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OPTAHIBALIIA HEJATOI'TYHOI'O EKCIIEPUMEHTY 3 YIIPOBAJI’KEHHSA
METOAUKHN HABYAHHA ®I3UKHN HA 3ACAJJAX BIJIIHI'BAJIBHOTI'O IIIAXOAY

Y cmammi npesenmyemucs opeanizayis ma pe3yibmamu HPoGeOeHH s Nedaz02iuHo20 eKCHEPUMEHNY 3 YAPOBAOICEHHS]
PO3pOOLEHOT MEeMOOUKYU HABYAHHA (I3UKU HA 3aca0ax OiNiHe8ANbHO20 NIOX00Y 8 OCEIMHbLOMY NPOYeci 3aK1a0i6 3a2anbHOT
cepednvoi ocgimu. Taxodc 0ano usnauenns nedazoziunoco excnepumenmy. Iledazociunutl exchepumenm 0XONII08AS
KOHCMAamy8anbHuil, NOULYKO8Ul, (OPMy6antbHuil ma KOHMpOIbHUl emanu 0ocuiodxcenns. 11i0 uac nposedenns excnepu-
MeHmy 6YNI0 6UKOPUCAHO MEMOOU CNOCMEPENCEHHS, AHKEeNYBAHH S, MeCMYBAHHS, eKCHePUMEeHn, CINAMUCMUYHI Memo-
Ou onpayiosauus pe3yrbmamis. /s opeanizayii mecmyganus ¢ oucmanyitinit hopmi suxopucmogysascs cepgic Google
Sforms ma mecmu piznux munig: aubip 00H020 BAPIAHMY, MHONCUHHUL 8UDID, NPABUTLHO/HENPABULLHO, HA BCIAHO8IEHHS
8i0nosionocmi. Y cmammi npodemoncmpogana diazpama po3nooiny YuHi8 8 KOHMPOIbHUX MA eKCHEPUMEHMATLHUX 2PY-
nax 3a pieHem HAGYATbHUX OOCACHEHb, AKA 6KA3VE HA e(eKmUusHiCmy 3anpononosanoi memoouxu. Pezynsmamu neda-
20214H020 eKCnepuMeHmy niomeepoulu CIMamucmuyty 00CHOGIPHICIMb GNIUEY 3ANPONOHOBAHOI MeMOOUKU HA SKICHI
NOKA3HUKU (POPMYBAHHS KIIOYOBUX KOMIEMEHMHOCIEN MA NO3UMUGHI 3DYULeHHS Y 3ACBOEHHT VUHAMU HABYATLHOLO Manie-
piany 3 gizuxu. Cymmesi 3pyuienns 6UusgieHi 8 QopMy8anHi Maxux Kio4o8ux KomMnemenmHocmetl K. YMiHHA GUUMUCS
BHPOOOBIC HCUMMA, THPOPMAYIUIHO-YUPPOBA KOMNEMEHMHICIb, CRINKYB8AHHSA IHO3eMHO10 MOBOI0. Takodic 8npoeadiceHHs
PO3POONEHOT HaMU MEMOOUKU CRPUAE: NIOBUUEHHIO MOMUBAYTT YUHIE 00 HABUAHHS, 3AYIKABLEHOCMI 00 BUBUEHHS (Di3UKU,
PO3BUMKY KPUMUYHO20 MUCTEHHS, YOOCKOHANEHHIO BMIHb VUHI8 BUKOPUCOBYBamMU 8Ci 00CMYNHI IHopmayilini dxcepena
014 BUPILEHHS. NOCABLEHUX 3a0aY, HANPUKIAO, HABYATILHUX NPOEKMAx , PO3GUMKY 8MIHb GUKOPUCMOBY8AMIU Y Npolye-
ci suguents Qizuku npuKiaone npospammue 3abesnedents, GUPOOIEHHIO HABUYOK KOMYHIKabenrvHoCmi, pobomu 6 epyni,
HABUANbHIT KOMYHIKAYIT moujo.

Kniouosi cnosa: nedacoeiunuii excnepumenm, HACKPI3HI NOHAMMA, OiNiHe8ANbHUL NIOXI0, MemOOUKa HABYAHHA
@izuxu, 3aKk1a0u 302a1bHOT cepedHboi ocaimil.
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ORGANIZATION OF A PEDAGOGICAL EXPERIMENT
ON THE IMPLEMENTATION OF THE METHODOLOGY OF TEACHING PHYSICS
ON THE BASIS OF A BILINGUAL APPROACH

The article presents the organization and results of a pedagogical experiment on the implementation of the developed
methodology of teaching physics based on the bilingual approach in the educational process of general secondary education
institutions. The definition of a pedagogical experiment is also given. Pedagogical experiment covered ascertaining,
search, formative and control stages of research. During the experiment, the methods of observation, questionnaire,
testing, experiment, and statistical methods of processing the results were used. The Google forms service and various
types of tests were used to organize remote testing: single-choice, multiple-choice, right/wrong, to establish compliance.
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The article shows a diagram of the distribution of students in control and experimental groups according to the level
of educational achievements, which indicates the effectiveness of the proposed method. The results of the pedagogical
experiment confirmed the statistical reliability of the influence of the proposed method on the qualitative indicators
of the formation of key competences and positive changes in students' assimilation of educational material in physics.
Significant changes were found in the formation of such key competencies as: the ability to learn throughout life,
information and digital competence, communication in a foreign language. Also, the implementation of the methodology
developed by us contributes to: increasing students' motivation to study, interest in studying physics, developing critical
thinking, improving students' ability to use all available information sources to solve tasks, for example, educational
projects, developing skills to use applied software in the process of studying physics , development of communication
skills, group work, educational communication, etc.

Key words: pedagogical experiment, cross-cutting concepts, bilingual approach, teaching method of physics,

institutions of general secondary education.

AkTtyanbHicTe mpodaemu. Huni Vkpaina sk
HIKOMHM TOTpebye OCBIYEHY MOJONb, KA CTaHEe
pyurieM exkoHOMiKd. OcoOlMBO TOCTPO CTOITh
MUTaHHS 3a0e3MedeHHs] BHCOKOKBAaJi(hiKOBAaHUMHU
cneriagicraMu B TexHiuHid cdepi. Tomy ocBiT-
Hill mpo1iec 13 MPUPOTHUYNX JUCIMILTIH TOBUHEH
OyTH SIKICHUI Ta pO3BMBATH OCHOBHI KOMIIETEHT-
HOCTI, 5IKi ()OPMYIOTh KOHKYPEHTHO CIIPOMOXKHOTO
creliajiicta Ha CBITOBOMY PHMHKY Ipaii. A oTxke,
OCBITHI# TIpoIIec y IIKoJaX TOBHHEH BiAMOBIIATH
Cy4acHMM BHMOTraM cycnijiibcTBa. Ha pasi mocrae
npobieMa BIOCKOHAICHHS METOAWKHA HaBYaHHSA
($13MKH, SIK OCHOBHU PO3BUTKY CyYaCHUX TEXHO-
JOTiH, B 3aKiafiax 3arajbHOI CepeiHbOi OCBITH
(33CO). Hamu (Bepryn 1. B. , 2019) o6rpynToBana
nmotpeda pearizallii METOMUKA HaBYaHHS (i3HKH
y 33CO, po3pobneHa Ha OCHOBI OiTIHTBaJIBHOTO
MiAXO0My Ta CHOpsSMOBaHA SIK HA HACKpIi3HI JiHII Ta
MOHATTS (PI3UKHU, TAK 1 HA PO3BUTOK MiKAUCITUILITI-
HapHoi iHTerpamii i inpopmaru3zanii. Lis metoauka
BIJIPI3HAETHCS B/ IHIINX (DOPMYIOUH KITFOUOBI KOM-
METeHTHOCT] 3 (Pi3MKM Ha OCHOBI OUTIHIBaJILHOTO
nigxoxy. Tomy At BUSIBICHHS BIUIMBY po3po0iie-
HOI HaMHU METOJVMKH HaB4YaHHS ()i3UKM HA OCHOBI
ouninrBasibHoro miaxoxy (Bepryn 1. B. , 2019) na
SKICTh HaBUYAHHS NOCTala MOTpeda MpoBECTH BiJ-
MOBIAHE €KCIIEPUMEHTAIbHE TOCIIIIKEHHS.

AHaJi3 OCTaHHIX JgoCHifxkeHb i myOsikamii.
¥V npotieci muianyBaHHsI, OpTraHi3ailii Ta MpOBEICHHS
MEearoriYHOr0 €KCHEPUMEHTY MU CIHMpaJIUCs Ha
TEOPETHYHI 3acajy EKCIEePUMEHTaJbHUX H0Ci-
JDKEHB y Tiearoriii, BuzHadeHi y npamsx C.V. ['on-
yapenka (I'onuapenxo C. VY., 2008), 3.H. Kypnsun,
B.K. Cunopenka, I1.B. Imurpenka ta iH. Ilpo-
O1emMy BIOCKOHAJICHHSI METOAMKH HaBYaHHS (P13UKU
nocaiokyBanmu: I1.C. Aramanuyk, O.I. Byraiios,
C.V. Tonuapenxo, €. B. Kopmak, M.T. MaptuHiok,
O.C. Mapruniok, H. B. [logonpuropa, M. 1. Cano-
Buii, B. I1. Ceprienko, O. M. Tpudonona (Cano-
Buii M. 1., 2012), (Tpudonosa O. M.., 2014) ta in.

[IpoBeneni nmamm pocnipkenHs (Bepryn 1. B.,
2019) nokazanu, 1o MpoOIEeMOI0 3aIPOBAIKEHHS
B OCBITHiH npouec OuniHreaasHoro niaxoxy (BIT)
3aiimanucsa €. B. Benenrnena, I. M. Bumnrnesceka,
A. B. T'arapun, A. M. I'ycak, A. O. KoBanpuyk Ta
iH. BpaxoByroum TpuBaje BHBYEHHS NPOOIEMH
nocnipkenns (Bepryn 1. B. , 2019) ta Ha ocHOBI
BUBUEHHSI JJOCBITy POOOTH BUMTEINIB (i3UKH, MU
JUMIILITY 10 BUCHOBKY, IO npoOiieMa (GpopMyBaHHs
HACKPI3HUX IOHATh Ha 3acagax OUTIHTBaJIbHOTO
niaxoay norpedye NeTalbHOTO BHUBYEHHS, pO3-
POOKH BiAMOBIIHOTO METOIUYHOTO CYNPOBOAY Ta
MPOBEACHHS MEeJaroriyHOro eKCIIEPUMEHTY 3 Tepe-
BipKH €()eKTUBHOCTI TaKOI METOIMKN HABYAHHSI.

MeTtor0 DOCTiT:KEHHSI € OpraHisailis, MpoBe-
JICHHSI Ta aHaJi3 Pe3y/bTaTiB eAarorivyHoro eKcrie-
PUMEHTY LI0/I0 BIPOBAKEHHS METOIMKN HABYaHHS
HACKPI3HUX MOHATH 3 (PI3UKH B OCBITHBOMY IPOIIEC]
Ha 3acajax OiTHrBaJIbHOTO MiAX0Y.

JocmipkeHHsT TPOBOIUTHCS  BiANOBIIHO /10
TEMaTUYHOIO IJIaHy HAyKOBHX JOCIiKkeHb Jlabo-
paropii TuIaKkTUKH (Pi3UKH, TEXHOJIOT1H Ta nmpode-
ciitHoi ocBitH IHcTuTyTYy nenaroriku HAITH Ykpa-
iHM y IleHTpalbHOYKpaiHCBKOMY JAEpKaBHOMY
NeIarorivHoMy yHiBepcuTeTi iMeHi Bomonumupa
Bunnnuenka i € cknanoBoto TeM «TeopeTuko-me-
TOIMYHI OCHOBW HaBYaHHS (DI3WKHM 1 TEXHOIOTIH
y 3araJbHOOCBITHIX 1 BHIIMX HaBYAJILHUX 3aKJia-
nax» (Homep nepax. peectp. 0116U005381,32016—
2020 pp.) Ta «XMapo Opi€HTOBaHa BipTyali3aiis
HABYAJIbHOTO €KCIIEPUMEHTY 3 (DI3UKHU B MPODLIb-
Hill mkomi» (Homep aepxk. peectp. 0116U005382,
2016 — 2018 pp.).

BuKk1a71 0CHOBHOIO MaTepiaJjy 10C/Ti/IzKeHHSI.
ITix wac opranizariii meJarorivHOrO EKCIEPUMEHTY
mu onupanucs Ha npaui C.V. 'ongapenka (I'onua-
peuko C. V., 2008) ta M. 1. Cagosoro (CamoBuii
M. 1., 2001), B IKUX BHCBITIICHO OCHOBHI BUMOTH
Ta eTanM MeJaroriyHoro exkcrepumeHty. llena-
TOTIYHUH EKCIIEPUMEHT — HayKOBO-TIOCTABIICHUI
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JIOCBI y cdepi HaBYaIbHOI a00 BUXOBHOI pOOOTH
3 METOIO TOIITYKY HOBHUX, OUTbII €()eKTUBHUX CIIO-
co0iB BUpilIeHHS refaroriqyHoi mpoodnemu. Tpamu-
LiHHI €Tany MeAaroriyHoro0 eKCIePUMEHTY:

* KOHCTaTyBaJbHHUH;

* IOLIYKOBHUI;

* (opmysanbumii (Beprys 1. B. , 2020).

[Tin gac mpoBeneHHS MU JTOTPUMYBAIIUCS BiJl-
MOB1THO X TPHOX €TAIliB.

[Tepgaroriunuii eKCrIEPUMEHT TPOBOIUBCS BIIPO-
noBx 2019 — 2022 pokiB.

Ha xoncmamyeanvnomy emani nocimikeHHs
(2019 — 2020) BuBUaNHMCA TCOPETHYHI 3acaau Ta
MPaKTUYHI HaIpaIfOBaHHs II0A0 MpobiemMu dhop-
MYBaHHS KJIFOYOBHUX KOMIIETEHTHOCTEH 3 (hi3uKH
Ha OCHOBI OUTIHTBaJBHOTO MIJIXOMy, a came OyJo
OIpallbOBAHO HOPMATHBHI JOKYMEHTH, SIKi per-
JAMEHTYIOTh OpraHi3alil0 OCBITHBOTO TPOIECY
3 (i3MKM; HABYAIBHO-METOOMYHE 3a0e3neueHHs
ocBiTHROTO mporecy 3 (izuku B 33CO; moHsT-
TEBUU amapar MOCIHIDKCHHS; IOCIiIKEHO PiBEHb
TOTOBHOCTI Y4YHIB JI0 BIPOBAKEHHS PO3pOOICHOT
METOJMKY HaBYaHHS (Di3MKU HA OCHOBI O1TiHTBaJIb-
Horo Tiaxoay i BctanosneHo (Bepryn I. B. , 2019).

Haii6inpny yBary Ha KOHCTaTyBaJIbHOMY eTarli
JOCTI/DKEHHST OyJlo TPHIIIICHO: JIOCHIKEHHIO
3aCTOCYBaHHIO OIHTBAJLHOTO INJIXOMy B OCBIT-
HBOMY TIporieci 3 (i3UKH; YIOCKOHAJICHHIO METO-
IUKY 11 HaBYaHHA Ha 3acamax OUTIHrBaJbHOTIO IIijI-
XOJy; BUBYCHHIO MMUTAHHS ()OPMYBAHHS KITFOYOBUX
KOMITETEHTHOCTEH 3 (i3UKH B YUHIB B OiTiHTBaJIb-
HO-OPIEHTOBAHOMY OCBITHHOMY CEPEIOBHIIIL.

3aBOaHHsA HOWLYKOB020 emany IOCIHIIKEHHS
(2020-2021) monsirasv y: BUBYEHHS LIUISXIB 3aCTO-
CyBaHHs Ta peaii3amii OUTIHIBaJbHOTO ITiXOTY
B HaBuaHHi (i3uku B 33CO; BUBUEHHI NMPOBIAHUX
¢dopM, 3aco0iB i METO/IIB HaBYaHHS y OiTiHTBaJIb-
HO-OPIEHTOBAHOMY  OCBITHBOMY  CEpEIOBHIII
3 (hi3WKHU; po3pOOKa METOAWKU HaBYaHHS (i3HKH
CTapUIOKJIACHUKIB y OUTIHIBaJIbHO-OPIEHTOBAHOMY
OCBITHBOMY CEPEIOBHIIII.

[Ipu upoMy CTBOprOBaNIMCS METOAWYHI MaTepi-
amm Juist opranizamii (Bepryn 1. B. , 2020, 2021)
TaKuX BHJIIB JiSIILHOCTI SIK JlabopaTopHa poOoTa
Ta pPO3B’SI3yBaHHS 3a7a4, TAKOX IPOBOMIIACS
anpoOarlis ¥ KOPUTYBaHHS €JIEMEHTIB METOIMKH,
YTOYHIOBJIMCh OCHOBHI (DOPMU HiSUTBHOCTI YUHIB
Ta TemaroriB y OUIIHIBaJbHO-OPIEHTOBAHOMY
OCBITHBOMY CEpEIOBHUIII 3 (Pi3UKH.

Ha nincymkoBomy (opMmyBasibHUI) eTarti ea-
rorignoro ekcriepumenty (2021 —2022) 3aiiicHeHO

nepeBipKy e(EKTUBHOCTI METOIWKH HaBYaHHS
¢bi3uKu Ha 3acaiax OUTIHTBAJILHOTO MiIXOIY Yepes
NPOBEICHHS MEeNarorivHoro eKcrepuMeHTy. bymm
copMoBaHi KOHTPOJILHI Ta EKCIIEPUMEHTAIbHI
KJIacH; 3IIHCHEHO METOAMYHY IirOTOBKY BYHTE-
7B (Gi3UKH 10 BIOPOBAKEHHSI PO3POOICHOI HAMHU
METOJMKH B OCBITHIH TPOIIEC; OpraHi30BYyBaIHCS
OH-JIAaMH JIEKIil, KOHCYNbTalii 3 MUTaHb BIIPOBa-
JOKEHHSI METOIMKH; TIPOBEJICHO KOHTPOJIBHUH 3pi3.

VY Xomi HamMX JOCHIKEHh HaMH po3poOieHi
tectoBi 3aBnanns (Beprys 1. B. , 2020, 2021) 3 kypcy
¢izuxn B 33CO Ha pO3yMiHHSI HACKPI3HUX TIOHSTH,
SIKI CTAJIM OCHOBOIO JUTSl IPOBEICHHS NIEAAaroriyHOTO
EKCIICPUMEHTY Ta BH3HAYCHHS DIBHS HABYAIHLHUX
JOCSTHEHb y4HiB. TECTOBI 3aBIaHHS MU PO3IUTHIN
Ha 8 Tem (Tabm. 1), sIKi OXOIUTIOIOTH YBECh Mare-
pian mepeadadeHuid O ONaHyBaHHS BiIIOBIIHO 10
HIKUTbHUX HaBYAJIBHUX Tporpam 3 ¢izuku 10-11 kia-
ciB (MOH, 2017), mo 3arBepmkeHi MiHICTEpCTBOM
OCBITH Ta HAayKd YKpaiHH, TaKOK BHOKPEMIICHI
HACKPI3HI TIOHATTS KOKHOTO PO3ILTY.

Tab6mums 1
OCHOBHi HACKPIi3Hi MOHATTA TECTOBUX 3aBIAHb

Temu TecToBuX 3aBJaHb | OCHOBHI HACKPi3Hi OHATTS

Tema 1. MexaHika * Bifgcranp

 [IIBuaKicTh

* Yac

* Pyx

* Yacrora
Tema 2. Enementu * Maca
creniaiabHOT Teopil * Cuna
BiJHOCHOCTI * Enepris

* Jledexr mac
Tema 3. MonekynsipHa * ['ycruna
¢izuka Ta TepMonnHamika | ¢ Temmeparypa

* O0’em

e Tuck

Tema 4. Enextpuune nosne | * 3apsi

* Hanpy>xeHicTb
* Cmia

Tema 5. Enextponunamika | © MaruitHe mosie
* Cuiia

» Pobora

* EnexrpoMarHiTHi KOJIMBaHHS
* Yacrora

* [Tepion

* CBiTIIO

* SIckpaBicThb

* [Ipominb

* XBuiis

» KonuBanus

« Jlinza

» dokyc

Tema 6. EnexrpomarHiTHi
KOJIUBAHHS Ta XBHUIIL

Tema 7. Onruka

Tema 8. AromHa Ta
sepHa (isuka

* Anpo

* Atomu

* Heiitpuno

* pallioaKTUBHICTh
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TecTyBaHHS TPOBOAMIOCS B TUCTAHIIHOMY
¢dopmari 3a mgonomororo Google Forms. Tectosi
3aBIaHHS MPEICTABJICHI B YOTUPHOX THIIAX: BHOIP
OJTHOTO BapiaHTY, MHOKMUHHUI BHOIp, IPaBUILHO/
HEMpPaBWJILHO, HA BCTAHOBJICHHS BiJIOBIIHOCTI.
Bubip omHoro BapiaHTy — J03BOJISIE BUOMpPATH
OJHY BIpPHY BIJIOBiAb 31 CHHCKY. MHOXUHHHIA
BUOIp — J03BOJIsIE BUOMpATH OAHY ab0 JeKijIbKa
BIJIMIOBIICH 3 HaJaHOro CHHUCKY. [IpaBuWibHO /
HenpaBwibHo — mpocTta Gopma NMUTaHHS 3 MHO-
KUHHAM BHOOPOM TUIBKM 3 JIBOMa BapiaHTaMH
Bubopy: «lIpaBunsHo» 1 «HempasunsHo». Bcera-
HOBJIEHHS BIJIIOBIIHOCTI — BIANOBiAbL HA KOJXKHE
mia 3anuTaHHd Mae OyTH BHOpaHa 13 3aJaHOro
CIMCKY MOYKJIMBHX BiJTIOBITHOCTE.

Mu chopMyBai KOHTPOJIbHY Ta CKCIIEPUMEH-
TaJbHY TPYIU TAaKUM YHHOM, IO O KOHTPOJBHOL
TpyNH HaJIeKau Y4Hi, 110 HABYAJIUCH 32 TPaIUITii-
HOI0 METOJMKOIO; IO €KCHEPUMEHTAIBbHOI TpymnH
HaJIeXaly Y4YHI, 110 HAaBYAJIMCh y OUIIHIBaJIbHO-
OpIEHTOBAHOBOMY OCBITHROMY CEpPEIOBHIII.

Tema MexaHika

ﬂ? IgordTvaigrail.oom (He 30 iaec] Dubmie OGAROINA FRG e

PR . TN

Yamsa pivin, B Homnicl Tonul ansT NOERIRoNHS NEpeyBang maTepianw-g

TouKA Mig s Py

O e
D) Tpackropin
() TMepesiusessn

D e

TTogsaute Bei BNAANA, KOMSE TSN MRS BEENATH MITERIEMEHOR
TouKoHD. [AEKINEKD NPOBANBHMX BigNOosIgEH)

[ Poapoacymcs Ty, mxsi useims waci mitoss sa FpysT
D Branarsiast BACOTH, MO SKiF NETATE NiTR
JaarTa Nowcie B, eI ¥ Al
PGS, e ¥ nivasy

[ Buisipeonis wmaasscti pysy nitasa s anituii oyl

Puc. 1. Tect 3 TeMmun «MexaHika»

Ha mowarok mpoBeleHHsI MeAaroriyHoro eKc-
MepUMEHTY OyIl0 3iiiCHeHO BUOip TpyI Ha OCHOBI
aHaJTi3y pO3MOIUTY YYHIB 32 PIBHEM HaBYAJIbLHUX
nocsirHeHb. Jlo yJacTi B MeJarorivyHoMy eKCIepH-
MeHTI Oysio 3aiydeno 347 yuniB 10 kimaciB pisHUX
33CO: 175 yuHIB — eKCIIEpUMEHTallbHa TpyIa;
172 — xoHTponbHA. MM BHKOPHCTAIU KpHUTEpPiit
ITipcona (( %> ) Ui CTAaTUCTUYHOTO OOIPYHTYBAHHS

BIJICYTHOCTI BiIMIHHOCTEH MK PO3MOIIIOM KOH-
TPOJIBHOIO Ta EKCHEPHMEHTAJIBHOI0 TpyHaMu 3a
piBHEM HaBYAJIBHUX MOCSATHEHb 3 Qizuku. [ligpa-
XyHKH BUKOHYBasucs B Microsoft Excel (puc. 2).

[lo Tabnuui KPUTUYHHUX 3HAYEHb KpPUTeE-
pito IlipcoHa HaxXoIUMO KpUTHYHE 3HAUCHHS:
npu df = 3 1 piBerb nomwiku 0,05 KpuTHYHE 3HA-
yeHHs y2 =7,81.

Otpumane Hamu 3HaueHHs Y2 =13,82 Ounbiie
KPUTUYHOTO, a OTKE, HyJbOBA IiloTe3a BiAKHIa-
€TBbCS Ta NMPUHAMAETHCS ABTEPHATHBHA TiNOTE3a,
16 O3HAYa€ SKIIO BIPOBAIUTH y MIPOLIEC HABYAHHS
po3po0iieHy HaMH METOOUKY OYiKy€ThCSl BUIIUI
piBeHb (hOpMYBaHHs KJIIOUOBUX KOMIIETETHOCTEH
3 (pi3uku B yUHiB.

U-kputepiit ManHa-YiTHI — 1el Kpurepii
€ HaWMNOTY)XHIIIMM HeTapaMeTPUYHUM aHaJOTOM
t-kpurepito CThIOIEHTA ISl HE3aJIeXKHUX BUOIPOK.
VY neskux BUMaAKax HOro MOTY)KHICTh MOXe OyTH
HaBITh OLIBILIOO, HIXK Y t-KpHUTepito. JlaHuii kpure-
piii OyB BUKOPHCTAHU HaMU TSI OIIHKH €(hEeKTHB-
HOCTI 3aIpOBaPKEHOI METOJJMKHN HaBUYaHHS (PI3UKH
y OUIIHI'BaJIbHO-OPIEHTOBAHOBOMY  OCBITHBOMY
cepenoBuilli. OGUHMCICHHS KPUTEPIIO 311HCHIOIOTh
3a popmynamu:

=mn, l.irj(:r ll}.-’.? R,

[ |

!

U,=nn, +n(n, +1)/2-R,;
ne R ,R, —cymu panriB BUOIpOK; #,, n, — KiJIb-
KIiCTh €JICMCHTIB y HUX.

st #Woro  po3paxyHKiB
Microsoft Excel (puc. 3).

Jlo excrepuMeHTy OMNpallOBaBLIM PE3yJIbTaTh
orpumano Uemrt = 20050, 1ie eMmtipiuaHe 3HAYCHHS
3HAXOAUTHCS B 30HI HE 3HAYYIIOCTI, TaK SIK IIEPEBU-
nrye Ukp=19070. [TopiBHIOIOUM pe3yibTaTH MiCIIs
MPOBEACHHS EKCIIEPUMEHTY IOKa3ylTh MPOTPec
B OIIiHIII €()eKTUBHOCTI HABYAIHLHOTO TPOIIECY, TaK
gk ckianae Uemn = 11030 1 3HaXoAUThCA B 30H1
3Hauymiocti. JlaHi pe3ynapraté  MiATBEPIKYIOTh
e(peKTUBHICTD 3aMPONOHOBAHOT METOIUKH.

BucHoBkHM 3 gociigkeHHsI i NepcHeKTUBH
MOAAJBIINX PO3PO0OK. Y pe3ynbTari MpoBeje-
HOTO MENaroriyHoro eKCHepUMEHTY IIOA0 METO-
JIMKY HaBYaHHS ()i3MKW HA OCHOBI OiJTIHTBAJIBLHOTO
MiIXOAY B OCBITHROMY IIPOIIECI MU PO3PaxyBaH
nBa kputepis kpurepiit [lipcona y2 =13,82 Ta
U-xputepiit Manna-Yitai Uemn = 11030 ix 3Ha-
YEHHSI BKA3ylOTh Ha JOUUJIBHICTH BIPOBAJKECHHS
po3pobnenoi Hamu Metoauku. OTxe, pe3yabTaTH

BUKOPHCTOBYBaJIU
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Mpynu PigHi EmnipuuHmii | TeoputuuHMi (E-T)%/T
Huszwscuil 6 4,46 0,53
Cepeoniil 81 67,41 2,74
KoHTponbHa docmam#iil 60 63,94 0,24
Bucoxuil 25 36,18 3,46
Huszwexuil 3 4,54 0,52
ExcnepemeHTanbHa Cepeortil 55 68,59 2,69
Hocmammiil 69 65,06 0,24
Brucoxuii 48 36,82 3,40
x? 13,82

Puc. 2. 3Benena tabuamnust pospaxynky kpurepiro Ilipcona

Ne HonTpomsHa rpyna  |ExcnepemenTansHa rpyna Ouinkm Fpyn Pawr PesyAsTaT

1 4 3 nl 172
2 10 3 Rl 23908
3 6 5 n2 175

| 4 5 3 5 R2 34470
5 4 3 5 Ugmn 11030
1] 5 3 5
7 10 3 5
8 11 3 5
9 4 3 5

Puc. 3. 3Begena Taduuus po3paxyHky kpurepiro Manna-YiTHi

MEJAaroriyHor0 eKCIEepUMEHTY JaloTh MIJACTaBHM  XOAy € €(EeKTHBHOIO Ta MOXE PEKOMEHIYyBaTHCS
JUTS BUCHOBKY, 110 3aITPOIIOHOBaHA HAMU METOAMKA 1O BIPOBADKCHHS y NMPAKTUKY HAaBYaHHS (i3UKH
BUBYEHHS (DI3UKM HA OCHOBI OUTIHIBAJIBHOTO MiJl- Yy 3aKjiaJiax 3arajibHOi CEpPeIHbOI OCBITH.

JITEPATYPA:

1. Bepryn 1. B. BusHaueHHs piBHS BOJIOJIHHS KOMIIETCHTHICTIO CIIUIKYBAaHHS iHO3EMHHMH MOBaMH 171 €(heKTHB-
HOTO BIPOBAKCHHS OUTIHTBAIILHOTO Tinxony HaBdaHHsA (isuku. Hayxosi zanucku . Cepis : Iledacociuni nayxu, 2019.
177(1). C. 87-93.

2. Bepryn 1. B. Metonuka HaB4aHHS (i3MKH CTAPIIOKIACHUKIB B YMOBaX BIIKPUTOTO OiIIHIBaIbHO-OPIEHTOBAHOTO
OCBITHBOTO cepenoBuiia. Hayxosi sanucku. Cepis: [ledazoeiuni nayku, 2019. Ne 183, C. 180-184.

3. Bepryn 1. B. Meronuka HaBuaHHS HACKPi3HUX MOHATH 3 ()i3MKH HA OCHOBI OUTIHTBaJILHOTO miaxomy. Haykosi
3anucku. Cepis: Iledacoeiuni nayxu, 2020, (191), 227-230.

4. Bepryn L.B., Tpudonora O. M., 3anaui 3 dpisuku && Problems of physics: HaBuaIbHO-METOANYHHHN TTOCIOHHUK.
Kponusuuupkuii: I1IT «Exckmo3us-Cucrem», 2021. 188 c.

5. Bepryn L.B., Tpudonosa O. M., ®iznuna nadoparopis && Physical laboratory. Kponmeautpkuit: I1IT «Exckro-
3uB-Cuctem», 2020. 103 c.

6. Tonuapenko C. V. [lenaroriuti J0CiiPKEHHS: METOIOJIOTIYHI MOpaan MooauM HaykoBisMm / C. V. ToHuapeHko. —
KwuisBinnung : Binnuig, 2008. — 278 c.

7. Jpo6in A.A. ®opmyBaHHS (i3MIHUX TTOHATH y MIKOJISAPIB HA OCHOBI CTATUCTHYHOTO Ta IMOBIPHICHOTO TTiJIXOIiB:
Iuc. ... Kaug. nef. Hayk : 13.00.02; Kiposorp. aepx. nex. yH-T iM. BonogumupaBunanuenka. Kiposorpan, 2012. 325 c.

8. Mapruntok M. T. HaykoBo-MeToan4HI 3acan HaBYaHHS (i3MKH B OCHOBHIN NIKOJI: aBTOpEed. TUC. A-pa e, HayK:
13.00.02.Kuis, 1999. 34 ¢

9. Hapuasbhi mporpamu st 10-11 kiiacis 3akiaiiB 3aranbHOI cepeiHboi ocBiTh: Di3rka i ActpoHomis. 10-11 kimacy (Hakas
No 1539 Bim 24.11. 2017 p. ). K.: Ocsira, 2017. 55 ¢. URL: https://mon.gov.ua/storage/app/media/zagalna%20serednya/
programy-10-11-klas/2018-2019/fizika-i-astronomiya-10-11-avtorskij-kolektiv-pid-kerivnicztvom-lyashenka-o-i.doc.

10. HapuanbHi mporpamu 1yt 7-9 KiaciB 3akiafiB 3aragbHOi cepennboi ocBitTi: disuka. 7-9 kmacu (Hakasz Ne 804
Bix 07.06.2017 p. ). K.: Ocsira, 2017. 40 c. URL: https://mon.gov.ua/storage/app/media/zagalna%?20serednya/
programy-5-9-klas/onovlennya-12-2017/7-fizika.doc.



®di3uka Ta ocBiTHI TexHouorii, Bum. 2, 2022

11. Canosuii M. 1. TeopernyHi Ta METOANYHI OCHOBH CTAHOBIICHHS Ta PO3BUTKY (DYHIAMEHTATIBHUX 116 TUCKPETHOCTI
Ta HEMEePEePBHOCTI B Kypci (i3uKH 3araJbHOOCBITHROI IIKOMH : aBTOped. HC... A-pa nex. Hayk : 13.00.02. Kuis., 2001. 37 c.

12. Cagoruii M. 1. OcoOMMBOCTI IearorivHOro eKCepUMEeHTY y AncepTanitHux nocikennsax / M. 1. Canosuii // Hay-
xogi 3armcku. — Cepist: [leparoriuni Hayku. — KipoBorpaa: PBB KTV im. B. Bunanuenka, 2012. — Bun. 106.—C. 110-121.

13. Capmosuit M. 1. Tpugponosa O. M., Cragnivenko C. M. ®opmyBaHHS cydacHO HayKOBOI KAPTHHH CBIiTY 3acO00aMu
CHCTEMH HACKPI3HUX MOHATh. Haykosi 3anucku. [ledazoeiuni nayku. Kiposorpam, 2014. Bum. 132. C. 65-70.

14. xineHi migpygauku. URL: https://4book.org/uchebniki-ukraina (gara 3seprenns: 18.05.2020).

REFERENCES:

1. Verhun, 1. V. (2019) Vyznachennia rivnia volodinnia kompetentnistiu spilkuvannia inozemnymy movamy dlia
efektyvnoho vprovadzhennia bilinhvalnoho pidkhodu navchannia fizyky [Determining the level of proficiency in the
competence of communication in foreign languages for the effective implementation of a bilingual approach to teaching
physics]. Naukovi zapysky . Seriia : Pedahohichni nauky. 177(1), .87-93, [in Ukrainian].

