) BU3HAUEHOTO MUISAXY i3 IIBH/I-
kicTio v .. Toxi V=v At AS, a KibKiCTh YaCTHHOK,
IO 3ITKHYTBCSA 3 IUIOMICI0 MEPENOHU CKJIaJa€
Wby Ly, v

sae

OauH 13 BIPTyaJIbHUX EKCHEPUMEHTAIbHUX
METO/IiB TPOCTOPOBOTO MOALTY YaCTHHOK 32 IIIBH/I-
KOCTSIMH 3aCHOBAHHI Ha BIUIMBI CHJIM TSOKIHHS
Ha JAJIBHICTh IOJIOTY MOJIEKYJ, IO BHJICTLIH,
HAMpHKIad, 3 MOCYIWHH. Pyx yacTMHOK y momi
CHIIM TSOKIHHSL € DPIBHOTPUCKOPEHHM. Y 3araib-
HOMY BUIAJKy MaJIbHICTh IMOJLOTY X YaCTUHKH,
IO BJIETJIa B JTOCIIHKYBaHE TIOJIE CHJIM TSHKIHHS
i KyTOM @ 710 TOPU30HTY HA BUCOTI /1, 3aJIC)KHUTh
Bix 1 mMOYaTKoBOI IIBHUAKOCTI V. MareMaTH4yHO
TaKUH PyX OMUCYETHCS PIBHAHHIMHU gx° — V? Sin2¢;

(Krobthong, 2015).

3ae
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x = 2hv’cos’. 3 uuX piBHSIHb BUILIUBAE, IO YUM
OlTbIIIa TIOYAaTKOBA MIBUAKICTH L PYXy YaCTUHKH
B IOJII CHJIM TSDKIHHS, THM Oinbmia 11 JanbHICTh
MOJBOTY X. 3a JaJbHICTIO MOJBOTY YaCTUHOK, IO
BIWJIETUIM 3 BUOKPEMJICHOI MOCYAMHHU Mi/l EBHUM

KyTOM [0 TOPHU30HTY, MOXXHAa pO3paxyBaTH ixHi

gx’

h+ hcos20. + xsin2o.
{06 vacTuHKa, IO BUJIETLIA 3 MMOCYAWHH, MTOTpa-
THJIa Ha TOPU30HTANIbHY JIUISHKY [X, , X ] TOTpiOHO,
o0 y TOCYIWHI IS YacTHKa Majia IIBUAKICTh
B OKOJIi [V, , v ]. BpaxoBy€eMo, 1110 PO3IOALIT MOJIE-
KyJ1 32 HIBUKOCTSIMH Y TIOCYAHMHI Ma€ BiAMOBIaTH
posmoaity Makcsenia.

Peanizaniss MeTroqy mpOCTOPOBOTO PO3MOILTY
YaCTUHOK, L0 MarOTh Pi3HI LIBUAKOCTI, 3a paxy-
HOK BIUIMBY CHJIM TSDKIHHS Ha JalIbHICTD MOJILOTY
OB’ 13aHa 3 HU3KOI0 TEXHIYHUX TPyAHOIIIB. Moe-
KYyJIM peajbHHUX ra3iB MalOTh BEIHKY CEpPEIHbOKBA-
JpaTUdHy MWBUAKICTH (v ~ 10°-10° M/c mpu Kim-
HaTHIi Temneparypi). [Ipu nboMy iXHS TaabHICTB
MOJILOTY B TIOJII CHJIM TSDKIHHS MOIJIa O CKIIACTH
~10*-10° M (y Bakyymi). Peamizarist uux ymMoB Hi
B HAayKOBiii, Hi B HaBUAJIbHIN 1abopaTopii HEMOXK-
nuBa. ToMy IOIIBEHO CKOPUCTATUCS BipTyaJIbHOIO
KOMIT IOTEPHOIO MOJICIUTIO JOCTiAY 3 IEMOHCTpaIlil
po3nozairy MakcBesia.

PosranryBaHHsT OTBOpY Ha IOBEpXHI CYyIUHU
(puc. 1) 103BOJISIE POIISIHYTH 11 OTHY OCOOTHMBICTD
3alPONOHOBAHOTO KOMIT FOTEPHOTO MeToxy. Po3rs-
HEMO BHUIAJIOK, KOJIU YaCTHHKH BUJIITAIOTh 3 TOCY-
JTWHU TOpu3oHTANBHO (o0 = 0). J{ampHICTH MOIBOTY
JIHIAHO 3aJEKUTHh BiI IIBUAKOCTI V. B iHImIMX
Bunaakax (o > 0) AajgbHICTh MOJBOTY 3aJEKHUTh Bifl
MOJIyJIsl IIBUAKOCTI HeMiHIHHO. ToOTO 0cepenky, po3-
TaIIOBAHOTO JIAJICKO BijJ MOCYIWHH, OyJe BiJIMOBI-
JlaTv OUTBIIHIA Tiaria30H MIBUAKOCTEH, HIXK OCEPEIKY

MIBUKOCTI B MOCYIUHI: L = \/

Puc. 1. IlpunnunoBa cxema gocainy
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Ti€l K JOBKUHM MOONIU3y cyauHu. LI ocoOnuBicTh
METO/ly HE MEpPEIIKODKAE OTPUMaHHIO iH(opmarii
PO CTATUCTUYHUN PO3MOALT 1 HE MEPEIIKOIKAE
OTPUMaHHIO 1H(OpMaIlii PO CTATUCTUYHHUI PO3MO-
JIT 4acTOK «ra3y» 3a mBHAKocTsMHU. Ha e HeoO-
XITHO 3BEpHYTH yBary, mo0 chopmyBatu TOBHE
VABJICHHS TIPO BUKOPUCTAHHS OOpPAHOTO METOLY.
Jlana xoMIT FoTepHa JJabopaTopHa poOOoTa Hala€ s
LOT0 HEOOX1THI TUIAKTAYHI MOXKJIUBOCTI.

JIis TATPUMKH TMOCTIHHOTO PO3MOALTY dYac-
TOK «Ta3zy» 3a MIBUAKOCTSIMH B MOCYIWHI 0OpaHa
MOJIEJIb TOBHICTIO HE B3a€EMOIIFOYHX OJTHA 3 OJTHOIO
MarepiabHUX TOYOK (3ITKHEHHS MK YaCTHHKAMH
BIJICYTHE), 1110 JI03BOJISIE YHUKHYTH EPEPO3NOALTY
KIHETUYHOI €Heprii MK YacTHUHKaMH B TIOCYIHHI
MICJISI TOTO, SIK YaCTUHA YaCTUHOK MOKUHYJA MOCY-
TuHY. B yMoBax KoM’ FOTepHOI peaizarii i1eains-
HOT TEOPETUYHOT MOZIEII IILOTO JIETKO AOCATTH.

Peanizarniss imei BipTyaJIbHOTO €KCIEPUMEHTY
TPYHTYETHCS Ha BIJIOMHX TEOPETHYHUX Ta IpaK-
TUYHUX BHCHOBKAX: Ma€MO i/1eabHUH Ta3; BijoMi
eKCIIEpUMEHTAIbHI PEe3ylIbTaTH 3HAYEHb Cepe/l-
HbOAPU(DMETHYHOI, CepeIHbO-KBAJAPATUYHOI Ta
HMOBIPHICHOI IIBHUAKOCTEH; peaJbHUM € CTBO-
pPEeHHS MOCTIMHOI KOHIIEHTpAIlil ra3y B MOCYIUHI;
PYX MOJIEKYJ y TOCY/IHHI € PIBHOHMOBIpHUM.

TonoBHOIO YacTHHOMO (DI3UYHOT YACTHHU MO
KOMIT'IOTEPHOT ~ €KCIIEPUMEHTAJIbHOI ~ YCTAaHOBKH
€ TIOCY/IHA 3 Ta30M, HANPHKJIaj, BOISHOIO Mapolo,
BYIJIGKUCIIUM Ta3oM, a30ToM Tomio. KoxkHa rpymna
PYXOMHX MOJIEKYJ CTBOPIOE THCK Ha CTIHKH TOCY-
JvHU. SIKIo y Takid mocyauHi 3pOOMTH TOHKHI
OTBIp, TO Yepe3 HhOTO TMEPHEHANKYISIPHO 10 TUIO-
IIMHA TIOCYAMHH OyJie BUXOOUTH YaCTUHA MOJIEKYI
1 pyxarucs y npoctopi. 1I{o6 He mopymryBaru pis-
HOBary B KUIBKOCTI MOJIEKYN Y MOCYIUHI JIOLUTBHO
CTBOPUTHU YMOBH JIJIsI 1X TTIOTIOBHEHHS1. 30KpeMa, SIKIIO

Puc. 2. 3o0paxennst pyxy
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BUKOPHCTAaTH BOMSHY Tapy SK ileanbHHUil ras, TO
TIOTIOBHEHHSI MOJICKYJI MO>KHA 3a0€3ME€YUTH OMIIIIeH-
HSIM y TIOCYAMHY YaCTUHHU BOJH, sIKa Oy/ie BUIIApOBY-
Barucs. [lys 3a0e3reueHHsT He3MiHHOT KOHIIEHTpaITii
YaCTUHOK BOJISTHOI MapH y TIOCYAMHI HEOOXiTHO TTijI-
TPUMYBATH ITOCTIHHICTh HOTO TeMIIepaTypu.

JlocniiHa yacTUHA HonArae y HacTynHomy. st
CIIPOLIEHHS MU 00pajy BapiaHT TOPU30HTAIBHOTO
PYyXy 4acTHHOK, Ji¢ JAJIbHICTh MOJIbOTY Oyae mpo-
MOPLIHHO MBUAKOCTI. B iHIMX BUMaakax Taka
3alexHICTh He Oyae mnpomnopuiiiHow. YactuHa
PYXOMHX MOJIEKYJ 4Yepe3 OTBIp y MOCYAMHI BHIII-
TalOTh B HaBKOMMIIHIN mpocTip. 11lo6 yTBOpHBCS
BY3bKHI 1 TOPH30HTAIBFHO CHPSIMOBAHUN IYYOK
MOJIEKYJI CKOPUCTAEMOCST OOMEKYBaJILHUMU Tiad-
parmMaMu: TOMAapHUMHU TapajeIbHUMH TUIACTHH-
KaMH — OJIHY Iapy TOPH30HTAIEHO PO3MILIICHUMH,
a IpyTy — BepTUKaIbHO (puc. 1).

Po3rnsimaemMo Ty 4YacTMHY BHIUICHOTO ITydYKa
MOJIEKYJ, SIKI MPOHILIM cBOepiaHui BiaOip niad-
parMamMu Ta MOTPANIN Y TOJIe 36MHOTO TSDKIHHS.
3aB/ISIKH Pi3HINA HIBUIKOCTI MOJIEKYIIM MAIOTh Pi3HY
KIHETUYHY €HEprio, a TOMY 1 Pi3HY TPAaEKTOPil0
pyxy (puc. 2). Maemo KJIacHUYHHI BUNAJ0K PYXy

TiJa TOPU30HTAJIBHO.

2H
3a popmynoro L =v, |— = Cv, BU3HAYAETHCA

g
JABHICTD TOJIBOTY MOJIEKYIIH, 10 BUJIITAE 3 ITOCY-

JMHU TOPU30HTAIBHO 31 IMIBUIKICTIO v, i JTi€ro
cwm Tsokiaas (Kuxapes, 2017). Bupas mig kope-
HEM € [TOCTIIHOI0 BETMYHUHOIO 32 HE3MIHHOT BUCOTH
ta no3HaueHud C. Tak sK IMIBUIAKOCTI MOJIEKYI,
SKI BWJIITAIOTh 3 OTBOPY MOCYAMHH IiJUIATAIOTh
posmnoaity MakcBesia, TO JOIIBHO BU3HAYHUTH
JTANIbHICTD MOJIBOTY MOJIEKYJ, II0 OKPEMO MaroTh
CepeHbOAPU(PMETHYHY,  CEPEIHBOKBAAPATUYHY
Ta HaWOLIBII WMOBIPHY MIBUAKOCTI. Temmeparypy
3a0e3neyy€eMo HE3MIHHOIO.

Jns peectpamii 4acTHHOK, IO MAJalOTh Ha
TOPH30HTAJIBHY IUIONIMHY, & BIAMOBIAHO 1 Jaib-
HICTh TIOJBOTY € JCKiIbKa crmocobiB. BizbMemo
3a poboue Tijio BOASHY mapy. Bupikemo 3 mpomo-
KaJbHOTO Tarepy HpsSMOKYyTHY (opmy i moxpu-
€MO ii pe4oBHHOIO, SIKA MPU B3AEMOJIT 3 BOASHOIO
Naporo 3MiHIOE CBiif Kojip abo MpPOCTO 3MOdy-
€TbCsl. Y Takui cnocid BHOKPEMITIOEMO TIIOLLY
JIOCITIDKYBAHOT TIOBEPXHi, MICIle, KY/IH ITOTPAITHITN
YaCTUHKH, KA MOKa3ye I'YCTUHY PO3MOALTY iX Ha
uid nmosepxHi. HailOinpi rycrimmii map npumna-
Jla€ Ha 4acTHUHY MOBEPXHI 3 HAHOUIbLI IMOBIPHOIO
LIBUKICTIO, 3711Ba MOBEPXHS, KyIU MOTPAIUISIIOTH
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Puc. 3. Po3nonin mosiekys Ha NJIOIUMHI

YaCTUHKH 3 CEPeHbOAPU(PMETHIHOIO, a CIpaBa —
3 CPEeIHBOKBAAPATUYHOIO MBUIKICTIO (puc. 3).