2. Verhun, I. V. (2019). Metodyka navchannia fizyky starshoklasnykiv v umovakh vidkrytoho bilinhvalno-
oriientovanoho osvitnoho seredovyshcha [The method of teaching physics to high school students in the conditions
of an open bilingual-oriented educational environment.]. Naukovi zapysky. Seriia: Pedahohichni nauky, 183, 180-184.
[in Ukrainian].

3. Verhu, I. V. (2020). Methodology of teaching cross-cutting concepts in physics based on a bilingual approach
[Methodology of teaching cross-cutting concepts in physics based on a bilingual approach]. Naukovi zapysky. Seriia:
Pedahohichni nauky,19),227-230. [in Ukrainian].

4. Verhun LV. & Tryfonova O. M., (2021). Zadachi z fizyky && Problems of physics: navchalno-metodychnyi
posibnyk. [ Problems of physics && Problems of physics: educational and methodological manual] Kropyvnytskyi: PP
«Ekskliuzyv-Systemy. [in Ukrainian].

5. Verhun L.V, & Tryfonova O. M., (2020). Fizychna laboratoriia && Physical laboratory.[ Physical laboratory &&
Physical laboratory] Kropyvnytskyi: PP «Ekskliuzyv-System». [in Ukrainian].

6. Goncharenko S. U.(2008) Pedagogical research: methodological advice to young scientists [Pedagogical research:
methodological advice to young scientists]. 278. [in Ukrainian].

7. Drobin A.A. (2012) Formuvannia fizychnykh poniat u shkoliariv na osnovi statystychnoho ta imovirnisnoho
pidkhodiv. [The formation of physical concepts among schoolchildren based on statistical and probabilistic approaches]
325. [in Ukrainian].

8. Martyniuk M. T. (1999) Naukovo-metodychni zasady navchannia fizyky v osnovnii shkoli [Scientific and
methodological principles of teaching physics in primary school]. 34 . [in Ukrainian].

9. Navchalni prohramy dlia zahalnoosvitnikh navchalnykh zakladiv: Fizyka. 10-11 klasy (2017) [Educational
programs for general educational institutions]. Kiev. . [in Ukrainian].

10. Navchalni prohramy dlia zahalnoosvitnikh navchalnykh zakladiv: Fizyka. 7-9 klasy (2017) [Educational programs
for general educational institutions]. Kiev. . [in Ukrainian].

11. Sadovyi M. 1. (2001) Teoretychni ta metodychni osnovy stanovlennia ta rozvytku fundamentalnykh idei dyskretnosti
ta neperervnosti v kursi fizyky zahalnoosvitnoi shkoly [Theoretical and methodological foundations of the formation and
development of the fundamental ideas of discreteness and continuity in the physics course of a general education school]
37. [in Ukrainian].

12.Sadovyi M. L. (2012) Peculiarities of the pedagogical experiment in dissertation studies.[ Peculiarities of
the pedagogical experiment in dissertation studies] Naukovi zapysky. Seriia: Pedahohichni nauky, (106), 110-121.
[in Ukrainian].

13. Sadovyi M. I. & Tryfonova O. M & Stadnichenko S. M (2014) Formuvannia suchasnoi naukovoi kartyny svitu
zasobamy systemy naskriznykh poniat [Formation of the modern scientific picture of the world by means of a system of
cross-cutting concepts]. 65-70. [in Ukrainian].

14. Shkilni pidruchnyky. [School textbooks] (n.d.). 4book.org Retrieved from https://4book.org/uchebniki-ukraina
[in Ukrainian]. (data zvernennia: 18.05.2020).



®di3uka Ta ocBiTHI TexHouorii, Bum. 2, 2022

YJIK 621.315.592
DOI https://doi.org/10.32782/pet-2022-2-2

Oxcana 3AMYPY€BA

Kanouoam (hizuxko-mamemamuyHux HayK, Ooyenm Kageopu meopemuyHoi ma KoMn romepHoi izuxu
imeni A.B. Cgiozuncorozo, Bonuncovruii nayionanvuuii ynieepcumem imeni Jleci Yxpainxu, npocn. Boxi, 13,
m. Jhyyvk, Vrpaina, 43025

Scopus Author ID: 56181742100

Bioaiorpagiunniionuccrarri: 3amypyesa,O.,(2022) BiractuBocTi XanbKOTreH1JHUX HaMiBIPOBIAHUKIB
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BJIACTUBOCTI XAJbKOT'EHITHUX HAINIBIIPOBITHUKIB I'PYIIU A'B"'C, Y

Tlokazarno, AKW0 HA OOUH AHIOH ATIMA30NO0IOHUX T NOXIOHUX 810 HUX CMPYKMYP NPUNAOAE 0OHA OKMAeOPUYHa ma 08l
mempaeopuHi nycmomu, Koau Kamionyu Maromy 3an06HI08AMU NONOBUHY mempae()puqyux nycmom, ye 03Ha4ae, o Ha
qbopmyﬂbyy OOUHUYIO Agzln SiSe, 0ns ymeopenns 6ez0egpexmmnoi mooeni nompiono wicmo kamionis. /{ns ionie Ag" y xane-
KOMIpUMHILU CMpYKmypi 610600umbm 25 % ycix nycmom (1/4 wacmuny). V cmpyxkmypi Ag In,SiSe aprenmym 3anosnioe
16,7 % (1/6 wacmuny) 3aeanvnoi kinbkocmi mempaedpuunux nycmom. Ipu nepexodi AginSe, 0o Agzln SiSe, inditi sami-
WYEMbCA 2ePMAHIEM, MOMY 3a2abHA KiTbKICMb 3anosnenux mempaedpie (In, Si) Se, na Komipxy SATUUAENbCs, HESMit-
HOI0, a no3uyii Aprenmymy cmaioms 0eexmuumil.

Ilpu nopisnanni na ocro6i €OuHOI enepeemuyHOl WKaTU penmeeHi6cokux emiciunux cmye Se Kp, i penmeeniscoxux
omoenekmponHux cnekmpig 6aneHmHOI 30HU KPUCMANIE NHOKA3AHO, WO SHAYHUL 6HECOK 00 8EPXHbOI YACUHU 8AleHIM-
HOI 30HU 30iticHI0lomb Se 4p-cmanu. Busnaueno enepeii 36 513Ky 0CIMOBHUX e1eKMPOHI6 CKAA008UX eleMeHmi8 Heonpo-
MineHux 1 onpominenux ionamu Art nogepxonv kpucmanis. Cnocmepieaemo 0esxy wymaugicms 00 60MOapoysanHs ix
ionamu Ar* 3 enepeieio 3,0 xeB ynpooosaic 5 xe. Buicm amomis inodiio (In) 6 wapax 30invuuecs 6 1,4 — 1,5 pasu, amomie
ceneny (Se) — He 3MiHUBCA.

Ouyinero eghekmugHy macy erekmpoHia i 0ipox i3 3acmocyganusm nomenyiany DFT/PBE ons pisnux cmpykmyp y 060x
63AEMHONEPNEHOUKYIAPHUX HANPAMKAX. Bionowenns obuucnenoi egpexmugHoi macu enekmponis 00 8iNbHO20 eNeKmpoHa
cmanosums 0, 1449.

Oyineno wupuny 3a00ponenoi 30nu npu pisnux memnepamypax, suavenns E, ons cnonyku Ag,In SiSe cmanosnsimo
1,76 eB (100 K) ma 1,68 eB (300 K). YV pobomi ecmarnoeneno, wo kpucmanu Agzln SiSe, npsamozonni Hamenpoeldnuku
Buxonanns npasuna Ypoaxa i eenuxe snauenns Ey, 3aceiouye, wo kpucmanu nanesxcamo '00 Oegexmuux Hanienposionu-
Ki8, AKi 3d C80€I0 eNeKMPOHHOIO CHIPYKIMYPOIO Ha6ﬂu9f€al0l'}1bc}l 00 HeBNOPAOKOBAHUX CUCTEM.

Kniwouosi cnosa: ocmogui pieni, enepeisi akmueayii, Npsamo 30HHI HANi6NPOGIOHUKY, npasuio Ypoaxa.
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It is shown that if one anion of diamond-like structures and structures derived from them has one octahedral
and two tetrahedral voids, when cations must fill half of the tetrahedral voids, this means that six cations are required
per Ag,In SiSe, formula unit to form a defect-free model. For Ag" ions in the chalcopyrite structure, 25% of all voids
(1/4 part) are allocated. In the Ag,In SiSe, structure, argentum fills 16.7% (1/6th) of the total number of tetrahedral
voids. In the transition from AginSe, to Ag,In SiSe,, indium is replaced by germanium, so the total number of filled (In, Si)
Se, tetrahedra per cell remains unchanged, and Argentum positions become defective.

A comparison based on a single energy scale of the X-ray emission bands of Se Kf3, and the X-ray photoelectron spectra
of the valence band of crystals shows that a significant contribution to the upper part of the valence band is made by Se 4p
states. The binding energies of core electrons of the constituent elements of non-irradiated and Ar™ ion-irradiated crystal

9
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surfaces were determined. We observe some sensitivity to their bombardment with Ar* ions with an energy of 3.0 keV for
5 min. The content of indium atoms (In) in the layers increased by 1.4-1.5 times, selenium atoms (Se) did not change.
The effective mass of electrons and holes was estimated using the DFT/PBE potential for various structures in two
mutually perpendicular directions. The ratio of the calculated effective mass of electrons to the free electron is 0.1449.
The band gap at different temperatures was evaluated, the values E_for the compound Ag,In SiSe, are 1.76 eV (100K)
and 1.68 eV (300K). The work established that Ag In SiSe, 6 crystal.% are direct-band semiconductors. The fulfillment
of Urbach's rule and its great significance proves that the crystals belong to defective semiconductors, which in terms
of their electronic structure are close to disordered systems.
Key words: core levels, activation energy, direct bandgap semiconductors, Urbach's rule.

Beryn. B cyuacHoMy CBITI y pI3HHX Taimy3six
OIITOEJEKTPOHHOI TEXHIKM IIUPOKO 3aCTOCOBY-
I0Th KOMIUIEKCHI XanbkoreHian cpioma (Khyzhun,
1996). Jleski 3 WX XaJIbKOTCHIB BHUKOPHCTOBY-
I0Th K (DOTOeNeMEeHTH, BY3bKOCMYIOBI ONTHYHI
¢inerpu (Lazarev, 1993), i Ttomo. bararo mpen-
CTaBHUKIB I[i€] TPYNU Ma€ HEUEHTPOCUMETPUUYHY
ctpyktypy (Khyzhun, 1996) ii nepcriekTuBHI 1s
HEJIHINHOT ONITUKH.

Cronyku i3 3aranbHO0 (opmynoo AgB"X)
(B™ — Ga, In; X — S, Se, Te) xpucrasi3yroTbcs
B CTPYKTYpi XQJIBKOMIPHUTY 1 € €JICKTPOHHO-XIMiU-
HUMHU aHasioramu OiHapHuX crioiayk A"BY!' (Lazarev,
1993). HaitOuteIr HIMPOKO 3aCTOCOBYIOTHCS ChO-
ronui, sHakm AgGaS, 1 AgGaSe, — onni 3 Kparux
HENHIMHUX ONTHUYHHMX MarepialliB uisi ONMKHBOT
[Y-o6nacti criekTpa €l1eKTpOMarHiTHOIO BHITPOMI-
uioBanHs (Olekseyuk, 1996). JlonaBanHs AUXaIbKO-
TeHIB TePMaHII0 JI0 BKa3aHUX BHUIIE KPUCTAIIB MPHU-
BOIMTL 110 yTBOpeHHA cnonyk AgGaGeS, (Halyan,
2009) i1 AgGaGe,Se, (Badikov, 1991), mo xpucra-
J3YIOTBCSI B OPTOPOMOIYHIM CTPYKTYpi ¥ MaroTh
Kpall HeJTiHIHHO-ONTHYHI BIACTUBOCTI MOPIBHSIHO
3 HOTPIHHUMH CTIOTyKaMH. BIiMB iHIIMX TUXaibKo-
TEHIB, 30KpeMa TMXaJIbKOTeHY KPEMHIIO Ha CIIOTYKH
tury AgB"X memocratnbo BuBdenuid. TerpapHi
kpucramu Ag In SiSe, MarOTh NOTEHIIAHE 3aCTO-
CYBaHHS B iH(ppa4epBOHiii ONITOCNIEKTPOHIIIi, KBAHTO-
Bilf €NIEKTPOHIlli, CBITJIOBUTIPOMIHIOBAILHUX I0aX
1 COHSIYHMX CHUCTeMax SK MEPCIEKTUBHI By3bKOCMY-
TOBI HAIIBIPOBIIHUKOBI Matepiamu (Zhang, 2012).

Meta po6oTu. [[oCcmiguTi BIaCTUBOCTI Xallb-
KOI€HIIHUX HamiBnpoBignukis rpymu A'B"C.Y,
a came Ag In SiSe,.

MeToauka Ta TeXHiKa eKCIepUMeHTYy. XaJlb-
KOTEHIJIHI CIIOJlyKH BHPOIIYBAJIHCh 33 METOIOM
Bpimxkmena-Crokbaprepa. B pesymbrari  Oynu
OTPUMaHi MOHOKPHCTAJIH, PO3MIPH SIKUX MTPHIATHI
JUTSL QiI3MYHUX AOCIIIKCHb.

Jlns BUBYEHHSA CTPYKTYpHHUX, EINEKTPOHHUX,
ONTUYHHUX TapaMeTpPiB OCHIKYBaHUX KpHUCTa-
JIIB BUKOPUCTAHO TEOPit0 QYHKIIIOHATY HIUTLHOCTI
(DFT) i3 BimbopoM ABOX pi3HUX MOTEHIIIAIB.
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Jlisi BUMIpIOBaHHS €Heprii 3B’sI3Ky OCTOBHHUX
PIBHIB €JICKTPOHIB aTOMIB BHKOPHUCTAaHO METO
PEHTTEHIBCHKOI (OTOENEKTPOHHOT CIEKTPOCKOMIT
(P®), a Takox mis 3ammcy PD-criekTpiB BasieHT-
HUX EJEKTPOHIB. SIK crmekTporpad BHUKOPHCTOBY-
BaBcsi MoHOXpomatop M/IP — 208 3 koM 10TepHOI0
CHUCTEMOIO YTpaB-JIiHHA 1 0OpPOOKOIO PEe3yJbTaTiB
excriepuMeHTy. [Ipu gociipKeHi CIeKTpiB MOTIH-
HaHHS CBITJIA BHUKOPHCTOBYBABCS KPEMHIEBHIA
doronpuiimay.

Buxnaa ocHOBHOTo Marepiaay il OOIpyHTY-
BAHHA OTPUMAaHUX Pe3yJIbTATIB AOCTiIKEHHS.
Hacamnepen y po6oti (Makowska-Janusik, 2014)
ONTHMI30BaHO TEOMETPil0 000X TOCIIKYBaHUX
CTpyKTYp. Po3Mip enemMeHTapHOi KOMipKU 1 cUMe-
Tpisi CTPYKTYpH 30€peXKeHi IiJl Yac MpoIeaypu
ontuMizarii reomerpii. Cxema bpoiinena — ®rner-
yepa — lompndapba — Illanno (BFGS) Bukopwu-
cTaHa fK anroput™m MiHimizamii. OOpaHo Taki
KOHBEPTCHIIIHI TapaMeTpu ONTHUMI3aIlii: eHepris,
mo gopiBHioe 2x107° eB/atom; cuma, mo aie Ha
arom, meHma 3a 0,01 eB/A, Tuck, mo xie Ha aTom,
menmni, 3a 0,02 I'Tla, MakcuManbHE aTOMHE 3Mi-
meHHs JopiBHIoE Sx104A.

EnexkrponHy 0OMIHHO-KOpPEJSAIIHY €Heprio
BpPaxOBYBaJIM B MEXaxX Yy3arajlbHEHOI TI'pali€HT-
Hoi ampokcumarnii (GGA), BUKOPUCTYIOUM MOTEH-
mian [lepapio — Bypke —Epanepxoda (PBE). 11106
BUKOHATH PO3PAXyHKH 3 HANUMEHIIOI MOXIIHU-
BOIO TPAaHUYHOIO €Hepriero it 06a3ucy IUIOCKUX
XBWJIb, B OOYHUCIIEHHSX MOTPIOHO BUKOPHCTOBY-
BaTH TICCBIIOTIOTCHINANMN, SAKI 30€piraloTh HOPMY.
[IceBnoaTtomui oOuMCIIEHHsSI BUKOHAHI Ui Ag 4s2
4p6 4d10 5sl1, In 5s2 5pl, Si 3s2 3p2, Se 4s2 4p4.
['pannyna enepris 6a3ucy MIOCKUX XBHJIb JOPIiB-
HIo€ 650 eB. [aTerpyBanHs 3a BiiOpaHUMH 0COOITH-
BHMMH TOYKaMH 110 30H1 bpitioena 3iiicHioBaNm 3a
JoroMoro Merony Monkxopera — Ilaka, 3acto-
coBylouu crieniaibHy K-TOUKOBY CIiTKy po3mipom
3x5x3. TloBHy eHeprilo BBa)alOTh KOHBEpProBa-
HOIO, KOJIM JIOMYyCTUME BIIXWJICHHSI CaMOY3TOKe-
Horo mous (SCF) cranoButh 10° eB/atom.
OOumcreHHsT €IeMEeHTapHOI KOMIPKH, BHUKOHAaHI



®di3uka Ta ocBiTHI TexHouorii, Bum. 2, 2022

JUIE 000X CHCTEM, CTBOPEHI €JIEMEHTapHI KOMIpKH
MpeacTaBiIeHi Ha puc. 1.

B - i
- Apresrym
= CeimeHiys

= CHGH

Puc. 1. Enementapua komipka Ag2In2SiSe6

VY cTpyKTypi 3HAWIEHOI CHONYKH MOXHA YiTKO
BUAUIMTH aHioHHY miapennitky CeneHy, Terpae-
JIPUYHI ITyCTOTH SIKO1 YaCTKOBO 3allOBHEHI KaTiOHAMH
apreHTyMy, repMasito Ta iHmiro. [Topsmok po3mi-
IIEHHS KaTIOHIB Y TETPaePUIHIX ITyCTOTaX BUOPAHO
BIZIMOBIJTHO JIO PO3MIpIB MYyCTOT ¥ 10HHUX pajiiycCiB
MeTaiB. Y CTPYKTYypi AOCIIIKYBaHOI CIIOTYKH iICHY€
TPU BUAW TAaKUX ITyCTOT: HAHOUIBINI — pajiycomMm
0,073 — 0,074 uMm; cepenni — 0,062 HM; HaliMEHIII —
0,034 uwm. 1i po3mipu ycepeaHeHi 1y1st KOKHOI 3 ITyc-
TOT, OCKUTBKY Maiike BC1 KOOPIMHAIIIHI MHOTOTpaH-
HUKH KaTiOHiIB ieopMoBaHi. MOYKHA TaKOXK OLIHATH
pajiycH IMyCcToT 13 HAUKOPOTIINX MI>KaTOMHHX BiJl1a-
neii Se-Se, BBaXKarOuH, 1110 aHIOHH YTBOPIOIOTH JKOP-
cTKi Terpaeap. OTOX, apreHTyM Ma€e 3allOBHIOBATH
MyCTOTH 3 HAHOLTBIINM, THIIH — 13 CepeHiM, repMa-
Hill — 13 HAlIMEHIIIUM PaZiyCOM.

Ormxe, KO HAa OOUH aHIOH aJMa3OIOLIOHHX
1 MOXiTHUX BIJ HUX CTPYKTYyp TNpUIATAE OIHA
OKTae[pyyHa Ta JBi TeTPaeAPHUHI IMyCTOTH, KOJIH
KaTiOHM MalOTh 3allOBHIOBATH IIOJIOBHHY TETpae-
JPUYHUX ITyCTOT, Il O3HAa4ae, Mo Ha (HOpMyYIbHY
onuunmo  Ag In SiSe, s ytBOpeHHs Oesne-
¢dexkTHOI Momeni MOTpiOHO TICTh KaTioHiB. Jljis
10HIB Ag" y XaJbKOMIPUTHIA CTPYKTypl BiIBO-
mutbest 25 % ycix mycrort (1/4 wactuny). Y cTpyk-
Typi Ag,In,SiSe, aprentym 3amoemioe 16,7 %
(1/6 yactuHy) 3arajbHOI KUIBKOCTI TeTpaeapud-
nux mycror. [1pu nepexoni AglnSe, 1o Ag,In, SiSe,
1HAIH 3aMilIyeTbcs TepMaHieM, TOMY 3arajbHa
KUIBKICTh 3anmoBHeHMX Tterpaeapis (In, Si) Se,
Ha KOMIpKY 3aJIMIIAETHCS HE3MIHHOIO, a IMO3UIIi
ApreHtymy cTarTh AePEKTHUMH. YHACTIAOK Bif-
CYTHOCTI OJHOTO 13 IIECTH BCIX HEOOXiTHUX Ha
(hopMyIbHY OAMHHUIIIO KaTiOHIB Pi3KO 3MIHIOETHCSA
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TeTparoHajbHa CUMETPis CTPYKTYpPH Ha HU3bKOCH-
METPUYHY MOHOKJIIHHY.

Ha croromHi (hi3uKo-XiMigHI BIACTHBOCTI CIO-
nyk Ag In,SiSe, HemocTaTHbO BUBYEHI. V JiTepa-
Typl HEMa€ JaHUX MPO EKCIIEPUMEHTAJbHI BHUMi-
PIOBaHHS # «IEPUIONPUHIMIIHI PO3PaXyHKH
€JIEKTPOHHOI CTPYKTypH ceneninis Ag,In SiSe,.
Y 0Garatbox eKCIEPUMEHTATBHUX JIOCTIIKCHHSIX
Ta «IEPIIONPHHLIUIHUX» PO3paXyHKaX 30HHOI
CTPYKTYpH O1HapHHX, TEPHAPHUX 1 TETPAPHUX Ji- i
TeTpacyabdimiB (ceneHimiB) Oysl0 BCTaHOBIJICHO,
IO TX €JICKTPOHHI CTPYKTYPH BU3HAYAIOTHCS 3HAY-
HUMHU BHECKaMH BaJIeHTHUX S (Se) p-cTaHiB 1o
Bciit oOnacti BasnienTHoi 300U (Khyzhun, 2014).

PentreniBebki emiciiini Se KB2-cmyru mociti-
JUKYBaHUX CEJICHIIB AgZInZSiSe6 CYMIIIEHO B €/11-
Hill eHepreTHuHil mKajgi 3 iX PEHTIeHIBCHKUMH
(OTOCNEKTPOHHIMHU CIIEKTPAMU BAJICHTHUX €JICK-
TPOHIB. Y MeXax JTOCIiIKeHb PO3IIISIIAEMO BILIHB
ONpOMiHEHHS i0HaMH Ar', SK METOJ OYHMIICHHS
MOBEPXHi, 1[0 NTMPOKO 3aCTOCOBYIOTh B EITITAKCIH-
Hux texnonoriax (Hiifner, 2013).

Ors110Bi PEHTT€HIBCHKI (DOTOCIIEKTPOHHI CIIEK-
TPH HEONPOMIHEHUX ¥ ONMPOMIHEHHMX 10HaAMH Ar"
nosepxoHb kpucranis Ag,In SiSe, (Hiifner, 2013)
HaBeleHO Ha puc. 2. OueBHMIHO, IO BCi CHEK-
TpaJIbHI XapaKTePUCTHUKH, 32 BUHATKOM 1S piBHIB
ta OXe-JiHIi ByIIel0 Ta KHCHIO, HAJEXaThb 10
OCTOBHHUX piBHIB a00 Oxe-JiHil CKIalI0BUX elle-
MeHTiB. Konu moBepxHi mifnaThes BIUTUBY MOBI-
TpsI BIIPOJIOBXK TMOPIBHSHO TPUBAJIOTO Yacy (KiJbKa
THXKHIB), JKOIHOT aKTHUBHOI XiMIYHOI B3aeMOJIii
3 KHCHEM HE crocTepiraethcs. BimHOCHI iHTEH-
cuBHOCTi JiHiH Ols mocuth HeBenuki (puc. 2)
Ha JIOCIIPKyBaHUX HEONPOMIHEHUX IMOBEPXHSX
KpHCTaIIB, IPU YOMY HE BUSBIECHO OyIb-SKHUX CIIi-
JIiB TIPUCYTHOCTI KHCHIO Ticisg OomOapmyBaHHS
ionamu Ar” nosepxoHb Ag,In,SiSe,. Otpumani
P®OC-nani BKa3yrOTh Ha HU3bKY TirPOCKOIIYHICTh
MIOBEPXOHb KPHCTAJIB, IO BAXKJIMBE IS BUKOPH-
CTaHHS TAaKUX MaTepialiB y MPUCTPOSX, IO Tpa-
IIOIOTh B yMOBaX HABKOJHIIHHOTO CEPEIOBHUIIIA.

3HaueHHsT eHeprii 3B’A3Ky OCTOBHHX €JIeK-
TPOHIB CKJIAJJOBHX €JIEMEHTIB HEOIPOMIHEHUX
il ompomiHeHHX i0HaMH Ar" HOBEpPXOHb KPHUCTa-
nie Ag,In,SiSe, naeneno B tabn. 1. Orpumani
pe3yJIbTaTH MOKA3ylTh JESIKYy YyTJIUBICTH MOBEp-
XOHb KpUCTAJIB 10 OoMOapayBaHHs iX 10HaMu Ar”
3 ereprieto 3,0 keB ynpomosxk 5 xB. BmicT aromiB
igairo (In) B mapax 36inpmuBcs B 1,4 — 1,5 pasu,
aToMiB ceneny (Se) — He 3MiHHMBCSL.
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In 3d Ag In SiSe,

InreHcHBHICTD (1.0.)

1000 800 600 400 200 0
Enepria se'asky (eB)

Puc. 2. OrnisinoBi peHTreniBcbKi oroesieKTpoHHi
CIEKTPH AOCTITKYBAHUX MOBEPXOHb KPUCTATIB
Ag,In_SiSe, niisi: 1 — HeonpoMiHeHHX;

2 — ompomiHeHnux ionamu Ar*

Otxe, Taka 00poOKa HE 3MIHIOE 3HAYCHHS
eHepriil 3B’s3Ky OCTOBHHMX €JIGKTPOHIB yCiX aTo-
MiB — CKJIQJIOBUX €NEeMEHTIB cronyk Ag In, SiSe,
okpim iHzito (In). 3 ganux, HaBeneHUX y Tabm. 1,
OTPOMiHEHHSI 10HaMU Ar" TIOBEpXOHb KPHUCTAIIIB
3HIDKY€ 3HAUEHHS €HepTiii 3B’ 3Ky ocToBHUX In 3d
ta In 4d enexrponiB nmpubimm3Ho Ha 0,2 eB.

Tabmuns 1
Emneprii 38'si3ky (B eB*) ocTOBHUX piBHiB
CKJIJIOBUX eJIeMeHTIB HeoOpooIeHnX
Ta ONPOMiHEHUX iOHAMH Ar* OBEPXOHb

Hacammiepen reometpii ABOX 3a3Ha4€HHX CHUCTEM
OyJ10 ONITUMI30BaHO, 30epiratouu CUMETPII0 KpPUCTa-
JIB 1 MapaMeTpiB IPaTKH, TOYKOBA rpyria Oysia BU3HA-
uena sx C. ExcriepumenranbHo onepxkani Mika-
TOMHI BIJICT@Hi Ta JaHi, 10 TEOPETUYHO OTPUMaHi
TTICJIS ONITHMI3allil reoMeTpii, HaBeIeHi B Ta0. 1.

Tabmuig 2
MiskaromHi BiicTaHi B KpucTraigax

JloBxkuHa 3B’ 3Ky
s Ag In_SiSe_
InenTndikanist 38’ 3Ky Exp ] DFL/PBE
[1m]

Agl-Sel 0,2711 0,274496
Agl-Se2 0,2648(8) 0,266620
Agl-Se4 0,2745(15) 0,270416
Agl-Se5 0,2671(14) 0,272499
Ag2-Se2 0,2690(14) 0,269275
Ag2-Se3 0,2799(11) 0,282534
Ag2-Se5 0,2652(15) 0,268887
Ag2-Seb 0,2693(10) 0,267130
In1-Sel 0,2654 0,254664
In1-Se2 0,2607(13) 0,254939
In1-Se5 0,2654(13) 0,254435
In1-Se6 0,2631(14) 0,254332
In2-Se2 0,2588(14) 0,255183
In2-Se3 0,2588(12) 0,254757
In2-Se4 0,2573(13) 0,252890
In2-Se5 0,2597(9) 0,253565
Si/ Ge-Sel 0,2330 0,226638
Si/ Ge-Se3 0,222(2) 0,225268
Si/ Ge-Se4 0,227(3) 0,225843
Si/ Ge-Se6 0,225(2) 0,228132

kpucraiis Ag In,SiSe,

OcToBHM Ag,In,SiSe / A“gégézs;gff/
piBeHb/BajleHTHA | HeoOpoO/eHa P
onmpomiHeHa
30Ha MOBEPXHSA . "
ioHamu Ar
MAKCHMYM 4,74 4,65
BAJICHTHOI 30HU
In 4d 17,56 17,34
Si 2p 100,67 100,58
Se 3p., 159,79 159,75
Se3p,, 165,51 165,55
Ag3d,, 367,11 367,19
Ag3d./, 373,18 373,15
In 3d,, 444,08 443,87
In 3d,, 451,72 451,46

* TToxuOka BuMiptoBanb + 0,05 eB.
** Jloxubka BumiproBanb + 0,1 eB.

[Tix wac mociimKeHb ENEKTPOHHUX BIACTUBOCTEH
1 ONTUYHUX XapaKTEPUCTUK OOYHMCICHO ENIEKTPOHHI
30HHI CTpyKTypu Kpucramis Ag,In SiSe, i3 3acto-
cyBanusM noteHuianis DFT/PBE 1 DFT/B3LYP.

OO6umcnena aucnepcis 30HHOT CTPYKTypu —
OCHOBa IS PO3paxyHKy €(EeKTUBHUX Mac HOCIiB.
E(ekrtuBHy Macy €JeKTpPOHIB (#7,) BU3HAYEHO
(Makowska-Janusik, 2014) 3a KpUBH3HOIO B HUX-
HiIi YacTWUHI 30HU TPOBIAHOCTI B Kk -MPOCTOPI.
JliaroHanpHi €1eMEeHTH TeH30pa e(heKTHUBHOI Mach
JUISL €IEKTPOHIB 1 AIPOK OOYUCIIEHO 3a PIBHSAHHIM
HaBKoJIO0 /” TOukW 30HM bpimoeHa miis 30HU Tpo-
BIJTHOCTI Ta BaJE€HTHOT 30HH, BIITIOBIIHO:

11 &Ek)

m, n* okok,

e

(1).

EdexTuBHy Macy enekTpoHa BU3HAYAIOTh Yepe3
Y3TOJDKEHHSI CTPYKTYPH 30HH IPOBIIHOCTI 3 Mapa-
00MIYHOIO (PYHKITIEIO.

BinHomenHss o0GuncneHoi e(QeKTHBHOI Macu
€JIEKTPOHIB /IO BUIBHOTO €JIEKTPOHA Ul KPUCTa-
mie Ag,In SiSe, nopisuroe 0,1449. Pyxnusictb
€JIEKTPOHIB y HAIPSIMKY, HapaJeIbHOMY 10 OCei
o €JIEMEHTApHUX KOMIPOK HMKYa, HIXK y MEpIeH-
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JTUKYJSIPHOMY HanpsMKy (muB. Ta0m. 3), miareep-
JDKYROUYM 3HAUHY aHi30Tpomio. BapTto Haronocury,
10 OTPUMaHI ITapaMeTPH OLIHEHO 0e3 ypaxyBaHHS
€ICKTPOH-(DOHOHHOT  B3a€MOii, $Ka CIPHYH-
HSI€ PO3IIMPEHHS €HePreTHYHUX 30H i 0co0IMBO
CHJIbHA B XaJIbKOTEHIIHUX CIIOJIyKaX.

Jns ekcreprMeHTaIbHOI OLIHKY IUPUHU 3200-
POHEHOi 30HM TPOBEIEHO CIEKTpalbHE MOCIIi-
JOKEHHsI Koe(illieHTa TpOITyCKaHHs i BiIOMBaHHS
(Andreev, 2000). KoedimieHT mormuHaHHS po3paxo-
BaHO 32 3aPEECTPOBAHUMH CIIEKTPAMH ITPOITY CKaHHS
3a ¢opmynoro (2) (Makowska-Janusik, 2014):

2
d 2T

(1- Ry’

R’ 2
L R @)

a +

Ha puc. 3. npeacraBieHo 3alie)KHOCTI ((xhv)2
Bim Av. OCKUIBKH BCTaHOBIICHO, IO JOCIIJIKY-
BaHI CIIOJIyKM — TPSIMO30HHI HaIiBIPOBITHUKH,
TO IIMPUHY 3a00pOHEHOI 30HM ( E,) OUiHIOBaIM
EKCTPAIOJIAIIEI0 MPSIMONIHIHHOT AUISHKY 3aJIeXK-
HOCTI (ochv)2 Bij eHeprii ¢oToHA Av 10 IEPETHHY
3 BicCIO a0cIuC.

OTpumani HamM 3HadeHHs E, Ui CIONYKH
Ag2In2SiSe6 cranoBmate 1,76 eB (100 K) Ta
1,68 eB (300 K). 3i 30inbpIIeHHIM TeMIepaTypHu
mprHa 3a00pOHEHOT 30HU 3MEHITY€EThCS (pHc. 3),
o0 MOXe OyTH 3yMOBJICHO: a) B3a€EMHHM Bij-
MITOBXYBaHHSIM PIBHIB y 30HAaX MpH 30UIBIICHHI
eNeKTPOH-(DOHOHHOT B3aeMojii; ©) TEMJIOBUM
PO3IIMPEHHSIM PEUIiTKN (AHTapMOHI3M KOJIMBaHB)
1 BIJIMOBITHOO 3aJICKHICTIO EHEPTeTUYHOT IIITUHU
BiJI CTAJIOT PENITKH; B) 3TVIa/KyBAaHHSIM MEPioand-
HOTO TIOTEHITI ATy, III0 ONUCY€EThes pakTopom Jleba-
- Yoiuiepa; T') B3aEMOJII€I0 MIXK30HHHUX CTaHIB.

Haii6inpmmii BK1ax y 3MiHy IIMPUHU 3a00pOHE-
HOT 30HM BHOCSITh TIEPITUX JBa MeXaHi3Mu. Po3pa-
XOBaH1 TeMIieparypHi KOe(ilieHTH 3MIHU HIUPUHU

3a00pPOHECHOT 30HU (‘3E% o) CTaHOBIISATS -0,35- 103

eB/K. SIk BHITHO 3 OTpUMaHHX pe3yJIbTATIB, TEMIIE-
parypHi Koe]illieHTH Ma€ HETaTUBHUMU 3HAK, a IIe
J1a€ 3MOTY TIPHUITYCTUTH, 110 BHECOK €IeKTPOH-(O-
HOHHOT B3aeMOJIii TIpu 301JbIICHHI TEeMIepaTypu
OUTBIINI, HI’)K BHECOK BiJI TEIUIOBOTO PO3IIUPECHHS
PEIIiTKH.

160

140 |

1,5

Puc. 3. EHepreTn4na 3aie:xxHicTh koedinieHTa
NMOTTHHAHHS CBiTJIA o = a(Av) AJs1 KpUCTAdiB
Ag2In2SiSe6 3a pisaux Temneparyp 7,
K:1-100; 2 -200; 3-300

Hwx4ve obnacTi cHABLHOTO TOTIIMHAHHS CIiAY€
eKCIIOHCHITIHA 3aJIOKHICTh o Bim Av  («XBicT»
VYpb6axa) (Urbach, 1953). [lns mosicHEHHsI Takoi
EKCIIOHEHITIHHOT 3aJIe)KHOCTI OYJIO 3aIPOITIOHOBAHO
JIeKUJIbKa MeXaHi3MiB: Bapiarii mMUApUHU 3a00po-
HEHOi 30HM 3yMOBJIEHI (MIyKTyallisMHA TYCTHHH,
a TAKOXK PO3LIMPEHHS KPalo 30HH, sSIKE IHIyKOBaHE
BHYTPINTHIMH €JIEKTPUYHUMHU TOJSIMHU. Y poOOTi
(Meisel, 1989) BucyHyTO mpUMyIIEHHS, IO Kpaii

Tabmug 3

EdexTuBHa Maca eJIeKTPOHIB i 1ipok, o0uucjieHa npu 3acrocyBanHi norenuiaay DFT/PBE
AJIS Pi3HUX CTPYKTYP Y ABOX B3a€MHOMNEPNEHANKYJISIPHUX HANIPAMKAX

EdexTuBHa Maca ejieKTpOHiB E¢exTuBna maca gipok
Crpyxrypa m, || o m, La m, || o m, 1 o
Ag In, SiSe, 0,1944 m, 0,1449 m, 0,5372 m, 0,4015 m,
Ag,In,SiSe, + Se, 0,2014 m, 0,5008 m, 2,0568 m, 0,5045 m,
Ag,In SiSe, + Ag 0,7007 m, 0,1899 m, 3,2632 m, 2,2294 m,

13
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MOTJIMHAHHS BiJI0OpaXkae TOsBY T'YCTUHU CTaHIB
YHACHIJI0K (piIyKTyallii KyTiB 1 JOBXKHH 3B’ SI3KIB.

VY nocmimpKkyBaHUX 3pa3Kax Ha eKCIOHCHIIHHIN
JIUISHIN 3aJ7IeKHICTh o BiJ Av TAMOPSIIKOBYETHCS
npaBmiy YpoOaxa:

a=oa,exp(E-E,/E,), 3)

dopma Kparo MOIIMHAHHS, SKa OMUCaHa eMITi-
PUYHUM TpaBWIOM Ypbaxa, noOpe BHKOHYETHCS
Juig 6araTboX KPUCTATIYHUX U aMOp(HUX CHOTYK
(Meisel, 1989). /lng xpucTaniyHUX HamiBIIPOBII-
HUKIB 3a HU3bKkuX temmeparyp 7 <7, (me T, —
XapaKTepHCTUYHA TeMIlepaTypa) BennunHa £, He
3aJIeKUTh Bif T, ane 3aineXuTh BiJl KOHIEHTpAIli
nedexris. 3a T >7, E, 3anexuTh Bia TeMmmepa-
TypH 3a 3aKOHOM: E,; = cT , e ¢ — KOHCTaHTa.

s amopdHUX HamiBOPOBIIHUKIB 7, 3HAYHO
Oinblle, HIXK IJIs1 KPUCTATIYHUX PEUOBWH, SKi IMiJI-
nopsiIKOBaHI TpaBmwiy Ypbaxa. s Oumbmocti
3 HUX 7T, JeXKHUTHh BUIIE TeMIIepaTypu po3M’sK-
IIEHHS, TOMY MOJKHA BBa)KaTH, 0 F,, s aMmopd-
HUX CIIOJIYK HE 3aJIeXKHUTh B1Jl TEMIIEpaTypH.

Bukonanns mpaBwia VYpbaxa i Benmuke 3Ha-
yeHHs E, 3acBinuye, mo kpuctanu Ag2In2SiSe6

HaJIekKaTh 10 e(HeKTHUX HAITIBIPOBITHHUKIB, SKi 32
CBOEIO €JIEKTPOHHOIO CTPYKTYPOIO HAOIMKAIOThCS
710 HEBIOPSIKOBAaHHUX CUCTEM. BoiHOUAC, OCKITBKH
pEUOBHHHM — CKJIa/HI (ha3u, BOHU Oararti CTpyKTyp-
HUMH Je(peKTamMH i JOMIITKOBOTO, 1 TEXHOJIOTiY-
HOTO TIOXOJPKEHHS, SIKI YTBOPIOIOTH €HEPreTUYHI
piBHI B 3200pOHEHI# 30HI HaIiBIPOBiAHUKA. ToMy
CJIIJT CTIO/IBATHUCS, IO CTIEKTP €JIEKTPOHHUX CTAHIB
y TOCJTIJIKYBaHUX CIUTaBax MOAIOHUHN 10 TaKKX, K
y cuIIbHOZIE(PEKTHUX HEBIMOPSIKOBAaHUX 200 aMop-
(GHUX HaAIBIPOBITHUKAX.

BucnoBkn. 3a po3paxyHKamMH 30HHOI CTpPYK-
TypH BCTaHOBJIEHO, 10 KpucTanu Ag,In SiSe, nps-
MO30HHI HamiBIPOBiTHUKU. [lopiBHAHHS HAa OCHOBI
€IMHOI EHEPTeTHYHOI IIKAJIH PEHTIeHIBCHKUX eMi-
CiiHux cMyr Se Kf, 1 peHTreHiBChbKUX (POTOETEK-
TPOHHHX CIEKTPIiB BAJICHTHOI 30HH KPUCTAIIIB JIA€
MiJICTaBH 3pOOUTH BUCHOBOK, 110 3HAYHWI BHECOK
JI0 BEPXHbOI YaCTHHU BAJICHTHOI 30HU 31HCHIO-
10Th Se 4p-ctanu. OLiHeHO MHUPUHY 3a00pPOHEHOT
3onm 32 7=100 K i 7=300 K. O0uncneHuii Tepmiy-
HUM Koe(ilieHT 3MiHA IIUPUHHI 3a00pOHEHOT 30HH
s inrepsany 100 — 300K cranosuth 3,5-10°
14,0-10* eB/K.
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IDEALITY FACTOR IN INGAN/GAN MULTIPLE QUANTUM WELL
LIGHT-EMITTING DIODES WITH NONUNIFORM CURRENT SPREADING

In this research we demonstrate that a high p-n junction ideality factor () in multiple quantum well InGaN-based
light-emitting diodes grown on sapphire substrate may be connected to the current crowding effect. This effect is due to
the localization of the current flow routes in some regions of a multilayer LED structure whose position are difficult to
predict apriori. In lateral structures the current crowding forms regions of high current density in the vicinity of the contacts,
resulting in a reduction of the effectively emitting area and the local overheating of the emitting structure. Numerous efforts
have been made to identify the effect of the current crowding on the InGaN-based light-emitting diodes performance.
Following this tendency, we show that high nonuniformity of current flow can lead to the increasing of the “apparent”
ideality factor. This result shows that the ideality factor is not uniquely determined by carrier recombination and transport
mechanism in the space charge region as it is predicted by classical one-dimensional theory of p-n junction. The
experimental investigation of InGaN blue (A=460 nm) light-emitting diodes with two different contact geometries confirm
that the ideality factor increase from 2.2 (current spreading geometry) up to 3.6 (current crowding geometry). These
findings reveal that the ideality factor obtained from I-V measurements in light-emitting diodes employing lateral injection
can not be considered as a pure internal parameter of the p-n junction. This the current crowding affected modification
of the ideality factor occurs mostly in the intermediate range of current where the space charge region dominates in
the light-emitting diodes performance and erroneously could be treated as the change of carrier transport mechanism
and carrier recombination nature.

Key words: InGaN, light-emitting diodes, ideality factor, current crowding.
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DPAKTOP IJEAJIBHOCTI B CBITJIOAIOJAX HA OCHOBI INGAN/GAN
KBAHTOBUX AM 3 HEOAHOPIAHUM PO3TIKAHHAM CTPYMY

Y yiti pobomi mu noxasyemo, wjo 6ucoke 3nauweHHs pakmopy ioearbHocmi 6 ceimno diodax Ha ochosi InGaN, supo-
Wenux Ha cangiposux niokiaokax, modxce 6ymu nog’szame 3 epexmom Konyenmpysanns cmpymy. Leii egpexm sunurae
BHACTIOOK IOKANI3AYIT HIU NPOMIKAHHA CIPYMY 8 OesIKUX 00NACmAX C8IMa00i00H0I cCmpyKmypu, AKi 8axicko nepedoa-
yumu a priori. B cmpykmypax 3 1amepanbHoio THIICEKYIcio eqheKkm KOHYeHMPYB8aAHHA NPU3Bo0Ums 00 POpMyBanHs 8UCO-
KOi' 2ycmuny cmpymy noonusy KOHmMaxKmis, wjo SUKIUKAE 3MEHUENHs eq)eKMUBHO BUNPOMIHIONUOI NPOWi Ma NOKATbHU
posiepis. Yucnenni pobomu Oynu Hanpagieni ma me, woob 33Cy6amu GNiUG eqheknty KOHYeHMpPYS8aHHs Ha eqeKmUGHICIb
pobomu InGaN ceimnodiodis. Cnidyrouu yiti menoenyii, My NOKA3aU, WO 3HAYHA HEOOHOPIOHICMb NPOMIKAHHS CIMPY-
My Modice npuzeooumu 0o 30inbuienns “eudumozo”’ paxmopy ideanvhocmi. Taxkuil pezyibmam 00600ums, wjo paxmop
i0eanbHOCMi He BUBHAYACMbCS TUULe MEXAHIZMAMU PeKOMOIHayii ma mpaHcnopmy Hociie 3apady aK ye nepeobaiacmocs
KAACUYHOI meopieto p-n nepexody. Excnepumenmanvhi docnioscenus InGaN (460 um) c6imnodiodie 3 déoma pizHumu
2eomMempisiMu KOHMAKMie 008005Amb, W0 PaKmop i0earvbHocmi 30inbuyemvcs 6i0 2,2 (2eomempis 3 pOIMIKAHHAM CIpY-
Mmy) 00 3,6 (ceomempisn konyenmpysanns cmpymy). Li eucrosxu poskpuearoms ¢axmop ioeanvHocmi e K cymo “‘eHy-
mpiwnii” napamemp p-n nepexody. Mooughixayis gaxmopy ideanvhocmi nio 0icto eghexmy KOHYeHMPYSaHH MPAnis-
EMbCS, NEPEBANCHO, 8 NPOMINCHOMY THMEP8Ai CMpPyMie, 0e 061acmb 06 EMHO20 3apady 8USHAYAE eeKMUBHICb pobomu
C8IMI00i00i8 i ModHCe OYMuU NOMUTKOBO PAKMOBAHA, K MAKA, W0 BUHUKAE 8 Pe3YTbIAMmi 3MIHIL MEXAHI3MI8 MPAHCHOPMY
i pexombinayii Hociié 3apsoy.

Knrouosi cnosa: InGaN, ceimno0iod, pakmop ideanvHocmi, egpexm KOHYEHMPY8AHHSL CIPYMY.

Introduction (#). According to the classical Sah-Noyce-Shockley

InGaN/GaN multiple quantum well (MQW)  theory of the p-n junction under forward voltage,
LEDs have attracted much attention because of their ~ the current is dominated by the recombination
applications in general illuminations, back lighting  of minority carriers in the neutral regions of the
and displays. Researches in this field have resulted  junction [1]. This results in the ideality factor equal
in a great progress in the material quality, efficiency  to f=1.0. One of generalizations of the ideal p-n
and lumen output of the nitride-based LEDs.  junction theory takes into account the recombination
Despite this, there are number of LED parameters  of carriers in the space charge region. In this case
which must be carefully determined for further the ideality factor is equal to f=2.0. Both theories
improvement of the device performance. One of  can not predict the ideality factors greater than 2.0.
those parameters is the p-n junction ideality factor =~ However it is well known that in MQW InGaN/
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GaN LEDs grown on sapphire substrates S factor
has anomalously high value f>>2. High ideality
factor results in the increasing of the diode forward
voltage and decreasing of the power conversion
efficiency. To date, the reason of high £ factor is not
fully understood and explained. It is believed that S
exceeding 2 in InGaN based p-n junctions originates
from the trap-assisted tunneling [2, 3], carrier
leakage inside the active MQW LED region [4],
spontaneous and piezoelectric polarization in the
quantum barriers [5] or is due to additional junctions
available in the LED circuit [6]. In this work we
show that the reason of high ideality factor may
be the current crowding effect (CC), which is well
known in InGaN/GaN LEDs on sapphire substrate
[7,8]. This effect is due to the localization of the
current flow routes in some regions of a multilayer
LED structure whose position are difficult to predict
a priori. The numerical simulation and experimental
testing of blue lateral LEDs with two different
contact geometries indicates the increasing of the
ideality factor in the devices with nonuniform current
spreading. This the CC affected modification of the
ideality factor occurs mostly in the intermediate
range of current where the space charge region
dominates in the LED performance and erroneously
could be treated as the change of carrier transport
mechanism and carrier recombination nature.

Experiment and simulation

The objects of our investigation are blue InGaN/GaN
MQW LEDs (A=460 nm) grown on sapphire substrate
by the metal organic chemical vapor deposition.
Two different electrode patterns are investigated:
a conventional p-side up bar-shaped structure and
p-side down flip-chip structure with a wide reflecting
p-contact (Fig. 1). Both types of LEDs have the same
internal structure consisting of an n-GaN layer, MQW
active region (five QWs and barriers), AlGaN electron
blocking layer and p-GaN layer. Throughout this paper
we refer to the first structure as the current crowding
contact geometry and the second structure as the
current spreading contact geometry. The measurements
of the current-voltage (/-V) characteristics have been
performed in a pulsed mode with 1% duty cycle and
200 Hz frequency. A small duty cycle was chosen in
order to minimize the self-heating effect. The field
electroluminescence patterns have been monitored
with the optical microscope connected to the CCD
camera.

For the numerical simulations of the LED
electrical properties we have considered commonly
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accepted parameters and LED dimensions: n-GaN
layer (d =2.5 pm, n=5x10" cm”), active layer with
nonlinear p-n junction conductivity, p-GaN layer
(d=0.1 pm, p=5x10"" cm?), 1x1 mm’ area. The
conductivity of the active layer was represented
by using diode-like current-voltage dependence
I=I (exp(eV /BkT) — 1), where I, is the saturation
current, V., is the voltage drop across the active layer,
[ is p-n junction ideality factor, k is Boltzmann’s
constant and 7 is temperature. We suppose that f=2
(recombination process in the space charge region)
[9] and the saturation current /,=1.5x10* A. The
contact resistance, unipolar and metal-GaN junction
were not taken into account. It was assumed that the
electric charges are localized in the space-charge
region of the p-n junction, that the other regions of a
structure are neutral and that the diffusion component
of the current in these regions may be neglected.
Therefore, the electric potential distribution follows
from the Laplace equation V (o(xz, Va',_)ﬁgo)=0,
while the local current density is connected to the
potential gradient via the Ohm law J = —o(x,yzV, )
Vo (where o(x,y,z,V ) is the conductivities of the
layers). The numerical simulations of the current
flow have been performed in 3D mode with the finite
element discretization scheme.

For the numerical simulations of the LED
electrical properties we have considered commonly
accepted parameters and LED dimensions: n-GaN
layer (d =2.5 um, n=5x10"®cm?), active layer with
nonlinear p-n junction conductivity, p-GaN layer
(d,=0.1 pm, p=5x10" cm?), 1x1 mm?* area. The
conductivity of the active layer was represented
by using diode-like current-voltage dependence
I=I (exp(eV ,/BkT) — 1), where [ is the saturation
current, V , is the voltage drop across the active
layer, f is p-n junction ideality factor, k is
Boltzmann’s constant and 7' is temperature. We
suppose that f=2 (recombination process in the
space charge region) [9] and the saturation current
1=1.5x10" A. The contact resistance, unipolar and
metal-GaN junction were not taken into account. It
was assumed that the electric charges are localized
in the space-charge region of the p-n junction,
that the other regions of a structure are neutral
and that the diffusion component of the current
in these regions may be neglected. Therefore, the
electric potential distribution follows from the
Laplace equation V (o(x,),z, V., )?go)ZO, while the
local current density is connected to the potential
gradient via the Ohm law J= —o(x,),z, Va'l.)§ga



®di3uka Ta ocBiTHI TexHouorii, Bum. 2, 2022

p-contact Ngwt
- | O |
| ——— alN n-contact
MOW
n-GaN —
sapphire

MQW

light
t 1Tt 1

sapphire

n-GaN

o
X n-contact

w“”

Fig. 1. Schematic representation of the InGaN/GaN LED structures under
investigation and spatial distributions of the light emitted by the LEDs
at I=1 mA: (left) p-side up structure (the current crowding contact geometry);
(right) p-side down flip-chip structure (the current spreading contact geometry)

(where o(x,,z,V, ) is the conductivities of the
layers). The numerical simulations of the current
flow have been performed in 3D mode with the
finite element discretization scheme.

Results and discussion

In Fig. 1 it is compared the spatial distribution of
the light emitted at /=5 mA by both types of LEDs
investigated in this paper. In case of the current
spreading geometry whole emitting region emits
almost uniformly, which indicates a good current
spreading in the active layer. Alternatively, in case
of the CC geometry the light spatial distribution
becomes remarkably nonuniform even at very low
injection levels (/=5 mA). The experimental forward
biased /-V characteristics and corresponding ideality
factor versus current (f-/) dependences for two
LED geometries are plotted in Fig. 2(a, b). Such
I-V characteristics are typical for the lateral InGaN/
GaN MQW LEDs [5, 9]. The high ideality factor
in the low current range (/<10* A) are due to the
shunt resistance (that is lower than the p-n junction
resistance). The shunt resistance has been suggested
to originate from the tunneling of carrier [ 10] and the
surface carrier leakage [11]. In this range the ideality
factor is almost identical for both geometries. At the
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high currents (/>102 A), the ideality factor increases
due to domination of the series resistance (R ). The
R value is the function of the lengths of the lateral
current transport path in both p and n-GaN layers
and thereby will be dependent on the CC. Due to
relatively low doping level, low mobility of holes
and small thickness of the p-GaN layer, this layer
is suggested to be responsible for nonuniform
current spreading across the LED structure and
thus affects the series resistance. Indeed, in the
p-side up structure the more pronounced CC makes
the R value (determined via the linear fit from the
I-V characteristic at the high injection levels)
to increase (R =3.1 Q) in comparison with the
p-side down flip-chip structure (R=1.8 Q). In
the intermediate current range (10* A</<102 A),
where the space charge region dominates,
1-V characteristic is approximated by the exponential
function and the ideality factor reaches its minimum
value. As we can see from Fig.2, this minimum
value depends on the LED geometry. In case of the
current spreading geometry minimum S value is
equal to 2.2 while in the CC geometry =3.6. Since
both /-V characteristics in Fig. 2 refer to the same
internal LED structure, this modification of the
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ideality factor connects to the CC and can not be
treated as the change of carrier transport mechanism
in the space charge region.

To identify whether the CC affects on the
ideality factor, the numerical simulation have been
performed for both types of the LEDs. For the
conventional p-side up structure we have performed
the simulations with different widths of the p-contact
from 50 to 900 pm. At /=5 mA in the flip-chip LED
the current spreads practically uniform over the
whole active layer (the insert in Fig.2(c)). Contrary
to that, in the conventional p-side up LED, the length
of'the lateral current path (determined as the distance
from the beginning of the p-contact to the position
where the current density reduces to 50% of the
value under the contact) decreases to a value as low
as ~100 um. The smaller is the p-contact width, the
smaller is the length of the lateral current path and
thus the CC is stronger. In Fig. 2 (c, d) it is presented
the simulated /-V and f-I characteristics for both
types of LEDs. Inspection of these results yields that
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the shorter is the p-contact width, the higher becomes
the device series resistance (R ) that dominates in the
high current range. While very low in the flip-chip
LED (R = 0.3 Q), this value increases by ~12 times
in the conventional p-side up LED (R = 3.5 Q).
At the low currents, when the CC is negligible, all
characteristics almost coincide and = 2 for both
LEDs (the shunt resistance was not taken into account
in the simulations). However, in the intermediate
range the ideality factors are significantly different.
Particularly, f~2.1 for the current spreading geometry
and f~=4.0 for the CC geometry. Despite the fact that
the simulation was performed with identical internal
parameters for all LEDs, the CC makes the “apparent”
ideality factor to increase. This result shows that the
ideality factor is not uniquely determined by carrier
recombination and transport mechanism in the space
charge region as it is predicted by classical one-
dimensional theory of p-n junction.

To identify whether the CC affects on the
ideality factor, the numerical simulation have been
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Fig. 2. Experimental (a, b) and calculated (c, d) I-V and f-I characteristics
of the LEDs: solid lines — p-side down flip-chip structure (the current spreading
contact geometry); dotted lines — p-side up structure (the current crowding contact
geometry). The insert in (c) shows calculated local current density distributions
in active layers of the LEDs at /=5 mA.
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performed for both types of the LEDs. For the
conventional p-side up structure we have performed
the simulations with different widths of the p-contact
from 50 to 900 pm. At /=5 mA in the flip-chip LED
the current spreads practically uniform over the
whole active layer (the insert in Fig.2(c)). Contrary
to that, in the conventional p-side up LED, the
length of the lateral current path (determined as the
distance from the beginning of the p-contact to the
position where the current density reduces to 50%
of the value under the contact) decreases to a value
as low as =100 pm. The smaller is the p-contact
width, the smaller is the length of the lateral current
path and thus the CC is stronger. In Fig. 2 (c, d) it is
presented the simulated /-}" and f-I characteristics
for both types of LEDs. Inspection of these results
yields that the shorter is the p-contact width, the
higher becomes the device series resistance (R)
that dominates in the high current range. While very
low in the flip-chip LED (R = 0.3 Q), this value
increases by ~12 times in the conventional p-side
up LED (R = 3.5 Q). At the low currents, when the
CC is negligible, all characteristics almost coincide
and £ = 2 for both LEDs (the shunt resistance was
not taken into account in the simulations). However,
in the intermediate range the ideality factors are
significantly different. Particularly, p=2.1 for the

current spreading geometry and f~4.0 for the CC
geometry. Despite the fact that the simulation was
performed with identical internal parameters for all
LEDs, the CC makes the “apparent” ideality factor
to increase. This result shows that the ideality factor
is not uniquely determined by carrier recombination
and transport mechanism in the space charge region
as it is predicted by classical one-dimensional theory
of p-n junction.

Conclusion

In conclusion, we have investigated the CC
effect on the p-n junction ideality factor in InGaN/
GaN MQW LEDs on sapphire substrate. The results
of the numerical simulations and the experimental
tests indicate that the measurable ideality factor
in LEDs employing lateral injection can not be
considered as a pure internal parameter of the p-n
junction. The CC effect makes the ideality factor
to increase (£>2). The classical one-dimensional
theory of the p-n junction, in which g value is
connected to the carrier transport mechanism and
carrier recombination nature, can not be applied
for LEDs with nonuniform current spreading. We
show that the p-n junction ideality is not uniquely
determined by carrier recombination and transport
mechanisms in the quantum well/barrier structure
but also depends on the device design.
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BIIJIUB YMOB CUHTE3Y HA BJIACTUBOCTI HAHOYACTHUHOK CdS

Hanignpogionukoei HanOKpucmanu Maromv piSHOMAHINMHe NPAKMuYHe 3ACMOCY8AHHS, GKIIOUAIOUY KOMNOHEHMU
ONMOENEKMPOHHUX MPAH3UCMOPIB, DryopecyeHmui Oionociuni mimku, ma iHwe. Bionosioni mamepiaiu demoHcmpy-
10Mb Xopouli homomexaniuni Xapaxmepucmuxy 3a80axu 000pit homomepmiuniu cmabinbHOCMI y NOEOHAHHI 3 BUCOKOHO
ononnoIo aneapMoHiuHicmIo, KA XapakmepHa Oia Xanbko2eHioig. Ilpome 6ce we 3anuwacmscs npodiema ompumanHs
OQUCREPCHUX 3PA3KI8 MATL020 POIMIDY.

YV yii pobomi mu nopisnroemo mopgonoeito nanoxpucmanie (HK) cymvghioy xaomiio (CdS), cunmesosanux enex-
mpoximiunum winsxom sx 3 PVS, max i 3 0emepeenmom ATLAS G3300, mobmo memodamu ereKmporimuiuHo20 CuUnmesy
3 demepeenmom. Ilpedcmasneni cmpykmypui ocobausocmi HK CdS, a maxooic ix Heninitino-onmuuni enacmugocmi opy-
2020 nopaoky. Onucano memodonozito cunmesy Hanoxpucmanie CdS, excnepumenmansvii Memoou, sAKi 3acmoco8yiomscs
npu cmpykmyprux 0ocaioxcennax CdS Hanonopowkis, maxi AK peHmeeHi8CbKa NOPOWKO8a OUppaxyia ma cKaHyua
eneKmponHa MiKpockonia. Ananis noxasye, wo cunmesosari HK CdS xapakmepusyromucs 2excazoHanshoro ado KyoiuHow
CMPYKMypolo, wo 6ionosioae muny giopyumy abo cganepumy ionosiono. Hasedeno npubnuznuii emicm HK siopyumy
ma cghanepumy. B cunmesosanux nopowxax a6no oominye cmpykmypa giopyumy (P63mc). Kpim moeo, s3acmocysanns
oemepeenmy ATLAS G3300 npu cunmesi HK npuseooums 00 npakmuuno HeaMiHHO20 chiggionoutenHs (3:1) eopyumy
ma cpanepumy HK. I'ycmuna cmpymy enekmponizy npakmuiHo He 8NIUBAE HA CRIBBIOHOWEHHS MOOUQiIKayill glopyumy
i cpanepumy 6 ompumaromy CdS. ¥ pobomi npodemoncmposarno CEM 306pasxcenns nanonopouixie CdS. Bcmanosnero,
wo dodasanns 00 enekmponinmy cmabinizamopa Atlas G3300 cnpusie 3meHuteHHIo po3mMipié YACMUHOK Ma 3MEHUIEHHIO
cmynens ix nonioucnepcHOCMi.

Hocnioocenns eenepayii opyeoi eapmoniru 0yno npogedene 0 Kpaujoeo po3yMiHHs HeHIHO-ONMUYHUX GIACHUBOCTE],
SKT Qyoice BaANCIUBE 01 PI3HUX 3ACMOCY8AHb, HANPUKAAO, bioceHcopie. Moicha nobauumu, wo poamip 3epHa MAe OOCUMb 3HAY-
HUl 618 Ha inmencusHicmy cueHarny SHG. Opakyii OpioHiwux uacmuHox nopowxy oarome Hudxcui cuenanu SHG.

Knrouosi cnosa: Xanvkozeniou, HaHOCMpPYKmypu, eenepayis Opyeoi 2apmMOoHIKu.
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INFLUENCE OF SYNTHESIS CONDITIONS ON THE PROPERTIES
OF CdS NANOPARTICLES

Semiconductor nanocrystals have diverse practical applications, including optoelectronic transistor components
and fluorescent biological labels. Relevant materials exhibit good photomechanical features for laser operation basically
due to good photo-thermal stability against external laser radiation combined with high phonon anharmonicity being
typical for chalcogenides.

Inthis work, we compare the morphology of cadmium sulfide (CdS) nanocrystallines (NCs) synthesized electrochemically
both with PVS and ATLAS G3300 detergent, i.e. detergent electrolytic synthesis methods. Presents the structural
and morphological features of CdS NCs as well as their second-order nonlinear optical properties explored in SHG
experiments. Describes the methodology of CdS NC synthesis, experimental techniques applied in structural studies of Cd
NCs, such as X-ray powder diffraction and scanning electron microscopy. Analysis shows that synthesized CdS NCs
are characterized either hexagonal or cubic structures corresponding to wurtzite or sphalerite type, respectively. An
approximate content of wurtzite and sphalerite NCs is given. CdS of wurtzite structure (P63mc) evidently dominates here.
Moreover, an applying of ATLAS G3300 detergent in NC synthesis results to practically constant ratio (3:1) of wurtzite to
sphalerite NCs. The electrolysis current density, practically does not affect the ratio of wurtzite and sphalerite modifications
in the resulting CdS. In with work demonstrate SEM images of CdS NC powders. It was established that the addition
of Atlas G3300 stabilizer to the electrolyte contributes to the reduction of particle size and the degree of polydispersity.
The nonlinear optical responses of CdS were investigated to better understand the nonlinear optical properties, which
are very important for applications (e.g., biosensors). One may see that the grain size exhibits rather significant effect on
the intensity of the SHG signal. Fractions of finer powder particles give lower SHG signals.

Key words: Chalcogenides, nanostructures, second harmonic generation.

HaniBnpoBinaukoBi Hanokpuctamu CdS MaioTh  HiUHI XapaKTEPUCTHKH 3aBISIKU T0Opii hoToTepMiuHii
pI3HOMaHITHE TPAaKTUYHE 3aCTOCYBAaHHS, BKIIOYa-  CTAOLIBLHOCTI [5] y MO€THAHHI 3 BUCOKOKO (DOHOHHOIO
I04YM KOMIIOHEHTH ONTOENEKTPOHHUX TPAH3HUCTOPIB,  AHTAPMOHIUHICTIO, sSIKa XapaKTepHa sl XaIbKOTEeHI B
¢myopecrtieHTHi 6ionoriuni MiTkH, Ta iHme [1-4]. Bin-  [6-7]. [IpoTte Bce mie 3aymmiaeThest mpoOiemMa OTpu-
TIOBI/THI MaTepialii IEMOHCTPYIOTh XOpolli oToMeXa-  MaHHS JUCTIEPCHUX 3pa3KiB Majoro po3Mipy.
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Bigomo, 1m0 cTpyKTypa, po3MipH W ONTHYHI
BJIACTUBOCTI HAHOYACTHHOK 3aJIeKaTh Bil MPUPOIH
MIPEKypCOpIB, CTAOLTI3aTOpiB 1 PO3YMHHUKIB. Bax-
JIMBY POJIb TYT BIJIIPatOTh CTAOLII3aTOpH, 32 JIOIIOMO-
TOI0 SIKMX KOHTPOJIIOIOTH PO3MIp 1 popMy HaHOUac-
THHOK, 3aro0iratoTh iX arperamii Ta MOBEPXHEBOMY
OKHCHEHHIO. /1151 CHHTE3y HAaHOPO3MIPHHUX YaCTUHOK
[IMPOKO BUKOPUCTOBYIOTHCS BOIOPO3YMHHI TIOJIIMEPH
a00 1HIII TIOBEPXHEBO-aKTUBHI PEYOBHMHHU (ITOJTIBIHLIO-
BUH CITUPT, MOJIIETHJICHOKCHI, TTOMIBIHUIIIPPOITIIOH,
KEJIaTHH, TIOMETaKPUIIOBY KHCIIOTY TOIIO). Bubip rux
CIIOJTYK 3yMOBJICHHH TUM, 1110 OyTy4 ONTHMAIbHUMU
MaTpUYHIMH MaTepiaaMu, BOHH MPOSIBIISIIOTH BUCOKY
IHTETPOBAHICTh 13 HEOPraHIYHUMH PEYOBHMHAMHU Ta
MarOTh HU3bKY BapTiCTh [8].

B namiii po6oti cuHTe3 KaaMmii Cynbdimay mpo-
BOJMUTHCS HUIIXOM EJIEKTPOIi3y BOIHOTO PO3YHHY
Harpiit xnopuny (58,44 r/n a6o 1,0 M) 1 Tiokap0Oa-
Migy (15,22 r/m abo 0,20 M) y npucyTHOCTI 11OJTi-
BinwtoBoro cnupty (IIBC, 10 /1) (3pa3ku cepii A)
abo Atlas G3300 (1.0 r/m) (3pa3ku cepii D) 3 pos-
YUHHUM KaaMmieBuM aHoaoM 3a 363,2 K ta pizHOi
ryctuan ctpymy. AtlasG3300 — ToproBa mapka
aHIOHHOI TIOBEPXHEBO-AKTUBHOI PEYOBHUHH, SIKa
€ CyMIIIIo 2-I01enniIOeH3eHCyTb()OHOBOT KHUC-
JIOTH 1 2-TIponlaHaMiHy y ciiBBiaHouIeHHi 1:1. Bona
mae ximiany popmyiy (C, H, . NO,S) i3 monspHoro
Macoro 384,596. Enextponiz TpuBaB 20 XBHIUH
y BCIX eKCriepuMeHTax. J[eski OCHOBHI mapamMeTpu
CHHTe3Y IIpecTaBieHl B Tabmuisix 1 ta 2.

Tabmmis 1
YMOBH eJ1IeKTPOXiMi4YHOT0 CHHTE3Y
AOCJIIKYBAHOIO KaMill cyabdiny
B PUCYTHOCTI NMOJIiBIHIJIOBOTO cIMPTY

3pa3ok A01 A02 A03 A04
Cuna ctpymy, A 2,5 2,0 1,5 1,0
I'ycruna ctpymy, A/cm? 0,5 0,4 0,3 0,2
Hanpyra, B 7,9 7,4 5,2 4,0
Tabmmig 2
YMoBH eJ1IeKTPOXiMi4YHOT0 CHHTE3Y
AOCJIIIKYBAHOIO KaAMil cybdiny
B npucyTHocti AtlasG3300
3pa3ok D03 | D05 | D07 | D09 | D11
Cuna ctpymy, A 056 | 093 [ 14| 1,8 |22
I'ycruna ctpymy, A/em? | 0,112 | 0,186 (0,28 | 0,36 | 0,44
Hanpyra, B 2.2 38 [ 57] 64 |82

Xnopun Harpito, Tiokapbamin 1 IIBC/Atlas
G3300 3BakyBaJIM Ta MEPEHOCHIIN B MipHY KOJIOY

26

Ha 200 MJT 1 pO3YUHSUIH Y Tapsdiid TUCTHILOBAHIM
BOMi. BMicT konmbu mOBOAMIM O MITKH 3a TeM-
neparypu ekcriepumenty (90 °C) B Tepmocrari.
OTpuMaHUll PO3YMH IMEPEHOCHIU B CTakaH Ha
400 M (enekTpodtizep), a MWIHIPHYHI KaaMie-
BUN 1 CTaIbHUI €JIEKTPOIU 3 TUIOMICI0 MOBEPXHI
5,0 cm? Oy 3aHYpEHi B pPO3YMH Ta IMiIKIFOUYCHI 0
Joxepena sxuBiieHHs B5-46. Ha ogun ekcriepuMeHT
noTpioHO Onm3bko 200 MJI MPUTOTOBAHOTO PO3-
ynHy. Enexrponizep i3 3aHypeHUMHU €NeKTPOAaMU
Ta KOHTAKTHUM 1 3BUYAiiHUM TEPMOMETPOM IMOMi-
many B Tepmocrtat. [licis HarpiBanHs 10 MOTpio-
HOi TeMmeparypu OJHOYACHO BMHUKAIH JDKEPEIO
JKUBJICHHA Ta cekyHaomip. Ilicias po3unHeHHsS
aHoJla Bigpa3y IMOYad YTBOPIOBATUCS 1 OCIIATH
Ha JTHO CTaKaHa MoMapaH4eBi yacTuHku. Komu yac
CHHTe3y OylI0 BHUEpIIaHO, EJIEKTPOJIi3ep pPO3MOH-
TOBYBAJIH, & CTaKaH 3 yTBOPEHOIO CYCIICH31€10 BUH-
MaJld 3 TEPMOCTAaTa 1 3aJIUMIIAIH OXOJOIKYBATHCS
JI0 TeMIIEPaTypU HABKOJIUIIIHLOTO CEPEIOBHIIIA.