AHamii3 olepkaHuX Y BIPTyaJlbHOMY JIOCIHIJ1
JAHWX TIOKA3y€ TOCUTh BUOKPEMIICH] TPU YaCTUHH:
3J1iBa OCiIaI0Th MOJIEKYJIH 3 CEpeIHbOAPHUPMETHY-
HOIO IIBHJIKICTIO, B CEPE/IHINA YaCTHHI — HAHOLIBIII
HMOBIPHICHOIO 1 CllpaBa — CepeIHbOKBAPATHY-
HOIO IIBHJIKICTIO, 10 SIKICHO MiATBEP/DKYE Mare-
MaTU4Hy MOJIEJb PO3MOALTY MOJeKya MakcBeia.

['onoBHe BUALIMTH MicLis, Kyau OyayTh IOTpa-
IUIATH MOJICKYJIH, 1[0 MAlOTh Pi3HY IIBHKICTb.
BipTyanbHi mocmimd  MOXKHA  3allpPOINOHYBATH
Cy0’€KTaM HaBYAHHS IS PI3HUX pedoBUH. Tak Juis
azory 28,0134 r/monb, cepeaHboapudmeTnyHa
MIBUJKICTh A0OpiBHIOE 476,28 M/C, cepemHbOKBa-
JpaTU4HA MBUAKICTH — 516,82 M/c; HaltOiTbIIT iiMO-
BipHicHa —422,8 m/c. [lna Byriexkucinoro razy CO, —
44,01 r/momnb, cepenapoapudmernana — 363 wm/c,
CepeIHbOKBaIpaTUIHA 410 w/c, HaHOUIBII
fimoBipHicHa — 557 m/c; kucenb O, — 32 r/moib,
cepenaboapupmeTnaHa — 425 M/c, cepenHbOKBa-
npatuuHa — 480 m/c, HaWOLIBII HMOBiIpHICHA —
393 m/c; noBitpst — 29 1/MOIb, cepeaHbOAPHPME-
tuaHa — 467 M/c, cepenHpokBaparuaHa — 508 m/c,
HaiioupII fiMoBipHicHA — 414 M/c; BongHa mapa —
18,016 r/momb, cepenHboapudmeTnuHa — 566 m/c,
cepenHboKBaaparnyHa — 640 m/c, HAMOLIBIT MO-
BipHiCcHa — 525 m/c.

BHCHOBKH 1 mepcneKTHBM MNOJAJIBIINX
AOCJIiIKeHb. 3aporoOHOBaHl BIpTyasbHi JOCITIIN
MOYKHa BUKOHATH B KOMI I0TepHOMY BapiaHTi. Kox
nporpaMu He € ckiagHumu. Onepxani pe3yabTaT
MPOMOHOBAHOTO BapiaHTy MOCIHITy € MEPEeKOHIIH-
BHMH y HAOUHOMY 300paK€HH1 pO3MOALTY MOJIEKYI
3a MIBUJIKOCTSIMH, HAOYHO PO3KPUBAIOTH (Pi3WIHHIA
3MICT cepeTHbOapU(PMETHIHOT, HAHO1JTBIIT HMOBIp-
HOI Ta CepeTHbOKBAIPATUYHOI IIBUIKOCTEH.

VY momanpmoMy AOCTiIKEHHS IOLIIBHO IPO-
BOJMTH B HANpPSIMKy MOJIEpPHi3allii Takoro BHUIY
JOCIITIB Ta 3’sacyBaHHS (i3UYHOT CyTI IMOHATH
IMITYJIBCY, TUCKY KIHETUYHOI €HepTii MOJIEKYII Tazy.
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The problems of evolution the cybernetics and computer science are analysed. Short historical analysis of this problem
is represented. It includes Greek abacus and the Peruvian system of nodal counting. The role of Blaise Pascal and Wilhelm
Leitzbnitz in establishing the foundations of computer science is noted. The next stage in the development of computer
science was the research of Charles Babbage and Lady Ada Lovelace. It was Ada Lovelace, who initiated the programming
procedure. The concept of cybernetics as the management of ships originated in Greece. In the 19th century, it was
formulated as a science of management by J. Ampere and B. Trentowski. It was completed by N. Wiener, according to whom
cybernetics is the science of control in the living and non-living world. Later, cybernetics became the basis of computing.
In its bowels, the theory of automatic regulation was expanded and the foundations of modern information theory were
Jformulated. As F. George showed, cybernetics is a synthetic science that includes a number of sciences that are needed to
solve the relevant problem. Research has been conducted on the development of the hardware base of modern cybernetics
and computer science: from pebbles, nodules and bones to modern optoelectronic systems. Modern computer science has
a somewhat broader meaning as defined by N. Wiener. The main task of modern computer science is the formalization
of the thesis of the Canadian philosopher L. Hall "Everything that comes from the head is intelligent". In this case, along with
the elementary base, programming received significant development. Along with narrow-profile programming languages
(Fortran, Pascal), the system programming languages C and cross-hierarchical programming (Python have been created).
The structure of computer science has also changed significantly. The further development of computer systems is obviously
related to the reduction of time and simplification of the procedure for obtaining the necessary information and including
the real physical processes in the procedure of computation. Possible ways of implementing this are also discussed.
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OCHOBHI TPOBJIEMH PO3BUTKY KOMII'IOTEPHUX HAYK
TA HEOBXIJTHICTb BKJIIOYEHHSA ®I3BUYHUX ITPOLECIB

Ananizyromocs npobnemu egonoyii kKibepnemuxu ma inghopmamuxu. Ilooano kopomxuil icmopudHutl ananiz yiei npo-
onemu. Cloou 6xo0ums epeybka paxieHuys, nepyancbka cucmema niopaxyHxy 8yanie. Biosnauacmocs pons bnesa Ilackans
i Binveenvma Jlsiibuiya y cmeopenni ochos ingopmamuxu. Hacmynuum emanom y po3eumxy ingpopmamuxu cmanu 00Ci-
Oacennsi Yapnwsa Bebbionca ma nedi Aou Jlasnetic. Came Aoa Jlasneiic iniyiioeana npoyedypy CmeopeHHs npocpamy-
sanns. [lonamms xibepnemuku Ak ynpaeninnus kopabnamu eunukio 6 I peyii. Y 19 cmonimmi éona dyna cpopmynvosana
K Hayka npo ynpaeninua Jjc. Amnepom i b. Tpenmosgcvxum. Hoeco 3asepuue H. Binep, 32i0Ho 3 axum, KibepHemuka —
ye HayKka npo YRPAeNiHHA JHCUBUM i Hexcusum ceimom. Ilisniule Kibepremuxa cmana 0CHO8010 00UUCTIO8ANHOI MeXHi-
Ku. B ii Hadpax Oyno po3uwupeno meopin asmomMamuiuHo2o pecyiio8ants ma cQopmyibO8aHO OCHOBU CYYACHOI meopii
inghopmayii. Ax noxasas @. [copooic, Kibephemura € CUHMEMUYHOI HAYKOIO, IKA 6KIIOYAE PO HAVK, HEOOXIOHUX O
PO38’s13aHHA 8I0N0GIOHOI npobremu. 1Iposedeno 00CaioxiceHHs w000 PO38UMKY anapammuoi 6asu cyuacHoi Kibephemuxu
ma ingopmamuxu: 6i0 KaAMIHUUKI6, 8Y3MUKIE I KICMOK 00 CydacHuX onmoenekmporuux cucmem. Cyyacha ingopmamuxa
Mae dewjo wupwe 3navenns 3a gusnavennam H. Binepa. Ocnoenum 3a80anusam cyyachoi ingpopmamuxu € ghopmanizayis
me3u Kanaocvkozo @inocogha JI. Xona «Bce, wo tide 6i0 eonosu, € posymuumy. Ilpu ybomy nopsao 3 eremeHmapHorn
0a3010 3HauHULl PO3GUMOK OmMpuUMano npozpamysanus. Ilopao 3 gyzvkonpoghinernumu mosamu npozpamysanns (Fortran,
Pascal) 6ynu cmeopeni mosu cucmemnozo npoepamyeanns Co C** i mixciepapxiunozo npoepamysanus (Python). 3nauno
aminunacey i cmpykmypa komn tomepnux Hayk. Ilooanvuiuil po3eumox Komn 10mepHux cucmem, 04e8UOHO, N08 A3aHUll
31 CKOPOUEHHAM Yacy ma CRPOWeHHIM Npoyedypu OMmpUManis HeobXionoi ingopmayii i 6KII0OUeHHS PeanbHUX Qi3UdHUX
npoyecis y npoyedypy obuuciens. Taxkoe 062060prI0OMbCs MONCIUBT WAxY il peanizayii.

Kntouogi cnosa: cunmes, xibeprnemuxa, ingpopmamuxa, wmyyHuil inmenexm, cUCmMeMHUl ananis, norimMempudHull
ananis, npunyun Moiceesa, Ilaiimon.
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Introduction. When delving into the core issues
of evolution in cybernetics and computer science,
we must consider several key aspects: computation
problems, the organization of these calculations,
and the potential applications thereof. These facets
are intricately linked to the level of civilization's
development throughout history, persisting to var-
ying degrees across epochs. Hence, our explora-
tion of the evolution of cybernetics and informatics
will be anchored in this perspective.

A concise historical examination is imperative,
encompassing a wide array of civilizations such as
Ancient Egyptian, Sumerian, Indian, Chinese, and
others. This journey traverses mythological narra-
tives, Pythagorean theories, Plato's philosophical
constructs, as well as practical systems like the
Greek abacus and the Peruvian nodal counting sys-
tem [Trokhimchuck, 2021; History, 2023].

Acknowledgment is due to Blaise Pascal and
Wilhelm Leitzbnitz for their seminal roles in lay-
ing the groundwork for computer science. Their
contributions, highlighted in various sources
[Trokhimchuck, 2021; George, 1976], set a crucial
precedent.

Following in the footsteps of computer science
pioneers, Charles Babbage and Lady Ada Lovelace
embarked on groundbreaking research, with Love-
lace's introduction of programming procedures
marking a significant milestone in this narrative
[George, 1976].

The genesis of cybernetics, initially conceived
as ship management in Ancient Greece, evolved
into a formal science in the 19th century, notably
formulated by F.-M. Ampere and B. Trentowski
[Trokhimchuck, 2021; Computing, 2023]. N. Wie-
ner further elaborated on cybernetics, defining it as
the science of control in both living and non-living
systems [Trokhimchuck, 2020; Trokhimchuck,
2021]. This discipline later formed the founda-
tion of computing, nurturing the growth of auto-
matic regulation theory and modern information
theory. As elucidated by F. George [5], cybernet-
ics emerges as a synthetic science, amalgamating
various disciplines necessary to tackle pertinent
problems.

Research efforts have been dedicated to the
hardware evolution of modern cybernetics and
computer science, spanning from rudimentary
materials like pebbles, nodules, and bones to con-
temporary optoelectronic systems [Trokhimchuck,
2021, History, 2023].
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Modern computer science, as articulated by
N. Wiener [Trokhimchuck, 2021], encompasses a
broader spectrum of meanings. Its primary objec-
tive lies in formalizing the thesis of Canadian phi-
losopher L. Hall, asserting that "Everything that
comes from the head is intelligent" [ Trokhimchuck,
2020; Trokhimchuck, 2021]. This evolution has
significantly advanced programming, evident in
the development of specialized languages like For-
tran and Pascal [History, 2023], alongside system
programming languages such as C and cross-hier-
archical programming like Python [Zamuruyeva,
2018; Zamuruyeva, 2020].

The structural landscape of computer science
has undergone significant transformations, closely
linked to the quest for reduced time and stream-
lined procedures in acquiring necessary informa-
tion [Trokhimchuck, 2021]. Potential implementa-
tion avenues for these advancements are also under
discussion.

Main Results. The roots of computer sci-
ence extend far back in history, often manifest-
ing in disciplines like mathematics and physics
long before the formal establishment of the field
[History, 2023]. These early developments, rang-
ing from mechanical inventions to mathematical
theories, laid the groundwork for what we now
recognize as computer science. This progression
ushered in a major academic domain, significant
technological leaps across the Western world,
and the foundation of a global trade and cultural
exchange network.