[Ticnst OXONMOKEHHS BMICT CTaKaHa, B SIKOMY
BiIOyBCSl €JIEKTPOIIi3, BUJIMBAIN y OUTBIIMIA CTa-
KaH 3 JUCTWIBOBAHOI BOJOKO 1 3aJMIIATU [0
HACTYITHOTO JHS JUIsS TOBHOTO OCIIaHHS ITOPOIIKY.
HactynHoro nHs pO3YMH HajJ TOPOIIKOM 3IIHU-
BQJIM 1 JIONMBAJIM y CTaKaH JUCTUJIHOBAHOT BOJIH.
OTpumaHy CyCIEH31I0 3aJIUIIAIH J0 HACTYITHOTO
mas. TlopomkononiOHmii ocajy TPOXYKTY eJIeK-
Tpoai3y mpomuBaim Ounst 15 pasi. Ilicist mporo
ocaJi nepeHocuiy B yaiky Iletpi 1 3anumany ii Ha
o0y B cymmibHiK mradi 3a 50 °C. Kaamiesi esek-
TPOIU MPOMHBAIH JUCTHILOBAHOK BOIOK) MICIIS
iX CyIIIHHS Ha TIOBITpi Ta 3BaKyBaH. [9].

CuHTe30BaH1 roMapaHueBi MOPOLIKH
JOCTIKYBaIM 3a JIOTIOMOTOI0 CKaHYHOYOi eleK-
TPOHHOI MIKpPOCKOMii Ta PEHTTeHIBCHKOi IMOpPO-
mkoBoi audpakmii (auppakromerp DRON-4-13,
Cu-Ko BUIIpOMiHIOBaHHS).

PeHTreHOrpamMu yeix 3pasKiB MPEACTaBIICHI Ha PHUC.
1 Ta 2. IudpaxiiiiHa KapTHHA BCIX 3pa3KiB MiCTUTb
BIJIOWTTS, 110 Bi/TIOBIIAFOTH TEOPETHYHUM JliarpaMam
JUIs IPOCTOPOBOI TPy P6 mc (IO3HAYEHA CHHBOKO
niniero) i F43m xanmiii cynbginy (momapaHueBa
niHist). Takum 4mHOM, Ofiep KaHKi TTOPOIIKONOIOHMI
MPOMYKT € YUCTUM KaaMii CyIb(hizoM 31 3MIIIaHOO
IeKCaroHaJIbHOK Ta KyOIYHOI CTPYKTYPOIO THUITY
BIOPITUTY Ta CajIepuTy BiITOBIIHO.

3a pomomororo mporpamu  PowderCell2.4
BHU3HAYCHO BMICT calIepuTy Ta BIOPIHUTY B YCiX
OTPUMAHMX 3pa3Kax KaaMii cyib(diny HaBeIEeHO
B Tal. 3.
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Puc. 1. ExcnepuMeHTaJIBHI Ta TeOpeTHYHI
NMOPOUIKOIPaMH 3pa3KiB KaaMiil XxJ0punuy,
CHHTE30BAHMX 32 0HaKoBoOI TeMuepatypu (90°C),
yacy eaekTpoJisy (20 xs), konnentpanii NaCl
(1,0 mosib/1), KOHUEHTpauil Tiokapdamigy
(0,2 moab/a), Bmicty IIBC (10 r/a), ane pi3Hoi
rycTHHH cTpymy (A/em?): a) A01 - 0,5; A02 — 0,4;
3pa3ok A03 — 0,3; A04 —0,2.

Tabmuns 3
Bwmict chpaneputy (CdS_F4-3m)
Ta Bropuury (CdS_P6-3m)

3pasok A01 | A02 | A03 | A04 | DO3 | D05 | D07 | D09 | D11
Buier | ey | gs | 81| 85 |75 | 76 | 74 | 74 | 72

BIOPLUTY, %o

Bwmict

cohamepury, | 18 | 12 [ 19 | 15 | 25 | 24 | 26 | 26 | 28
%

Tak, y cTpykTypl Kaamidl cyiabdigy 1CTOTHO
nepeBakae BIOpIUT. He BUSBIEHO 3aKOHOMIpPHOC-
Tel BIUIMBY I'YCTUHHU CTPYMY Ha CIIBBIJHOLIEHHS
Moaudikanid BOpUUTY 1 chanepury B oTpUMa-
HOMY MOpOIIKY Kaamiil cyneginy. [IpucyTHICTH
MOBEpPXHEBO-akTUBHOI pedoBuHM Atlas G3300
CHpUsi€ OIep>KaHHIO KaJMii cynb(iay 3 CIiBBIAHO-
LICHHSM BIOPUUTHOI 1 canmepuTHoi Momudikarii
sika 3MiHIO€eThbes Big 3,2:1 mo 2,6:1. Lle » coiBBia-
HomeHHs npu cuHTe31 CdS y npucyTHOCTI mosiBi-
HIJIOBOTO CIIUPTY 3MiHIOETHCS Bix 7,3:1 no 2,7:1.

Mopdomnorito Ta po3mip cunteruunoro CdS
BU3HAUAJIX 32 JOIIOMOTOIO IOJIBOBOTO CKaHYH04OI0
enekTpoHHOTro Mikpockona JSM-6700F ("JEOL")

Sample D_03
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Puc. 2. ExcriepuMeHTaJIBHI Ta TeOpeTH4YHi
NMOPOLIKOTrPaMH 3pa3KiB cyabdiny kaamiro,
CHHTE30BAHMX 32 0AHAKOBOI Temmnepatypu (90°C),
yacy esaekTpoJisy (20 xB), konuenrpanii NaCl
(1,0 M), konuenTpauii Tiokapoaminy (0,2 M),
BMmicty Atlas G3300 (1,0 r/x), ane pi3HOi rycTHHHI
ctpymy (A/em?): D03 - 0,112; D05 - 0,186;
D07 - 0,280; D09 — 0,360; D11 — 0,440.

B IHCTHTYTI TeoxiMii, MiHepasorii Ta pyaoyTBO-
pennst imeni M.II. Cemenenka HAH VYkpainu
(I'MP HAHY). Ilepen mocmimkeHHSIM 3pa3KiB iX
MOKPUBAJIM METOAOM PO3MNWIEHHS IJIaTUHOBOIO
mtiBKoro ToBmuHOK0 30 A. YMoBH po6oTH Bizyai-
3auii Oynu Takumu: pexum SE, nmpuckoproBajibHa
Hanpyra 10 kB Tta myukoBuii ctpym 0,65 HA. Sk
MOKa3aHO Ha puc. 3 i 4, YaCTUHKH MalOTh (Hopmy
HepeBaKHO IJacTiBLiB. He BUSBIEHO CyTTEBOTO
BIUIMBY TYCTHHH CTPYMY €JIEKTpPOJI3y Ha Cepe/Hi
JiaMeTpy YaCTUHOK B 000X BHITaJKaX.

YacTuHKHM MOpOUIKY cepii A MaroTh po3Mipu
B IIMPOKOMY Aiana3oHi Bix 5 go 100 um. diametp
mwractiBOiB — 15+100 uM, a ToBIIMHA — 5+25 HM.
CepenHi AiaMeTpy YaCTHHOK 3HAXOSATHCS B Jliara-
30H1 35+40 uMm. [1BC cipuunssie 3HaYHUIA pO3KUL
YaCTUHOK 32 PO3MipamH.

JiameTpu Haliqpi1OHIIIMX YaCTUHOK cepii D 3Ha-
xomsaThes B iHTepBati Big 11 mo 20 am. CyTTeBO 3a
YHCJIOM TNEPEBaXaIOTh YaCTHHKH, 110 3HAXOIATHCA
B inTepBaii Bix 21 1o 30 M. Po3nozin yncna vac-
THHOK 32 Jlialma30HaMH PO3MIpIB Ml 1UX YacCTH-
HOK € JIOCUTh BY3bKHM. JliameTpu HaWKpyMHHIIINX
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3pazok A0l 3pazok A02

3pazok A03 3pazok A04

Puc. 3. SEM-300paskeHHs 3pa3KiB cyab(pigy kaaMiio, CHHTe30BAHHX 32 OHAKOBOI
Temmneparypu (90 °C), yacy eaextpodisy (20 xB), konnentpanii NaCl (1,0 moas/i),
KOHIeHTpauii Tiokap6aminy (0,2 moas/i), BMicty IIBC (10 r/51), ajie pi3Hol rycTuHu
crpymy (A/em?): A01 - 0,5; A02 — 0,4; A03 - 0,3; A04 — 0,2

3pazox D03 3pazok D05

3pazok D07

3pazok D09 | 3pazok D11

Puc. 4. SEM-300paskeHHs 3pa3KiB Cyab(piny KaaMiio, CHHTe30BAHHX 32 OHAKOBOI
Temneparypu (90 °C), yacy enexrpoaisy (20 xB), konuenTpauii NaCl (1,0 M),
KOHUeHTpauii Tiokap6aminy (0,2 M), Bmicty Atlas G3300 (1,0 r/x1), ajie pi3HOI ryCTHHU
crpymy (A/em?): D03 - 0,112; D05 - 0,186; D07 — 0,280; D09 — 0,360; D11 — 0,440
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Puc. 5. 3anexuicTb edeKTUBHOCTI reHepanii Apyroi rapMoHiku
Bi/l 0CHOBHOI I'yCTHHH JIa3ePHOI eHeprii

YacTHHOK € B iHTepBaii Big 51 no 60 um. CepenHiii
pO3Mip YacTWHOK € B iHTepBaji Bix 23 m0 29 HM.
Takum 4MHOM JOAaBaHHS 10 €IEeKTPONiTy craliisa-
Topa Atlas G3300 cripusie 3MeHIIIEHHIO PO3MIpiB Yac-
THHOK Ta 3MEHIIICHHIO CTYTIEHS iX MOJIIUCIIEPCHOCTI.

Cepen omnToeneKTpoHHMX (YHKIIH, KepoBa-
HUX JIa3epOM, MU 30CEpEIKeHI Ha JOCIiIKESHHSX
1HAYKOBAHOT JIa3epOM T€Hepallii Ipyroi rTapMOHIKH

28

(SHG), mo mpexacrapise HETIHIHHUA ONTHYHHMA
e(eKT APYToro MOps/IKY, SIKUH OIMUCYETHCS MOTSIP-
HUM TE€H30POM TPETHOTO PAHTY.

MoskHa 1mo0aunTH, MO IHTEHCHBHICTh CHUTHAITY
[1I" 3anexutsh B po3Mip 3epHa Ta CHMETpii KpucTa-
JIYHOI TPaTKH, MO A00pe y3TroIKy€EThCs 3 JaHUMHU
po0it [10-11]. @paxuii ApiOHIMINX YACTUHOK MTOPO-
MKy naroTh Hk4i curHamu SHG. Makcumanbai
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Koe(IIieHTH OCATAIOThCs MpHU 88% BIOPIMTHOIO  KPUCTANITIB y CHOCTEPEKYBAHUX 3AJICKHOCTSIX, 10
komnoHeHTa CdS. Ilpu iHIIOMY BMICTI BIOPLUUTY  MOXE OyTH BUKOPHUCTAHO JJIsI OAAIBIIOTO HOIIYKY
i 3Ha4eHHs MeHIi. [le € BimoOpaskeHHSAM 3HaYHOI ~ J1a3epHO-KEPOBAaHMX MaTepialliB y MaiOyTHhOMY
pouti po3mipiB, MOp(OJIOTii 3epeH Ta AllEHTPUYHUX  PO3BUTKY JIA3EPHUX MOIYIIATOPIB 1 TPUTEPIB.
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doi: https://doi.org/10.32782/pet-2022-2-5

METOJOJOITYHUH MIAXIJ Y HAYKOBUX JOCIALIKEHHSIX
IIPU NIATOTOBII KBAJI®IKAIIMHUX POBIT CTYAEHTAMHU NPUPOJHUYOI,
TEXHOJOI'TYHOI TA TPO®ECIMHOI TAJIY3EN OCBITH

IIpobrema cni@BiOHOWEHHA HOGIMHIX | KIACUUHUX HAYKOBUX T0ell 3aTUMAEMbC HA2ATbHOW 05 0ocrionuxis. Oco-
0118020 3HAUEHHA 80HA HAOYBAE Y nedazoiuHux docnioxcenuax. LLIsuoKicHe 8npoeadiceHHs y 8UpOOHUYT nPoyec HAHO-
MEXHON02IU NPUBETLO HAC 00 BUCHOBKY NPO OOYLIbHICMb 3p0OUmMU TPYHIMOGHUL HAYKOBO-MEMOO0L02IUHULL AHAI3 CNiBEI0-
HOUWLEeHHSL HOGIMHIX | KIACUYHUX NOHAMb Y 3MICIMI OCBIMHIX KOMROHEHM NI020MOSKU MAOYmMHIX (haxieyie npupooHuyol,
mexHonoziuHol ma npogecitinoi eanyseti oceimu. [Ipaxmuxy peanizayis yux HAyKosux 00CIiodNiceHb Mu RPONOHYEMO 30itic-
HIOBAMU UATIAXOM BUKOHAHHS OOCTIOHUYbKUX NPOEKMIB, KypCosux i Keanighikayitinux pobim mowo. Cymuicmoy noiseac
6 OpeaHizayii HayKo8oi OiANbHOCMI, BUAGLEHHT Il AKMUBI3AYIT MBOPH020 iHMeNeKmYy Cy0 €Kmie HAgUaHHA, ujo 3abe3neuye
3006ymms i NpAKMuuHe SUKOPUCANHS HOBUX 3HAHb Ul OMPUMAHHS HAYKOBOI NpodyKyii. Ancopumm exazanozo 30itic-
HIOEMbCAL Yepe3: CMEOpenHs npobiemu — POpMyBants 2inomesu — GUKOPUCIHAHHS HOBUX MemO0i6 00CTIONCEHH —>
V3a2anvbHenHs: pe3yibmamis 00cniodncenns. Mema cmammi: 8uX00siYU 3 CYUACHUX OCGIMHIX napaduem 0OIPYHMYeamu
nioxo0u 00 BUGUEHHS NPOOIeMU PO3GUMK)Y MEMOOON0I 8 HAYKOBUX OOCTIONCEHHs NiQ YaAC NPOBEOEHHS CNYOEHMCLKUX
00CTIONCEHD 8 2a1Y3i NPUPOOHUNUX HAYK, MEXHOA02IH, npoecitinoi oceimu. ¥ cmammi nOHAmMms Memooono2ii HayKkoeo2o
00CTIONHCEHHS PO32NAOAEMbCS K BUCXIOHE NONOJNCEHHS, CMPUIICHEe8A PO3BUBATbHA 10es npobaemu. J{na npukiady peani-
3ayii’ Memo0onoeii 00CHioNHceHHA, ujo 3abe3neuye PopMysanHa y ¢y €Kmié HAGUAHH CUCEMHO20 MUCTEHHS MUl NPONO-
HYEMO posananymu po3nodin Maxcseenna, de cucmemHo npeocmasneno CniggiOHOWEH S eHepaii ma 4acmomu KoIugaHs
Maxpo- ma mikpo- 30y0cenux cucmem. Byinomy zanpononosanuti npuxiao peanizayii 00CaioNcentss CHpUse opmyean-
HIO Y CHIYOeHMi6 CUCMeMHO20 MucienHs. [lepcnekmugy nooansuio2o 00CIiONCeHHs 60a4aEMO Y MOOCTIOBAKHI 3A3HAYEHUX
npoyecis i3 BUKOPUCIAHHAM KOMN TOMEPHO20 NPOSPAMYBAHHS.

Kntouosi cnosa: memooonozis 00CriodicenHs, cucmemHe MUCieHHs, po3nodin Makceenna, Haykoge 00CHiONCEHHS,
00CTIOHUYbKUL NPOEKM.
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METHODOLOGICAL APPROACH IN SCIENTIFIC RESEARCH DURING
THE PREPARATION OF QUALIFICATION PAPERS BY STUDENTS OF NATURAL,
TECHNOLOGICAL AND PROFESSIONAL FIELDS OF EDUCATION

The problem of the ratio of modern and classic scientific ideas remains urgent for researchers. It acquires special
importance in pedagogical research. The rapid introduction of nanotechnologies into production processes led us to
the conclusion that it is expedient to conduct a thorough scientific and methodological analysis of the ratio of the latest
and classical concepts in the content of the educational components of the training of future specialists in the natural,
technological and professional fields of education. We offer the implementation of these scientific studies through
the implementation of research projects, course and qualification papers, etc. The essence is the organization of scientific
activity, the identification and activation of the creative intelligence of subjects of study, which ensures the acquisition
and practical use of new knowledge and the production of scientific products. The above algorithm is carried out through:
problem creation — hypothesis formation — use of new research methods — generalization of research vesults. The purpose
of the article: based on modern educational paradigms, to justify approaches to the study of the problem of methodology
development in scientific research during student research in the field of natural sciences, technologies, and professional
education. In the article, the concept of the methodology of scientific research is considered as an ascending position,
a core development idea of the problem. For an example of the implementation of the research methodology, which
ensures the formation of system thinking in the subjects of training, we suggest considering Maxwell's distribution, which
systematically presents the ratio of energy and frequency of oscillations of macro- and micro-excited systems. In general,
the proposed example of research implementation contributes to the formation of systemic thinking in students. We see
the prospect of further research in the modeling of these processes using computer programming.

Key words: research methodology, systems thinking, Maxwell's distribution, scientific research, research project.

AKTyaJbHiCTh mpodseMH. YIpoBa/PKCHHS  MaWOyTHIX (axiBIiB NPHUPOJHHYOI, TEXHOJIOTIY-
i7ei cCriiBBIJHOLICHHSI HOBITHIX HAyKOBUX ifieil Ta  HOi Ta mpodeciiinoi ramyseil ocBitu. [Ipaktuuna
KIIACUYHOI HAayKH 3aJMIIAETHCS HArallbHOIO MPO-  peallizallis TaKuX HAayKOBHX JIOCHIKEHb MOXKE
omemoro. OcoOMMBOTO 3HAUCHHS I MpodOjemMa  3AIMCHIOBATUCS MIISXOM BHUKOHAHHS JIOCITiTHHIIb-
HaOyBa€ y MeAarorivHUX JTOCHIHKCHHSAX, 30KpeMa  KHX IPOEKTIB, BUKOHAHHS KypCOBHUX 1 KBamidika-
METOAMIII HaBYAHHS MPHUPOJHUYMX HAYyK, TEXHO-  IIHHUX poOiT, pedepariB Tomo. CyTHICTH fKpa3
Joriit Ta mpodeciiinoi ocBiTu. [lIBuaKicHe BIpo-  imoJsrae B opraHizallii HAyKOBO1 AisUTbHOCTI, BUSIB-
Ba/DKEHHS Y BUPOOHHMYI MPOIECHM HAHOTEXHOJIO-  JICHHI M aKTHBI3allii TBOPYOTO IHTENIEKTY Cy0’ €KTiB
rif mpuBeJO HAac O BUCHOBKY NP0 AOIUIBHICTH  HaBYaHHS, 110 3a0e3nedye 3000yTTs i mpakTHUHE
3pOOUTH TPYHTOBHHMI HAyKOBO-METOJOJIOTIUYHMI  BHKOPUCTAHHS HOBHX 3HaHb W OTPUMAHHS Hay-
aHaJi3 CIHIBBIJHONICHHS HOBITHIX 1 KJAaCHYHUX  KOBOI NMPOAYKINii. AJITOPHUTM BKa3aHOTO 3IIHCHIO-
MOHSTH Y 3MICTI OCBITHIX KOMIOHEHT MIiJATOTOBKK  €ThCS 4epe3: CTBOPEHHs mpobiemu — Qopmy-
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BaHHSI TIIIOTE€3H — BUKOPUCTAHHS HOBHX METOJIB
JOCII/PKEHHSI — y3araJlbHeHHS 1 CHCTEMaTH3alliio
pe3ysIbTaTiB HAyKOBOI MTisTTBHOCTI.

AHaJIi3 OCTaHHIX JOC/HiIKeHb i myOJikamii.
OxpecneHHsSM METOOJIOTii B HAayKOBHUX II€aro-
TIYHUX JTOCIHIKEHHSAX Y3araJbHEHOTO XapaKTepy
rpyntoBHO 3aiimanucs 0. babancekuit, b. I'ep-
wyHcbkuid, C. Tonuapenko, B. Kpaescokuid,
B. Kpemens, H. Ky3pmina, B. CanoBcwkui,
M. Ckarkun, B. Cnactbonin, O. CyXxomiImHCbKa
1. daitepoenn, B. llyoincekwit, I. [llenpoBuiis-
kuii, I. Llexmictposa, E. IOnin Ta in. Boru po3-
IJISTHYJIA TPYHTOBHI KOHIICTIIIi CHCTEMHHUX JOCITi-
JDKEHb, BU3HAYWIIN JIJIS TIEAArOTIYHHUX JIOCITIKEHb
PiBHI METOIOJIOTIYHOTO aHAJ3y, BUAUIAIN CTPYK-
TypHI €JIEeMEHTH CHCTEeMHOTO IiIXoQy Ta [ia-
JEeKTUKUA. 3HAaYHO MEHIIEe I mpobiema micrajia
PO3BUTKY B JIOCIIPKCHHAX MPUPOAHUYOI, TEXHO-
JIOTI4HOT Ta npodeciifHol ramy3ei oCBiTH.

BuBYCHHS CTylIEHTaMH OCHOB HAyKOBHX JOCITi-
JDKEHb, OCHOB I1HXKCHEPHO-TICNAroriyHuX  JOCITi-
JOKEHB, JIe TMPOBITHAM € METOJIONIOTIS, BU3HAYAE X
npodeciiiHe CTAaHOBJICHHS, OCOOJIMBO TIPH HAOYTTI
JIOCBi/Ty HaIMCaHHS KypCOBHX, KBami(iKaliiHUX Ta
IHIMX poOiT, pedeparis, MpoekTiB. L{poMy HaNIPIMKY
MIPUCBITUIIN CcBOI AociipkeHHs A. Ky3bpMiHChKuMit
(Ky3pmincekuit A. Ta iH., 2014), B. PomaHumkoB
(PomanunkoB B., 2007), I LlexmictpoBa (Llexmi-
crpoBa I, 2004), A. €pina, B. 3axoxaii, /I. €pin
(Epina A., 3axoxaii B., €pin /1., 2004), B. Illetiko,
H. Kymmnapenxko (Illefiko B., Kymuapenko H., 2002),
H. Bypay, B. Anrontok, [I. IliBropak (bypay H.,
Awnrontok B., ITiBropak /1., 2021).

besymoBHO, Takuii migxin Bumarae Bia ¢op-
MYBaHHS y Cy0’€KTiB HaBYaHHS CUCTEMHOTO MHC-
JIeHHs. PsiJi aMepUKaHCHKHX TICHUXOJIOTIB, 30KpeMa
HaykoBenb Jx. [apaenaru pospi3Hsie TpH TOKO-
JIHHS y PO3BUTKY CUCTEMHOT0 MUCIeHHs. [{o nep-
IIOTO TIOKOJNIHHS BiH BiTHOCHUTH DPIiBEHb CHUCTEM-
HOTO MUCJIEHHSI, III0 BIJTNIOBiJIa€ PIBHSAM PO3BUTKY
CKJIAJTHUM MEXaHICTUYHUM JIETEPMiHOBAaHHM CHC-
temaMm. Emoxa kiOepHETHKM Ta BiIKPUTHX CHC-
TEM BiJIHECEHa [0 JpPYroro piBHSA CHCTEMHOTO
MUCIICHHS, Ji¢ po3msjaaiacs mpooieMa B3aeMo-
3aJIe)KHOCTI 1 camoopranizaiii cuctem. TpeTboMy
TTOKOJIIHHIO BJIACTHBA MOTpPiliHA TTPo0IeMa B3aEMO-
3aJIe)KHOCTI, caMoopraHizaiii i BUOOpy B oprasi-
3oBanmx cuctemax (I'apaenaru k., 2007).

Teopis camoopraHizailii po3nIIIAETHCS SIK PO3-
BUTOK BiJl yIIOPSAAKYBaHHS 0 CTaHy Xaocy 1 OLIbLI
BUIIIOTO PiBHS PO3BUTKY CHCTEM, YHM 3aHMaUCs
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L. Ipiroxwn, 1. Crenrepce, A. Crpomin, I. Xaken ta
iH. (Ctpomin A., 2006).

Meta aocjaigKeHHsI: BUXOASYM 3 Cy4aCHHUX
OCBITHIX mapagurM OOTIPYHTYBaTH IMiIXOIU [0
BUBUCHHSI TPOOIEMHU PO3BUTKY METOIOJIOTI] B Hay-
KOBHX JIOCIIIJKSHHS TT1]] Yac MPOBEJCHHS CTY/ICHT-
CBKUX JIOCHI/DKEHb B Taly3l NPUPOIHUYUX HAyK,
TEXHOJIOT1, TpodeciitHOT OCBITH.

Buknaa ocHOBHOTo Matepiajty 10C/IiKeHHs.
VY cTaTTi MOHATTS METOAONOril HayKOBOTO JOCITi-
JOKEHHSI PO3MIIAJAETHCS K BUCXIJHE TOJIOXKEHHS,
CTPWKHEBA pPO3BHBAJIbHA ifesi mpoOimemu. Bona
PO3MISAAEThCA 11032 MEX HAayKOBOI TEMH JIOCITi-
JUKeHHSI 1, 0€3yMOBHO, HE BUBOISTHCS OOPAHOTO
nociipkeHHs. B 11 ocHOBI ()yHKIIIOHYIOTh HEOiH-
CTITYIIOHANBHI (MTOHSATTS 1HCTUTYT € MEPBUHHUM
€JICMEHTOM PYIIIHOT CHUJIH B OCBITI) 1 01XeBHOPICT-
ChKHI (B OCHOBI yUiHHS JIC)KHTb CIIOCTEPEIKEHHS)
nigxonu. Buxomsum 3 1mporo meromosoris 06asy-
€TbCS HA NPUHIMIAX JAETEPMiHI3MY, €JHOCTI IICH-
XIKM Ta AISUTBHOCTI, 00’€KTUBHOCTI Ta PO3BUTKY
(FOpuneus B., 2011). Mu BukopuctroByemo (Abpa-
moBa O., Kynienko T., CamoBuii M., Comenko /.,
Tpudonosa O., 2020) BkazaHi MOHATTS AJIS ONUCY
METOJHMK, METOIB 1 METOMOJIOTIi Yy 3aJIeKHOCTI
BiJl TUMY 1 0cOONMMBOCTEH MiSIIBHOCTI CTYICHTIB
y 3QJICXKHOCTI BiJl BAMOT 3aKJIaly OCBITH Ta HayKO-
BOTO KE€piBHUKA.

Buxomdaun 3 BU3HAYEHUX MIOXOMIB MH HOCIII-
JIWIA CTIBBIAHOIIEHHS C€HEprii Makpo- W MiKpo-
CHCTEM Ta YacCTOTH IMOIIMPEHHS KOJIUBAaHb y 30Y-
pEeHOMY MarepiaJlbHOMY CEepeaoBHILI. 30Kpema,
3 BBeZICHH:M B (pi3uky M. dapaeeM enekTpuyHOro
Ta MarHiTHOT'O IOJIiB 1 HACTYITHUM (yHIaMeHTallb-
HUM BUBYEHHSIM 1uX NOHATTA JIK. MakcBemiom
NPUBENIO J0 BUHUKHEHHS MPOOJEeMH ICHYBaHHS
MaKCHMaJIbHOI HIBHIKOCTI TOIIMPEHHS 30ypeHb
y MarepialbHOMY CEpeAOBHUII Ta B IIJIOMY Mak-
CHUMaJIbHOI MIBHIKOCTI pyxy B mpuponi. Takoro
MIBUIKICTIO BUSBUJIACSA IIBUAKICTH TOMIMPEHHS
cBiTIa y BakyyMmi. [Ipu 11bOMy BiAmmago MOHATTS
«JTaJICKOIIsD».

VY npomy 3B’s3Ky PO3IISAAIOUN MPOOIeMy, 10
€ CIJIBHOTO y CMEKTPaX MEXaHIYHHX Ta ONTHYHUX
KOJINBAHb MPHUXOMMO J0 BUCHOBKIB: Y MEXaHIYHUX
npolecax 3MiHa 30BHILIHIX YMOB KOJHBAJILHOTO
NPOLIECY NMPUBOAMUTH JI0 3MiHU YaCTOTH OCHOBHOTO
TOHY Ta BCIX HOTO TapMOHIK; ONTHYHI CHEKTPH
BIJIHOCATBCS /10 AaTOMHHX; y AHMCKPETHHUX aToM-
HHUX CHCTEMaX BCi €JIEMEHTH MAalOTh OIHY U Ty XK
BJIACHY YaCTOTY KOJIMBaHb, sIKi 3B’s3aHI Mk COOOF0



®di3uka Ta ocBiTHI TexHouorii, Bum. 2, 2022

TIeBHUMH KBAaHTOBHMH 3aKOHAMH; MAaKPOCKOITIYHUX
KOJIMBAJIbHUX CHCTEMAX HE3MIHHICTh YaCTOTH KOJIU-
BaHb MOXKE IMIATPHUMYBATHCS HE3MIHHO HETIEPEPBHO
3a paxyHOK aMILTITy/Id KOJIMBaHb; B aTOMHUX CUCTE-
Max eHepris Mo)ke 3MiHIOBaTUCS JIUIIE JAUCKPETHO
31 3MIHOIO YacTOTH KOJIMBaHb. 3BiJICH BUILUIMBAE
npo0ieMa JIOCITIPKEHHS 3B’ 3Ky SHEprii KOJIMBaHb
MaKpo- i MIKPOTIJI i3 1X YaCTOTOIO KOJIMBAHb.

s 3abe3nedeHHs (GopMmyBaHHS y CyO’€KTIB
HABYAHHS CHCTEMHOTO MUCIICHHS 3alpOIOHYEMO
M 3HAHTH 3B’ 30K MK CHEPTI€0 1 YaCTOTOIO KOJIU-
BaHb JUISI MaKpOCKOMIYHOTO Tila A, HampHKIaI,
y BHUIAOKy MaTeMaTHYHOro MasTHuKa. [Ipocre-
KHUMO K OydyTh 3MIHIOBAaTHCS XapaKTEPUCTUKU
CUCTEMH TIPU TIOCTYTOBIH, TUIABHIA 3MiHI aMILIi-
Tynu MasTHUKa /. [1ig TuiaBHiCTIO 3MiHU aMILTITYIH
Ha Al OyneMo po3yMiTH MPOIEC BEITUKOI KITBKOCTI
MIEPiO/IiB 32 TAKOI TOBKUHH. SMEHILICHHS JTOBKUHH
MasiTHUKA TpUBENe 10 30UIbIIEHHS HOTO YaCTOTH
KonuBaHb v. HeoOXiTHO TOCHiIUTH, K TPU IILOMY
Oyze Bectu cebe eHepris E. 3ayBaKuMo, 110 3MEH-
HICHHSI  aMILTITY/H 10B’S3aHE 31 CIIiBBIJHOLICHHSAM
BE =% (puc. 1).

Cnny, 3 SIKOIO TNPOBOJMMO 3MEHILIECHHSA amil-
JMTyOW KOJMUBAHHA MAasTHUKA MOXKHA pO3IIs-
JIaTh SIK pe3yNbTaT JBOX ckiamoBux. OmaHa 3piB-
HOBXYE CWIYy TSDKIHHS B3IOBXK JIiHII MasTHHKA
F = F = mgcosa. . I[pyrom CKJIAJ0BOIO € IOIICH-
TpoBa CWIa F 77" 3rifHO 3aKOHIB MeEXaHIKH
KOKHA 3 [IUX CHJI BUKOHYE pOOOTY, KOJIH IIOCTYIIOBO
3MEHIIYEMO JOBKUHY MasTHUKA Ha BEIHYHHY Al.

A, = -FAl = -Almgcosa, cosa, — € cepenHiM 3Ha-
YEHHSAM O JJIs BU3HAUEHOI 3MiHM A/ JIOBXUHH
MasiTHUKA. 3 MOYaTKOBUX YMOB MOKHA BU3HAYUTH
TPaHUYHHUNA KyT o, BIIXWJIEHHS MasiTHUKA. J[ns
MaJIuX 3MiH KyTa BlI[XI/IJ'IeHH}I BI/IKOpI/ICTaeMO CIiB-
BiJTHOIIICHHS cos(x_l—7 Tomi cosa =1-22-. Tlin-
CTaBHMO Oiep>KaHi BUPa3u y GopMyiy IJisi BU3HA-
YEeHHs. pOOOTH MpPH 3MiHI JIOBKHHA MasTHHKA HA
Majly BEIHYUHY A4, = 2
Jani BU3HaYMMO pPOOOTY IOLEHTPOBOI CHIIU
AZ:—FZAI:—mTUzAI, v — cepemHiii KBampar INBHUI-
KOCTI pyXy KYJIbKH MasiTHHKAa. Bpaxoyroun
o =“”T“ 3HalIeMO BHpa3 A Ii€i poOOoTH
Amlo'es, — TloBHa eHeﬁri;{ Oyme CKIamgaru

mloo

2

L

4
A=A+ Ay = —Almg + mgy _ = \al. B omepxkaHomy
BUpAa3i [epliia CKJIaoBa 03Hauae BeTMUYUHY pOOOTH
3 MePEMIIICHHS IIEHTPY TSOKIHHSA MasTHUKA. Di3ud-
HUH 3MICT Ipyroi CKJIaJoBOi BKa3ye Ha poOOTy 3i
3MiHU eHeprii KoinuBaHHS. 3 Teopii MeXaHIYHUX
KOJIMBaHb BiZOMO, IO o= 2nv = \f Toni Bupa3 ans
BH3HAYCHHS POOOTH, IO #/1¢ Ha 3MIHY eHeprii Komn-
BaHb Habyle (opMH A - ’"g:‘ ’”’“’2“
OTxe, MaeMO MaTeMaTUYHUI BUpa3 IS 3HAXO-
JDKEHHsI poOOTH, 1110 3aTpadeHa Ha 3MiHy eHeprii
KOJIMBaHb MAaT€MaTUYHOTO MasTHHKA 32 BHU3HAUe-
HHX [TOYATKOBUX YMOB. SIKII0 OpaTu MakcuMalbHe
BIZIXWJIGHHSI MaT€MaTHYHOTO MasTHUKA BiJ] TOJIO-
KEHHsSI PIBHOBaru, TO OJEP)KUMO MaKCHMallbHE
3HAYCHHS MMOTCHINALHOI CHEepTii, sKa piBHA IOB-
Hill eHeprii (B il ToYIl KiHETUYHA €HEepris piBHA
HYITI0, 00 MIBUAKICTh PyXy MasTHUKA B KpaiHIii

mgao.,
LAl =— “P Al
4

Puc. 1. MatemaTuyHuii MassTHUK
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Puc. 2. Po3noaia eneprii y ciexktpi
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TOYLI piBHA HyI0). TaKMM YMHOM, IIOBHA €HEpris
Oyne piBHa E,, =—5

BinHomeHHsT pUPOCTy €Heprii KOJIMBaHb JI0
MOBHOI eHeprii % :7%1. 3Bificu BUIUIMBAE, IO
KOJIY 3MIHIOETBCS JIOBKMHA MaTeMaTHIHOTO MasiT-
HHUKA BIAIIOBINHA 3MiHA YaCTOTH KOJMWBAaHL BU3HA-
Ya€eThCs CITIBBIHOIICHHAM 2 :7%’ - % ,a60 £_AE
Lle o3nauae, mo %zconsr , a60 E = v-const . v

Taxum uunom,
KOMUBANILHO20 PYXY MAMEeMAmuyHo20 MAasmHUKd
00 wacmomu KOMUBAHHS 3a MANUX AMWIIMYO,
KOU NOBIILHO 3MIHIOEMBCA 008HCUHA MASAMHUKA
€ BeUYUHA NOCIUHA.

JInst pi3HUX MasITHHKIB I YMCEbHA BEIIMUMHA
HaOyBa€ CBOIX 3HAYCHb 1 3aJICKUTH BiJI TOYATKOBUX
YMOB (JIOB)XMHU MasiTHUKA, aMILTITY/IH ).

AHaJIOTTYHUX pe3ynbTaTiB JOCSITAEMO
y BUNAAKY (i3MYHOTO MasiTHUKA Ta JUId Tila, IO

obepraeThcs HaBKOJIO CBO€T oci. Tozi MokHA 3po-

BiOHOWIeHHST NOBHOI eHepeii

OUTH y3a2anbHeHull GUCHOBOK: 8IOHOWENHS enepaii

KOMUBAHHA MAAMHUKIG PI3HO20 POy 00 Yacmomu
IXHIX KOMUBAHb PiBHE NeBHill KOHCTMAHMI.

Terep pO3MITHEMO CIIBBIAHOIICHHS €HEpril
KOJINBaHb Ta YaCTOTH B aTOMHHUX cucTeMax. [ Kip-
ro¢) BIIKpUB 3aKOH CIHIBBIIHOIICHHS BHUIIPOMI-
HIOBAJIBHOI 37aTHOCTI OyIb-SKOrO Tijla Ta MOIU-
HaJNBHINA 34aTHOCTI NpU 3aJaHUX TeMIlepaTypax
i pomxuni xBudi (A, T)=a(A,T). Ilomambmi
JOCTIKSHHS MIPUBEIH BYCHHUX IO BHUCHOBKY, IO
JUIS OTNKCY 3aKOHIB BUIPOMIHIOBaHHS Ta MOIJIH-
HaHHA, 30KpeMa CBiTJIa TOLUIIHHO BBECTH MOHATTA
MOJIeINI 1/1eaIbHO BUIIPOMIHIOBAHOTO Tija — abco-
JIOTHO YopHOoTo Tina (AYT).

[Tpuknagamu Takux Mojiesnei Moxke OyTH 3aKpu-
TUH 3 YCIX CTOPiH HEMIPOHUKHUU IS CBIT/IA SIIUK
13 YOpHOTO Tarmepy, MeTaiy, Kepamikd, B CTiHII
SIKUX 3pOOJICHO ONWH HEBEIWKHUU OTBip (pHcC. 3).

[IpomiHb CBiTNA, IO MOTPANKB BCEPEIUHY SIITHKA
micist 6araropa3oBoro BiAOWBaHHS HE Ma€ 3MOTH
BUITH 13 HbOTO. [[J11 KO)KHOTO MaTepiaiy, 3 sIKOTO
BUTOTOBJICHO SIIIIUK € 0OMEKEHHS Y Jliara3oHi TeM-
nieparyp: i namepy — a0 150-200°C, aus 3amiza —
1000-1400°C, mst kepamiku — 10 3000°C.

Ha pucyHKy moka3aHo TpuUMipHi Tpad)iku CIieK-
TpiB BunpominoBanas AUT 3a pi3HuX Temmneparyp
(puc. 2) i3 miomuHamMu niepetuHiB. Ha ropuzon-
TaJgbHIN OCl BIAKIAAIOTHCS 3HAYEHHS YaCTOTH
eHeprii BUMPOMIHIOBaHHS, BEPTUKAJIbHA BIiCh (ik-
Cy€ 3Ha4YeHHsI €Heprii BUPOMIHIOBAaHHS, 32 BIiCCIO
NEePIEHIUKYISAPHOIO 10 YaCTOTH (TOPU3OHTAJIbHA
TUTOIIMHA) BIAKJIAAI0THCS 3HAYCHHS TEMIIepaTypu
tina. [TonoxeHHs MaKCUMYMY JIIHIHHO 3MIIIY€ThCS
B 0071aCTh OUTBII BUCOKUX YACTOT i3 3pOCTAHHIM
TEMIIepaTypH.

EnexkrpomarnitHa Teopis MakcBenna rpyH-
TOBHO TEOPETUYHO IMOSICHWIIA MPOLIECH BUIIPOMi-
HIOBaHHS, MOTJIMHAHHS Ta TIOUIMPEHHS €JIeKTPO-
MAarHiTHUX XBHJIb.

Hax mpobGnemoro CHeKTpiB BUIPOMiIHIOBAaHHS
Ta TONIMHAHHA eJNEeKTPOMarHiTHuX XBwib AYT
BUXOJSIYM 3 TEPMOIMHAMIYHKMX YSBICHD TPAIlfO-
BaJIM JICCSITKU BUCHUX, B ToMy uncii i M. [Tnank.
Ha ocHOBI y3araqpHEHHS BEJIMKOTO MAacUBY €KC-
NepUMEHTANIbHAX  JaHUX,  EJIEKTPOMArHiTHOI
Teopii MakcBemmia ¥ TepmoauHamiku JI. Bonbil-
Mmana, nipanb I. Kiproda, XK. Penes ta J[. xinca
M. Ilnank mnpeacTaBUB HEMEPEPBHUN CIEKTP
AUT He3ane)kHUW BiJl pOAYy PEYOBUHU Y BHIVISAIL
€JIEMEHTAPHUX  EJEKTPOMArHiTHUX  OCLUJISATO-
piB eneprii (puc. 4) (Kyuepyk I., lymenko B.,
1991). B pesynbrari BiH omepxaB ¢Gopmyiy, sKa
no0pe omucyBajia eKCHepI/IMeHTaJ'II)HSinVZ rlzva(bim/l
cnekTpy BunpomintoBanus AUT P(-1)="+ = ae
V — 4acTOTa BUIIPOMIHIOBaHHS, s — ctana Ilnanka,

U (x)

[,
Ey=5ha,/2
L)

| =3h(00/2

. )
Ey= ‘r”'Ju/“

Puc. 3. Moaeanr AUT

r-
-

(k

Puc. 4. Mojejib KBAHTOBOI'0 OCHMJISITOPA
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k — crana Boneivana, 7 — abcomoTHA TeMmepa-
Typa, ¢ — BUAKICTH cBiTIa. J[00yTOK /v Mae po3-
MIpHICTh €Heprii 1 32 3MiCTOM BiJIIIOBiTae eHepril
KOJIUBaHb €JIEMEHTApPHOTO OCLUJIATOpA ISl 1aHO1
4acTOTH. BHUIIPOMiHIOBaHHS a0CONIOTHO YOPHOTO
TiJa € pe3yabTaT TOro, 110 aTOMU-BIOPATOPH CTaIN
JDKepellaMu eJIEKTPOMArHiTHUX XBUITb.

ExcnepumMenTtanbHo — moOynoBaHi  rpadiku
(puc. 2) B OBHiH Mipi BiANOBIAAI0Th (QYHKIIT po3-
noxiy eHeprii M. [linanka 3a pi3HUX TeMIepaTyp.

Sk 1 y BUmagKy 3 MakKpo- MAasTHUKOM
y M. I1nanka Takox BUHUKIIA PooIema, 110 MoJis-
raey 3’sCyBaHHI 3B’sI3Ky €HEeprii Ta 4acTOTH. AHa-
JIOTIYHO TOcTajaa HeoOXiIHICTh Y BBEACHHI CTAJIOI,
sika JicTana Ha3By kBaHTa nii 4. Tomi BUIUIMBaE
rpyHTOBHA (popmyna E = hv .Y BUNAIKy MaTeMa-
TUYHOTO MasTHUKA Maja Micie momaioHa 3a ¢op-
Moro ¢yHkuist E = v-const . B 000X Bunaakax npo-
CTEXKYETBCA 3B SI30K MK €HEPTi€l0 Ta YacTOTOIO.
3Bizcu MOXKHA 3pOOUTH y3araibHEHHH BUCHOBOK,
O 051 AMOMHUX Npoyecie 3mina eHepeii 8i00y-
8aEMbCsL NOPYIAMU 8EIUYUHOIO hV, AK | Y BUNAOKY
3 MAKpoMAsmuukom, oe 3MiHa eHepeii GusHaya-
e€mbcs yepes 000YMOK KOHCMAHMU HA 4ACOmY —
const v. Taka 3aKOHOMIPHICTb € YHIBEpCaJbHOIO
BJIACTHBICTIO, SIKa HE 3aJIeKUTh BiJ] POAY pedo-
BuHU. M. Ilnank oOpaxyBaB BenuuuHy /h, siKa
ckiaiae 3HavdeHHs 6,62-103 Jx-c. 3ayBaxumo,
mo npu BuBodi ¢yukuii M. ITnank AYT 300pa3us
y BUIVISIAI MHOXHHM €JIEMEHTapHUX €JeKTpomar-
HITHUX OCITIJIATOPIB (aTOMIB).

VY npuBeAeHHX NPUKIAAAX MICTHTHCS JOKa-
30Ba 0a3za CTaJOCTi 4acTOT y CHEKTpax. YHiBep-
cajbHa cTaja i po3MipiB aTOMHHX CHUCTEM Mae
OyTH JOCUTH MaJIOI0, 00 B OKPEMOI0 aToMa eHep-
ris Habararo MEHIIA 3a €Hepril0 MaKpOCKOIiY-
HOTO TiJIa, IKe CKJIaJa€ThCs 3 BEINYE3HOT KIJIbKO-
CTi aTOMIB. 3BiJICH BHIUTUBAE, IO JUTSI MAKPOTLI 7
Ha0yBa€ BEJIMKOIO 3HAUEHHS, IO 1 € NPUYHHOIO
TOTO, 10 HEMOXKHA CHOCTEpIratu JAMCKPETHOCTI
3MiHU eHeprii 0e3 3MiHM 9acCTOTH KOJWBaHb, TaK
SK TaKWUX IHIWKATOPIB 32 HUHINIHIX YMOB pO3-
BHUTKY TEXHIKH HE ICHYE.

I3 onepxxanoro cmiBBigHomeHHs M. Ilnanka
BUIUIMBAE BHUCHOBOK: TaK SIK GIOHOUIEHHS eHep-
2ii’ Konueams 00 4aACMOmu KOMUBAHHS MASIMHUKA
pisHa nesHiti cmaniu posmipuicmio Jowc-c, mo 0
KOMUBANLHO20 MASIMHUKA AMOMHUX PO3MIDIE 1Yl
BENUUUHA MOJICE BUABUMUCS NEBHOIO0 KOHKDEMHOIO
00HAK0B010 0I5 6CIX NPOYECIB.

I3 rinore3u Ilnanka, mocrynaris bopa, mocii-
okeHb [. Tamma BUTUIHBAE, 1110 €HEPTisl KOJIUBAITh-
HUX TPOLIECIB aTOMHUX CHCTEM TaKoK HalyBae
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3HaYCHb  3TIHO  3aKoHOMipHOCTI  E = nhv,
Jie n — 1iJIe YUCII0, /I — yHIBepCcalbHA CTaja.

YV HoGeniBcbkiit mpomoBi M. [Tnank miakpecnus,
10 ITPH TEOPETUIHOMY OOTPYHTYBaHHI BCTAHOBJICHOT
HUM (popMynH BiH YCBIZOMIIIOBAaB (PyHIaMEHTab-
HICTh KOHCTAHT, 1110 BXOIATH JI0 HE: 7, ¢, e, k, h. YHi-
BEPCAITLHICTh OZIepyKaHol (DYHKITIT pO3MoIiTy eHeprii
y CHEKTpi BHIIPOMIHIOBaHHS Ta mormuHaHHS AUT
MOJISATae M 'y TOMY, 1O 32 ii gormomorow M. Ilnank
BiJipasy BHM3HAYMB BEJIMYMHY CTajioi bombliMaHa,
BIEpIIE B HAYIll TEOPETUYHO BU3HAYMB YUCIO ABO-
ragpo (1908), 13 00’eqHAHOrO 3aKOHY ENEeKTPOIi3Y,
Ky BXOIUTH YHCIIO ABOTA/IpO, TCOPETHYHO BU3HA-
YUB 3apsil €IEKTPOHA. 3BIICH BUIUIMBAE HACTYTIHUMA
(byHIaMEHTAIbHUNA BHUCHOBOK: CHIGNAOIHHA YlUC-
JI0BUX 3HAYEHb BKA3AHUX (HYHOAMEHMANbHUX KOH-
CMaHm 6CMAHOBNEHUX MEOPEMUYHO Ma 00epiica-
HUX ) pe3yiomami npo8eoeHHsi MHONCUHU OOCTIOI8
C8i0UUmMb NPO me, W0 PYHOAMEHMATbHI KOHCMAHMU
suxopucmani M. [Inankom € ¢ynoamenmanoHumu
0COONUBOCMAMU OMOUYIOHO20 CEIMY.

JlocniKeHHs BYSHHX B raiTy31 BUTIPOMIHIOBAaHHS
Ta MOIIMHAHHS EJIEKTPOMArHiTHUX XBHJIb, SIKi y3a-
ranbHuB M. [lnaHk mpuBenu TakoX IO BUCHOBKY
PO PeanbHiCMb OUCKPEMHOCMI eHepeii 8 OMmouyio-
yomy cepedosuiyi, @ Momy SUHUKIA HeoOXiOHICMb
66€0€HHs. NOHAMMS NPO CNIBBIOHOUWEHHS Nepeps-
HO20 (Ouckpemnozo) ma nenepepsro2o 6 Ilpupooi.
3 gaciB Teopii MakcBeinia i ax 10 rinoresu [ manka
PO KBAHT [ii BBAXKAJIOCS, 1110 BCl MPOLIECH B MpU-
pomi € HenepepBHUMU. [lounnatoun 3 M. [lmanka
CYNEpEYHICTh, 0 BHHUKJIA B MOJAJBIIOMY BHpI-
IIyBajlacsi d4epe3 pO3BUTOK Ta BIPOBAKEHHS
B HOBIiTHIO Teopito inei JI. ne Bpoiins, a motim 1o
CTBOPEHHS HOBOI Teopii po OyA0BY Ta BIACTUBOCTI
peudoBuni I1. Jlebaem, E. lpeniarepom, I. I'eiizen-
oeprepom, I1. Iipakom, I. Tammom. Y pesymbrari
BHUHHKJIA KBAaHTOBA MEXaHIKa, sKa Jlajia BUYEPITHY
BiJIMOBI/Ib HA MTPOOJIEMY CITIBBIIHOIICHHS TUCKPET-
HOTO Ta HerepepBHOTO B [Ipupori.

BucHoBKHM i nepcneKTUBH MOAAIBIINX 10CJTi-
JKeHb., Y X0l TMPOBEICHOTO JOCTIIKCHHS MU
peaizyBajii METOJOJIOTIYHUHN IMiIX11 BUXOSMIH 13
Cy4YaCHHMX OCBITHIX Mapajaurm, mo 0a3yroTbcs Ha
3acagax HAyKOBUX IOCIIDKEHHS ITiJl Yac OpraHi-
3alii Ta MPOBEIACHHS CTYACHTCHKUX AOCIIIKEHb
B rayy3i NpUPOAHUYMX HAyK, TEXHOJIOTIH, mpode-
CifiHOT OCBITH, peaii3allii IPOEKTIB Ha MPHUKJIAJII
po3MIIsALy MpoOIeMHy CIiBBIIHOIIEHHS €Heprii Ta
YacTOTH KOJIMBaHb MaKpo- Ta MIKpO 30yIKEHUX
cucteM. IIpobnema, mo po3mIsiIaeThCs Mae mep-
CIEKTHBY B MOJAAJBIIOMY MOJENIOBAHHI 3 BHKO-
PUCTAHHAM KOMIT IOTEPHOTO MPOrpaMyBaHHS.
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Blﬁ.morpa(blqﬂnn onuc crarri: CossiHuK, JI. (2022) Peakuii CJICKTPOHHOTO NIEPEHOCY Ha M1>1<¢)a30B11/1
MeX1 MOBEpPXHs TBEPAOrO TLIA-PO3TON MPU CHUHTE31 HAaHOMATEpialliB B YMOBaX KAaTIOHHOTO KaTalizy.

Dizuxa ma oceimui mexronoeii, 2, 39-43. doi: https://doi.org/10.32782/pet-2022-2-6

PEAKIIII EJIEKTPOHHOTO MEPEHOCY HA MIZK®A30BIH MEXI IOBEPXHS
TBEPAOT'O TIVIA-PO3TOII P CUHTE3I HAHOMATEPIAJIIB
B YMOBAX KATIOHHOI'O KATAJI3Y!

3 memoto 3icmagnents ekcnepuMeHmanbHux i MeopemuyHo 00epIHCAHUX XaPaKmepUucmux npoeeoeHo ananis 00Ci-
OtCeH s 63a€MOOTT NOGepxXHi armasa 3 kapbonam- i bopemichumu posmonamu. [lokasano, wo pieenvy @epmi Ha nosepxhi
YUCTNO20 KPUCMALA AMA3A PO3MAWOBAHUI OIUdNCUe 00 MeXHCT 30HU NPOBIOHOCTIE, NPU YbOMY YUCTHULL AIMA3 NOBOOUNBCS
AK KNACUUHULL OieNeKmpPUK.

Bcmanosneno, wo adcopbyis 0iokcudy 8yeneyio Ha NOGEPXHI AIMA3a NPpueooums 00 3HAYHOI noaApuzayii Kiacmepa
nogepxHi Y6ix 30Hu npogioHocmi. LLlupuna 3a60poHenol 301y 3MeHwyeEmves, ane OieneKmpudHull xapaxmep Knacmepa He
3MIHIOEMbCA, He I00Y6AEMbCs NEPEKPUBAHHS 30H, MOOMO aIMa3s He HAOY8AE HANIBNPOBIOHUKOBO2O Ul HANIGMEMANe6020
xapaxmepy npoeionocmi. B moii uac adcopbyia BO, na nosepxui anmasa npusooums 00 CUibHOL nonapusayii Knacmepa
nosepxui y oix ganenmmnoi 3onu. Ilpu YbOMYy mupuna 3a00POHEHOT 301U HE3HAYHO IMEHULYEMBCS, MeHIe HIdIC Y BUNAOKY
Oiokcudy gyeneyto. Taxum wunom, npucymunicmo BO,” maxooic ne npusooums 00 UHUKHEHHS HANIBNPOGIOHUKOBO20 XAPAK-
mepy nposionocmi. 3anponoHo8aHo ymosu SUHUKHENHS. OKUCHIOBATbHO-GIOHOBTIOBATHIX npoyecie Ha Mexci nooiny enex-
mMpoo/conbosuil po3mon, de 8I06Y8aEMbCa a0CopOYis IOHI8 POIMONY, WO NPUBOOUMb 00 NOABU SHAYHUX HABEOEHUX OUNOITb-
HUX MOMEHMI8 y YaCMUHOK adcopbama yepe3 nepepo3noiinl eneKmpoHHOL 2YCmuHU Midc adcopbeHmom ti adcopoamon.
Y pesynomami makozo nepepo3nodiny aminoemoca nonoxcenna pigra Depmi, i, AK HACTIOOK, BOHO HAOIUNCAEMbCA 00 OHA
30HU BPOGIOHOCTE (@O0 A0 MENHCT BANEHMHOL 30HU), WO NPUBOOUMDb 00 NEPEX00Y NOBEPXHEB020 Wapy OleNeKMpUKa y nposio-
Hutl cmax. 3Mina KamioH-aHiOHHO20 CKA0Y PO3MONY 00380TAE KEPYB8amu WUOKICIIO0 OKUCHIOBANbHO-BIOHOBHUX peaKyill HA
medxci Oienekmpur/pozmon. OueguoHo, ye 1l nPUBoOUmMs 00 MO20, WO Y 0esIKUX PO3MONAX OleNeKMpPUK NOYUHAE NPOABISIMU
eNeKMPOOHY (OYHKYIIO, 1, AK HACTIOOK, BUCYNAE 6 PO AKMUBHOI NIOKAAOKU NPU 8UCOKOMEMNEPAMYPHOMY e1eKmMPOXiMiu-
Homy cunmesi. [Ipogedeno po3paxyHok KamooH020 CIMpyMy 0OMIHY npu 00HOENEeKMPOHHOMY HepeHecen i 3apady Kpizb 30HY
npoGIOHOCII MBEPO020 MINA i3 3CMOCYB8AHHAM 0OPAHOT MOOEE 3ANEHCHOCE 2YCIUHU eNeKMPOHHUX DIBHIE 8i0 eHepeii.
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ELECTRON TRANSFER REACTIONS AT THE INTERPHASE BOUNDARY OF THE
SURFACE OF A SOLID-MELTING DURING THE SYNTHESIS
OF NANOMATERIALS UNDER THE CONDITIONS OF CATIONIC CATALYSIS

In order to compare the experimental and theoretically obtained characteristics, an analysis of the interaction
of the diamond surface with carbonate- and boron-containing melts was carried out. It is shown that the Fermi level

1
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on the surface of a pure diamond crystal is located closer to the boundary of the conduction band, while pure diamond
behaves like a classical dielectric.

1t was established that the adsorption of carbon dioxide on the diamond surface leads to a significant polarization
of the surface cluster to the side of the conduction zone. The width of the band gap decreases, but the dielectric character
of the cluster does not change, there is no overlapping of zones, that is, the diamond does not acquire the semiconducting
and semimetallic character of conductivity. At that time, the adsorption of BO* on the diamond surface leads to a strong
polarization of the surface cluster towards the valence band. At the same time, the width of the band gap decreases
slightly, less than in the case of carbon dioxide. Thus, the presence of BO* also does not lead to the semiconducting nature
of conductivity. The conditions for the occurrence of oxidation-reduction processes at the interface of the electrode/salt
melt, where the adsorption of melt ions occurs, are proposed, which leads to the appearance of significant induced dipole
moments in the adsorbate particles due to the redistribution of electron density between the adsorbent and the adsorbate.
As a result of such redistribution, the position of the Fermi level changes and, as a result, it approaches the bottom
of the conduction band (or the border of the valence band), which leads to the transition of the surface layer of the dielectric
to the conductive state. Changing the cation-anion composition of the melt allows you to control the rate of redox
reactions at the dielectric/melt interface. Obviously, this leads to the fact that in some melts the dielectric begins to exhibit
an electrode function and, as a result, acts as an active substrate in high-temperature electrochemical synthesis. The
calculation of the cathodic exchange current during one-electron charge transfer through the conduction zone of a solid
was carried out using the chosen model of the dependence of the density of electron levels on the energy.

Key words: Redox reactions, electrode, dielectric, semiconductor.

AkTtyanbHicTe npobiaemu. KsantoBo-mexa-  Tpuka (LLlamosain, 1995). Onnak norenep nuTaHHs
HIYHOIO TEOPIEI0 €JIEMEHTApHOTO aKTy MEPeHOCy  MpO THM Ta MEXaHi3M BHHHKHEHHS ITOBEPXHEBOI
3apsay depe3 Mexy Merad (IMPOBIIHUK) — €JeK-  MPOBITHOCTI B IbOMY BUIAJKY € TUCKYCIHHUM.
tpouit (Kpumrranuk, 1979) nosicHioeTbes SIK HasB- OcHoBHi pe3yabratH. B sxocti 00’€kTiB
HICTh CTPYMIB OOMIHY, TaK i caM MexaHisMm redjox  mocniukenns Oys oOpaumii: kimacrep C H,,, sk
peakiid y TeTepOreHHUX CepeloBHINax. Tak sSK  CTPYKTYypHI YACTHMHKH PO3TOITY JJISI MOJEITIOBAHHS
caM NpOLEC MOXJIMBOIO NEPEXONy €NeKTPOHIB  CTajli mepeHocy 3apsany npu BiaHoBieHHi EAK ta
3 MOBEpXHI Katoma (JieNeKTphKa) M0 YaCTHHKH  OJepKaHHS KapOimiB i 60pumiB Bombdpamy — i30-
€JIEKTPONIITY HaWOUIblI WMOBIpHMM Npu BUpiB-  enekTpoHHi Mosekynu CO, i BO,, a Takox aHioH
HIOBaHHI piBHIB eHeprii depmi marepiany katoma  [WO,]> B oToueHHi B mepmiiii 30BHIimIHIN Koop-
i eneprii HBMO B EAK, ang omiakn moxum- — auHariiHid cdepi 2-X ogHO3apsSAHUX KaTiOHIB
BOCTI BHHHUKHEHHS TIOBEPXHEBOI MPOBIAHOCTI  omHOro copry Ca*' uu Mg?* abo K 4OTHPHOX OTHO-
OyaM BUKOHAaHI KBaHTOBOXIMIUHI PO3paxyHKH, IO  3apsiAHUX KaTioHIB Li'.

MMOBUHHI MOJIENTIOBATH TIEpeXij KiacTepa ajamasa OCKUTBKH peakIliifHy 37JaTHICTh MOJIEKYJ y paM-
y KBa3iMEeTaJleBHil CTaH y MPUCYTHOCTI XapakTep-  kax metoay CYII MO JIKAO BinnoBiaHo 10 Teo-
HUX YaCTHHOK 10HHUX PO3TOMIB. pii @Pykyi no’s3yroTe 31 3HaueHHsMH B3MO
AHaJi3 ocTaHHIX A0CTiTzKeHDb i myOJikaii. # HBMO B3aeMomirounx MOJICKYJ, JTOTIOBHIO-
Excnepumentanbno  BusineHa (CosOBHOB,  I0YM aHAJ3 BEIMYMHAMU E€HEPTETHYHOTO 3a30py
2004) MoOXKmMBICTH OCapKeHHs Ha mnpupomHi  A=E_, - — E . . Oyma mpoBeneHa KBaHTOBO-

W CHHTETHYHI aJIMa3H-IieJeKTPUKN TaJbBaHIYHUX  XIMIYHA OIIHKA ITUX MapaMeTpiB, IS MOAAIIBIIOTO
MOKPUTTIB 0€3 MOMepeIHbOr0 YTBOPEHHS MPOBiJ-  MOPIBHAHHA iX 3 eHeprisimu depmi, K BEIUYUH,
HOTO INApy CBiYMJIa MPO BHUHUKHEHHS MPOBIJ-  MPONOPLiHHUX eHeprisM Pepmi 3 TOUHICTIO 110
HOCT1 anmasy, 3aHypeHOro B KapOOHATOBMICHMI  CHIBMHOXHHKA JUIsl ajJbT€PHATUBHUX B3a€MOJIM:
posron i BiACyTHOCTI mposimHocti, Hanpukmax, C H,,...CO, i C H,,...BO, y mpucyTHocTi 4ac-
y posTomi 3i BMicToM 6opunis. Ha mincrasi exce-  tuHok {M ™[WO,]*}®™2* ne M=Li", Ca*, Mg*".
puMeHTanbHUX nanux apropamu (Comnosiios, 2004, [IpoBenennii aHaji3 TaKOTO MOJETIOBAHHS
[Manosan, 1995) 6yB 3pobnenuit peHoMeHomOr4-  mMokazaB (puc.l), 10 MPHUCYTHICTb YacCTHHOK
HUIi BACHOBOK PO T, O MoBepxHeBa npoBianicts  CO, 1 BO,” no6nmsy mosepxui knacrepa C, H, ,
aJMa3a B OKCHJIHUX pO3ToNax oOyMOBJIE€Ha epedi-  Mo-Ieplie, He CTBOPIOE NMPUHIMIIOBOIO BILIMBY
TOM OKHMCIIOBAJIbHO-BIIHOBHHMX MPOLECiB Ha Mik-  Ha Benmuuau B3MO xnacrepa C, H,,. [To-npyre,
dasniit Mexi. IlizHine Oyma 3anmponoHoBaHa (Ha — 3amydeHHs aHioHiB [WO,]* mpuBoauTh 10 HeCyT-
MiJcTaBl aHai3y pe3ysbTaTiB KBAaHTOBOXIMIYHHMX  Te€BOro 30iibleHHS 3HadeHb B3MO kmacrepa,
PO3paxyHKiB) MOJIENIbHA CXeMa 3MIHH IIOBEPXHEBOI  OLIBLIOro, NpUpoaHo, y Bunaaky 3 BO,. Hapemiri,
NPOBITHOCTI anaMasa, IO TOSACHIOE BUHMKHEHHS  3amydeHHs 10 posmiigy EAK {M ™[WO, ]}
MPOBITHOCTI MOBEPXHEBOTO MIapy anmasa-mienek-  2° (puc.l), HaBmaKW, 3HAYHO 3HUKYE BEIUYUHH
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enepriii B3MO (npubnu3no B 2 pa3u) Ha ¢oHI
HECYTTEBOTO 3HIDKCHHS IMX BEJIMYMH JJIS KJac-
TepiB y npucytHocti BO,". IIpu npomy mpocrexy-
€TbCSl TEHJICHIIISl 3HWKCHHS BEJIMYMH CHEPreTHY-
HOTO 3a30py rpannuHux MO 3Ha4HO OinbIna, Ui
KapOOHATHUX PO3TOIIiB.

3MiHa peaKIiiHOi 3JaTHOCTI TOBEPXHI aMaszy
MpU 3MiHI KaTIOHHOTO CKJIaxy pO3TOIly BimoOpa-
kKae K crenu@iky XiMIi9HOT B3a€MOJIii YaCTHHOK
y COJIbOBHX PO3TOIaX, TakK 1 Mepedir rerTeporeHHux
red|ox peakiiiii Ha MOBEPXHi JieJeKTpuKa. [00BHa
CYTh IIbOTO e(eKTy (TMepexoy MOBEPXHEBOTO MIapy
JieJIeKTpUKa B MPOBIIHUI CTaH) BUKIMKAHA TIepe-
PO3IIOIIOM €JIEKTPOHHOI TYCTUHU MIXK aJcopOeH-
TOM 1 a71cOpOATOM, III0 MPU3BOAMTH JI0 BiTOBIIHUX
3MiH BeIMYUHU eHeprii Depmi eeKTpOHIB TOBEpXHi
€JIEKTPO/LY, a TAKOXK 1 €HEepriii TPaHUYHUX MOJIEKY-
nspaux opbitaneit EAK. OdeBuano, 1o gomiHaH-
TOIO IIBOTO €()EKTy € BUPIBHIOBAHHS PiBHIB €HEPTil
®depmi marepiany karoaa i enepriiit HBMO EAK.

[IpoBenenwmii ananiz gociimkeHHs (Tadm. 1)
MOXE TIOSICHIOBATH BHHUKHEHHS ITOBEPXHEBOL

0.6 a

0.3

E0°8, g/ Mol
L kI Mot

2

04 L]

~0,4-

0.8
! 2 3 4

HBMO

[

MPOBITHOCTI anMasa (JieNeKTpHKa), 3aHyPEHOTO
B KapOOHATOBMICHHI pPO3TOI, 3MIHOIO PEaKIlii-
HOi 3[aTHOCTI TOBEpXHi ajaMa3a, CTUMYJIbOBAaHOI
3MIHOIO KaTiOHHOTO CKJIaAy po3Toly (KaTioH-
HUI Karani3). OnepkaHuil pe3yabrar He cymnepe-
YUTh 3alpPONIOHOBAHIN paHillle MOJENbHIA CXeMi
BUHHUKHEHHSI TOBEpXHEBOi mpoBigHOCTI (CosoB-
fioB, 2004), He3BaXKarOYM Ha JESKI PO3XOJKCHHS
B PO3MIISIHYTUX METONAX JOCHIKEHHS, a 3alpoIio-
HOBAHA paHillle cXema, CyIsS4d i3 aHalizy CKIaxy
rpannyHIX MO, € YaCTHHHUM BUTIAJIKOM 3aIpOTIO-
HOBAHO1 KOHIIEMIIi.

Tabmmig 1
EnepreTu4Hi XapakTepucTHKH KJacTepa
ajJMa3sy NpH B3a€EMOJIl 3 YACTHHKAMM PO3TOILY

Enepris, | BanentHa 3oHa Iupuna
eB 30Ha npoBigHOCTI | 3a00pOHEHOI 30HU
Anmas 491 1,31 6,20

Anmas +

Co, 3,42 0,42 3,85
Anmas +

BO,- 0,40 5,05 5,45
6 7 8 9 10 Il

B3MO "

Puc. 1. [liarpama sesraun enepriii B3BHO i HBMO nas s3aemoniii C, H,,...CO,iC H,,...BO,,

707724 70724

y npucyTHocTi yactunok {M ™ [WO |*}™2*, ne M=Li", Ca**, Mg*" y npucyrHocri a) BO, 6) — CO !

! Touku Ha giarpamax BiamosigaroTh HacTynHuM B3aemomism: 1- BO, uu CO_; 2- CO, (a6o BO,)...[WO,]?
*TWO,J7}>; 5- CO, (a6o Bd) {Nfg

{Li, [WO,J*}*; 4 - CO, (abo BO )... {Ca
8-C H 60 BO,)...[WO,* é
11 7& (5 cb(a(a%o Bb) AMg 2 [WO §3>

7077240

70, (abo BO,

; 3- CO, (abo BO,)
WO, 1 6- C H ; 7- €, H o) (a6oBb :
). {Li WO, 71 10-C 1., .. CO, {460 Bé Y. {Ca *[WO, | }5,
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Tabmm 2

IHopiBHAHHA TeOPEeTHYHUX W
eKCIIePUMEHTAIbHUX Pe3yJIbTaTiB

Teopis + xeanmogoximiuHutl
PO3PAXYHOK

Excnepumenm [18 —21]

Bincrans Big piBag @epmi 10
Kparo 30HH npoBigHocTi — 1,31
eB.

CrangapTHUH OTEHIia
aJIMa3HOIo €JIEeKTPoaa —
(1,32-1,38) B.

Bincrans Big piBas @epmi

JI0 Kparo 30HU POBiAHOCTI
B KJIacTepi 3 aJiIcopOoBaHUM
kapOonat-ionom — 0,42 ¢B.