An exploration into the evolution of comput-
ing methods and systems inevitably commences
with ancient civilizations [ Trokhimchuck, 2021].
In Ancient Egypt, for instance, the groundwork
for algebraic principles was laid, alongside the
creation of a universal coded system of cal-
culations known as the tablet of the god Thoth
[Trokhimchuck, 2021]. This tablet, attributed to
the deity Thoth, played a pivotal role in teach-
ing Egyptians counting, writing, and agricultural
practices, akin to a rudimentary form of compu-
tational instruction.

Ancient Sumer contributed significantly to early
computational knowledge, with developments
ranging from spherical geometry and astrology to
matrix arithmetic and the invention of the abacus
[Trokhimchuck, 2021]. The abacus, in particu-
lar, emerged as the earliest known computational
tool, originating between 2700 and 2300 BCE.
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Sumerians devised a primitive form consisting of
successive columns, delineating orders of magni-
tude within their sexagesimal number system. Ini-
tially employed with pebbles on sand-drawn lines,
the abacus has evolved into more modern itera-
tions, including the Chinese abacus still utilized
today [Trokhimchuck, 2021; History, 2023].

In the 5th century BC, Ancient India witnessed
the remarkable feat of the grammarian Panini, who
meticulously crafted the Sanskrit grammar into
959 rules encapsulated within the Ashtadhyayi.
Panini's work was characterized by its high degree
of systemization and technical precision, employ-
ing metarules, transformations, and recursions
[History, 2023].

The renowned phrase "Numbers rule the world"
is attributed to Pythagoras, whose school delved
deeply into numerical concepts. The Pythago-
rean tradition, serving as a nexus between various
ancient systems, synthesized elements of the eso-
teric Egyptian rituals with the more overt tradi-
tions of Sumer and India [Trokhimchuck, 2021].
German archaeologists in 1980-8 uncovered cities
featuring octagonal and semi-octagonal structures,
dating back to the 6th — 5th centuries BC, possibly
indicating the presence of the enigmatic Pythago-
reans [Trokhimchuck, 2021].

Plato, the eminent philosopher, held mathemat-
ics in high regard, emphasizing its significance in
his philosophical framework. His categorization
of numbers marked an early attempt to systemize
existing knowledge through mathematical princi-
ples. According to Plato, numbers could be clas-
sified into three types: mathematical (representing
pure mathematics), sensory (applied mathemat-
ics), and ideal (pertaining to numerology and the
numerical encoding of information, from a mod-
ern perspective) [Trokhimchuck, 2020; Trokhim-
chuck, 2021].

The classifications of Aristotle and Euclid played
a significant role in the development of modern
science. Thanks to Aristotle, the classification of
modern sciences began and the foundations of for-
mal logic were developed, which was the comple-
tion of the works of Socrates and Plato [Trokhim-
chuck, 2021]. From this point of view, formal logic
can be considered formalized rules for conducting
a dispute. Euclid first classified mathematical dis-
ciplines and created an axiomatic method of their
description, which is practically relevant in suc-
cessful mathematics [Trokhimchuck, 2021].
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The establishment of science was signifi-
cantly influenced by the organizational structure
of the Alexandria Museum, founded in Alexan-
dria, Egypt by a confidant of Alexander the Great
[Trokhimchuck, 2021]. Spanning from the 3rd
century BC to the 4th century AD, this institu-
tion served as a bastion for the advancement of
Hellenic culture, fostering scientific development
along the philosophical lines delineated by Plato
and Aristotle, the latter being a mentor to Ptolemy
[History, 2023].

An early marvel of mechanical ingenuity, the
Antikythera mechanism, is believed to have func-
tioned as an analog computer, facilitating astro-
nomical calculations. Discovered in 1901 amidst
the wreckage off the Greek island of Antikythera,
this device has been dated to approximately
100 BC [History, 2023].

The legacy of the Alexandria Museum found
continuity within the Muslim world, spanning
regions such as the Baghdad Caliphate, Merage,
Morocco, Cordoba, and Granada [Trokhimchuck,
2021]. Islam, under the teachings of Mohammed,
advocated for universal learning, fostering an
environment more conducive to scientific inquiry
compared to medieval Christianity. It was during
the Renaissance that these traditions experienced
a resurgence within Christian territories, partly
due to the Crusades and cultural exchanges with
the Islamic world [Trokhimchuck, 2021]. Notably,
Greek Alexandrian manuscripts were translated
into Latin not directly from Greek but via Arabic
translations [ Trokhimchuck, 2021].

The resurgence of mechanical analog comput-
ing emerged in the medieval Islamic world, where
Muslim astronomers such as Abti Rayhan al-Biriint
and Jabir ibn Aflah developed intricate devices like
the mechanical geared astrolabe and the torquetum
[History, 2023]. Additionally, Muslim mathema-
ticians made significant strides in cryptography,
including advancements in cryptanalysis and fre-
quency analysis attributed to figures like Alkin-
dus. Further innovations included programmable
machines like the automatic flute player, attributed
to the Banii Miisa brothers [History, 2023].

The early exploration of cybernetic principles
saw the contributions of notable figures such as Su
Song, Heron of Alexandria, and Ctesibius, with the
latter credited for inventing the first artificial auto-
matic control system in the form of a water clock
[History, 2023]. However, it was in Europe where
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the foundations of modern computing science and
its ideological underpinnings were further devel-
oped [Trokhimchuck, 2021; History, 2023].

Remarkable advancements in mechanical
engineering emerged in the 12th century with the
construction of the first mechanical robot capable
of articulating basic words by R. Bacon [Trokh-
imchuck, 2021]. Subsequently, in 14th century
Europe, technological artifacts of comparable
complexity emerged, exemplified by the creation
of mechanical astronomical clocks [History, 2023].

The advent of logarithms by John Napier in the
early 17th century marked a significant milestone,
prompting a surge in innovation among inventors
and scientists in the realm of computational tools.
In 1623, Wilhelm Schickard conceived a calculat-
ing machine, although his project was tragically
thwarted by a fire in 1624 [History, 2023]. Blaise
Pascal continued this trajectory by designing a
mechanical adding device circa 1640, inspired
by the work of the ancient mathematician Hero
of Alexandria [History, 2023]. Gottfried Wilhelm
Leibniz furthered these endeavors with the inven-
tion of the Stepped Reckoner in 1672, culminating
in its completion in 1694 [History, 2023].

The 17th century witnessed the formulation of
foundational rules for constructing theories, exem-
plified by Descartes' method and Newton's four
rules of inference in physics, akin to the proce-
dure of Euclidean axiomatization [Trokhimchuck,
2021]. This development facilitated the realization
of R. Bacon's assertion that "science is as much
science as there is mathematics in it" [Trokhim-
chuck, 2021].

Charles Babbage stands out as a pivotal figure
in the annals of computing history, often hailed as
one of its earliest pioneers [George, 1976]. Begin-
ning in the 1810s, Babbage conceived a vision of
mechanized computation, leading to the design of
a calculator capable of computing numbers up to 8
decimal points in length [George, 1976]. Expand-
ing on this concept, Babbage envisioned a machine
capable of computing numbers with up to 20 dec-
imal places, culminating in his proposal for the
"Analytical Engine" by the 1830s [George, 1976].
This visionary device, utilizing punched cards for
arithmetical operations and employing sequential
control, represented the first true manifestation of
the modern computer [George, 1976].

Ada Lovelace, also known as Augusta Ada
Byron, is acclaimed as the trailblazer of computer
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programming, esteemed for her mathematical
prowess. Collaborating with Charles Babbage as
his assistant during his endeavor with the "Analyt-
ical Engine," the first mechanical computer, Love-
lace made significant contributions to the nascent
field [George, 1976]. Notably, she devised the first
computer algorithm, capable of computing Ber-
noulli numbers, although the precedence of algo-
rithm design is subject to debate, as Babbage had
earlier designed the difference engine and corre-
sponding algorithms based on differences [George,
1976]. Additionally, Lovelace foresaw the future
capabilities of computers, envisioning them not
only as calculators but also as manipulators of sym-
bols, whether mathematical or otherwise. Despite
her untimely passing before witnessing the fruition
of her ideas, Lovelace's pioneering efforts from the
1840s onwards left an indelible mark on the field
[George, 1976].

Subsequent to Babbage's work, Percy Ludgate,
a clerk to a Dublin corn merchant, independently
conceived a programmable mechanical computer,
which he documented in a publication in 1909
[History, 2023]. Further advancements drew inspi-
ration from Babbage's legacy, exemplified by the
endeavors of Leonardo Torres Quevedo and Van-
nevar Bush [History, 2023]. Torres Quevedo pro-
posed an analytical electromechanical machine
controlled by a read-only program, introducing the
concept of floating-point arithmetic. In 1920, he
presented the Electromechanical Arithmometer in
Paris, featuring an arithmetic unit connected to a
typewriter for automatic command input and result
printing. Bush, in his work "Instrumental Analysis"
(1916), explored the adaptation of IBM punch card
machines to realize Babbage's designs, and subse-
quently initiated the Rapid Arithmetical Machine
project in pursuit of an electronic digital computer
[History, 2023].

The evolution of electronic computing gained
momentum in the 1930s with the emergence
of switching circuit theory, heralding a depar-
ture from ad hoc electrical engineering practices
[History, 2023]. Through a series of papers pub-
lished between 1934 and 1936, luminaries such
as Akira Nakashima, Claude Shannon, and Viktor
Shetakov demonstrated the applicability of two-
valued Boolean algebra in describing the oper-
ations of switching circuits [History, 2023]. This
seminal concept laid the groundwork for elec-
tronic digital computers, providing the theoretical
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framework for digital system design across diverse
domains of modern technology.

During his undergraduate philosophy studies,
Shannon encountered the work of George Boole,
realizing its applicability in arranging electrome-
chanical relays, commonly used in telephone rout-
ing switches, to solve logic problems. This insight
formed the basis of practical digital circuit design,
gaining widespread recognition within the electri-
cal engineering community during and after World
War II [History, 2023].

The advent of digital machines, unbound by
physical constraints inherent in analog devices,
facilitated the development of logical computers
capable of executing tasks describable as "purely
mechanical." Alan Turing's theoretical construct,
the Turing Machine, emerged as a pivotal device
for studying the properties of such hardware [Com-
puter, 2023; Computing, 2023; History, 2023].

The inception of modern computer science saw
its mathematical foundations laid by Kurt Godel
with his incompleteness theorem in 1931 [Trokh-
imchuck, 2021]. Gédel demonstrated the inherent
limits of formal systems in proving or disproving
propositions, prompting further exploration into
defining and describing these systems, including
the introduction of concepts such as mu-recursive
functions and lambda-definable functions [His-
tory, 2023].

In 1936, Alan Turing and Alonzo Church inde-
pendently, and collaboratively, formalized the con-
cept of an algorithm and its computational limits,
alongside proposing a model for "purely mechan-
ical" computation [Computer, 2023; Computing,
2023; History, 2023]. This seminal contribution
culminated in the formulation of the Church-Tu-
ring thesis, positing the capabilities of mechanical
calculation devices, such as electronic computers,
to perform any feasible calculation provided ade-
quate time and storage resources.

Alan Turing's profound impact on computer
science extended to the publication of his seminal
work on Turing machines in 1936, introducing the
Universal Turing machine, which laid the ground-
work for modern computers. Turing machines,
abstract digital computing devices, pioneered the
concept of the stored program, defining the scope
of computability within established limitations
on computing ability. Tasks solvable by a Turing
machine are deemed Turing computable [Com-
puter, 2023; Computing, 2023; History, 2023].
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Stanley Frankel, a physicist at Los Alamos,
underscored John von Neumann's recognition of
the pivotal significance of Turing's 1936 paper.
Von Neumann, well aware of its importance around
1943 or 1944, introduced Frankel to the paper and
urged him to study it diligently. Although von
Neumann is often lauded as the "father of the com-
puter" in the modern sense, Frankel emphasized
that von Neumann himself would reject such a
claim, attributing the fundamental conception to
Turing [History, 2023].

John V. Atanasoff's contribution to computing his-
tory is marked by the creation of the Atanasoff-Berry
computer, recognized as the first electric digital
computer. Constructed between 1939 and 1942 on
the Towa State campus by Atanasoff, a professor
of physics and mathematics, and Clifford Berry, an
engineering graduate student, this pioneering device
laid the groundwork for subsequent developments in
electronic computing [History, 2023].

Konrad Zuse's pioneering work further
advanced the field of computing with the develop-
ment of the Z3 in 1941, hailed as the world's first
functional program-controlled computer. Demon-
strated to be Turing-complete in principle by 1948,
the Z3 showcased Zuse's innovative prowess in
computer engineering. Additionally, Zuse's contri-
butions extended to the creation of the S2 comput-
ing machine and the development of the Z4, rec-
ognized as the world's first commercial computer.
Zuse's legacy is further enriched by his design of
the Plankalkiil, the first high-level programming
language, in 1946 [History, 2023].