CraHapTHHI NOTEHITIAT
aJIMa3HoOTO €JIeKTPOo/a B
npucytHocTi CO, —
(0,40 — 0,45) B.

30BHINIHS KaTOIHA HAIIPyTa
0,4B mpuBoauTh 10
IIPaKTUYHOTO 30iry piBHS
depmi i MiHIMYMY 30HH
MIPOBIAHOCTI B KJacTepi.

Karogna nanpyra

Ha anMasi B TOYI
BiJTHOBHOTO IPOLIECY —
0,4 B.

30BHIITHA KaTOAHA HAIPyTa —
0,6 B npuBOAUTH 10 3aHYPEHHS
piBast DepMmi B KIacTepi B 30HY

nposignocti va 2 k7. Knactep

Karogna nanpyra
Ha anMasi B To4Li
MaKCUMYyMY BiJTHOBHOTO
mpouecy — 0,6 B.

no4uHae HaOyBaTH CTPYKTypHU
KJIACUYHOI'O METally.

3yNUHUMOCS JIE€TalbHO Ha BHIIAJIKY PO3TOILY
i3 BMicToM kapOoHariB (Tabm. 1). Temmeparypa
takoro posromy ~1100 K. Jlns Takoi Temmepa-
typu kT = 0,095 eB. Takum yuHOM, BijCTaHb Bif
piBHa Depmi 10 MEXi 30HH MPOBITHOCTI B TPH-
cyraocti CO, cranouts ~4,5 kT, mo (paxTuaHO
€ MEXKEI0 Tepexoay KiacTepa 3 HEBUPOIKEHOTO
CTaHy B Ci1a0KoBHpOMKeHUH. Llfo BifCTaHb JeTKO
3MEHIIUTH, SKIIO MPHUKIACTH [0 ajMa3a KaTOIHY
Hanpyry. [Ipu 1boMy MOXYTh OyTH TaKi BULIAJIKHU:

*  3HAYeHHs 306HIUHLOCO eNeKMPUYHO2O0 NOJISL
6 — (0,4 —0,45) B. PiBernr Depmi B ki1actepi nepe-
OyBae B Oe3nocepeHii OJM3bKOCTI BiI MEXKi 30HH
npoBigHOCTI. Kiacrep mounHae nposiBisTH MeTa-
JIeB1 BIACTUBOCTI.

*  3HAYeHHS 306HIUHLOCO eNeKMPUYHO2O NOJIA
6 — 0,8 B. Pienb ®epMi oprHAE B 30HY MPOBiJI-
HocTi Ha 4 kT. EnepreTriuHa cTpyKTypa Kiactepa
BIJINIOBIZIA€ CTPYKTYPi KIACHYHOTO MeTairy. Takuii
KJIACTep MOBOAMTHCA SK METall, TOOTO CTa€ eJeK-
TPOTIPOBITHUM (€JIEKTPOHHA TPOBIIHICTB);

*  3HAYeHMS 306HIUHLOCO eleKMPUYHO20 NOJISL
6 — 0,9 B. Pien» depMi Ha BCiif MOBepXHI anMasa
HAOMDKAETHCS 10 MEXKI 30HU MPOBITHOCTI Ha BifI-
cTaHb B 4 kT, BHACIIIIOK YOTO €JIEKTPOHHHI ra3 Ha
BCiii MOBEpXHI NEPEXOANUTH Y BUPOKEHHIA CTaH.

TakuM yrHOM, JUIS IEPEBOY KJIacTepa ajiMasa
y KBasimeTaneBud crtan y mpucytHocti CO,
JIOCUTH TIPUKJIACTH JIO0 ajiMa3a KaToIHY HANpyry —
(0,4-0,45) B.

AHaJi3 JaHUX EKCICPUMEHTAIBHUX PEe3yiib-
tatiB (ConosiioB, 2014) mokasye (tabmn. 2), mo
BITHOBHMII TMpOIEC Ha ajMaszi B MPHUCYTHOCTI
CO, BinOyBaeThCs NPHU KATOIHIN IEpEHanpysi B —
(0,4 — 0,6) B. BiamoBigHo 10 TEOPESTUIHOTO aHa-
73y Taki KaToIHI HampyTrd NMPHBOMSTH IO Tepe-
X0y KJIacTepa ajmasa JI0 KBa3iMeTaJIeBOro CTaHy,
ko piBeHb Depmi mepedyBae B Oe3mocepeaHii
OJIM3BKOCTI BiJl MEX1 30HH MPOBITHOCTI.

BucHOBKH. AHaI3 TPOBEICHOTO MOJETIOBAHHS
TeTepPOreHHUX PEAKIIii eNeKTPOo (TIeNIEKTPHK) /PO3TOI
Ha TIPHUKJIa/i BUBYCHHS B3a€MOJI KilacTepy anMmazy
Ta 130€JICKTPOHHUX CTPYKTYPHHX YaCTHHOK PO3TOITY
CO2 i BOZ' TOKa3aB, 1110 TUTHKHU JOATKOBE 3Ty ICHHS
gacTuHOK {M ™[WO,]*} ™" npu3BoauTs 10 CyTTE-
BOTO 3HIDKeHHs BemunH eHeprii B3MO kiacrepa
B npucytHocTi CO, Ha (hOoHI HE3HAYHOT 3MIHM TaKKMX
y npucytnocti BO,. Lle Kopermoe 3 aHamiTH4HO po3-
paxoBaHWMU HAMH 3HAYCHHSMH BEJIMYUH CTPYMIB
OOMiHY, BIIMIHHHX BiJI HYJISI, 1 IIOSICHIOE BUHUKHCHHS
TIOBEPXHEBOI MPOBITHOCTI ajiMasa, 3aHypeHOro y Biji-
TIOBITHUH 10HHHMI PO3TOI, 3MIHOIO PEaKIIHHOI 31aT-
HOCTI TIOBEPXHIi aiMasy MpH 3MiHI KaTiOHHOTO CKJIaTy
PO3TOITY, IO BiOOpaXkae SK CyTO XiMiUHI B3aEMOJIIT
YAaCTMHOK y COJIbOBHX PO3TOMNAax, Tak 1 mepedir rete-
poreHHHX red|oX peaxiliii Ha MOBEPXHi TBEPIOTO Tija.
TonoBHa CcyTh 1HOTO €eKTy (Iepexomy MoBepXHe-
BOTO IIApy AieJIeKTPUKA B MPOBITHUIA CTaH) BHKIU-
KaHa TIEPepO3IONiIOM €JIEKTPOHHOI TYCTHHH MDK
aJICOpOSHTOM 1 aJicopOaroM, IO MPU3BOMUTH SIK JI0
3MIHM BEJIMYMHM €HEPrii eJIeKTpoHiB Ha piBHI Depmi
TIOBEPXHI EJICKTPOYy TaK 1 €HEprid y3araJbHEeHHX
MoleKyIspHux opOitaneit EAK.
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TO QUESTION ABOUT NATURE AND MODELLING THE OPTICAL-INDUCED
CHERENKOYV RADIATION

The main problems of nature the optical-induced Cherenkov radiation are discussed. We show that this problem
are connected with problem of shork excitation of heterogeneous polarization the irradiated matter. With this point
of view the Cherenkov radiation is Nonlinear Optical (NLO) phenomenon. But classical NLO effects are phenomena with
homogeneous shock-excited polarization. Two aspects of modeling this phenomenon are observed. First, microscopic, is
based on synthesis A. Bohr theory of representation the Cherenkov radiation on the basis the scattering charge particles
in media. This theory gives hyperboloid of the shape of the particle's braking track in the medium. Generating cones
of Cherenkov radiation are formed by external normals to the A. Bohr hyperboloid. Second, macroscopic is based on I.Golub
model of formal analogy Snell law and Cherenkov radiation. Cherenkov speed is determined as speed of shock nonlinear
polarization of irradiated matter. Synthesis A. Bohr and 1. Golub models allow to determine the product of nonlinear
laser-induced refraction index and cpeed of nonlinear polarization. The essential difference between optically induced
and classical (obtained by gamma quanta or charged particles) Cherenkov radiation lies in the radiation distribution
spectrum. The classical spectrum is more homogeneous, since each particle "has" its own hyperboloid. For the optical
case, we have the number of cones, which is related to the mode structure of laser radiation. So for the TEM,, fashion
we have only one cone. That is why the radiation spectrum will be more heterogeneous, as in the classic case: ultraviolet
radiation will be in the central part, and infrared radiation will be at the edges. The observation of laser-induced
Cherenkov radiation is connected with problem of diffraction stratification and known as surface continuum radiation.

Key words: Cherenkov radiation, A. Bohr model, 1. Golub model, optical breakdown, Relaxen Optics, cascade
processes, shock processes, modeling.

Ilempo TPOXUMYYK

Kanouoam Qizuko-mamemamuiHux HayK, 00yeHm, 0oyerm Kageopu meopemudroi ma KOMn romepHoi izuxu
imeni A. B. Ceiosuncvkoeo, Boauncokuii nayionanvHuil yrieepcumem imeni Jleci Yxpainxu, npocn. Boni, 13,
M. Jhyyvk, Vrpaina, 43025

ORCID ID: 0000-0003-2737-0506

SCOPUS-AUTHOR ID: 8383601100

BiGaiorpadgiunuii onuc crarri: Tpoxumuyk, 1. (2022). JIo mutanHs npo NpuUpoAy Ta MOAETIOBAHHS
ONTUYHO-1HAYKOBAaHOTO YE€PEHKOBCHKOTO BUIIPOMIHIOBaHHA. Di3uka ma ocgimui mexnonoeii, 2, 44-53,
doi: https://doi.org/10.32782/pet-2022-2-7

JO IIMTAHHA ITPO TPUPOAY TA MOAEJTIOBAHHA
OIITUYHO-IHAYKOBAHOI'O YEPEHKOBCBKOI'O BUITPOMIHIOBAHHSA

Obzosoproromucs 0cHO8HI nPobIEMU NPUPOOU ONMUYHO-THOYKOBAHO20 YEPEHKOBCLKO20 sunpominiosanns. I1oxkaszano, wo
YA npoodemMa nog'a3ana 3 npooemMor YOapHo20 30y0HceHHs HeOOHOPIOHOT nonapusayii onpomineHol pewosunu. 3 yiei mouxu
30py sunpominioganisi Yepenkoea € HeniHIHUM ONMUYHUM SeueM. Ane KiacuuHi epexmu HeiHilHOT ONMUKYU — ye A6uua
3 0OHOPIOHOI0 YOapHO-30Y0xcy8anoio noaapuzayieto. Cnocmepiearomscsa 06a acnekmu MOOeN08an s ybo2o asuwa. Ilep-
witl, MIKpockoniunuil, 3acHoganuii Ha meopii O. bopa npedcmagnents 4epenKo8cbKoeo BUNPOMIHIOBAHHS HA OCHOBI PO3Cito-
BAMHA 3APAOINCEHUX YACMUHOK Y cepedosuiyax. L] meopis dae 6uensio gopmu 2anbMieHo20 WISXY YACMUHKU 8 Cepe0osUiyi
y 8uens0i einepbonoioa. Teipi KOHyCU YEPEHKOBCHKO20 BUNPOMIHIOBAHHS YMEOPEHT 3068HIUHIMU HOPMATAMU 00 2inepbonoioa
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O. bopa. Ilo-0pyze, maxpockoniunuii bazyemuvcs na mooeni 1. Ionyba gopmanvroi ananozii 3axony Crenna ma Yepenxos-
CbKO20 BUNPOMIHIOBAHHS. YepeHKOBCHKA WEUOKICb BUBHAUAEMbCS K WBUOKICHb YOapHOT HeNiHIIHOT noaspu3ayii onpomi-
Henol pevosunu. Cunmes modeneti O. bopa ma 1. ['onyba 0036055€ gusHauumu 000ymMoK HeHIIHO20 1A3ePHO-IHOYKOBAHO20
NOKA3HUKA 3ATIOMAEHHS HA WEUOKICMb HeTIHINHOT noaspuzayii. Icmomua 8i0MiHHICIb ONMUYHO THOYKOBAHO20 8I0 KIACUY-
HO20 (OMPUMAHO020 2aMMA-KEAHMAMU 400 3aPAONCEHUMU YACMUHKAMU) YEPEHKOBCLKO20 BUNPOMIHIOBAHHS NONALAE 6 CNEK-
mpi po3nodiny eunpomintoeanis. Knacuunuti cnexmp 6inbus 00HOPIOHUIL, OCKIIbKU KOJCHA YACHKA «MAE» CEill 2inepoonoio.
st onmuuno20 UNAOKy Mu MAemMo KiibKiChb KOHYCI8, KA NO8'SI3aHaA 3 MOO0BOIO CHPYKIYPOIO J1A3EPHO20 BUNPOMIHIOBAH-
ua. Omorce, onst moou TEM,,, mu maemo e ooun kowyc. Tomy cnekmp eunpominioganns 6yoe Oinbut HeoOHOPIOHUM, K
i 6 KnacuuHOMy 8UNAOKY: yivmpagionenose sUNPOMIHIOBAHHA Oy0e 8 YeHMPATbHIL YacmuHi, a IHQpauepeore — no Kpasix.
CnocmepedicerHs 1a3epHo-iHOYKOBAHO20 YePEeHKOBCHKO20 BUNPOMIHIOBAHHS N08'A3aHe 3 NpobiemMoio Ouppaxyilinozo po3uia-
DVBaHHs | BI0OMO SIK NOBEPXHEEe KOHMUHYANbHE GUNPOMIHIOBANHS.

Kniwouosi cnosa: yepenroscoie sunpomintosanus, mooenv O. bopa, modens I. T'onyba, onmuunuii npooiil, peraxcayii-
Ha ONMUKA, KACKAOHI npoyecu, YOapHi npoyeci, MOOeI08AHHS.

Introduction

Cherenkov  radiation (Vavilov—Cherenkov
effect) is electromagnetic radiation emitted when
a charged particle (such as an electron) passes
through a dielectric medium at a speed greater
than the phase velocity (speed of propagation of
a wavefront in a medium) of light in that medium
(Bohr A., 1950; Frank, 1988; Golub, 1990; Jelly,
1958; Trokhimchuck, 2020; Trokhimchuck,
2022). A classic example of Cherenkov
radiation is the characteristic blue glow of an
underwater nuclear reactor. Its cause is similar to
the cause of a sonic boom, the sharp sound heard
when faster-than-sound movement occurs. The
phenomenon is named after Soviet physicist Pavel
Cherenkov (Frank, 1988; Jelly, 1958).

But Cherenkov radiation may be represented
as  Nonlinear  Optical phenomenon two
(Trokhimchuck, 2020; Trokhimchuck, 2022).
Therefore, we must researched this effect in more
widely sense as radiational relaxation of shock
nonlinear excited heterogeneous polarization. This
determination is more widely as traditional. It
conclude various ways of excited this polarization,
including laser irradiation.

The main problems of nature the optical-
induced Cherenkov radiation are discussed. We
show that this problem are connected with problem
of shork excitation if heterogeneous polarization
the irradiated matter. With this point of view the
Cherenkov radiation is Nonlinear Optical (NLO)
phenomenon (Trokhimchuck, 2020; Trokhimchuck,
2022). But classical NLO effects are phenomena
with homogeneous shock-excited polarization. Two
aspects of modeling this phenomenon are observed.
First, microscopic, is based on synthesis A. Bohr
theory of representation the Cherenkov radiation on
the basis the scattering charge particles in media.
This theory gives hyperboloid of the shape of the
particle's braking track in the medium. Generating
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cones of Cherenkov radiation are formed by
external normals to the A. Bohr hyperboloid
(Bohr A., 1950). Second, macroscopic is based
on [.Golub model of formal analogy Snell law
and Cherenkov radiation. Cherenkov speed is
determined as speed of shock nonlinear polarization
of irradiated matter. Synthesis A. Bohr and
I. Golub models allow to determine the product of
nonlinear laser-induced refraction index and cpeed
of nonlinear polarization (Trokhimchuck, 2020;
Trokhimchuck, 2022). The essential difference
between optically induced and classical (obtained
by gamma quanta or charged particles) Cherenkov
radiation lies in the radiation distribution spectrum.
The classical spectrum is more homogeneous, since
each particle "has" its own hyperboloid. For the
optical case, we have the number of cones, which
is related to the mode structure of laser radiation.
So for the TEM,,, fashion we have only one cone.
That is why the radiation spectrum will be more
heterogeneous, as in the classic case: ultraviolet
radiation will be in the central part, and infrared
radiation will be at the edges. The observation of
laser-induced Cherenkov radiation is connected
with problem of diffraction stratification and known
as surface continuum radiation (Trokhimchuck,
2020; Trokhimchuck, 2022).

Problems of the observation the Cherenkov
radiation and shock processes in matter as
Nonlinear (NLO) and Relaxed (RO) Optical
processes are connected with  acoustic
(thermal) and electromagnetic (plasma and
Nonlinear optical) nature (Trokhimchuck, 2020;
Trokhimchuck, 2022). These processes may be
connected with diffractive stratification of laser
beam, including self-focusing, self-trapping,
and after this generation of supercontinuum
radiation (ordered — Cherenkov radiation, and
disorder — plasma radiation) (Trokhimchuck, 2020;
Trokhimchuck, 2022).
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Concepts, modeling and discussions

On Fig. 1 experimental data, which are received
for sodium containing heat-pipe with 20 cm active
length and a Hiansh-type 10 kW peak dye laser, are
represented. The sodium density was 10— 10" cm .
The beam of 0,5 cm™! bandwigth laser was focused
by a lens into the sodium cell after special filtering.
The laser intensity at the focus was 10 MW/cm?
and is sufficient for the formation of self-trapped
filaments. The forward emission was photographed
by an Alphax B216 camera with f/number of 1,9,
placed after the sodium cell without any imaging
optics (Golub, 1986). The laser beam was blocked
with small on axis disc to prevent over-expose.

The spectral and angular properties of the
conical radiation are well-known (Golub, 1986).
The cone angle is 1° — 3° and increases as the
laser frequency approaches the atomic transition
and with increasing sodium density. The cone
spectrum is broad (5 — 10 ¢m™) and is to the
red of the transition. For small laser detuning
(5—10 cm™) the peak of conic emission is detuning.
For large laser detuning (6 — 20 cm') the peak
detuning exhibits saturation behavior; the limiting
value is at the dispersionless point — 589,4 nm
(Golub, 1986).

Two kinds of experiments were performed
to establish the surface character of the conical
emission. The light changes polarization of initial
beam in a linear case, with a direction determines
the difference of right and left polarizations. Self-

(a}

trapping of laser light close to the transition is due
to saturation effects, and this change in polarization
is expected to occur inside the filaments, where
saturation degree is maximum. In (Golub, 1986)
next conclusion was made: conical radiation is
generated at a nonsaturated region such as self-
trapped filament surface.

The question about spatial coherence of conical
radiation was observed in (Golub, 1986). It was
found that the angular and spectral distribution of
the conical radiation is independent of lens type.
The next conclusion was made the conical radiation
from various filaments add upp incoherently and
display no interference pattern.

The data of laser irradiated different 1 — 10 cm —
long cells containing H,O or D,O are represented
in Fig. 2 (Golub, 1990). In these experiments a
Quantel YG-471 mode-locked laser was used,
which produced 22-psec-duration pulses at 1,06
um of aup to 35 mJ energy or its second harmonic
15-psec-duration pulses of 12 mJ energy. A variefy
oflenses with focal lengths from 2 to 25 cm, capable
of producing intensities in the focal spot of up to
10" W/cm?. Several (usually 5 to 10) filaments were
produced by each pulse/ It was easier to produce
supercontinuum by focusing the laser beam with
long-focal-length lenses into the long cells, and the
threshold for supercontinuum in D,O was lower
than that in H,O. The supercontinuum was spread
in a circular reinbow, and for 1,06-um excitation
the generated photon energy increases with the off-

Fig. 1. The pattern of the conical radiation at sodium density 1,8-10" ¢ and
laser detuning of 0,2 nm to the blue of the D, transition. The laser radiation is
focused into the sodium cell bay a spherical lens (a) and by a cylindrical lens
(b). The laser beam is blocked with a small of on-axis disc. The focal line of
the cylindrical lens (b) is the long of horizontal line (Golub, 1986)
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Fig. 2. Supercontinuum generated in D,O by 0,53-um laser excitation.
The laser is focused into the cell (a) by a spherical lens or (b)
by a combination the spherical and cylindrical lenses. The laser beam
is blocked with a small of on-axis disc. The focal line of the cylindrical
lens (b) is the long of vertical line (Golub, 1990)

axis angle, while for 0,53-um excitation the pattern
is more complicated.

Data of Fig. 2 shown that spatial pattern of the
supercontinuum conic radiation is independent of
the focusing mode, leading one to conclude that
the origin of this emission is at the surface of the
filaments.

The possibility of generation the Cherenkov
radiation in Kerr media was observed in
(Trokhimchuck, 2020; Trokhimchuck, 2022). An
influence of velocity the motion of self-focusing
focus point and self-modulation on frequency-
angle spectra of radiation the parametric anti-Stoke
component of Brillouin scattering (Trokhimchuck,
2020; Trokhimchuck, 2022). The possibility
of generation Cherenkov radiation in this case
was proved.

The white-light continuum spectra for various
media are represented in (Trokhimchuck, 2020).
Ti:sapphire laser system based on the chirped-
pulse amplification technique produced a 1-mJ,
70-fs pulse at 10-Hz repetition rate. The center
wavelength was 785 nm, and the bandwidth was 20
nm. This fundamental pulse, which had a diameter
of 7 nm, was converted into second- and third-
harmonic pulses by doubling and tripling with
two 100-um-thick B-barium borate crystals. The
maximum output energies the second- and third-
harmonic pulses were 180 and 30 ./, respectively.

Conic part of filament radiation has continuum
spectrum: from ultraviolet to infrared. At first this
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effect was called superbroadening. Therefore it
may be interpreted as laser-induced Cherenkov
radiation (Golub, 1990; Trokhimchuck, 2020;
Trokhimchuck, 2022). The angle 20 in the vertex
of'an angle of Fig. 3 (e) is double Cherenkov angle.
In this case we have frozen picture of laser-induced
destruction of 4H-SiC (Okada, 2009; Okada, 2012)
with help Cherenkov radiation (Trokhimchuck,
2020; Trokhimchuck, 2022).

Imilar results were received for nanosecond
CO,-laser irradiation of potassium chloride
(Yablonovich, 1971).

The Cherenkov radiation is characterized by
two peculiarities (Frank, 1988; Golub, 1990;
Jelly, 1958; Trokhimchuck, 2020): 1) creation of
heterogeneous shock polarization of matter and,
2) radiation of this polarization. The methods of
receiving shock polarization may be various:
irradiation by electrons, vy-radiation, ions and
excitation with help pulse fields. The stratification
of this radiation on other type’s radiation (volume,
pseudo-Cherenkov a.o.) has relative character and
may be represented as laser-induced Cherenkov
radiation. Therefore in future we‘ll be represent
conical part of filament radiation as Cherenkov.

This fact may be certified with macroscopic and
microscopic ways.

First, macroscopic may berepresented according
to (Golub, 1990). The similarity between charge
particle and light-induced Cherenkov radiation one
can invoke the analogy between Snell’s law and
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Fig. 3. (a) Schematic illustration of the laser irradiated pattern. The
light propagation 0 direction (k) and electric field (E) are shown. (b)
Optical micrograph of the mechanically thinned sample to show cross
sections of laser-irradiated lines (200 ».//pulse). (c) Bright-field TEM image
of the cross section of a line written with pulse energy of 300 ».//pulse.
(d) Schematic illustration of a geometric relationship between the
irradiated line and the cross-sectional micrograph. (e) Magnified image
of a rectangular area in (¢) (Okada, 2009; Okada, 2012)

Cherenkov radiation (Golub, 1990). This natural
since both effects can be derived in the same
way from the Huygens interference principle. In
Fig. 4 (a) the point of intersection of a light pulse
impinging at an angle ¢ on a boundary between
two media moves with velocity V =%l cos o’ This
relation with Snell’s law, gives the Cherenkov
relation (Fig. 4(a)) [1].

cos6=%12 (m)V. (1)

This formula allows explain the angle differences
for various type of Cherenkov radiation. In this case
V' may be represented as velocity of generation the
optical-induced polarization too.

Thus the refraction law a light at the boundary
between two media is the same as the condition
for Cherenkov emission by a source moving
along the boundary. In nonlinear medium the
emitted frequencies may differ from the excitation
frequency. The Cherenkov relation is still valid
since the constructive interference occurs at a
given Cherenkov angle for each Fourier frequency
component of the light-induced nonlinear
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polarization. In a sense, one can speak about a
nonlinear Snell-Cherenkov effect (Golub, 1990).
The Cherenkov angle s = %2 (o) canalso be
derived from the conservation of the longitudional
component of of the linear momentum at a
boundary between two media along which a
nonlinear polarization is propagating (Fig. 4 (b))
(Golub, 1990). Using k = %, we obtains

(0)/ken (@) = Veu/ Vit = Gy (),

The role of the boundary can be played by the
surface of self-trapped filament. The nonlinear
polarization propagating along this surface will
result in a light-induced Cherenkov radiation
€80 =/ (w)V. The nonconservation of the
transverse component of the linear momentum can
be related to the uncertainty principle, AxAk > 1,
where Ax is the thickness of the boundary.

The microscopic mechanism of laser-induced
Cherenkov radiation is expansion and application
of Niels and Aage Bohrs microscopic theory
of Cherenkov radiation as part of deceleration
radiation on optical case (A. Bohr, 1950; N. Bohr,

cosO =k, ,,

(2

! pol
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Fig. 4. (a) Analogy between Snell’s law and Cherenkov radiation. The
point of intersection 0f a light pulse impinging upon a boundary two

media moves with velocity v = < Combining thls relation w2ith Snell’s

law one obtains the Cherenkov gelatlon, cosf =—— (b) The Cherenkov
angle relation can be obtained from the conservatlon of the longitudinal
component of a linear momentum at a boundary between to media along
which a nonlinear polarization is propagated (Golub, 1990).

1950; Kobzev, 2010). For optical case the Bohrs
hyperboloid must be changed on Gaussian
distribution of light for mode TEM,, or distribution
for focused light of laser beam (Trokhimchuck,
2020; Trokhimchuck, 2022). In this case Cherenkov
angle may be determined from next formula

O¢, + oy = % or O, = % s 3)

where o,— angle between tangent line and
direction of laser beam.

Focusing (or self-focusing) angle o, was
determined from next formula
tan o, = ﬁ/ : &)
sf

where d, — diameter of laser beam, (7 mm),

— length of self-focusing. In our case a, is
angle of focusing or self-focusing (Boyd, 2009;
Trokhimchuck, 2020; Trokhimchuck, 2022)

This formula is approximate for average angle o, .

The appearance of the conical part of the radiation
canbeexplained onthebasis ofthe microscopicnature
of the Cherenkov radiation (A. Bohr, 1950; Frank,
1988; Trokhimchuck, 2020; Trokhimchuck, 2022).
The first to draw attention to this were Niels and

49

Aage Bohr (A. Bohr, 1950; N. Bohr, 1950), and
their theory was developed by I. M. Frank and his
student A. P. Kobzev (Frank, 1988; Kobzev, 2010).
From this point of view, Cherenkov radiation is the
inelastic radiation loss of the energy of the incident
particle in the medium (A. Bohr, 1950; Frank, 1988;
Kobzev, 2010), or in other words, the response of the
medium to its polarization by the incident particle.
Fig. 5 shows the scheme that underlies in the N.
and A. Bohrs theory (A. Bohr, 1950; N. Bohr, 1950).

0 Hy
= M’.,“._’/_‘é ////

""‘"rﬂ.

Fig. 5. To the explanation of the deceleration
the particle in a medium (A. Bohr, 1950)
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We will explain on the basis of Fig. 5. Consider
an electron that is at a point Q and collides with
a particle Z that flies at a distance p. At the same
time, the electron is under the influence of the
electrons surrounding it, and those electrons that
at the moment of time #' =7 -7/ were themselves
accelerated give the greatest part of the influence.

The electron at the point A at time ¢#’was in such
a phase of collision, which is ahead during time <
the phase of collision of an electron that is at point Q.
This lead time is equal to (A. Bohr, 1950)

rox
T=——=—.

5
s (5)

Introduce r* = x* + b* (Fig. 5), we receive from
(5) the next correlation

b? (x + 91y’ )2
’c? (yz - 1) - 9y’ (yz - 1)

The next conclusion is true: points with a
constant t are placed on a hyperboloid. The
electrons that "started" or "ended" collisions are
placed approximately on hyperboloids H, and H,

, that corresponds to the times f——ﬁ and .- +7
Thus the main part of the force with Wthh a matter
acts on an electron is between the hyperboloids H,
and H,. For the y >>1 main part of this region is
placed behind the electron at a distance equal or
greater than py.

The radiation itself occurs in the angle between
the perpendiculars to the surface of the hyperboloid,
which corresponds to both the angle of the
Cherenkov radiation and its broadband. We present
a formal theory of this phenomenon according to
(A. Bohr, 1950). In this case, the transverse part
of the field (between the perpendiculars to the
hyperboloid) is characterized by a vector potential,
which expands into a Fourier series

=1, (6)

dncQ (7)
where values with an asterisk denote complex
conjugate values. Here it is assumed that the field
is localized in the volume Q; and the unit vector
e, gives the direction of polarization. Amplitudes
g, in formula (7) are not fully determined; they
must satisfy even some of the conditions imposed
on their dependence on time.

In the approximation of the constant dielectric
constant and neglecting the magnetic properties of
the matter, we obtain the following equation

‘;itr = Zq}»‘;i}» +q;;1f7 ;11 =
A
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04
c? of

4
C

: ®)
where j is the current density, which corresponds
to a moving particle; ¢ — dielectric constant of the
matter. After multiplying equation (8) by A  and
integrating over the volume Q , we get

LlsA@). O

where x characterizes the position of the particle,
which is considered to be a point charge.
Frequencies are given by the formula

k.c
. 10
7 (10)
Next, we assume that the amplitude g, dependence

on time is harmonic exp(-i®A f). As a result of this
substitution, equation (9) takes the form

(qx +Qfx)+®i (qL +th)=

W, =

ze

—[1+ii](§-;1;(x)). (1)

.. 2
+0.q, =
ARG 2ec o, dt

If the particle moves at a constant speed, then
forx = 9¢ the right side of equation (11) it will
harmonically depend on time with frequency
(IEKQ). Equation (11) is reduced to the following
equation

k8

: )J(@A; (§r)). (12)

@,

g, + miQx = Zli . 1+ (
2ec {(k,ng)}

Thus, in this particular case, the dispersion of the
medium can be taken into account. Only according
to equation (12) it is necessary to substitute the
value for the dielectric constant, which corresponds
to the partial frequency.

As follows from equation (10), in the vacuum
the value o, > (k, - 9), is as 9 < c. In this case, the
solution of equation ( 12) will be forced oscillations
with constant amplitude. However, in metter
with 9 >c¢ for some wave numbers, we can get
o, = (lgx -8), what corresponds to the resonance
between the external force and the oscillator. In this
case, the oscillator will continuously absorb energy,
which corresponds to the actual Cherenkov radiation.
The resonance condition, which is described by
formula (10), corresponds to the Cherenkov radiation
angle ©9 =5~ (A. Bohr, 1950).

Using the Dirac functions, the general solution
of equation (12) can be written as follows

ze 1

"7 20, (75| o
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Using equation (13) we determine the force F,
that acts on the particle.

4, (81)= X404, (31)+ a4 (31), (14)

That according (13) give

Tele 9ol (59). s)
GG

Summing in two directions of polarization,
introducing (IZx -§):kx9y and moving to an
infinitely large volume we get (A. Bohr, 1950;
Frank, 1988; Kobzev, 2010)

Foo_ac

r

E, = -4’72’ Q

B k9’y 2
F, =zje jk dkj aekay) |~ Plo—koy)dv. (16)
where F, is the force component in the direction of

the particle velocity.
In calculating the integral (16), we turn to
the new variables, ® and z _§ yJe(k9y). Since

3dxdy = dodz, we get
c2
—B(l-27)dz, (17
( st(mz)jé( 2)dz, (17)

Z2 2 ®
F, == J'oad(o'f

where the last 1r1tegral is extended to the values of

z, for which -1<3 o00) <1 This integral is nonzero

only for z = 1, 1.e. when the condition is met

SM>C.

Thus, we finally get the value of the force acting

on the particle.
C2
9e>c

It coincides with the expression obtained by
Frank and Tamm for the Cherenkov radiation and
its spectral distribution (A. Bohr, 1950; Frank,
1988; Kobzev, 2010).

This model may be used for modeling the
optical-induced Cherenkov radiation two. In this
case we have more soft regime of excitation this
radiation.

Thereby microscopic modified Bohrs theory
and macroscopic Golub model are mutually
complementary methods.

The decreasing of Cherenkov angle and
product n,(®)V, ,, for increasing of laser
radiation intensity are corresponded to increasing
of nonlinear refractive index and decreasing
of velocity of polarization (multiphotonic and
multiwave processes).

In whole microscopic mechanism of laser-
induced Cherenkov radiation may be represented

Fooae

r = T 2
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as nonequilibrium spectrum of all possible
Nonlinear Optical phenomena in the local
points of propagation the laser beam. It may be
Raman and Brillouin scattering, up- and down-
conversion, generation of harmonics and various
interference of these processes and phenomena,
which are generated the continuous spectrum from
ultraviolet to infrared regions (Trokhimchuck,
2020; Trokhimchuck, 2022).

A significant difference between classical
and optically induced Cherenkov radiation in
the spectral distribution of radiation. This can be
explained on the basis of Fig. 5. The spectrum of
classical Cherenkov radiation is determined by a
set of hyperboloids that characterize the track of
each particle. The unevenness of the spectrum
is determined by the density of the stream of
incoming particles. In the optical case for the
single-mode regime, we have one (or several in the
case of diffraction stratification) cone (Fig. 3 (c)
and Fig. 3 (e)). Therefore, in this case, the spectral
distribution of radiation is more heterogeneous, the
short-wavelength part of the spectrum is located
closer to the center, and the long-wavelength part
is located closer to the edges.

From a microscopic point of view, the Mach
cone and its angle are determined by the cascade
processes of the formation of the nonlinear
polarization front, which is caused by a set of
nonlinear optical phenomena: from multiphoton
absorption to Brillouin to Raman scattering.
According to classic electrodynamics (Landau,
1971) maximal value of this angle determined
perpendiculartothesurface. whicharethe generators
of the Mach cone. The same radiation spreads
in the middle of this cone, if "collectivization"
("plasmization" or thermalization) of this process
does not occur during the irradiation. Otherwise,
the process will be determined by plasma and
temperature gradients, and radiation can be
generated in different directions (star effect, etc.)
(Trokhimchuck, 2020).

Cherenkov radiation with optical pumping may
be represented as Nonlinear Optical process with
velocity is less as light phase speed in irradiated
matter. In this case phase speed in matter has
physical nature: it is the electromagnetic speed of
“collective” motion the charge particles or charge in
matter. Therefore, in local scale we have Nonlinear
Optical processes, which are modulated of the
Mach cone the Cherenkov radiation (Fig. 3 (c)).
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It allows add the Niels and Aage Bohrs theory
about microscopic mechanism of Cherenkov
radiation (A. Bohr, 1950; Trokhimchuck, 2020;
Trokhimchuck, 2022).

Conclusions

1. Experimental data of continuous conic
radiation as optical-induced Cherenkov radiation
are analyzed.

2. Comparative analysis of main concepts of
Cherenkov radiation are represented.

3. Aproblem of nature laser-induced Cherenkov
radiation is discussed.

4. 1. Golub macroscopic model of Cherenkov
radiation as analogous of Snell effect is observed.

5. A. Bohr microscopic model was adapted for
problem of optical-induced Cherenkov radiation.

6. The synthesis of I. Golub and A. Bohr
models was used for the modeling the optical-
induced Cherenkov radiation.

7. Some applications of this phenomenon are
represented.
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30IbUIEHHS WITLHOCME PEYOSUHU NPU OCEIMIIeHHI, YOMO- NOMEMHIHHA Ma NPOCSIMILIHHS) € HAUOLIbULE NOUIUPEHUMU,
8 XANbKOLEHIOHUX CIEKAAX | 00YMOBII0I0Mb MPAHCHOPMAaYii CMPYKmMypu ma UHUKHEHHs OeqheKmHUX Cmanis.

DomoindyKoeari Asuwa ma iONOGIOHI CIMPYKMYPHI 3MIHU 8 XATbKO2EHIOHUX CINEKAAX MeoPemuyHo 00IPYHMOBAHT Ha
OCHOBI ICHYBAHHS 3aPAONCEHUX 0eheKmie 36 3Ky, AKI Oysaiomb mpwox munie: D*, D™ i D°. Toukosuii deghexm y uensaoi
amoma 3 00ipeanuM 38 SI3KOM Modice He Micmumu y mouyi pospugy erexmporu (D*), mamu ooun enexkmpon (D°) abo dea
enexmponu (D). Toukosi degpexmu 3 00ipeanum 38 13KOM € NPUYUHOK BETUKOL KITbKOCMI eleKMPOHHUX Nepexo0is, wo
3YMOBIIOI0Mb JIIOMIHeCYeHYTlo, ONMuUYHe NOTUHAHHS, MmepMitHe 30Y0iceHHs ma peKoMOiHayilo.

CmpyxmypHa 8nopsaoKo8anice ma 61acmusocmi KPUCMAIIYHUX MAMEPIANie BUSHAUAIOMbCS HAABHICIO 8 HUX PIGHO-
BACHUX [ HEPIBHOBANCHUX Oeghekmis pewimKu. 30Kpema, nIacmuuHa deopmayis Kpucmanis 3600Umvcsa 00 pyxy pis-
HUX Oeghekmis peulimku, meniose POUWUPEHHS. KDUCMALIE 00YMOGIIEHO He MINbKU AHeAPMOHIZMOM KOTUBAHb AMOMIS,
a Ul 3pOCMaHHAM KOHYeHmpayii deghexmie KpUCMAiyHol peuimxu.

Ipoananizoeano pobomu, ki NpUCEaUEHi O0CTIONHCEHHIO BNIUBY Y-ONPOMIHEHHSA HA ONMUYHI A eNeKMPUYHT 81ACMU-
6ocmi HanienposioHuxie. Bcmanosneno, wo 30inbuieHHss 003U ONPOMIHEHHS NPUBOOUMb 00 3MEHUIEHHS THMEHCUBHOCMI
gomomominecyenyii Ak y KpUCmaniuHux, max i  ckionodionux spaskax. Ocobnugo wymausi 0o eniugy padiayii euasu-
JIUCD CeNleHiOHT cmeKa ma Kpucmanu. J{ocniodxicenHs npoyecie deghekmoymeopenHs 8 XaabKo2eHIOHUX HANIBNPOGIOHUKAX
CMBOPIOE HOBL MOJICTUBOCTI OISl CUHME3Y MAMEPIANi8 NepCReKMUBHUX 8 ONMOELeKMPOHHILL MeXHIYi.
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INFLUENCE OF DEFECTS AND IMPURITIES ON THE STRUCTURE
AND PROPERTIES OF CHALCOGENED SEMICONDUCTORS

Multicomponent chalcogenide semiconductors are characterized by a high concentration of various types of defects.
Effects induced by light (photocrystallization, photoinduced anisotropy, photoamorphization, increase in density of matter
under illumination, photodarkening, and brightening) are the most common in chalcogenide glasses and cause structural
transformations and the emergence of defect states.

Photoinduced phenomena and corresponding structural changes in chalcogenide glasses are theoretically grounded
on the based of charged bond defects, which are of three types: D*, D™, and D°. A point defect in the form of an atom with
a broken bond may contain no electrons at the breaking point (D*), have one electron (D°) or two electrons (D). Point
defects with a broken bond are responsible for a large number of electronic transitions that cause luminescence, optical
absorption, thermal excitation, and recombination.

The structural ordering and properties of crystalline materials are determined by the presence of equilibrium and non-
equilibrium lattice defects in them. In particular, the plastic deformation of crystals is reduced to the movement of various
lattice defects, the thermal expansion of crystals is caused not only by the anharmonicity of atomic vibrations, but also by
the increase in the concentration of crystal lattice defects.

The works devoted to the study of the effect of y-irradiation on the optical and electrical properties of semiconductors
were analyzed. It was established that an increase in the irradiation dose leads to a decrease in the intensity
of photoluminescence in both crystalline and vitreous samples. Selenide glasses and crystals turned out to be particularly
sensitive to the influence of radiation. The study of defect formation processes in chalcogenide semiconductors creates
new opportunities for the synthesis of promising materials in optoelectronic technology.

Key words: chalcogenide semiconductor, point defect, structure model, broken bond.

Beryn PesynbTarn nociaigxkeHb

bararokoMIoHeHTHI XaJbKOT€HIHI HaIiBIpO- Marepianu, B SKMX BBEJCHO XaJIbKOT'€H
BIIHUKM — II€ BUHATKOBHUH Kiac marepianiB, mo (S, Se 1 Te) mposBisilOTh KOBaJEHTHI 3B’A3KH 13
MICTSITh OIMH a00 JEKUIBKOX XaJbKOTEHHUX elle-  CYCIAHIMH XIMIYHUMH €JIEMEHTaMHd B CTa0illb-

MEHTIB (CIpKH, CEJIeHY, TeIypy) 1 XapakTepu3y- HHUX KOHJEHCOBaHMX (pa3ax 3riJHO 3 MPaBUIOM
FOTHCSI BUCOKOIO KOHIIEHTpatiero aedexTiB. Y 6imp-  H. Morra (8-N) (MotT,1982) . V npomy mexanizmi
IIOCTi, BOHM MalOTh TEXHOJIOTIYHE MOXODKEHHS:  Cepejl IIECTH 30BHIIIHIX €JIEKTPOHIB 13 KOH]irypa-
y CTEeKJIax BHHHMKAIOTh 3aBISKH HIBUAKOMY OXO-  II€0 S*p* YOTHPHU €JICKTPOHH p CTaHy OepyTh yuacThb
JOMPKEHHIO 3 PO3IUIaBy, B KpUCTalax — IMiJ 4aC Yy KOBAJIEHTHOMY 3B’SI3Ky, a pEIITa /iBa €JIEKTPOHHU,
CHHTE3Y, B Pe3yJIbTaTi TEIUIOBUX (DIyKTyalliif aTo-  sKi HE 3B'13aHi HA3UBAIOTh «OAWHOKOIO ITAPOI0».

MiB pedoBuHHU. KpiMm Toro, nedexru MoxyTh OyTH [IpoTsirom Oararb0X pPOKIB HAyKOBIl Ipallto-
1H/lyKOBaHi CBITJIOM a00 BHACHIZOK paJiallifHOro0  BajM HaJ BIANOBIIHUMH METOAMKAMHU I110JI0 BU3HA-
OTIPOMIHEHHS. YeHHs IIUIbHOCTI AeekTHUX craHiB. Hampukinan,

Haii6inpme mommpenumu edexramu, mo iHaxy- M. bpinza (Brinza, 2005) gocnimkyBaB IIBUAKICTh
KOBaHI CBITJIOM, B XaJIbKOTCHIJHUX CTEKIaX €:  crnaay (OTOCTpyMy B XaJbKOTCHITHHX CTEKIax
¢dotokpucTamizanisi, (OTOIHIYKOBAaHA aHI30TPO- 1 AIHIIOB BUCHOBKY, IO IIJIbHICTh CTaHIB y «XBOC-
mis, Qoroamopdizamis, 30UTBIIEHHS MNIUIBHOCTI  Tax» €HEPreTUYHUX 30H 3MEHIIYETHCS XaOTUYHO
PEYOBHHHU TIPH OCBITIICHHI, (DOTO- NMOTEMHIHHS Ta  Ta HE MICTHTh YITKO BU3HAYCHOI! 3aKOHOMIPHOCTI.
npocBiTniHag. i edexktu mor’s3ani 31 3miHamu  A. 3akepi, C. Enmior (Zakery, 2005) npunyctunmy,
MOKAa3HWKA 3aJIOMJICHHS, KOe(]illieHTa ONTHYHOTO  MIO0 Y «XBOCTaX» €HEPreTUYHHUX 30H iICHYIOTh 0CO-
MIOTVIMHAHHS, eHeprii 3a00poHeHoi 30HM, 00'eMy  ONIMBI TYCTHHM CTaHiB, sIKi 00yMOBIIEHI MOIU}iKO-
Ta OCHOBHUX ONTHYHHMX KOHCTAHT. XaJbKOTCHITHI  BaHWMU BaJCHTHUMH Mapamu eiaekTpoHiB (Tanaka,
CKJIONO/TIOHI HAMIBIPOBITHUKH € MeTacTaOuIbHuMKu  1984). 3a gomoMororo 11iei Mojelti 0yJIo OsSCHEHO
BHACJIJIOK BIJICYTHOCTI JAJEKOTO TMOPS/AKY B IIMX  BIICYTHICTH (DOTO3aTEMHEHHS y TOHKHX IUTIBKAaX
Matepianax. Ix crpykTypa Moxe TpaHcdopMmyBa- As,S., TOBIIMHA AKMX CTAHOBUTH MeHIIE 50 HM.
THCS 3 OAHOTO MeTacTabLIbHOrO cTaHy B iHmmMH, lle sBUINE He 3ycTpidaeThes B IHIIMX aMOPPHHUX
3aBIISIKH, TaK 3BaH1i, «CTPYKTYpHIM THY4YKOCTD». HAaIiBIPOBIIHMKAX Ta B KPUCTAJIIYHUX XaJIbKOTeH1/1aX.
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Cepen  (OTOIHIYKOBaHHX TIPOIECIB  BiI3HAYMMO
[[iKaBe SIBUILE, SKE CIOCTEpIirajM aBTOPH POOOTH
(Kuzukawa, 1998) B amopduux rmmiBkax. [lix
JUE0 CBITIA AESKI 3 HUX PO3LIUPIOIOTHCS (TUTIBKH
a-As,S,, a-As,Se,), a inmm, Taki sx a-GeS,, a-GeSe,,
CTHCKAIOThCS.

OTtxe, criocTepexxyBaHi (HOTOIHAYKOBaHI 3MIHI
B XaJIbKOTEHIZAX MOXYTb OyTH IBOX THIIB —
HE3BOPOTHI Ta 00OpOTHI (POTOIHIYKOBaHI MOIU-
¢ikanii. B 06ox Bumaakax BigOyBarOThCs IesKi
¢dotoximMiyHi peakiii a00 (OTOCTPYKTYPHI 3MiHH
aMOp(pHUX XalbKOTCHIMHUX cucTteM. Jlims mosic-
HenHs mux sBuml P. Crpit (Street, 1977) 3ampo-
MOHYBaB MOJIe/Ib BIUIMBY CBIT/JIa Ha BJIACTUBOCTI
aMOp(HUX XaJbKOTEHITHUX CHCTEM, 3aCHOBaHY Ha
CTBOPEHHI B MpoIieci Horo nii enreKTprUYHO 3apsi-
JDKEHUX Je(EeKTiB BHACHIIOK PO3PHUBY KOBAJICHT-
HUX 3B'SI3KIB. 3riJHO 3 IIEI0 MOJEIUTIO, TeHepallis
CJICKTPOHHO-IIPKOBUX TIap BiJOYBa€ThCS TICIIA
MorNMHAaHHA (DOTOHIB, BHACTIOK YOro BHUHHUKAE
KBa314aCTHHKA — €KCUTOH. 30Yy/KeHHSI €KCHTOHIB
301IbIIye KOE(ILI€HT TOMIHMHAHHA, IO MPUBO-
JMTH JI0 3CYBY Kparo ONTHYHOTO MorinHaHHA. Ls
MoJIeNb nepeadayae 3MiHy BaJCHTHUX Iap, KOJIH
PO3pHUBAIOTHCS KaTiOH-aHIOHHI 3B'SI3KH 1 YTBOPIO-
FOTHCSI TOMOTIOJISIPHI 3B’ sI3aH1 MapHu.

H. ToiiozaBa ta K. Tanaka (Toyosava, 1996)
JUIS TIOSICHEHHS SBUI (DOTO3aTeMHEHHS Ta BiAIO-
BITHUX CTPYKTYPHHX 3MIiH TEOPETUYHO OOTpYH-
TYBaJIM ICHYBaHHS 3apsPKEHUX Ne(EKTIB 3B S3KY,
sKi OyBaroTh Tpbox TumiB: D, D™ i D°. ToukoBuit
nedekT y BUMIAAI aroMa 3 00ipBaHUM 3B’ S3KOM
MOXE€ HE MICTUTH y TOYIl PO3PUBY EJIEKTPOHH
(D), maru onun enexkrpoH (D) abo 1Ba enekTpoHH
(D). Inmexc mo3Havae 3apsn AeEKTHOTO IEHTPY.
Astopu pobit (MorT, 1982; Anderson, 1975) Bka-
3yI0Thb, IO BHACTIJOK CHJIBHOTO BUKPHBICHHS
penriTkyu HaBkoyo nedekry, peakuis 2D’ — D' +
D € ex30TepmMiuHOI0, TOMY P HOPMAJIBHUX YMO-
Bax yMmoBax Je(eKTH MOBHMHHI OyTH TO3UTHUBHO
abo HeraTWBHO 3apspkeHi. HeliTpanbuuii nedexr
D’ BUHHKAE TLTBKU B PE3yIIbTaTi 30y/IXKEHHsI, BHAC-
JAOK 1ii 30BHIMIHIX YnHHUKIB. Ha puc. 1 moka3ana
EHepreTHYHa JiarpaMa 3 CHCTEMOI0 EHEPTeTUYHUX
PiBHIB, SIKi BIJNOBiNalOTh Je(PEKTHUM IICHTpaM
D", D, D°. PiBni A, B, C po3sraiioBaHi BUIle CTei
BaJICHTHOI 30HH, I SIKUX eHeprii E » Eps B Bin-
MOBIIAl0Th nepexonaM Mixk D*, D -tieaTpamu, W —
eHepris noyspona. PiBui A’, B/, C' BiAnoBigaroTh
nepexogaaM Mix D, D’-ienTpamu. Ev E2 no3Haya-
I0Th €Heprii TepMiuHoro 30ymkenHs D, D°-men-
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TPiB y BiAMOBiZHOCTI 3 peakiismu: D- — D° + e,
D’ — D" +e.

ﬂ+' Dﬂ'

Puc. 1. Eneprernuna giarpama D*, D-, D’-craniB
B XaJIbKOTeHiTHUX MaTepiaJax (Street, 1975)

ToukoBi AedhekTr 3 00ipBaHUM 3B’ SI3KOM (pHC. 2)
€ IPUYMHOIO BEJIUKOT KIJTBKOCTI €JIeKTPOHHHX Mepe-
XO[IiB, 1110 3yMOBJIIOIOTb JIFOMIHECILIEHII1}0, ONTUYHE
NOIIMHAHHS, TepMiuHe 30y/UKeHHs Ta peKoMOiHa-
mito. Taka mMomenb AedeKTiB J00pe MOSICHIOE P
EKCTIEPUMEHTAIIbHUX SBHI B XaJbKOTEHIJIHUX
HamiBOpoBigHuKaxX. Biacytaicte EITP-curaamy
NOB’SI3YI0Th 3 BIJCYTHICTIO HECHApeHUX eJeK-
TPOHIB, TOOTO PU HOPMAJIBHUX YMOBAX BIJACYTHI
D°-nientpu. Ilpu ocBiTieHHI marepiany BinOyBa-
I0ThCsI HACTYMHI peakiii: D' (piBeus A) — D° + p,
D (piBens C') — D + e, BHACIiI0OK 4Oro yTBO-
pIOIOThCSI HecmapeHi enekrponn Ha DP-nieHTpax
1 Buaukae curHan EIIP. Mogens 3 obipBaHumu
3B’s13kaMu (1HO/1 Ha3MBAIOTh MOJIEIUTIO KBa31aTOM-
HUX JIe(eKTiB) 100pe MOSICHIOE 3aKPINJICHHS MOoCe-
penuHi 3a00poHeHOi 30HU piBHA Depmi B mupo-
KOMYy TEMIIepaTypHOMY IHTEpBaJli, MPOBIIHICTH
Ha TOCTIHHOMY CTpyMi, ONTHYHE MOTIMHAHHS Ta
dotomominecuenito (Street,1975; Mott, 1975).

OEEADEE e
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Puc. 2 Hatinpocrimi gedexTn, nos’si3ani 3
NMOPYWIEHHAM NPaBHJIBHOI KOOpAUHALII B
KpHucTaTiyHoMy (a) Ta amopdHOMY
(0) cepenoBuIIaX
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KpiM ToukoBHX ne()eKTiB B CTEKIaX MOXYTh
BUHHUKATH KJIACTEPH, SKI MICTATh JEKUJIbKa aTo-
MiB OCHOBHOI pEYOBHMHHU a0O0 JOMIIIOK. ABTOpPH
po6otu (Shpotyuk , 2016) BcTaHOBHIIH, L0 BBE-
neHnst momimok Cu, Ag, Au 10 CKIOyTBOPIOIOUOT
Matpuili Ha ocHOBI As(Ge)-S(Se) mpuBOIUTH A0
HETOMOTEHHOCTI CTPYKTYPH Ta BHHUKHEHHSI KJac-
TEPiB, PO3MIPH SIKUX CTAHOBIIATH OMK3bKO 3-10 HM.
Kpim Toro, Oyino gociikeHo yTBOPSHHSI KilacTe-
piB B xanpkoreHigax (Gushchin, 2019) 3 ygactio
nepexigHux MertaniB m'satoi rpymu — V, Nb, Ta
(puc. 3). OCHOBHOIO XapaKTEPHOIO PUCOIO B CTPYK-
TYpi TaKHX KJIAcTEPiB € YTBOPEHHS MPSIMUX 3B’ s3-
KiB MeTajl-MeTal, sIKi MOKYTh MPOSIBIISITH BIACTH-
BOCTI (pOoTOKATai3y.

Jlyig xanbKOTeHIIHUX KpHCTaliB (Ha BiAMIHY
BiJl CKJIONIOJIOHMX) XapaKTepHUU MaJICKUW TOps-
JIOK, TPOTE BIJCYTHS ifealibHa CTPYKTypHA BIIO-
pAaKoBaHICTh. HaBiTh Mpu TepMOAMHAMIYHIN piB-
HOBa3l ICHYIOTh Ne()EeKTH KPUCTANIYHOI PEelriTKH
(puc. 3 a), MO € HEBiI'€MHUMH KOMIIOHCHTAMH
kpuctaiy. KpiM piBHOBaXHUX Je(EKTIB PELIiTKH,
ICHYIOTh HEpIBHOBa)KHI, 0OyMOBJICHI HEIOCKOHA-
JIMMH TEXHOJOTTYHUMH YMOBAMH POCTY KPUCTAIY.
3aBIsSKU TEIUIOBOMY PYXy Ui Ne(PEKTH HE MOXKYTh
MOBHICTIO 3HUKHYTH HaBITh 32 JIOCUTh TPHUBAJIHH
yac. Haitgacrimie HepiBHOBaXHI 1e()EeKTH PEIITKH
CTaOLII3yIOThCS €JIEKTPOMArHITHUMH HOJISIMHU, 11O
BUHUKAIOTh IPU POCTI KpUCTaly, (a3oBUX Mepe-
TBOpEHHSX ab0 30BHINIHIX BriMBaxX. KoHrenrtpa-
1[I0 HEPIBHOBAKHUX NE(DEKTIB PEIINTKH BIAETHCS
ICTOTHO 3HU3UTHU BIOCKOHAJICHHSAM METOJIB OTPH-
MaHHS Ta 00pOOKH KPUCTAITIB.

CTpyKTypHa BIIOPSIKOBaHICH Ta BIACTHUBOCTI
KPUCTAJIYHUX MaTepialiB BU3HAYAIOTHCS HasB-
HICTIO B HHUX pPIBHOB@XHUX 1 HEPIBHOBAXKHUX
nedeKTiB penriTK. 30BHINIHI YHHHUKHU (EICKTPO-
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MarHiTHe 1oJie, TeMIIepaTypa, MeXaHiuHa Hampyra,
panianis 1 T.I.) BIUTMBAIOTh HA YTBOPEHHS, TpaH-
chopmMartiro, pyx i aHITUIALIO ASPEKTIB PEIIITKH.
3okpema, macTuyHa aedopMmaitisi KpUCTaliB 3BO-
JUTHCS IO PYXY PI3HUX 1e(DEKTIB PEIIITKH, TETUIOBE
PO3IIMPEHHS KPHUCTaIiB OOyMOBJIEHO HE TIIbKH
AQHrapMOHI3MOM KOJINBaHb aTOMIB, a i 3pOCTaHHIM
KOHIIEHTpaii fe(eKTiB KPUCTATIUYHOT PEIIITKH.
OcoOnmuBy  yBary  HayKOBIIl  NPHIUISIOTH
BUHUKHEHHIO paiallifHO 1HAYKOBaHHUX Je(eKTiB
B HaITIBIIPOBIIHUKAX. BusBIIeHO, 110 y CKIOMOAI0-
Hux criasax As,S., AsGeSe BHACHINIOK ramMma- Ta
HEHTPOHHOTO OINPOMIHECHHS BiTOyBalOTHCS 3MIHH
B oOnacti ¢yHnamenragpHoro normmHanHas (KoHo-
posa, 1985; Konoposa, 1989; Konoposa, 1993).
3ayBa)kMO, 110 B iH(YPAYEPBOHOMY CIIEKTPAIIEHOMY
niaraszoHi (2,5 — 25 MKM) IIpH J1ii y-OTIpOMiHEHHS Ha
11 3pa3KH, iX MPO30PICTh HE 3MIHMIIACH, AJI€ BUSBU-
JICHO 3HAUHY Yy TJIHMBICTH JIOMIIIIKOBOTO OTTMHAHHS
no HeiitponHoro omnpomineHnHst (Konoposa, 1989;
Konoposa, 1987). Po6otu M. [lInotroka (Shpotyuk,
2017; Shpotyuk, 2018) mpucBsueHa I10CIiHKEHHIO
CTPYKTYpHOI Momudikaii XaJIbKOTeHITHUX CTEKOJ
Ii/1 BIUIMBOM Y-OTIPOMIHEHHS Ta BAHUKHEHHIO pa/li-
aIlifHO-IHAYKOBaHMX ONTHYHUX edekTiB. Hespa-
JKAIOYM Ha 3HAYHY KUTBKICTH POOIT, MPUCBIYECHUX
JOCTTIDKCHHIO BIUIUBY Y-ONPOMIHEHHS HA ONTHYHI
Ta EJEKTPUYHI BJIACTHBOCTI HAITiBIIPOBIIHUKIB,
HAJ[3BUYAHO MaJi0 POOIT MPHUCBIYEHO BHBYEHHIO
BIUTUBY papianii Ha DJI BIaCTUBOCTI XaJIbKOTCHIIIB.
3okpema, b.T. Komomiens i inmi (Kolomiets, 1971)
JOCIIINITH BIUIUB Y-orpomineHHst (mxeperno “°Co)
Ha pexomOiHariiany ®JI B kpucTagiyHOMY Ta CKJIO-
noxibHomy As,S,, 1 As,Se,. Bcranosneno, o
30UIBIIEHHS /03U ONPOMIHEHHS NPHUBOIUTH JIO
3MmeHIIeHHs inteHcuBHocTi DJI (3a Temmneparypu
PIAKOTO a30Ty) SIK Y KPUCTATIUYHUX, TaK 1 B CKJIOIO-

ere
< W

.

Puc. 3. Monean crpykrypu kommiekey [Cp,V,S ] (Gushchin, 2019)
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niOHMX 3pa3kax. YyIMBINIMM 10 BIUIMBY pajiariii
BHSIBUJTMCH CEJICHIHI CTEKJIa Ta KPUCTAIU. ABTOPH
poOOTH BBaXAaIOTh, IO NPUYMHOIO TAKUX 3MiH
€ BUHUKHEHHS pajJiamiiHO 1HAYKOBAaHHUX NE(EKTIB,
NpUpOJa SKUX Hapa3i He BCTAaHOBJICHA.

[HyKOBaHi y-IpOMEeHIMH J1e(DEeKTH TOCHTIIKY-
1o1h MeTosioM EITP-criekrpockomii. KoHmeHTparrist
panialiiHO 1HIYKOBAaHMX MapaMarHiTHUX Aedex-
TiB Moxke ctaHoBUTH 10'° — 10%° cm™!, 3amexkHO Bif
CKJIaJly XaJIbKOTEHIAHOI MaTpHIll Ta 103U OMpO-
MiHEHHSI. BOHM BHMHUKAaIOTh TPU Y-ONMPOMIHCHHI
BHACJII0K OOpPHBY XiMIYHUX 3B’S3KiB XaJIbKOTEHY.

BucHoBku

OTxe, HaMBaXXJIMBIII BJIACTHBOCTI XaJIbKOIeE-
HIJTHUX HAIlIBIIPOBIIHUKIB BU3HAYAIOTHCS CTPYK-
TYPOIO, BMICTOM ONITHYHO i €JICKTPUIHO AKTUBHUX

nedeKTiB KPUCTAIIYHOI PEIIITKU Ta CKIOYTBOPIO-
10401 MaTpuili. 30KpemMa, TOUYKOBI AEPEKTH € Mpu-
YHHOIO BEJIMKOI KUTBKOCTI €JIeKTPOHHHUX Iepexo-
JIiB, 110 3yMOBIIIOIOTH JIFOMIHECIICHIIII0, ONTHYHE
MOTJIMHAHHS, TepMidHEe 30y/DKEHHS Ta peKoMOiHa-
1[if0. 30BHIIIHI YUHHUKH (€JIEKTPOMAarHiTHE MoJe,
TeMIepaTypa, MeXaHiuyHa Harpyra, pajiamis i T.I1.)
BIUTMBAIOTh HA YTBOPEHHS, TpaHCcOpMalilo, pyx
1 aHITUISIII0 AeeKTiB KPUCTATIYHOT PEIIiTKA Ta
CKIITHOI MaTpHIli XaJbKOTCHIIHUX HaITiBIIPOBIJI-
HUKIB. JlOCHiUKEHHS KIUIBKICHOIO Ta SIKICHOTO
ckiaay AeQeKTiB B XaJbKOTEHiZaX 1 MpoLeciB
NOIIMHAHHS/BUIIPOMIHIOBaHHS, WO 3YMOBIJICHO
30BHIITHIMA YUHHUKAMH, CTBOPIOE HOB1 MOYKJIMBO-
CTI JUI1 KOHCTPYIOBaHHs MarepialliB MEepCIEKTUB-
HUX B ONTOEJIEKTPOHHIN TEXHIIII.
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KOMII'IOTEPHE MOJEJIOBAHHS Y MIJITOTOBII MAUBYTHIX BUUTEJIIB
PI3UKU, MATEMATUKU TA IHOOPMATHUKHU

Y cmammi po3kpumo Oudaxmuumi MOXCIUBOCTHI KOMN FOIMEPHO20 MOOENI0B8ARH Y npoyeci npogecitinoi nidcomosxu
MauOymHix eyumenie Qizuxu, mamemamuxu ma ingpopmamuxu. Bcmarnoeneno, wo Ha cyuacHomy emani inghopmamusayii
ocsimu gaiciuee micye nocioaoms MidCOUCYUNIITHAPHI 3HAHHS, HOGI IHOpMayiini mexHonoz2ii ma éminHs ixX 3acmo-
CY8aHHA 6 0C8IMHbOMY npoyeci. 3 0210y Ha ye, Ni020MOBKA CYyHACHO20, 30AMHO20 00 HABYAHHS NPOMSALOM BCbO20 HCUN-
ms haxieys Hemodcausa 6e3 YMIHHA 3ACMOCO8Y8AMU HAYKOBL MEMOOU NI3HAHHS 8 0CBIMHbOMY npoyeci, 30iicHIo8amu
iHme2sposane HAGUAHHA VUHIE. Bcmarnoeneno, wjo po3eumox (hisuku ma iHwux HayKk 6i06yeacmvcs 6 micHill €OHOCi
3 pO36UMKOM Memoody mooenoganns. Mooentosanus 6 ocgimubomy npoyeci 00HOYACHO BUCHIYNAE MEMOO0OM HAYKO8O-
20 NI3HAHHA, € YACMUHOIO 3MICMY HAGUANLHO20 Mamepiany pisHuUX Oucyuniin (npeomemis) ma epexmusHum 3acobom
ix euguennsa. Ocobnuso 3pocia pons 6 HAyyi i 0CGIMHLOMY NPoyeci Memoody MOOen08aHHS i3 HOABOI0 KOMN TOMEPHUX
Mooenetll. Buxopucmosyrouu modeni, siKi peanizogani 3a 00NOMO2010 NPOSPAMHUX 300018, OOCTIOHUK MOdice 3MIHI08A-
mu 8I0N0GIOHI napamempu OOCIONCYBAH020 00 €KMA, 6CMAHOBTIOBAMU (YHKYIOHATbHI 3ANENCHOCE MINC 8I0N0GIOHUMU
senuyunamu mowjo. Iopso 3 mum, 01 080100IHHA MOOETIOBAHHAM K MEMOOOM HAYKOBO20 NI3HAHHS CIMYOeHmYy (yuHesi)
HeOOCMAamHb0 O3HAUOMUMUCY [3 NOHAMMAMU MOOEN] MA MOOETI0BAHHAM, NPOBOOUMYU OOCTIONCEHHS I3 BUKOPUCTAHHAM
Komn tomepuux modenei. [lompiono, wob cmyoenmu (yuni) 6yau 3a1yueHi 00 npoyecy CmeopeHHs KoMn 10mepHUx Mooe-
nei. Le 00360nums cmydenmam (V4HIM) O3HAUOMUMUCH 3 emanamu no6y008u KOMI 1omepHux moderel, aniuduie 3p03y-
MImu cymb J102TYHUX BIOHOUIEHb MIJIC OPUSTHATIOM I KOMA 10mepHOoIo Modennio. Bcmarnoegneno, uo o0HuM i3 incmpymenmis
CMBOPEHHs KoM TomepHux Mooenell Ha M08l npoepamysants Java € mexnonozis JavaFX. Bona do3gonse cmeoprosamu
000amKuy 3 UKOPUCTIAHHAM GI3YATbHUX eheKmie, mpanchopmayii ma animayii 300padicensb, OeKIAPAMUBHO20 CROCOOY
onucy inmepgheticy 3a 0onomozor mosu posmimku FXML, cmunizayii inmepgheticy 3a oonomozoro CSS ma in. Ilpoino-
CMPOBAHO Npoyec CMEOPeHHs Komn tomepHoi modeni Ha ocHosi JavaFX y nabopamopHiti pobomi « Pyx monexyn easy nio
0I€I0 CUNU MAUCIHHAY, SKY CHYOEeHMU GUKOHYIOMb NPU 8ueueHHI Kypcy «Mooenosanns (izuunux saguwy i npoyeciey.

Kniwouosi cnosa: JavaF X, inghopmayitina komnemenmuicms, MOOENOBAHHSL, KOMN T0mMepHe MOOeN08AHHS, KOMN Tomep-
Ha MOOerb.
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COMPUTER SIMULATION IN THE TRAINING OF FUTURE TEACHERS
OF PHYSICS, MATHEMATICS AND INFORMATICS

The article reveals the didactic possibilities of computer modeling in the process of professional training of future
teachers of physics, mathematics and computer science. It was established that at the current stage of informatization
of education, interdisciplinary knowledge, new information technologies and the ability to use them in the educational
process occupy an important place. The preparation of a modern specialist capable of lifelong learning is impossible without
the ability to apply scientific methods of cognition in the educational process, to carry out integrated training of students.
1t is established that the development of physics and other sciences takes place in close unity with the development
of the modeling method. Modeling in the educational process simultaneously acts as a method of scientific knowledge, is
part of the content of the educational material of various disciplines (subjects) and an effective means of their study. The
role of the modeling method in the science and educational process has especially increased with the advent of computer
models. Using models that are implemented with the help of software, the researcher can change the relevant parameters
of the object under study, establish functional dependencies between the relevant values, etc. At the same time, in order
to master modeling as a method of scientific knowledge, it is not enough for a student (pupil) to familiarize himself
with the concepts of model and modeling, to conduct research using computer models. It is necessary that students
(pupils) be involved in the process of creating computer models. This will allow students (pupils) to familiarize themselves
with the stages of building computer models, to better understand the essence of the logical relationship between
the original and the computer model. It has been established that one of the tools for creating computer models in
the Java programming language is the JavaFX technology. It allows you to create applications using visual effects, image
transformation and animation, a declarative way of describing the interface using the FXML markup language, styling
the interface using CSS, etc. The process of creating a computer model based on JavaFX is illustrated in the laboratory
work "Movement of gas molecules under the influence of gravity"”, which students perform while studying the course
"Modeling of physical phenomena and processes”.

Key words: JavaFX, information competence, simulation, computer simulation, computer model.