The completion of the Manchester Baby in
1948 marked a significant milestone in electronic
computing history, as it became the world's first
electronic digital computer capable of running pro-
grams stored in its memory, a feature characteristic
of modern computers. Max Newman's influence,
stemming from Turing's seminal work on Turing
Machines and his logico-mathematical contribu-
tions, played a crucial role in the successful devel-
opment of the Manchester Baby [History, 2023].

Britain's National Physical Laboratory fur-
thered Turing's philosophies with the completion
of the Pilot ACE in 1950, a programmable com-
puter based on Turing's principles. With an oper-
ating speed of 1 MHz, the Pilot Model ACE held
the distinction of being the fastest computer glob-
ally for a period. Turing's design for ACE fore-
shadowed elements of modern RISC architectures
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and featured a high-speed memory comparable in
capacity to early Macintosh computers, setting it
apart from its contemporaries [History, 2023].

Claude Shannon played a pivotal role in the
establishment of information theory [Trokhim-
chuck, 2021]. The genesis of the term "computer
bug" traces back to an actual moth found lodged
between the relays of the Harvard Mark II, although
the attribution of the term to Grace Hopper is erro-
neous. Accounts vary regarding the date of this inci-
dent, with some indicating September 9, 1945, and
others citing September 9, 1947, when operators
officially logged the occurrence [History, 2023].

The interdisciplinary field of cybernetics inte-
grates diverse disciplines such as control systems,
biology, neurology, and mechanical engineering.
Engineer Harold Black's seminal contributions in
1927, outlining the use of negative feedback to
control amplifiers, laid the groundwork for elec-
tronic control systems, later applied in military
applications during World War II [Trokhimchuck,
2021; History, 2023]. The formalization of cyber-
netics as a distinct field emerged around 1940, cata-
lyzed by the works of eminent scientists including
W. Ashby, W. Walter, McCulloch, and N. Wiener
[Trokhimchuck, 2021, History, 2023]. Notably,
John von Neumann's addition of the concept of cel-
lular automata and self-reproduction significantly
advanced cybernetics. Often hailed as the father of
cybernetics, N. Wiener published the seminal book
"Cybernetics" in 1948 [Trokhimchuck, 2021].

A rudimentary schema of cybernetics as a syn-
thetic science is depicted in Figure 1 [George, 1977].

_ Logic
N
Psychology
\

\\“. - ‘\ CYBERNETICS
ki

W
YN

§\\\\\\\S\_ —

Electrical engineering

Physiology

Fig. 1. A scheme that roughly illustrates the areas
of intersection of the main disciplines that feed
cybernetics [George, 1977]
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Certainly, the synthesis of cybernetics has
evolved over time, branching into various domains
such as physical cybernetics, economical cybernet-
ics, and more [Trokhimchuck, 2021].

The term "artificial intelligence" was coined by
John McCarthy to encapsulate the research under-
taken for a proposal at the Dartmouth Summer
Research Project in 1955 [Nillson, 1998; Nillson,
2010; Computer, 2023; Computing, 2023; Ifrah,
2021; Koetsier, 2001; Rendall, 1982; O’Regan,
2016]. This terminology marked the birth of a new
field in computer science. The research project, ini-
tiated by McCarthy, Marvin L. Minsky, Nathaniel
Rochester, and Claude E. Shannon, officially com-
menced in 1956, comprising several significant
components aimed at elucidating the nature of arti-
ficial intelligence [Nillson, 1998; Nillson, 2010;
Computer, 2023; Computing, 2023; Ifrah, 2021;
Koetsier, 2001; Rendall, 1982; O’Regan, 2016].

The foundational idea behind automatic com-
puters, as envisioned by McCarthy and his col-
leagues, was rooted in the notion that if a task
could be performed by a machine, then it should
be achievable through the compilation of a corre-
sponding program [Nillson, 1998; Nillson, 2010;
Computer, 2023; Computing, 2023; Ifrah, 2021;
Koetsier, 2001; Rendall, 1982; O’Regan, 2016].
However, they recognized the immense complex-
ity of the human brain, which posed challenges in
replicating its functionality through programming
[Nillson, 1998; Nillson, 2010; Computer, 2023;
Computing, 2023; Ifrah, 2021; Koetsier, 2001;
Rendall, 1982; O’Regan, 2016].

Their approach involved examining how
humans comprehend language and sentence struc-
tures, and then devising algorithms to emulate
these processes within a machine [Nillson, 1998;
Nillson, 2010; Computer, 2023; Computing,
2023; Ifrah, 2021; Koetsier, 2001; Rendall, 1982;
O’Regan, 2016]. However, this necessitated a pro-
found understanding of hardware-level language,
typically expressed in binary code, to impart the
requisite ruleset for executing specific tasks [Nill-
son, 1998; Nillson, 2010; Computer, 2023; Com-
puting, 2023; Ifrah, 2021; Koetsier, 2001; Rendall,
1982; O’Regan, 2016].

Minsky's exploration delved into organizing
artificial neural networks to emulate human brain-
like qualities, yet he encountered limitations in
achieving comprehensive results, indicating the
need for further research in this area [Nillson,
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1998; Nillson, 2010; Computer, 2023; Computing,
2023; Ifrah, 2021; Koetsier, 2001; Rendall, 1982;
O’Regan, 2016]. Similarly, McCarthy and Shan-
non sought to gauge machine efficiency through
mathematical theory and computations applied
to complex problems, but they too faced obsta-
cles in obtaining complete test results [Nillson,
1998; Nillson, 2010; Computer, 2023; Computing,
2023; Ifrah, 2021; Koetsier, 2001; Rendall, 1982;
O’Regan, 2016].

The concept of self-improvement postulated the
use of self-modifying code to enhance a machine's
intelligence and speed of calculation, envisioning
machines capable of autonomously increasing their
cognitive capacities [Nillson, 1998; Nillson, 2010;
Computer, 2023; Computing, 2023, Ifrah, 2021;
Koetsier, 2001; Rendall, 1982; O’Regan, 2016].
This theoretical framework prompted exploration
into machine learning algorithms aimed at refining
task completion processes.

Further subdivision of research into smaller
groups, including sensory perception and other
facets of artificial intelligence, was proposed to
facilitate comprehensive investigations [Nillson,
1998; Nillson, 2010; Computer, 2023; Computing,
2023]. Abstractions in computer science encom-
pass mathematical concepts and programming
languages, offering avenues for studying the fun-
damental principles underlying computational pro-
cesses [Nillson, 1998; Nillson, 2010; Computer,
2023; Computing, 2023].

The notion of computational creativity revolved
around exploring how machines could emulate
human-like thinking patterns to enhance prob-
lem-solving capabilities, particularly in scenar-
ios involving incomplete information [Nillson,
1998; Nillson, 2010; Computer, 2023; Computing,
2023; Ifrah, 2021; Koetsier, 2001; Rendall, 1982;
O’Regan, 2016].

In the realm of computational sciences, logic
played a pivotal role, with developments tracing
back to Leibniz's pursuit of a universal calculus
through formal logic [Trokhimchuck, 2021]. The
advent of Boolean logic in the 19th century intro-
duced binary systems to computer science, paving
the way for more complex logical frameworks, such
as Russell's inductive logic types [Trokhimchuck,
2021]. Despite these advancements, Godel's incom-
pleteness theorems underscored the limitations of
relying solely on logic as the foundation of math-
ematics and computer science, prompting a shift
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towards an organismic approach [Trokhimchuck,
2021]. Godel's theorems are regarded by some as
integral components of the theoretical framework
of computer science [Trokhimchuck, 2021].

The evolution of general theoretical approaches
in computer science can be elucidated through the
lens of foundational works such as S. C. Kleene's
"Metamathematics" [Kleene, 1965] and S. Wolf-
ram's seminal contributions [Wolfram, 2022].
Kleene's work primarily emphasizes logical doc-
trines, whereas Wolfram's approach, as highlighted
in his book, emphasizes a spectrum of mathemati-
cal disciplines fundamental to computer programs,
with an intuitionistic orientation [ Wolfram, 2022].

Wolfram further underscores the necessity of
bridging computer science with physics, posit-
ing that computational procedures are inherently
linked to corresponding physical processes [ Wolf-
ram, 2022]. This assertion reflects a broader trend
toward integrating mathematical and physical prin-
ciples within the computational paradigm.

However, the contemporary scientific landscape
suggests that this integration alone may not suffice.
Many voices have advocated for a deeper conver-
gence of mathematics and physics, giving rise to
fields such as physical cybernetics. This under-
scores the notion that a return to the Euclid-Newto-
nian paradigm in computer science may not be the
most fruitful path forward, necessitating a nuanced
consideration of past research achievements and
their implications [ Trokhimchuck, 2021].

We can talk about the convergence of informa-
tion theory and physics on the basis of the general-
ized de Broglie ratio [ Trokhimchuck, 2020; Trokh-
imchuck, 2021; de Broglie, 1964]

S, S
a e -9

el (1)
about the equality of ordered and disordered
information in closed system. Here S, is an action,
S, — entropy, 1 — Planck constant, k, — Boltz-
mann constant [Trokhimchuck, 2020; Trokhim-
chuck, 2021].Therefore, it makes sense to consider
dimensionless relations not as elements of dimen-
sionless entropy or action, but as elements of a
generalized information [Trokhimchuck, 2020;
Trokhimchuck, 2021].
This ratio is valid for closed systems. For open
systems, we can formulate the following principle
[Trokhimchuck, 2021]

8Sg > 0.

)
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If S, =S, we have Shennon law of information
theory and Klimontovich criterion of open sys-
tems.

In addition, relation (1) is the rationale for the
introduction of information numerosity (simple,
technical and generalized) as the quantifiers of rele-
vant calculation operations, cells as we can see from
(1) include relevant quanta of physical processes
[Trokhimchuck, 2020; Trokhimchuck, 2021].

The polymetric analysis theory, encompassing
physical and other computational processes, pre-
sents a multifaceted framework with several key
components [ Trokhimchuck, 2021]. These include
functional numbers, which generalize quadratic
forms, and generalized mathematical transforma-
tions responsible for both single-hierarchical and
multi-hierarchical calculations. Information grids
constructed from algebraic combinations of func-
tional numbers and mathematical transformations
form another crucial aspect. Additionally, the
theory incorporates the principles of information
calculations, emphasizing optimal information
processing, and integrates theories of measure and
dimensionality analysis into a cohesive system.
Moreover, the hybrid theory of systems provides
practical formalizations of knowledge within this
framework [Trokhimchuck, 2021].

Fundamentally, the polymetric analysis theory
operates based on two criteria: completeness and
simplicity [Trokhimchuck, 2021]. Completeness
entails the comprehensive layout of the system,
akin to Godelian completeness, while simplicity
ensures an optimal arrangement, balancing the
amount of information involved. By leveraging
these criteria, polymetric analysis offers a versatile
foundation for computer science, akin to Newton's
fourth law in physics, which is applicable across
various scientific domains [ Trokhimchuck, 2021].

Furthermore, the polymetric analysis's variable
hierarchy enables the creation of diverse systems
akin to those proposed by Kleene and Wolfram
[Kleene, 1965; Wolfram, 2022]. While Kleene
and Wolfram's approaches are inductive, polyme-
tric analysis adopts a deductive stance, serving as
a potential framework for deducing intuitionistic
principles [Trokhimchuck, 2021]. This deducti-
fication expands the theoretical scope, offering a
novel perspective on computational processes and
their underlying principles.

In whole Polymetrical Analysis and possible
computer sciences must satisfy six conditions with
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point of conditions, which are formulated for the
general theories (theories of everything) [ Trokhim-
chuck, 2021]:

1. It must be open theory or theory with varia-
ble hierarchy.

2. This theory must have minimal number of
principles.

3. It must be based on nature of mathematics
(analysis, synthesis and formalization all possible
knowledge).

4. We must create sign structure, which unites
verbal and nonverbal knowledge (mathematical
and other) in one system.

5. We must have system, which is an expert
system of existing system of knowledge and may
be used for the creation new systems of knowl-
edge.

6. Principle of continuity must be true for all
science.

These conditions may be considered as a more
precise representation of famous Newtonian four
rules of conclusions in physics [Trokhimchuck,
2021]

They must be used for the creation of any
dynamic science, which can be presented as an
open system [Trokhimchuck, 2021].

Conclusions

1. The problems of evolution in cybernetics
and computer sciences are analyzed.

2. Short historical analysis of this problem in
ancient civilizations is conducted.

3. Role antiquity and middle age scientists in
the development of computer science is shown.

4. Role of B. Pascal, W. Leibniz, Ch. Babbage
and A. Lovelace researches in the development of
computer science is discussed.

5. Development of logical line of cybernet-
ics and computer science and its limitations is
observed.

6. Evolution of intuitionism line in computer
science on the example Kleene and Wolfram sys-
tems is represented.

7. Short analysis of Cybernetics as a synthetic
system is given.

8. Necessity of application of physical laws
(generalizing de Broglie formula) for the creation
of a universal theory of computer science is shown.