AxTyanbHicTb  mpoOsevu.  CTaHOBICHHS  HUA MpoQeciiHui PO3BUTOK YUHUTENS TiICHO MOB’SI-
Cy4acHOI CHCTEMM OCBITH HEMOXJIMBE Oe€3 IiAro-  3aHui 13 HOro 3/1aTHICTIO BHKOPHCTOBYBATH
TOBKH JUIS HEl CIICIIaJiCTIB HOBOTO TOKOJIHHA —  IHHOBAIli y TpoQecCiiiHii MisIbHOCTI, YMIHHIM
BYMTEINIB, 30aTHUX Y CBOIM NMPAaKTHYHINA TISUIBHOCTI  3aCTOCOBYBaTH HAayKOBI METONM Ii3HAHHSA B OCBIT-
peati3yBaTi HOBY OCBITHIO Mapanurmy. besnepeps-  HbOMY MpOIECi, 30aTHICTIO 3I1HCHIOBATH 1HTETPO-
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BaHEe HaBYaHHS Yyu4HIB. [HCTpymeHTOM 3abes3re-
YEHHsI YCIIXy HOBOI YKpaiHCHKOI ILIKOJIM MA€ CTaTH
HACKpi3HE 3aCTOCYBaHHS B OCBITHROMY ITPOIIECi
1HpOpMaIiTHO-KOMYHIKALlIHHUX ~TEXHOJIOTIH, fKi
CYTTEBO PO3MIUPATH MOKIMBOCTI Meaarora Mioo
(GopMyBaHHS B y4YHsI BOKJIMBHUX JUIS HAILIOTO CTO-
pivus iHpOpPMAIIHHIX KOMIICTEHTHOCTeH. Bakim-
BOIO CKJIQJIOBOKO 1H(OPMAIIHHOT KOMITETEHTHOCTI
BUHTEIIS € HOro 3MaTHICTh OymyBaTH iHGOpMAaIliiiHi
MOJIeNTi i AOCHIHKYBATH X 3a JOMOMOTOIO 3ac00iB
1H(pOpMAITITHO-KOMYHIKaIlIHHUX TEXHOJIOTiH. Yuu-
TeNb Mae (opMyBaTu B Y4HIB iH(QOpMaliiHy KOM-
METCHTHICTh, sKa y Tamy3i «[IpupomHudi Haykm»
nependayae 3MaTHICTh imeHTH(]IKyBatu (po3mis-
HaTy) Ta moOyayBaTH aieKkBaTHI GOpMHU W Mojei
(cxeMu) IOBKOJMIIHBOI AIHCHOCTI, PO3POOIATH
TioTe3 i MepeBipATH iXHIO JOCTOBIPHICTB IIISIXOM
JOCIII/PKEHHS], eKCIepUMEHTYBaHHS I ampooariii
(OBuapyk, 2004, c. 23). Po3p’si3aHHs 11i€i mpooiemu
BOXKO YSIBUTH 0€3 BUKOPUCTAHHS B OCBITHHOMY
MpOLIeCi METOLy MOJICIIOBAHHS, OCKLIBKU CaM TIpO-
nec (hopMyBaHHsI 3HAHb OB’ sI3aHUH 13 IEPETBOPEH-
HSIM y CBIZIOMOCTI Y4HS (CTYJCHTa) OHUX MOJeINeH
B iHII, SIKi € MOXiJHUMH Bij TIEPIIUX, ajiec TOYHi-
IIAMH, 3 OLIBIINM HAOIMKEHHSIM O aOCOIIOTHOL
ictunm (Kanamyma, 2007, c. 4).

AHaJi3 OCTaHHIX JOCTiIKeHb i myOsikaiiii.
[TpoGnemi miAroToBKM MaiOyTHIX BUMTENIB (Di3UKH,
MareMaTukd Ta iH(GOpMAaTUKU 13 3aCTOCYBaHHSIM
KOMIT FOTEPHOTO MOJICITFOBAHHS IPUCBSUEHO J0CITi-
mwxenass C. CemepikoBa, A. AnannikoBa, P. Top-
Oatroka, M. MsCTKOBCBKOI Ta iH. Y IOCIIIKEH-
wax I1. Adanaceera, 1O. anartoka, JI. Kanarmymmi,
1O. Kogapcekoro, 0. Cayposa, B. ®omeHka,
. HlomieBa MOCTIIHKEHO 3aCTOCYBaHHS MOJICIEH
B OCBITHbOMY Tiporieci 3 (i3uku. AHali3 BITYU3-
HSHHUX Ta 3apyODKHUX JIOCTI/DKEHb MOKa3ye, IO
Ha Cy4yacHOMY eTami iH(opMaru3aiii OCBITH Ha
mepire Micle BHUCTYIMAIOTh caMme 3arajbHOTeope-
TUYHI, (QyHAaMEHTaJdbHI Ta MDKIUCHHUILTIHAPHI
3HaHHS, a HE TEXHOJIOTIUHI, YTHIIITapHI 3HAHHS Ta
BMIiHHS 13 3aCTOCYBaHHS HOBHUX i1H(OpMAITHUX
TEXHOJIOTIH B OCBITHROMY TIporieci. Mu moaiisieMo
nymky C. CemepikoBa mpo Te, o (yHaaMeHTaTi-
3allisl MPEAMETHOI MiJITOTOBKH MaliOyTHIX BYMTEIIB
iHpopMaTuku Ta (axiBIiB y ramysi iHpopmariii-
HUX TEXHOJIOTIH € aKTyaJbHOIO 33/1auer0 Cy4acHOI
BMIIIOI OCBITH, OCKLIBKU OIHIEIO 3 OCHOBHHX OCO-
OnmBoCTel 1H(OPMAIIHHOTO CYCHUIBCTBA € TOW
(axT, 1110 B HHOMY «ITOKOJIIHHS peyei Ta inei 3mi-
HIOIOTHCS IIBH/IIIE, HIK TIOKOJIHHS Jironein» (Ceme-
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pikoB, 2009, c. 13). Mu 3rigni 3 P. Top6ariokom,
IO BIPOBA/DKEHHST KOMIT FOTEPHOTO MOJICTFOBAHHS
y TIATOTOBKY MaWOyTHIX (axXiBIliB € Ba)XIIMBUM
YUHHUKOM TiJIBUIIEHHS €(EKTUBHOCTI OCBITHHOTO
nporiecy y BUIIIK mKoii. JloCmigHUK BBakae, 110
y TIpOIeCi BUBYEHHS JUCUUILIIH 13 3aCTOCYBaHHSIM
IMITaIIHHOTO KOMII FOTEPHOTO MOJICTIOBAHHS CTY-
JICHTH BUCTYMAIOTh CyO €KTaMM TMi3HAHHS SIBHIL,
MIPOIIECIB 1 3aKOHIB IPUPOJIU Ta TEXHOJIOTIYHUX CHC-
tem (I'opbartiok, 2015). M. MsicTKOBChKa pO3IIsiiae
KOMIT FOT€PHE MOJICTIOBAHHS K €()EeKTUBHUI METON
MOCWJICHHS MDKIWCIMIUTIHApDHUX 3B’si3KiB. Ha ii
IYMKY, BUBYEHHS MalOyTHIMH BUUTEISIMH Marte-
MaTHKH Ta 1HPOPMATUKYA HABYAIBHOI JUCITUTUTIHA
«OCHOBHM KOMIT'IOTEPHOTO MOJICTIFOBAHHS» CIIPUSIE
(GbopMyBaHHIO y CTYICHTIB JOCIIIHUILKAX BMiHb,
HEOOX1THUX B IXHIH MaiOyTHIH ipodeciitHii TisuTh-
HOCTI, Y/JIOCKOHAJICHHIO HABHYOK BUKOPUCTAHHS
NpOrpaMHUX 3aCO0IB JUISi CTBOPEHHS KOMI IOTep-
HUX MOJICJICH, MOMTHOJICHHIO 3HaHb MPOTPAMHOTO
Marepiaiay 3 MaTeMaTHYHUX, QI3UYIHUX Ta iHPOpMa-
TUYHUX AUcIUIIiH (MscTkoBcbka, 2014).

MeTow cTaTTi € JOCHIIKCHHS MpOoOJIeMHu
MiABUIIECHHS €(QEKTUBHOCTI OCBITHBOTO MPOLECY
HIISIXOM YIPOBAHKEHHS KOMIT FOTEPHOTO MOJAEITIO-
BaHHA y NpodeciiiHy MiAroToBKy MailOyTHIX BuUH-
TeNiB Qi3UKH, MAaTEMaTHKH Ta iHOOPMaTHKH.

Buki1ag 0oCHOBHOT0 MaTepiaJjty K0CTi/IzKeHHSI.
Sk Bimomo, y mpomeci Mi3HAHHS 1 MPaAKTUYHOT
JUSUTBHOCTI  JIFOMIMHA IIMPOKO 3aCTOCOBYE Pi3-
HOMaHiTHI Mozeni. CTBOpPEHHS 1 JOCIHIKCHHS
MOJICTICH TIO3HAYAEThCS OJHUM CJIIOBOM — MOJIE-
moBaHHsA. OCHOBHHMI 3MICT MOJIENIOBAHHS IOJISI-
rae B TOMy, 1100 Ha pe3ynbTaTaMH JOCIiAIB 13
MOJICJIIMA MOXXHAa OTPUMATH MOTpPiOHY iH(opMa-
IO TIPO JOCHIKYBaHUN 00 €KT, Oe3rmocepenHe
BUBUCHHS SKOTO CTAaHOBUTH 3HAuHI TPYIHOIII
a0o0 30BCIM HEMOXJIMBE. Y HAayKOBHX JIOCIIJKEH-
HSX cdepa 3aCTOCYBaHHS MOJEIEH TaKOXK JOCUTH
mHpoka i OararorpanHa. MaremaTuka i Jorika,
¢bizuka i Ximisi, acTpOHOMIs 1 610J10Tis, EKOHOMIKA
W JIIHTBICTHKA, TOCIHIIKEHHS MPOLECIB MUCICHHS
Ta moOy/IoBa Ha IIiif OCHOBI Cy4acHHX KOMII FOTep-
HUX CHUCTEM — TaKWH JaJeKo HE TOBHUH TEpelTiK
TOJIOBHUX HAmpsSMiB BUKOPUCTaHHS PI3HOMaHIT-
HUX Mozeneit y Hayui (Kanamyma, 2007, c. 6).

Yci mMozeni, siKi BUKOPHCTOBYE JIFOJMHA y TPO-
1eci Mi3HaHHA 1 MPaKTUYHIA JiSUTBHOCTI, MOXHA
MMOOUIMTA HA 1Ba BEIMKI KJIACH 3aJE€XKHO BIJ
TOrO, SKMMHU 3ac00aMM 3IIHMCHIOETHCS MOJEIIIO-
BaHHS: a) MaTepiaiabHi (pe4oBi) MoEsl; MUCIICHI
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(imeanmpHi) Mozeni. Jlo mepuioro Kjiacy HajleKaTbh
MOJIelIi, SIKi 310paHi 3 peYOBUX €JIEMEHTIB, 3MOHTO-
BaHMX y peasbHO (DyHKLiOHYIOUWil arperar. Jpy-
TMH KJIac — 1€ MUCJIEHI MOJEN, 10 CKIIaJaaroThCs
3 HAOYHO MOJAHUX a00 JIOTIYHO OCMHCIECHHUX
€JIEMEHTIB, MK SKHMH ICHYIOTh BiJIIOBIAHI 3aKO-
HOMIpHi 3B’s13kM. KoxeH i3 1uX KiaciB Mojenei
MO>KHA TIOUIMTH 1€ Ha KiJIbKa BUIB. MaTepiaibHi
MOJIEIi, a 0T>Ke i MaTepiaabHe MOICITFOBAaHHSI, TTOTi-
JSI0Th HAa HATypHe, ¢Qi3udyHe W mMareMaTwyHe. 3a
OCTaHHI KiJIbKa JICCSATUIIITh TIOSBUIIUCS HOBI Mare-
MaTUYHI MOJIeNi, sSKi Ha3Badu KOMII FOTCPHUMHU.
Komn’rorepHa Monenpb — 11e MOZIETb, SIKa peaizo-
BaHa 3a JIONIOMOTOI0 TPOTrpaMHMX 3aco0iB. BoHa
MOEHYE B €001 BIACTHBOCTI MaTepiajbHOTO Ta
MUCJIEHOTO MareMaTtu4Horo monemoBanHs (Kana-
nyma, 2007, c. 12). KoM’ roTepHi Moz 3a3Bu4ait
PO3PI3HSIOTH 32 MPOrPAMHHUM 3a0€3MCUCHHSIM, SIKE
3aCTOCOBYETHCS MiJ 4ac poOotu 3 mMoxemto. s
00pOOKH KOMIT'IOTEPHUX MOJIENIe BHUKOPHUCTOBY-
IOThCS ICHYIOYI MpOrpaMHi 3aco0u (MaTeMaTu4Hi
MaKeTH, eJICKTPOHHI TabuIli, TpadivHi penakropu
TOI0) 200 PO3POOIIAIOTHCS OPHUTIHAIBHI IPOTPaAMH
3a JI0MOMOro0 MoB mporpamyBaHHs (C++, Java,
Python, Delphi Tomo).

Buxomsum 3 aKkTyaJbHOCTI  3aCTOCYBaHHS
KOMIT'IOTEPHUX Mofejield y Hayll i OCBITHbOMY
Mpolieci B HABYAJILHHUM IJIaH IMiITOTOBKKH OaKayaB-
piB 3a crierianbHicTIO 014 Cepennst ocita (Dizuka)
y BonuHCBKOMY HalliOHaJIFHOMY YHIBEPCHTETI
imeni Jleci VkpaiHku BBelmeHO Kypc «Mogemto-
BaHHs (PI3MYHMX SBUIL 1 TporieciB». BiH oxoroe
JiBa 3MicTOBI MomysIi: «MomentoBanHs. OCHOBH po3-
poOku momatkiB Ha MoBi Java» Ta «Komm torepHa
rpadika. CTBOpEHHs KOMIT FOTEPHUX MOJIETICH.

VY mepmioMy MOIyni PO3KPUBAIOTH TOHATTS
«MOJIeTTbY, PO3NIANAOTh Kilacudikalio Mose-
Jed, 03HaAOMIIIOIOTh CTYAEHTIB 13 KOMIT I0TEpHUM
MOJICTTIOBAaHHSM, PO3KPUBAIOTh CYTh KOMII IOTep-
HOTO €KCIIEPUMEHTY, ()OPMYIOTh BUMOTH JIO MOJIe-
Jei, O3HaHOMIIIOIOTH 13 eTamamMu MoOyIOoBH Ta
JnociipkeHHs mozem. [IpoBonars orsg 3aco0iB
MOJICTTIOBAaHHS, 03HAHOMITIOIOTH 13 OCHOBaMH IPO-
rpaMyBaHHs Ha MOBi Java, pO3KpUBAIOTh MOXIJIU-
BocTi TexHoorii JavaFX mis po3poOku HacTiIb-
HUX 1 MEPEKEBUX JOJATKIB.

VY apyromy Momylni 03HAHOMITIOIOTH CTYICHTIB
13 rpadiuanMu MoxmBocTsMu JavaFX. Posrisana-
FOTh KOMITOHCHTH BioOpakeHHs rpadivnoi iHpop-
Mailii, 3B’430K MK HaTypaJdbHUMH KOOpPAMHATAMH
TOYKH Ta KOOPJUHATAMH Ha €KpaHi.
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BaximBoro ymMoBOw QopmyBaHHS Tpodeciii-
HHUX KOMIIETEHI[Il, [0 JO3BOJISIIOTH CAaMOCTIHHO
¢dopMyBaTH HaBUYKH KOMITJIEKCHOTO 3aCTOCYBAaHHS
texHounorii JavaFX mo BupilIeHHS NPUKIATHUX
3aBlaHb y npodeciiHiil isITbHOCTI, € TJaboparop-
HUN MPAKTUKYM 3 KOMII FOTEPHOIO MOZEJIFOBAHHS
(bi3MYHUX SBUII 1 TPOIIECIB.

st cTBOpeHHs KOMIT IOTEPHUX MOJENIeN BUKO-
PUCTOBYETBCS MOBa TMporpamyBaHHS Java Ta ii
iatrgopma JavaFX. Bona no3Bossie po3poOHIKaM
NPOEKTYBATH, CTBOPIOBATH, TECTYBAaTH, HAJIATOJIKY-
BaTH 1 pO3ropTaTd HACHYCHI KITIEHTCHKI JOMaTKH
K JUIA BOYIOBAaHUX, TaK 1 JJIs1 HACTUTBHUX CHUCTEM.
JavaFX-nomarok wmictuth ¢GopMu Ta eJIeMEHTH
KepyBaHHs. [yl omuMcy KOMIIOHYBaHb €JIEMEHTIB
ynpasininas B JavaFX 3actocoByeTbcs MoBa po3-
MiTkn FXML. @aiimn FXML-10KyMeHTIB MOYKHA
CTBOPUTH BpPYYHY a0O0 3a JOMOMOTOI0 1HCTPYMEH-
TabHOTO 3aco0y Scene Builder. 3oBHimIHINM BUTIISAT
iHTEepdeiicy KopUCTyBaya MOXKHA 3MIHUTH 13 3aCTO-
cyBaHHsM TaOmmie ctwiiB CSS (Mamsin, 2012).

Posrisnemo moknmmBocTi TexHonorii JavaFX
Ha npuKiIazi JadoparopHoi podoT «Pyx mMonekyn
rasy MiJ] JI€r0 CHIIU TSOKIHHS, SIKY CTYI€HTH BUKO-
HYIOTh Y ME&XaxX BUBUEHHS Kypcy «MoemtoBaHHs
¢iznunux sBuUI 1 nponeciy. Ilepen ii BuKoHaH-
HSM CTY/IEHTH O3HAWOMIIIOIOTHCS 13 OCHOBHUMH
eranaMu po3pooku JavaFX-monarkiB i3 BUKOpHC-
TaHHSM KOHCTpyKTOpa MakeTiB Scene Builder,
CTBOPIOIOTH MIPOEKT model 1 TONOBHY (GopMy Tpa-
¢biuanx nodynos (Myisip, 2020).

JladopaTopHa po0oTta. Pyx MoJiekyJ1 rasy min
JI€I0 CUJIM THKIHHSA

Mera: 03HalOMUTHUCS 3 METOIOM OIUCY CTAHY
CHCTEMH MarepiajJbHUX TOYOK Ha MPHUKIAIl Mpo-
rpaMy MOJIETIOBAHHS PyXY MOJIEKYJI Ta3y B IPSIMO-
KyTHIH TTOCYIIMHI, sIKa PO3MillleHa B OIHOPITHOMY
rpaBiTaniifHOMY TOJI.

[Tpuknan cTBOpEHHS JOAATKY

3a60anns. 3amaHo cucTeMy, sKa CKJajaa-
€Tbcss 3 N MarepialbHUX TOYOK 13 MacaMu m,
(i=12,...,N), fAKi B3a€MOJiIOTh OHA 3 OJHOIO
BHYTPIMIHIMHU cwiiaMd. Ha KOXKHY 3 HHX Ji€ 30B-
HIIIHSA CWjIa. 3a TOYaTKOBMMM KOODAMHATAMH X,
¥, Ta LIBUAKOCTSAMH V,;, V,, BU3HAYTE KOOPAMHATH
Ta IIBUAKOCTI MarepiaibHUX TOYOK y HACTYIIHI
MoMeHTH Yacy. [ToOyayiiTe KoMIT I0TepHY MOAETIb,
sKa UTIOCTPYE PYX MOJIEKYII Tasy.

Po36’sa3anns. Po3rnsHeMo MeXaHIuYHY CUCTEMY,
sKa CKJIAAA€Thes 3 N MaTepiajJbHUX TOYOK MacaMu
m,,m,,...,m, . OCHOBHUH 3aKOH TUHAMIKH:
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v s s
m—~—=F+YF, i=1..,N,
dt a
ne F; — BHYTpIIIHS CHIa, IO JI€ HA I-y Mare-

planbHy TOYKY 3 OOKy j-i MarepiajbHOI TOYKH;
F, — piBHOAi}HA 30BHINIHIX CHJ, IO JilOTh Ha
i-y MatepiajbHy TOUYKY 3 OOKY TiJI, 5IKI HE BXOASATh
y CUCTEMY.

Judepenuianbie piBHSIHHS APYroro MOpPsAKY
MOXKe OyTH TIpEICTaBJICHO JBOMa MU(EPEHITialb-
HUMHU PIBHSHHSIMHM NEPILIOTo Mopsaaky. Maemo:

av, . dr. .
— =45 =V
dt dt
(- X
ﬂl:— E+ F;j 5 121,...,N-
m J=1

3HaoYu 30BHILIHI Ta BHYTPILIHI CHJIH, SIKI
JUIOTh Ha KOXKHY MarepiaibHy TOYKY, MOJYKHA
BU3HAUUTH 1XHE MPUCKOPEHHS. 32 KOOPIUHATAMH
1 MBUIKOCTSIMHM TOYKM B MOMEHT 4acy ! MOXHa
po3paxyBaTH KOOpAWHATU Ta MIBHJKOCTI TOYKH
B HACTYITHUII MOMEHT 4acy f + At .

Ockinbku Oynb-siKa MEXaHidHA cUCTeMa — IIe
CYKYITHICTh B3a€MOJIIIOUNX MaTepiaibHUX TOYOK,
TO 1 MOJENb UIMPOKO BHKOPUCTOBYETHCS
y GI3HIl ¥ OXOIUTIOE BEJIMKY KiJIbKICTh MEXaHI4-
Hux cucteM. KpiM MoaentoBaHHS OJHOBUMIPHOTO
Ta JIBOBUMIPHOTO pyXy MaTepiajabHOI TOYKH, IIei
METO/I J1a€ 3MOTY BUBUUTH PyX JIBOX YACTUHOK, SIKi
MPUTATYIOTHCS 200 BiAIMITOBXYIOTHCS, A0COTIOTHO
MPYXHUH 1 HENIPY>KHUN LIEHTpajbHI yaapu, abco-
JIOTHO TPYXXHUH 1 HENPYXHUH HENEHTpaTbHI
yAapHu, pyX YaCTHHKH B LEHTPAIbHO-CUMETPHUY-
HOMY TIOJII 1HINOI YACTHHKH, PYX MOJIEKYJ Ta3sy,
mudysid, pyx miaHeT HaBkoio CoHus, pyX B3a-
€MOJIIF0YMX YaCTHHOK B OJHOPIAHOMY IIOJI, PyX
B3aEMOJIIFOYMX YACTHHOK Y ULEHTPaIbHO-CUME-
TPUIHOMY TIOJI.

[ToOynyemo anroputm MoJeni.

1. 3agaroTh YMCIO MaTepialbHUX TOYOK N, iX
MacH /., KOOPIMHATH X , ), Ta IPOEKIIi1 I0YaTKOBUX
IBUJKOCTEH v, v, cuiose noue F, = F.(x,y),
F,=F, (x, y) , @ TAKOXK KPOK 3a 4acoM Af.

2. Iowarok mukiy 3a ¢. HamatoTs mpupict 3a
4acoM: 3MiHHIH ¢ IPUBIIACHIOIOTh 3HAUYEHHS  + Af.

3. Busnavarore npoekuii F, F . piBHOAIHHOI
BCIX 30BHIIIHIX 1 BHYTPINIHIX CWJ, SIKi JIIOTh Ha
KOXKHY I-y MaTepiaJlbHy TOYKY B MOMEHT 7 + Af,
1 3aIIUCYIOTH IX Y MAaCUBH.

4.V MKl BU3HAYAI0Th KOOPJMHATH BCIX MaTepi-
aIBHUX TOYOK, 3aIUCYrouH iX y MacuBu xx[i], yy[i].
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5. Y muksti nepeOuparoTh yci MaTepialibHi TOYKH
1 BU3HAYAIOTh MPOEKI] IPUCKOPEHHS, IIBUAKOCTI
Ta KOOPAWHATH ISl KOXKHOT 3 HUX Y MOMEHT 7 + At :

F,(t+At
ax,.(t+At):—’“( * ),
m

i

v (t+At) = v, (t)+a, (1 +At)- AL,

X, (t+At)=x, (1) +v, (t+Ar)-At.

3a aHajoriyHUMHU (GOpMyITaMu OOYUCITIOIOTH
npoeknii Ha Bich OY. Pesynpraté 3anmcyroTh
y macusu x[i], y[i], vx[i], vy[i].

6. CtuparoTh 300paXeHHSI MaTepialbHUX TOUYOK
y TIOTIEPEHI MOMEHT 4acy #, KOOPIUHATH SKUX
30epexeni B MmacuBax xx[i], yy[i].

7. Ha expani OyayloTh TOYKM B HAacCTyIHUH
MOMEHT 7 + At, a00 PHCYIOTb rpa)ikKi YU BUBOSTH
pe3yibTaT y YNCIOBOMY BUTIISIL.

8. IloBepHeHHss mo omepamii 2. SIKIIO UK
3a ¢ 3aKIHUYMBCS — BUXI1JI 13 IIUKITY.

Hwxde HaBeneHO KOJ MPOTpamMH, siKa MOAEIIOE
pyx 50 Monexyn rasy B NpsIMOKYTHIN TOCYAMHI, sIKa
3HAXOIUTHCS B OTHOPITHOMY TpaBiTAIlIHHOMY TTOJIi.

Po3mimenHs: koMrmoHeHTiB Ha (opmi i CTBO-
peHHS 0OpOOHHUKIB TTOIH

1. Binkpwuiite npoext model. Y meHio @aiin
BUOepiTe Cmeopumu ¢aivin | JavaFX | Empty
FXML, wnarucuite kHomky /[ani. JlaiiTe Ha3By
FXML-¢aitny FXMLGas, HaTUCHITH KHOIKY
/ani. Bcranosite npanopeus Use Java Controller
1 HATUCHITH KHONKY /lani. HaTUCHITH KHONKY
Iomoso. B pesynbrari cepenosuiieMm NetBeans
Oyne 3reHepoBaHo nBa (aitnu — FXMLGas.fxml
1 FXMLGasControllerjava.

2. Binkpuiite daiin FXMLGasControllerjava.
Bcranosits, mo knac FXMLGasController € po3-
mupenssim knacy FXMLAIIController:

public class FXMLGasController extends
FXMLAllController implements Initializable

3. Biakpuiite daiin FXMLGas.fxml y cepeno-
Builli JavaFX Scene Builder. Y mento File BuOe-
pite Import | FXML, Bubepith 31 cnucky (aiin
FXMLAILfxml i HaTucHITL KHONIKY Biokpumu. 3mi-
HiTh MakeT FXML-aiiny sik nokazaHo Ha puc. 1.

4. Y wmento View BubGepitb Show Sample
Controller Skeleton. BubepiTh y BiKHI Jianory
HACTYITHUH TEKCT.

@FXML

private Button buttonMainPane;

@FXML

private Button buttonStart;
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[epeiinite 'y aiin  FXMLModelController.
BUJIUICHUN KOJT
B public class FXMLModelController extends
FXMLAllController implements Initializable {...}.
Jam nomictite y Meton menultemGasOnAction

i
.'IJ .
e
KT
H| 1] ki
o E3
Puc. 1. Maker ¢aiiny FXMLGas.fxml y cepenopumi JavaFX Scene Builder
@FXML
private Spinner<?> spinnerl; java. Bcrasre
@FXML
void  buttonMainPaneOnAction(ActionEvent
event) {
} HACTYIIHUH KOZI.
@FXML root.getChildren().clear();

void buttonStartOnAction(ActionEvent event) {

/

Bcerare Buminenuit xom B public class
FXMLGasController extends FXMLAllController
implements Initializable { ...}. Jlami 3amiHITH
Spinner<?> Ha Spinner<Integer> 1751 3MIHHOI
spinnerl.

5. Binkpuiite daitn FXMLModel.fxmly cepen-
oBuilli JavaF’X Scene Builder. Jlonaiite B MEHIO
«Mognenb» Menultem «Pyx Monexy:n ra3y mij Ai€ro
cuiy TsoKiHHAY. [lani nepeinite Ha Bkianky Code
1 17 1BOrO KOMIIOHEHTa B MoOMi fXx:id ycTaHo-
BiTh 3Ha4eHHs menultemGas, a B oni On Action
3anaiite 3HaueHHsa menultemGasOnAction.

VY mento View Bubepits Show Sample Controller
Skeleton. Y BikHi 1aniory BUOEpIiTh HACTYITHUM TEKCT.

@FXML

private Menultem menultemGas;

@FXML

void
event) {

/

menultemGasOnAction(ActionEvent
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root.getChildren().add((AnchorPane)
FXMLLoader.load(getClass().
getResource("FXMLGas.fxml")));

6. IlosepHitecs y ¢aitn FXMLGasController.

java. Buecitb 3MIHH B METO.
buttonMainPaneOnAction 3a HaBeJEHUM HIKUE.
@FXML

void  buttonMainPaneOnAction(ActionEvent
event) throws IOException {

root.getChildren().clear();

root.getChildren().add((AnchorPane)
FXMLLoader.load(getClass().
getResource("FXMLModel.fxml")));

b

7. Homaitre B public void initialize(URL url,
ResourceBundle rb) {...} HacTynHu# Ko,

SpinnerValueFactory<Integer> valueFactoryl

new SpinnerValueFactory.
IntegerSpinnerValueFactory(40, 60, 50),

spinnerl.setValueFactory(valueFactoryl),
KUTbKICTb MOJICKYJI ra3y

/1
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bottomPane.toFront(),;

bottomPane.setLayoutY(root.getPrefHeight()-
bottomPane.getPrefHeight()),

rightPane.toFront();
rightPane.setLayoutX(root.getPrefWidth()-
rightPane.getPrefWidth());

8. Honatite B public class FXMLGasController
extends FXMLAllController implements
Initializable {...} nacTynHMiA KOII.

private final double r = 2;

private final double dt = 0.01;

double[] m = new double[200];

double[] Fx = new double[200];

double[] Fy = new double[200];

double[] x = new double[200];

double[] y = new double[200];

double[] vx = new double[200];

double[] vy = new double[200];

double[] xx = new double[200];

double[] yy = new double[200];

Circle[] circle = new Circle[50];

intN, i, j;

double ax, ay, F, [;

// ®yukuis Forces()
void Forces(){

for (i=0;i<N;i+t+){
Fx[i] = 0;

Fy[i] = 0;

/

for (i=0;i<N;it+){

Jor G =1;j <N;j+H){

ifgl=f

[ = Math.sqrt(Math.pow((x[i] - x[j]), 2) + Math.
pow((V[i] - y[ji). 2)):

if(l<r)l=r

F =-50000 * m[i] * m[j] / Math.pow(l, 2) +
500000 * m[i] * m[j] / Math.pow(l *1, 2);

Fx[i] = Fx[i] + F * (x[i] - x[j]) / L;

Fy[i] = Fy[i] + F* (v[i] - y[j]) /I + m[i] * 10;

M

9 Bcrasre B METO. void
buttonStartOnAction(ActionEvent event) HacTyn-
HUI KOI.

workPane.getChildren().clear(),

N = spinnerl.getValue(), // KUIbKICTb MOJICKYJT
razy

// TloyaTKOBI YMOBH

for (i=0;i<N;i++){

mfi] = 2;

x[i]
getPrefWidth()-r),

r+Math.random() *(workPane.
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y[i] r+Math.random() *(workPane.
getPrefHeight()-r);

v[i] = Math.random()*30 - 30;

vx[i] = Math.random()*30 - 30;

/

// CTBOpEHHSI MaCUBY MOJIEKYJI ra3y

for (i=0; i<N; i++){

circle[i] = new Circle(),

circle[i].setRadius(r);

circle[i].setCenterX(x[i]),

circlef[i].setCenterY(v[i]),

circlefi].setVisible(false),

workPane.getChildren().add(circle[i]);

/

// AHIMaIIS PyXy MOJICKYI

Timeline timeline = new Timeline(

new KeyFrame(Duration.seconds(0),e -> {

Forces(); // Obuncnroemo cunu (Forces)

for (i=0;i<N;it+){

xx[i] = x[i];

wli] =ylij;

ax = Fx[i] /m[i];

ay = Fy[i] / m[i];

vx[i] = vx[i] + ax * dt;

wfi] =w[i] + ay *dt;

x[i] = x[i] + vx[i] *dt;

y[i] = y[i] +vy[i] *dt;

if (x[i] <r) || (x[i] > workPane.getPrefWidth()
-r) vx[i] = -vx[i];

if ([i] <r)|| (v[i] > workPane.getPrefHeight()
- r)ﬁ w[i] = -vy[i];

for (i=0; i<N; i++){

circle[i].setCenterX(x[i]),

circle[i].setCenterY(v[i]),

circle[i].setVisible(true),

/

pox

new KeyFrame(Duration.seconds(0.05),e -> {
for (i=0; i<N; i++){
circlefi].setCenterX(xx[i]),
circlef[i].setCenterY(yy[i]),
circlefi].setVisible(false),
/
¥
)’.
timeline.setCycleCount(Animation.
INDEFINITE),
timeline.play();
10. 36epexiTh 1 BUKOHaWTE NMPOEKT. Bubepith
Mooenw | Pyx monexyn easy nio 0i€ro cuiu msiCcinHsi
1 Ha eKpaHi 3’ IBUTHCS BIKHO SIK HAaBEICHO HIDKYE.
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B Kowmn'toTepHe MOLENHIBAHHA GIZNYHWK NPOLECIE | ABMLL

Pyx MONEKyn rasy B 3aKPUTIA NOCYAWHI Nig AIEK CUAW TRXKIHHA

= L]

[onoBHe BIKHO

Kinekicte Monekyn rasy 50

Myck

Puc. 2. Moneas «Pyx MosekyJ1 rasy mig ai€ro CHIIM TSKIiHHD)

VY mporneci BUKOHaHHA JilabopaTopHoi poOoTH
CTY/IEHTU 03HAOMITIOIOTHCS 3 OCHOBHHMH €TaramMu
CTBOPEHHSI KOMIT IOTEPHUX MOJeel, OCHOBaMU
MIPOEKTYBAHHS Ta pO3pOOKH KOPUCTYBAIIbKUX IHTEP-
(heticiB 3acobamu JavaFX i3 BUKOPUCTaHHSM Ccydac-
HUX IHTETPOBAaHHUX CEPEIOBHUII IPOTPaMyBaHHSL.

BucHOBKM i TepCneKTHBY MOJAJIBLIINX H0CTi-
JKeHb. SIKiCHa miAroToBKa (haxiBIiB OTpedye TBOP-
YOro TiIXOMy BUKJIAJA4iB 3aKJIajiB BHUIIOI OCBITH JIO
BHOOpPY 3MicCTy, (hOpM, METOMIB 1 3ac00IB HaBYaHH,
MaKCUMAJILHOTO BUKOPUCTAHHS JIOCSTHEHb Cy4acHOL
iH}opMariitHnX Ta OCBITHIX TexHoiorid. OcTraHHi
MaroTh OyTH OpIEHTOBAHUMHU HA OBOJIOMIHHS CHCTEM-

HUM 3HaHHAM Ta (OPMyBaHHS IUTICHOI MPUPOTHHU-
40-HayKoBOi Ta iH(opMaIliiHOI KapTHHU CBIiTY. [ eHe3uncC
METOJy MOJICJTFOBAaHHSI HEPO3PHBHO IOB’I3aHMUH 3 pO3-
BUTKOM $IK (Di3VKM TaK 1 iHIIMX HayK, TOMY el METOJT
€ HEBII' €EMHUM CKJIQTHUKOM 3MICTy OCBITHIX KOMIIO-
HCHT y BWIIK Ta cepemHii mkom. O3HaHOMIICHHS
CTYJICHTIB 13 €JIeMEHTaMH TeOpii MOJIETIFOBaHHS JIaCTh
iM MOXJIMBICTH OCMHCIIUTH CyTh TTOHSTTS «MOJIETbY,
3pO3yMITH 3MICT METOIy MOJEIOBaHHS, (opMyBa-
THME 3/IaTHICTh Oy/IyBaTH Ta JOCIIDKYBaTH MO,
B T. 4. 1 KOMIT IOTEpHI. A Tie, B CBOIO YEPTY, CIIPUATHME
T IBUITICHHIO PIBHS ITIITOTOBKH MaiOyTHIX BUMTEIIB
(hi3UKH, MaTEeMaTHKH Ta THPOPMATHKH.
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