9. We show the necessity of search of a more
universal concept of computer science. This con-
cept is based on six rules. As an example of this
concept, polymetric analysis is represented.
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cucmem. 32i0Ho 3 E. B. 0e Konounvskom, 6y0b-sKa CYKynHicmbs 36'3aHux enemenmie € cucmemoro. binowr moeo, vacmuna
YUX eeMenmie € NPUHYUNAMU, 3a aKumu 6yna cmeopena 6ionogiona cucmema. Ilpu ybomy Kinbkicms npuryunie mac oymu
MiHiMabHo0, a Kpawje — ooHicto. Teopis ingopmayii ananizyemvcs Ha OCHOBI il YHIBEPCATbHOLO NPUHYUNY — Meopemu
Ulennona. Ioxkazaro 36’330k @izuxu 3 meopiero ingopmayii. /s yvo2o Oyna sukopucmana meopis iHghopmayitiHo-Qizuynux
cmpykmyp. binow yHigepcanvhy yHighikayito ompumano yzaeanvHenna 3 gopmynu JI. 0e Bpoiins npo exsisaneHmHicmy
KIbKOCTI 8NOPAOKOBAHOT Mma Heenopsaokosanoi ingopmayii. Ilokazano, wo Ha 0CHO8I Oe3PO3MIPHOT BeNUUUHU, AKY MOXMCHA
iHmepnpemyeamu sax Oe3po3MipHy 0ito, Max i K Oe3POIMIPHY eHMPONII0, MONCHA K YACMKOBULL BUNAOOK OMPUMAMLL OCHOBH
VHI8EpCAbHI 3aKOHU QI3uKy ma meopii ingpopmayii. ¥ ybomy sunaoxy ananoeis Misc mepmoOuHaMIuHOI0 ma iHGopMayitiHow
eHmponicio cmae Oinbui 04egUOHOI HaA0H0I0. [Ipoananizoéano ma 062080peHo NOOATbILI NEPCHEKMUBU DPO3GUMKY
ma 3aCcmOCy8aHHL 3ANPONOHOBAHUX MemoOie VHIQIKayii 6 pPI3HUX 2any3sX CYYACHOI HAYKU, 6KIOYAKOYU 6epOATbHI
ma HeeepbanbHi cucmemu 3Hanb. Takootc BUCTOBTIOEMbCA i0es NPO MONCTUBICIG CNBOPEHHS EOUHOT CUCEMU 3HAHD.

Knrouosi cnosa: ynighixayis, de bpoiinw, @epma, Monepmioi, Jlaepanoic, [ aminomon, Penetl, npunyun Hegusnauenocmi,
¢hizuxa, meopis ingpopmayii, 8i0kpumi cucmemu.

Introduction. The problem of unifying the laws Physical constants play a significant role in the
of physics and information theory is closely related  unification of physical laws (Barrow, 1986). Thus,
to the development of theoretical and mathematical ~ the Newtonian gravitational constant is the legali-
physics (Trokhimchuck, 2021). It was in physics  zation of the unification of celestial and terrestrial
that the first universal laws were formulated: Fer-  mechanics into a single system, and the speed of
mat's principle (eikonal theory) (Trokhimchuck, light is the unification of electricity, magnetism,
2021), action principle of least action (Trokhim-  and optics into Maxwellian electrodynamics.
chuck, 2021), the second law of thermodynamics The systems of Stoney constants (gravitational
(Trokhimchuck, 2021). constant, speed of light in a vacuum, and electron

In his research, C. Shannon derived a quantity  charge) and Planck’s constants (gravitational con-
that had the same properties as entropy, and on the  stant, speed of light in a vacuum, and Planck’s con-
recommendation of J. von Neumann, he named  stant) showed that it is possible to use dimensional
it entropy (information entropy), and the law  analysis and an optimal set of constants to construct
itself was named information entropy (Shannon,  physical quantities that have a completely specific
1948). At the same time, a similar law was formu-  physical nature (plankion in modern cosmology)
lated in non-equilibrium thermodynamics, which  (Barrow, 1986).
was named the Prigozhin-Glensdorff principle Main results and discussions. It should be
(Trokhimchuck, 2021). Later, Yu. Klimontovich  noted that besides the Newtonian synthesis pro-
built the theory of open systems on the basis of this  gram in physics there are some modifications
principle (Trokhimchuck, 2021). (Trokhimchuck, 2021). In contrast to classical rep-

Further unification is associated with the use of resentations that exist in cybernetics and physics,
L. de Broglie's formula from the thermodynamics of  the theory of information and physical structures
a point (de Broglie, 1964), which was interpreted as s the synthesis of physical and information theory.
the principle of equality of ordered and disordered  The following problem is practically addressed: is
information for a closed system (Trokhimchuck, it not possible to construct the theory so that it is
2021). This made it possible to consider all the prin-  based on both informational and physical laws and
ciples of deterministic and stochastic science froma  principles. Such a program was implemented in
single point of view (Trokhimchuck, 2021). the theory of information and physical structures

Also, on the basis of Rayleigh's principle of  (Trokhimchuck, 1992), the main element of which

observability and the principle of uncertainty s the Rayleigh ratio (Bohr, 1928). We give it in a
(Bohr, 1928), the theory of information-physi-  gpe-dimensional form:

cal structures (Trokhimchuck, 1992) was built,

which allowed a deeper understanding of the Ak dor= Ak Ay =Mk Az =AwrAt=1. (1)

connection between theoretical physics and Where Ak, Ax, Aky, Ay, Ak, Az, Aw, At — corre-

information theory. sponding changes of wave numbers, coordinates,
On the basis of these studies, criteria were devel-  frequency and time.

oped both for the construction of a more general When multiplying this relation by h (Planck

theory of open systems and for the characterization  (Dirac) constant) and changing the sign of equal-
of such phenomena as the vacuum (Trokhimchuck, ity to a sign greater than-equal, then we have

2021). (Bohr, 1928)
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Ap Ax =Ap Ay=Ap -Az=AE-At>h. (2)

Where Ap , Ap , Ap_— corresponding changes of
liner momentum coordinates.

It is nothing more than a mathematical expres-
sion of the principle of complementarity and of the
uncertainty principle.

But in quantum mechanics, h /2 is often written
instead of h. This is due to the fact that "half" of
uncertainty is attributed to incoherent processes.
(the so-called zero states of the quantum vacuum).

If we put equal signs in formulas (1) and (2), we
will get a mathematical expression of the conditions
of classical and quantum coherence (Perina, 1985).

If we change the signs to differentials and use
linear differential forms, we will get the theory of
information-physical structures (Trokhimchuck,
1992).

Recall that the relation (1) is a condition of
observation of a unit wave. In the theory of infor-
mation-physical structures, it is considered as a
quantum of change of dimensionless physical
measure.

Thus, the relation (2), which is analogous to the
Rayleigh ratio, can be regarded as a spatial-tem-
poral representation of dimensionless entropy, as
well as dimensionless action. They are equivalent
to the de Broglie ratio (de Broglie, 1964)

% S ©)
ho ok

about the equality of ordered and disordered
information in closed system. Here S, is an action,
S, — entropy, i — Planck constant, k, — Boltz-
mann constant (Trokhimchuck, 2021). Therefore,
it makes sense to consider dimensionless rela-
tions not as elements of dimensionless entropy or
action, but as elements of a generalized informa-
tion (Trokhimchuck, 2021).

As shown in (Trokhimchuck, 2021), with this
measure one can generalize the concept of phys-
ical vacuum. Indeed, in modern physics, this
concept plays a very important role. There are
three basic types of vacuum. This is Newtonian
ether — a completely elastic environment in which
all known physics interactions can be described
and described; In electromagnetism (the quantum
field theory also), this is a space-time continuum
with e = 1 and u = 1 (where ¢, u — the relative die-
lectric and magnetic permeability of the medium).
W. Pauli (Trokhimchuck, 2021), by the way, con-
sidered an electromagnetic vacuum as a kind of

=5,
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ether. The third kind of vacuum is cosmological,
which is main in cosmology.

In (Trokhimchuck, 2021), the view was
expressed that an electromagnetic vacuum is
mainly a dynamic environment, and Newtonian
ether is static.

According to (Trokhimchuck, 2021), we intro-
duce the concept of vacuum from a polymetric
analysis.

Definition 1. A generalized vacuum is the state
of a system in which the change of the generalized
measure is zero.

Here are examples:

1. Ether of Newton — Mach. The reference sys-
tem — the absolute and spatial-temporal measure is
also absolute, so the change of this measure is zero.

2. Electromagnetic vacuum. Measure is the
quantum of action Planck constant 4, 84 = 0.

3. The theory of informational-physical struc-
tures: the measure is or dimensionless entropy,
or action, the vacuum states will be states with
8§, =0and 8S = 0.

From the latter, the role of the principle of
dynamic equilibrium is very clearly visible: it is the
principle of equilibrium between physics and infor-
mation. Entropic representations and the principle
of dynamic equilibrium itself can be summarized as
follows (for a generalized measure we denote S ):

5Sg >0;8,>0; 4)
F)Sg <0; Sg <0; %)
65,=0;5,=0. (6)

The relation (4) is nothing more than the action
principle, the Carnot principle, the Prigogine-Glens-
dorff principle, the uncertainty principle, criterion
of open systems [7, 8]. The relation (5) is a gener-
alization of the negentropic principle of the theory
of information, principles of classic and quantum
coherence theories, etc. Expression (6) is the con-
dition for the existence of vacuum: 8S = 0 is rela-
tive, S = 0 is absolute.

It should be noted that the trends in the develop-
ment of theoretical physics in XVII — XVIII centu-
ries, in particular the principle of Fermat and Mau-
pertuis, led to the creation of the foundations of the
modern theory of systems by E. B. de Condillac
(de Condillack, 2009).

Thus, in the theory of information-physical
structures and in this section in terms of laws the
most general unification was carried out.
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Here are some thoughts on the relationship
between physics and information theory. Consider
a more detailed relationship S, =kx—wt.

In fact, if Sg > 0, that is, kx > w-t, then the
structure changes, which means that over time the
structural part of the measure increases, that is, it
increases its entropy, action, etc. When S < 0, this
means that the structural part of the measure of rel-
atively intense (frequency-time) changes little, so
physical processes pass at a different speed than
information (Trokhimchuck, 2021).

As we see at the level of laws, physics and infor-
mation theory are synthesized and thus, using the
example of physics, they showed that any theory is
also informative.

In contrast to classical representations that
exist in cybernetics and physics, the theory of
information and physical structures is the syn-
thesis of physical and information theory. The
following problem is practically addressed: is it
not possible to construct the theory so that it is
based on both informational and physical laws
and principles. Such a program was implemented
in the theory of information and physical struc-
tures (Trokhimchuck, 1992), the main element of
which is the Rayleigh ratio. We give it in a one-di-
mensional form:

Ak-Ax = Aw-At=1. (1a)

Analogously we receive one-dimensional vari-
ant of formula (2).

Ap -Ax = AE-At >, (2a)

This is nothing more than a mathematical
expression of Bohr's complementarity and the
principle of uncertainty.

The main concepts of the theory of informa-
tion-physical structures are:

1) the principle of fundamental harmonic equi-
librium;

2) the equivalence of all canonical parameters:
E — energy; p — linear momentum; k — wave num-
ber; x — coordinate; @ — frequency; ¢ — time;

3) polymetry, that is, for each physical phenom-
enon corresponds to its own metric (symmetry,
geometry, dimension, etc.).

Definition 1. Information-physical (dynamic)
structures will be called mathematical structures
(constructive), which are formed and changed
under the influence of the change of any of the
canonical parameters or group of parameters, or
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the type of functional dependence (communica-
tion) between them.

Definition 2. A dynamic structure with pure
bonds is called a structure in which (Trokhim-
chuck, 1992)

kx=N,wt=N,, (7

where N,, N,—numbers.

Principle of fundamental harmonic equilib-
rium: When in the information-physical structure
with pure bonds the form of connections does not
change (does not change its dimension), the struc-
ture is in a state of harmonic equilibrium.

Principle of dynamic equilibrium: A structure
is called dynamically equilibrium if

kx—wit=0

)
or
kx=wt. 9)
Roughly speaking, correlations (7) and (8) are
expanded Rayleigh correlation (ratio).
Now we rewrite Rayleigh ratio (1 a) and (2 a):

Ak-Ax = Awr-At, (10)
Ap -Ax = AE“AL. (11)

We replace the operator A on a differentiatial
d. If only the parameter under the differential does
not go to zero, then this substitution is mathemati-
cally correct. In this case we have

dk-dx = dw-dt, dp - d x = dE- dt, (12)
or equivalent
@zﬁzconst, ﬁzﬂzconst. (13)
dt dk dt

X

Integrating (13), with const =V (speed) we have
E=pV+C;x=Vt+C, o=kV+Cy; (14)

where C,, C,, C, — integration constants. Hav-
ingput C, =E, C,=x, C,=x,,C; =w,, we have

E=pV+ E; x=Vt+x;; o=kV+wo, (15)

0 >

that is nothing else than the law of conservation
of energy, the law of inertia and the law of addition
of frequencies, and also the law of constant inter-
action velocity in an isotropic medium (relation
(13). In an electromagnetic environment, this will
be the speed of light c. If in the first case, replace V'
onc, and E, on myc’, where m, — the initial mass
of the moving body, then we have

E=pVtmc, (16)
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that is, the law of conservation of energy in an
isotropic electromagnetic environment.

Further, the expansion of the relation (8) is car-
ried out through the harmonic potential (Trokhim-
chuck, 1992)

(pchoexp{i(kx—cot)}. 17)

As shown in (Trokhimchuck, 1992), is nothing
more than a dimensionless entropy; for large val-
ues of parameters it becomes equal to Boltzmann

or Shannon (in more detail it is disassembled in
(Trokhimchuck, 1992) entropy, that is

S, =ke—ot . (18)

We can change S, on &S,, then we have for
3S, = kx — ot >0 the law of increasing the entropy,
and for &S, =kx— o7 <0 — the negentropic princi-
ple of information theory.

It should be noted that cybernetics is also a
synthetic science [George, 1979], which, in addi-
tion to physics and information theory, includes
a number of other sciences. In general, it should
be an open system. Therefore, the theory of

information-physical structures removes part of
the problems in creating a more universal the-
ory — polymetric analysis (a universal theory of
analysis and synthesis of any knowledge system)
(Trokhimchuck, 2021).

But kx—ot and px— Et is also a wave phase
and entropy can be replaced by action. In par-
ticular, this was reflected in the construction of
the Lagrangian formalism of quantum mechanics
(Trokhimchuck, 2017).

As we see at the level of laws, physics and
information theory are synthesized.

Conclusions:

1. The problem of unification physical laws is
researched.

2. The influence of these studies on the further
unification of the laws of physics and information
theory is shown.

3. The theory of informational and physical
structures is analyzed.

4. Questions about the perspectives for the
development of this direction of research are dis-
cussed.
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YUCJOBUM PO3PAXYHOK 3AJTAYI IVIESAAJ] Y CEPEJIOBHUIII CAS MAXIMA

Mooenvhi 3a0aui HebecHoi MexaniKu ORUCYIOMbCSL 3 O0NOMO2010 Oupepenyianvhux pieHans abo ix cucmem. [obpe
8I00MO, W0 3a0aia 6Ha2amvoxX Minl 8 AHAIMUYHOMY 8U2TSO0I € HEPO38 SI3HOI0, MOMY OJIsL CUMYIAYIL PyXy 3ipoK abo ix ckyn-
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3adayi cemu min 30panozo kiacmepy Ilnesod. Pospaxynku nposadsamscs y 6iOKpumiti cucmemi Komn 1omepHoi aneeopu
Maxima, kompa nadae 6ci HeoOXiOHi iHcmpyMenmu K 05l 6e3n0cepeOrix obUUCIerb, Max i 0 8I3yanizayii OMpUManux
pe3ynrvmamis. Buxopucmano memoo po3e’sizanus ougpepenyianvhux pighsans Pynee-Kymma-@envbepea 5-20 nopsoxy,
no6y008aHi paghixu 30pAHUX MPAEKMOPIU MA 3aNeHCHOCTI iX BUOUMUX KOOPOUHAM HA HebeCHiu cgepi 8i0 uacy.
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NUMERICAL CALCULATION OF THE PLEIADES PROBLEM
IN CAS MAXIMA ENVIRONMENT

Model problems of celestial mechanics are described by means of differential equations or their systems. It is well
known that the many-body problem is intractable in an analytical form, so numerical methods must be used to simulate
the motion of stars or their clusters. For gravitationally bound objects, problems arise that are difficult to model even
with a computer, since the model under consideration is often rigid, i.e., there is a significant dependence of the solution
evolution on the initial conditions. This paper proposes a scheme for solving the seven-body problem of the Pleiades star
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tools for both direct calculations and visualization of the results. The method of solving the Runge-Kutta-Felberg
differential equations of the 5th order is used, and graphs of stellar trajectories and the dependence of their apparent

coordinates on the celestial sphere on time are plotted.

Key words: CAS Maxima, numerical calculation, Runge-Kutta-Fehlberg method, star clusters, Pleiades.

Berynni 3ayBarm. 3opsHuii knacrep [lnesin
(ykpainceka HazBa Crokapu) Mae JlaMeTp
B 12 cBitnoBux pokiB. Bix nac [Tnesnu BimmaneHi
Ha Bijctanb B 410 CBITJIOBUX POKiB, BOHM BBa)a-
FOTBCSI TIOPIBHSHO MOJIOIUM CKYITYEHHSM 31pOK, BIK
SIKUX 3HAXOOUTHCS B miamasoHl 75-100 MinbAOHIB
pokiB. Ilnesmn naBHO BioMi K (Pi3MYHO TIOB’s-
3aHa rpyna o0’€KTiB, a HE pe3yJabTaT BHIIAJKOBOL
MPOEKLIT pi3HOBiATaNeHNX 3ip. Benuky mikaBicTh
el KiIacTep BUKJIMKAE B TIEPIIy Yepry THM, IO
BiH € apyrum micis rpynu lian HaWOmMWKIUM 10
3emimi 3ipkoBuM CKymueHHsM. Ilnesgu Tta Iiamm
€ i7IeaJJbHUM TPYHTOM JUISi MOJICITIOBAaHHS €BOJIIO-
1ii 31p, OCKUJIBKH BCi 1XHI 31pKHM MalOTh OIXHAKOBHUI
BIK 1 CKJIaJ, aJie IEMOHCTPYIOTh IMPOKHIA Tiana3oH
Mmac [1, 2]. Lli 1Ba ckym4eHHs €AWHi, BiICTaHb JO
SIKMX MO)KHa BUMIPATH Ha MoBepxHi 3emii Oe3mno-
CepelIHbO 3a IXHIM MapajlaKTUYHUM 3MIIICHHSIM.
Bumipsini 3HayeHHs1 Jie)KaThb B OCHOBI JiarpamMu
I'epummpynra — Paccena, 3a K010 BU3HAYAIOTh Bijl-
CTaHi /10 BCIX IHIIMX 30pSIHUX CKyIm4eHb. HaykoBui
eKCTPAIOJIIOI0Th OTPUMaHy ILIKaly BiJ PO3CIIHUX
3IpKOBUX CKYIYEHb 10 TAJAKTHK 1 TaJaKTUIHHUX
CKyIueHb, MOOYTyBaBIIM IIKaTy KOCMIYHHMX BiJ-
crane#t [4]. 3pemToro, 3HAHHS aCTPOHOMIB TIPO BIiK
1 po3BUTOK BcecBiTy y BemKii Mipi 3aexarb Bij
3HaHHS BIJICTaHI JI0 3ipKOBOTO CKymdeHHs [lmesin,
TOMY BOHH € CBOEPITHMM €TaJIOHOM, KOTPHi 100pe
BHUBYCHHH Ta 3MojienboBanmi (puc. 1) [7].

Lo
ASTRROPE - ¥

» TRRGETA

L0
» (oA
{
PLOCKE ¢
>—

ATLAS

& e

nendre

Puc. 1. Cy3sip's Ilnesan

Jlnst MonemroBaHHS 33/1a4l BUKOPUCTAEMO TIPO-
rpamauii maker CAS Maxima, sikuil € HailOuTbII
PO3pOOTICHNM BUTHHUM AHAJIOTOM BIJIOMHX MaTe-
MaTM4HUX 3acTocyHkiB Maple um Mathematica,
Ta y MEBHUX KJacax pO3paxyHKIB Hi B UOMY IM He
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noctynaethes [6]. el makeT Moxke yCITiITHO BUKO-
PHCTOBYBAaTUCH UTSI PO3B’SI3aHHS IIUJI0I HU3KH TIPO-
OneM MareMaTMYHOIo aHali3y, JiHiiHOI anreOpwu,
YHCEIBHOTO Ta Bi3yallbHOTO MojetoBaHHs. [lepe-
Baru HOro HacTyNHi: MOXJIMBICTh BUIBHOTO BHKO-
puctanHs (Maxima BiTHOCHUTBCS /IO KJIacy BiJIb-
HUX TIPOTrpaM Ta MOUIUPIOETHCS] HA OCHOBI JIiTEH31T
GNU); MOoxnuBICTh (DYHKIIOHYBaHHS MiJl YIIpaB-
miaHaM pizHuX OC (3okpema Linux Tta Windows);
HEBEJIMKHUI po3Mip IporpaMu; Mae 3pyyHUi Ta 1HTY-
iTUBHO 3p0o3yMuIMi 1HTEp(Eiic.

IlocranoBka mnpobiemMu Ta aHAJI3 [d0CJi-
nxeHb. 3anada Ilnesn — me MonenbHa 3agaya
HeOeCHOI MEXaHIKM CeMHU 3IpOK, IO PyXaloThCs
B OAHIM mmiouuHi. MareMaTHyHO BOHA ONMCY-
€TbCS cUCTEMOIO 3 14 nudepeHuianbHuX PiBHIHD
JIPyroro MopsJIKy pa3oM 3 28 MOYaTKOBUMHU yMO-
BaMH, IO BU3HAYAIOTh MOYATKOBE IOJOXKECHHS Ta
HIBUJIKICTh JUJIs1 KOKHOTO HeOeCHOro Tija. 3agada
HE JKOPCTKA, ajle TOCUTh CKJIAJIHA, 11 MOXKHA JIETKO
PO3IIUPUTH Ha OyAb-AKy KUIBKICTb 0O’€KTIB, HE
000B’513KOBO B OfIHIH IUIOIIKHI. 3BICHO, pealbHUM
pyX 3IpoK BIIOYBAa€TbCA y TPUBHUMIPHOMY IpO-
CTOpi, aJie HaC B MEpIILy Yepry IiKaBUTUME TIPOEK-
115 IIbOTO PyXY Ha IUIOIIKMHY HEOECHOI chepH.

Hexaif MaeMo pyx KUIBKOX MacHUBHHMX TUI Ha
IUIOIIMHI. 3anuuieMo Apyruil 3akoH Hprorona
JUTSL  -TO TiJIa Ta BUPa3 ISl CUITU TIPUTATAHHS MIXK
JIBOMa TUTaMH [ Ta j, 0 B3a€EMOJIIOTh TpaBiTa-
LIHAHO:

VY cucremi 6aratboX TiJl CHIIA, IO i€ HA OKpPe-
MU 00’€KT, € BEKTOPHOI CYMOIO BCIX CHJI, IO
TUIOTh Ha HBOTO BiA yciX iHmMX 00’ekTiB. Tomy
MOXeMO 3anucatu F, =ZI7“!.]., IO TicHsl TMOKJIa-

i#]

naHHs G =1 Ta po3iIeHHs 3MIHHUX HaM J1a€

Xi
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[TouarkoBi maHi JIs MBOTO PyXy OepyTbes i3
pobotu [3]. Uncna 03HAYAOTH IOJIOKEHHS KOX-
HOTO TiJla BiTHOCHO IIEBHOI YMOBHOI HEpyXOMOI
TOYKH BCEpEINHI CKyIMUYeHHs (y CBITJIOBUX POKax)
Ta iX MBUAKOCTI B MOMEHT 4acy ¢ =0. Macu pos-
JISTyBaHUX 31pOK € (PaKTUIHO OTHAKOBUMH, BOHH
MIHSIOTBCA Big 3 1o 6 Mac CoHit. MH mokiageMo
Macy KOKHOI 3IDKH PIBHOIO ii HOMEpY m; = j , Ha
BUIISAJ] PO3B’SI3KY 1€ BIUTMHE MiHIMaJIbHO.

x|, =[3.3-1-3,2,-2,2] ;
|, =[3.-3,2.0,0,4,4]";

%, =[0,0,0,0,0,1.75,~1.5] ;
7, =[0,0,0,-1.25,1,0,0] .

1106 nepetiTul Bix 14 piBHIHB APYTOTO MOPSIKY
JI0 CUCTEMH 3 28 PiBHSHB MEPIIOTo MOPSIKY, 3aI1-
HIeMo 1X y HacTymHii ¢opmi [5]:

d w
dr\w f (z) ’

Jie z To3Hayae Habip BCIX KOOPJIUHAT X, Ta ), ,
/(z) mosHauae Habip MPaBUX YACTUH PiBHSAHB JUIST
¥; Ta y,, w IpOMIKHA 3MiHHA, sIKa € BiAMOBIHOIO
MIPOEKITIEIO JTIHIMHOT MBUIKOCTI KOXKHOTO 00’ EKTY.

BukJiiax ocHOBHOro marepiany i oOrpyHry-
BaHHs OTPUMaHUX pe3yibratiB. [lepeBenemo
i BXiJHI JaHi HA MOBY Maxima Ta moOymyemMo
PO3B’SA3KH. 3ala€EMO BHpa3u JJs TpaBiTAllifHUX
piBHSIHB pyXy (KOMaHIa concat 3’eHye Oyab-iKi
CIHMCKH Y1 CUMBOJIU B OJIUH):

z

DopmMyeEMO CIUCOK 3 28 MpaBUX YaCTHH PiB-
HSHb PYyXy, 3alpOBaJHMBINN JOJATKOBI 3MiHHI
w,, w, (kxomanna flatten poOuTh i3 ClHCKIB

x 2

7 (%11) fx(i):=sum(if i#j then j-(concat(x,j)-concat(x,1i))} /
((concat(x,i)-concat(x,]) )} 2+
(concat(y,i)-concat(y,j))"2)*1.5
else 6 ,5,1,7)
I 7
J (concat(x ,j)-concat(x,1))
(%o1) fx("ﬁ)::Zif i#j then - TS else ©
— L(concat(x‘,i)—concat(x ,j))2+(c0ncat{y, i)—concat(y,.j))z) I
§=
7 (%i2) fy(i):=sum(if i#j then j-(concat(y,i)-concat(y,i)) /
({concat(x,1i)-concat(x,j))" 2+
(concat(y,i)-concat(y,j))"*2)"1.5
else 8 ,3,1,7)
I 7
Z j (concat(y,j)-concat(y,1i))
(%02) fy(i):= if i#j then else @
— L{concat(x ,1)-concat(x ,j))2+(concat(y, i)—concat{y,.j))z) I
§=

pi3HUX pIiBHIB BKJIAJEHOCTI OJWH BEJIUKUN
CIIMCOK TIEPIIOTO PiBHS, /e MepesiueHi BCi ele-
MCHTH):

(%13) equs:flatten([makelist(concat(wx,i),1,1,7),
makelist(concat(wy,1)},1,1,7),

makelist(fx(i),i,1,7),
makelist(fy(i),i,1,7)])

dopmyemMo CcITUCOK 13 28 HEeBiTOMHX (YHKIIIH, BITHOCHO SKUX IMOTPIOHO PO3B’SI3aTH PIBHSAHHS PYyXY:

(%i4) funcs:flatten([makelist(concat(x,i),1,1,7),

(
makelist(concat(
(

yJi)JiJlJ?)J

makelist(concat(wx,1i),1,1,7),
makelist(concat(wy,1),1,1,7)])
(%04) [x1,x2,x3,x4,x5,x6,x7,y1,v2,vy3,v4,y5,v6,y7 ,wx],wx2,wx3,wxd, wx5, wx6 , wx7 , wyl, wy2

s wy3, wyd , wy5, wy6 , wy7 ]
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MoXHa TIOMITHUTH, IO 3aBEPIICHHS KOMaHIU
3HAUKOM «$» HE BUBOIUTH PE3YJIbTATY 3AIHCHEHHS
orieparlii Ha eKpaH, TOJ K 3HAYOK «;» 3a/1a€ BUBE-
JIeHHsI BUX1HOT JiHii ais neperisay. Bubip kin-
LIEBOTO 3HAYKa 3aJ€KHTh JIMIIE BiJ BIIOZOOAHb
mporpamicra, Ta MOODKHOI MEpeBIpKU TOTO, YU
BCI KOMaHAM BJAAJO 3alUCAINCh. BimoOpaxeHi

F

(%05)

(%i7)
(%06)
(%07)

start:@; t_end:3

]

t
e
3

[TakeT Maxima mae KijbKka BOYTOBaHHX KOMaH]T
JUISL YUCENILHOTO 1HTerpyBaHHs AudepeHiiatbHuX
piBHsAHb. KpiM TOro, HijKOM MOXIIMBO HamUCAaTH
CBOIO BJIACHY KOMaHJy, sika Oyzae inrerpysaru 3/{P
3 Oyab-AKOI0 Hamepes 3aJaHOI0 TOYHICTIO (BOHA
Oyne OOMEXyBaTHCh JIMIIC TEXHIYHUMH Xapak-
TEPUCTUKAMH KOMIT IOTE€pa Ta BITBHUM YacoM
JIOCITITHAKA, SIKUW XOYe JIOUEKATHUCh PE3y/IbTaTiB).
Icnye crannaptaa ¢yHkuis rk:

rk(deqn,y,y0,[x,x0,x1,h]),

o pearnizye Mmeton Pyrre-KyTra 4-ro mopsaxy.
Tyt deqn — nudepeHmianbHe pIBHAHHSA, Y
3aie)kHa 3MiHHa, Y0 — MoYaTKoBE 3HAUEHHS Y TOYII
x0, [x,x0,x1,h] — He3amexHa 3MiHHA, TTOYATKOBA,
KIiHIIEBAa TOYKH Ta KPOK iHTerpyBaHHs. Lleit MmeTox
(haKTUYHO TOBCIOAHO BUKOPHCTOBYETHCS 1 BBaXKa-
€THCS JIOCUTH HaIWHUM IS 33/1a4, 1[0 HE MICTSTh
noporoBux edektiB (threshold effects) abo >xop-
cTkuX ymoB (stiff problems).

Icnye, omHak, OBl BAaia peai3aiis IbOTO
METONy, 110 HOCHUTh Ha3By Mmeron Pynre-Kyrt-
ta-Oennbepra 4-5 mopsnaky. OcoONHBICTH OO
MOJISITa€E B TOMY, IO PO3OUTTS TMPOMIKKY IHTeE-
rpyBaHHS Ha Malli YaCTHHU 3aJICXKHUTh HE BiJ| 3a3-
Janeriap 3aJaHoro KPOKy Io Oci x, a Bij BEI-
YUHH 3MIMIEHHS 00YHMCIICHOI 1HTeTrpalbHOT KPUBOT
mo oci y. SIKImIO L BeNWYMHA TIPH JIESKUX X,
Oyne TNepeBUIyBaTH IE€BHE BKa3aHE 3HAYCHHS

E

(#%18) load(rkf4s}

&3

pe3yabTatd  OOYUCICHb MOXYTh OyTH IIOCHUTH
00’eMHMMHM, HamNpHKIAa 3amaHa komaHma (%i3)
MPOAYKYE KiJIbKAa CTOPIHOK TEKCTY.

Tenep 3amaeMo MOYaTKOBI YMOBHU y MOMEHT
gacy ¢=0 Ta MPOMDKOK IHTErpyBaHHs, 00epeMo
fioro piBamm €[0;3], me ommHMuUS uYacy piBHa
100 THC. pOKiB.

(%i5) init:[3,3,-1,-3,2,-2,2,3,-3,2,0,0,-4,4,0,0,0,0,0,1.75,-1.5,08,0,0,-1.25,1,0,0]
[3,3,-1,-3,2,-2,2,3,-3,2,0,0,-4,4,0,6,6,6,0,1.75,-1.5,6,6,08,-1.25,1,8,0]

(3a 3aMoBuyBaHHAM 107°), cHCTeMa MOBEPHETHCS
Ha3aj, 30UIBIINATE KITBKICTh KPOKIB PO3OHUTTS Ta
NpOBE/IE MEePEePaxyHOK, THM CAMHUM ITiIBULIUBIIH
MOPSIZIOK TOYHOCTI iHTEerpyBaHHS Bif 4 10 5. Tomy
el MEeTOJl BUKOPUCTOBYIOTh IIPU BKAa3aHUX BUIIIE
POOJIEMHIX CUTYAIlisX.

Meton Pynre-Kyrra-®ensbepra 4-5 mopsiaky
peamizye komanga rkf45. Ileit cmoci® 3acTocoB-
Huit ymme o 3JIP meproro mopsaky, o i 3ymo-
BUJIO BBEIICHHS HAMH TPOMIXKHOT 3MiHHOT w. Po3-
ITHEMO JIOKJIQJIHO CHHTAKCUC Ta 3aCTOCYBaHHS
KOMaH[TH.

s moOynoBM YHCETHHOTO PO3B’SI3Ky Iude-
PEHIIIATBHOTO PIBHSHHS BOHO Mae OyTH 3aru-
caHe y BHIVIAIL y'(x) =f(x,y), y BUNAJAKY
AaBTOHOMHOI CHUCTeMHU — Mae OyTu y BUIISAAL
{)’c =G(x,y);y= H(x,y)} . CHHTaKCHC HACTYITHUIA:

rkf45(f(x,y),y,y0,[x,x0,x1],0pts) — a1 oguHOU-
HOTO PiBHSHHS,

rkf45([G(x,y),H(x,y)].[x,y],[x0,y0],[t,t0,t1],
opts) — ISl CHCTEMU PiBHSHb.

Tyt f, G, H — npaBa yactuna 3/IP abo ix crnu-
COK, y a0o [X,y] — 3ayexxHa 3MiHHa a00 1X CIHCOK,
y0 a6o [x0,y0] — moyaTkoBi 3HAUEHHS 3aJEKHOT
aminHOl, [X,x0,x1] ab6o [t,t0,t1] — oromomeHHs
He3aJIeKHOI 3MIHHOI, ii MOYaTKOBE Ta KiHIIEBE 3Ha-
YEeHHsI, OptS — TOIATKOBI OITIIii.

3aBantaxxyemo naket rkf45 Tta 3acrocoByemo
Horo:

(%08) C:/Maxima-gcl-5.37.3/share/maxima/5.37.3/share/contrib/rkf45/rkf45.mac
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(%19) soll:rkf45(equs,funcs,init,[t,t start,t _end],report=true)

Info: rkf45s:
Integration points selected: 1143
Total number of iterations: 1144
Bad steps corrected: 2
Minimum estimated error: 3.896190579368019 187°
Maximum estimated error: 9.82861310778899 187/
Minimum integration step taken: 2.515209236787204 187>
Maximum integration step taken: ©.8650739568467315

I3 BiAryky cucreMu Ai3HaeEMoch, 10 Oyao  (4ac ¢, ciM IPOCTOPOBUX KOOPIUHAT X,, CIM HPO-
obpano 1143 Touku iHTErpyBaHHs, 3 MAaKCUMajlb-  CTOPOBUX KOOPAUHAT Y, , CIM X -KOMIIOHEHT LIBH]I-
HOW MOXMOKOKW ~10° Ha Oyab-KOMy KpOWi. KOCTI W, CiM ) -KOMIIOHEHT IIBHIKOCTI wy,)-
PesynbsraTtu noBepHynuch y BUDIIAI cnucKy i3 1143 Jlns  ompalioBaHHA JaHUX BHUAUTUMO OKPEMO
€JICMEHTIB, KOJKEH 3 IKHX € CIIUCKOM 1329 €JIeMEHTIB ~ CIHCKH I 9acy Ta BCIX MPOCTOPOBUX KOOPIUHAT.

f (%#110) t_list:makelist(solil[k][1],k,1,length(soll})

7-(%i1?} x1 list:makelist(soli[k][2],k,1,length(soll))
%2 list:makelist(soll[k][3],k,1,length(s0ll))
%x3_list:makelist(sol1[k][4],k,1,length(soll))
x4 list:makelist(soll[k][5],k,1,length(soll))
%x5_list:makelist(sol1[k][6],k,1,length(soll))
%6 list:makelist(sol1[k][7],k,1,length(soll))
x7_list:makelist(sol1[k][8],k,1,length(s0ll))

7 (2124) y1l list:makelist(soli1[k][9],k,1,length(soll))

y2 list:makelist(soli[k][10],k,1,length(soll)}
y3 list:makelist(soli[k][11],k,1,length(soll)}
y4 list:makelist(soli[k][12],k,1,length(soll)}
y5 list:makelist(soll[k][13],k,1,length(soll))}
y6_list:makelist(soli[k][14],k,1,length(soll))
y7_list:makelist(soli[k][15],k,1,length(soll)}

[To3HaunMO OKpEMO MOYATKOBI TOUKH, 3 SIKMX CTApPTyBaB PyX KOKHOI 31pKH:

(%i25) init pnts:[discrete,makelist([init[i],init[i+7]],1,1,7)]
':%025) [d{SCPEteJ[[E’JB]J [31_311[_11211 [_3:!@]:[2:9]: [_21_411[214]]]

Tenep MokeMO 300pa3UTH TPAEKTOPIi pyXy Kok-  KimamHyBIIM 1paBoro KHOTIKOO MUIIII Ha BiIMOBIIHI
HO1 30pi (pHc. 2 a). Sk 6aunmo, Ha TpadiKy MPUCYTHS  YacTHHI MaJFOHKA, MOXKHA BWAUIMTH IO 00JacTh,
00JacTh, Ha SIKIH TPAEKTOPIi TyKe MEPEIUITAlOThCA. 1 TO/I BOHA aBTOMAaTHIHO 30UTHIIUTECS (pHC. 2 b).

I (%126) plot2d([init_pnts,[discrete,x1 list,yl list],[discrete,x2 list,y2 list],
[discrete,x3 list,y3 list],[discrete,x4 list,yd4 list],
[discrete,x5 list,y5 list],[discrete,x6 list,y6 list],
[discrete,x7_list,y7_list]], [x,-4,4],[v,-6,6],
[style,[points,2,5,7],[1lines,2,1],[1lines,2,2],
[lines,2,3],[lines,2,4],[1lines,2,5],[1lines,2,6],[lines,2,2]],

[legend,"CrapTtoei Toukwn","3opa 1","3opa 2","3opsa 3","3opa 4","3opa 5","3opa &","

)

I (%028) [C:/Users/orreginal-pc/maxout.gnuplot ]

3opa 7"]
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Puc. 2. Tpaexropii okpemux 3ip 3opsiHoro ckynuenns Iliesin (a), 30iibmena yacTuna odJacri
3 nepemnyieTeHuMHU Tpaexkropisimu (b)

il

I

HITI

Puc. 3. 3mina 3 yacom koopaunar x(r) (a)ta y(z) (b)

3agaBmy noaioHy koMaHy plot2d, ae y mapax
3aMICTh X YU Y CTOSITH 3HAUCHHS YaCOBUX TOUOK,
MOKHA 300pa3UTH YaCOBY €BOJIFOIIIIO BIIMOBITHUX
IPOCTOPOBHX KOMIIOHEHT x(7), y(r) (puc. 3).

BukopucraBmy aoaaTkoBy omiito absolute
tolerance, MO)KHa 3MIHIOBAaTH BEIIMYMHY MTOXUOKH
Ta MJABHUILYBAaTH TOYHICTh IHTETPYBaHHS, OJHAK
TJIaTOrO 3a Iie Oy/ie 3HAYHO OUIbIIE HABAaHTAKEHHS
Ha Mpolecop Ta 30UIbLICHHS Yacy OOYHCIIEHb.
Hanpuknaza, tounicte 107 3amicts 107° mpu-
3BeJIC JIO TOTO, 10 Yac 00pOoOKH 3MIHUTHCS Bif S ¢
1o 10 rox. Brim, 3a1aqy 9rcensHOTO IHTETpYBaHHS
PYXY KUIBKOX TUJT I7Is1 peaJIbHUX TOTPeO KOCMIYHHUX
PO3paxyHKiB 0GUMCIIOIOTE 3 TodHicTIO 107, mio
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JUISL 3BUYAHUX KOMIT IOTepiB BHUMarajiao 0 poKiB
OesnepepBHOT pOOOTH.

BucHOBKH. 32 TOMTOMOTO0 MAKeTy MaTeMaThu4-
HUX po3paxyHkiB CAS Maxima Oyi10 4HCEIbHO
MPOIHTETPOBAHO 33Jlady CeMH Tl y HeOecHii
MexaHiIli, moOyIoBaHi TOYKH PO3B’s3KiB Ta BiAIO-
BiJTHI TPA€EKTOPIl pyXy 3ip Y 30pSHOMY CKYITYEHHI
[Tnesn. Otpumani AaHi MOJCIIOBAHHS Y3TOIDKY-
IOThCSI 3 €KCIIEPUMEHTATBHUMU (haKTaMH Ta TIOTie-
penHbo 3pobieHMMH po3paxyHkamu. [Iponemon-
CTPOBAHO, 110 PO3POOICHUN MIAXiJ € THYYKUM Ta
JIETKO MAacCIITa0yeThCs, y HBOMY MOXHA KepyBaTH
TOYHICTIO OOYUCIICHB T 3aCTOCOBYBATH JI0 1HIIIOTO
yrciaa HeOeCHUX TiJl.



®di3uka Ta ocBiTHI TexHouorii, Bum. 1, 2024

JITEPATYPA:

1. Dennis Stello, Poul Erik Nissen. The problem of the Pleiades distance. Constraints from Stromgren photometry of
nearby field stars. arXiv:astro-ph/0105222v1.

2. Guillermo Abramson. Around the Pleiades. Centro Atomico Bariloche, CONICET and Instituto Balseiro. URL:
https://www.arxiv-vanity.com/papers/1808.02968/.

3. Francesca Mazzia and Felice Iavernaro. The Set for Initial Value Problem Solvers. Department of Mathematics
University of Bari. Report 40, 2003.

4. J. Kelly Beatty. Resolving the Pleiades Distance Problem. Sky & Telescope. August 28, 2014.

5. MathWorks Help Center. Solve Celestial Mechanics Problem with High-Order Solvers. URL: https://de.mathworks.
com/help/matlab/math/solve-celestial-mechanics-problem-with-high-order-ode-solvers.html.

6. IlIBamikoBcrkuid JI. M. CAS Maxima: ocHoBu poboTtu. JIynpk: Bexka-JIpyk, 2022. 106 c.

7. luropix I1. I1. Bubpani nuranns actponomii Ta actpodizuku: HapuansHuit mocidoxuk. Jlyuek, 2020. 136 c.

REFERENCES:

1. Dennis Stello, Poul Erik Nissen. The problem of the Pleiades distance. Constraints from Stromgren photometry of
nearby field stars. arXiv:astro-ph/0105222v1.

2. Guillermo Abramson. Around the Pleiades. Centro Atdmico Bariloche, CONICET and Instituto Balseiro. Retrieved
from https://www.arxiv-vanity.com/papers/1808.02968/.

3. Francesca Mazzia and Felice lavernaro. (2003). The Set for Initial Value Problem Solvers. Department of
Mathematics University of Bari. Report 40.

4. J. Kelly Beatty. (2014).Resolving the Pleiades Distance Problem. Sky & Telescope. August 28.

5. MathWorks Help Center. Solve Celestial Mechanics Problem with High-Order Solvers. Retrieved from https://
de.mathworks.com/help/matlab/math/solve-celestial-mechanics-problem-with-high-order-ode-solvers.html.

6. Shvalikovskyi, D. M. (2022). CAS Maxima: osnovy roboty [CAS Maxima: the Basics]. Lutsk: Vezha-Print, 106 p
[in Ukrainian].

7. Shygorin, P. P. (2020). Vybrani pytannia astronomii ta astrofizyky: Navchalnyi posibnyk [Selected Issues of
Astronomy and Astrophysics: a Study Guide]. Lutsk, 136 p [in Ukrainian].

86



®di3uka Ta ocBiTHI TexHouorii, Bum. 1, 2024

SMICT

Bacuns BEJIHYKO, Hina F'OJIOBIHA, Oxcana OCTPEH, Hamania ITOJIILYK
BUBYEHHS ®I3MYHUX ITPUHIIUIIIB BINCbKOBUX [[IPI SIK 3ACIb ®OPMYBAHHS
3ILOPOB'5IBBEPIFA}OIJOI KOMIIETEHTHOCTL......oii e, 3

Oxcana 3AMYPYEBA, Bacuns CAXHIOK, IOpiit IBAHOBCBKHH, Anopii ®JIAK
BJIACTUBOCTI IIEPCIIEKTUBHUX KOMITIO3UTIB
JUIST OTITOEJIEKTPOHHOT TEXHIKUL ..ot 17

Anopiu KEBIIHH, Temana ALIUHIOK, Bonooumup I'AJIAH, I'auna IILABAPOBA,

Bimanin APTIOX

3ATAJIBHA XAPAKTEPUCTHUKA XAJIbBKOTEHIJJTHWUX HATIIIBITPOBIAHWKIB

TA IX BACTOCYBAHHS (OTTISIIL). ... e 25

T'anuna MUPOHY YK, Hina I'OJIOBIHA, Anopiin KEBIITHUH
[TAM’STI TEOPI'IS € BJIAMITIMOBUYA JABUIIOKA . 31

Mupon PYJJHII, T'anuna MUPOHYYK, Mixan IIACEIL[bKHUH, Poman MATBIIB,
Henuc MUPOHYYK
EJIEKTPOHHA BYJIOBA I OIITUYHI CIIEKTPH KPUCTAJIA Ag,SbS. ¥ MOHOKJITHHII ®A3L........... 37

Mupon PY/TUIII, Mixan 115 CEIIBKI/IFL Anopiin KAIIIYBA, Bnaouchae KAPHAYIIIEHKO
MMEPITOITPUHIMITHI JOCHII)KEHH A EJIEKTPOHHOI bYJOBU KPUCTAIJIA TleSe2 ....................... 48

Muxona CA/TOBHH, Onena TPH®OHOBA
OCOBJIUBOCTI METOINKN ®OPMYBAHHSA BIPTYAJIBHUX JOCJIIJIIB I3 HABYAHHA
PO3IMOAIITY MOJIEKVII 3A IHBUIAKOCTSAMUU. ... 57

Petro TROKHIMCHUCK, Oleh VILIHURSKY]I, Oksana ZAMURUIEV A, Pavio SAKHNYUK,
Andrew IVANOVSYI

MAIN PROBLEMS OF DEVELOPMENT THE COMPUTER SCIENCE AND NECESSITY

OF THE APPLICATION OF PHYSICAL PROCESSES. ... .. i 63

Petro TROKHIMCHUCK
TO QUESTION ABOUT UNIFICATION THE BASIC LAWS OF PHYSICS

AND INFORMATION THEORY ....oooiiiiiiiiii e 74
JImumpo IIIBAJIIKOBChKHH, ITasno ILTHT OPIH
YHCJIOBUM PO3PAXYHOK 3AJAUI IIJIESI Y CEPEJJOBUILI CAS MAXIMA ......cooiiviiiiieieeie 80

87



®di3uka Ta ocBiTHI TexHouorii, Bum. 1, 2024

CONTENTS

Vasyl VELYCHKO, Nina HOLOVINA, Oksana OSTREI, Natalia POLISHCHUK
STUDY OF THE PHYSICAL PRINCIPLES OF MILITARY ACTIONS
AS A MEANS OF FORMING HEALTH-PRESERVING COMPETENCE. ... ..ot 3

Oksana ZAMURUIEV A, Vasily SAKHNYUK, Yurii IVANOVSYI, Andrew FLIAK
PROPERTIES OF PROMISING PROSPECTIVE COMPOSITES FOR OPTOELECTRONIC...................... 17

Andrii KEVSHYN, Tetiana YATSYNIUK, Volodymyr HALYAN, Hanna SHAVAROV A,

Vitaly ARTYUKH
THE MAIN CHARACTERISTIC OF CHALCOGENIDE CONDUCTORS

AND THEIR APPLICATIONS (REVIEW).....oiiiiiiiiiiiiiiie e 25

Galyna MYRONCHUK, Nina HOLOVINA, Andriy KEVSHYN
IN MEMORY OF GEORGY YEVLAMPIYOVYCH DAVYDIUK......cooiiiiiiiiiiiii e 31

Myron RUDYSH, Galyna MYRONCHUK, Michal PIASECKI, Roman MATVIIV,

Denis MYRONCHUK
ELECTRONIC STRUCTURE AND OPTICAL SPECTRA OF Ag,SbS, CRYSTAL

IN THE MONOCLINIC PHASE. .. ..o 37

Mpyron RUDYSH, Michat PIASECKI, Andrii KASHUBA, Viadyslav KARNAUSHENKO
AB-INITIO STUDIES OF THE ELECTRONIC STRUCTURE OF THE TISbSe, CRYSTAL........................ 48

Mykola SADOVYI, Olena TRYFONOVA
PECULIARITIES OF THE METHOD OF FORMING VIRTUAL EXPERIMENTS

ON LEARNING THE DISTRIBUTION OF MOLECULES BY VELOCITIES. ... 57
Petro TROKHIMCHUCK, Oleh VILIHURSKYI, Oksana ZAMURUIEV A, Pavlio SAKHNYUK,
Andrew IVANOVSYI

MAIN PROBLEMS OF DEVELOPMENT THE COMPUTER SCIENCE AND NECESSITY

OF THE APPLICATION OF PHY SICAL PROCE S SE S, ..o 63

Petro TROKHIMCHUCK
TO QUESTION ABOUT UNIFICATION THE BASIC LAWS OF PHYSICS

AND INFORMATION THEORY ..ottt 74

Dmytro SHVALIKOVSKYI, Pavlo SHYGORIN
NUMERICAL CALCULATION OF THE PLEIADES PROBLEM
IN CAS MAXIMA ENVIRONMENT . ... it e 80

88



HOTATKU

89



®I3UKA TA OCBITHI TEXHOJIOIII

Bunyck 1

Kopekrypa  Ipuna MukosnaiBaa UynecHosa

Kowmm’rorepaa Bepctka * Annpiit Onexcanaposud Dinato

®opmar 60x84/8. I'apritypa Times New Roman. [ligmucano o npyky: 03.06.2024.
[Mamip odcer. Liudposuii npyk. Ym. apyk. apk. 10,46. 3amoB. Ne 0624/468. Hakmnan 300 mpum.

BupasaunTso i npykapss — Bugasanumii gim «[enbBeTnkay
65101, Ykpaina, m. Oneca, Byi. [uriesi, 6/1
Tenedon +38 (095) 934 48 28, +38 (097) 723 06 08
E-mail: mailbox@helvetica.ua
CBinmonTBo cy0’€KTa BUAABHUYOI CIIPaBU
JK Ne 7623 Bix 22.06.2022 p.



